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VOLCANIC RING MORPHOSTRUCTURES IN THE WESTERN SREDNOGORIE,
BULGARIA

Ivan Marinov, Kamen Popov, Nenko Temelakiev

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; imarrinov@gmail.com; kpopov@mgu.bg;
nenkotemelakiev@outlook.com

ABSTRACT. The focus of this study is the interpretation of images obtained by the ASTER optical instrument on the TERRA satellite. Its data is processed and
presented in stereoscopic 3D images. Anaglyphic glasses with red and cyan colour filters are used to obtain the realistic effect of the images. The structural analysis
of the data shows two ring morphostructures with distinct pattern of radial and concentric lineaments forming a clear circular morphology with a diameter of up to 9
km, located around the town of Breznik and the Kliosura village in the Western Srednogorie, Bulgaria. The radial structures show clearer sharpness with respect to
the drainage system and the relief, compared to the concentric structures and the radial pattern, is predominant. The ring morphostructures are formed among the
volcanic rocks of the Breznik and Klisoura paleo-volcanoes, represented by lava flow, epiclastic and pyroclastic products. A characteristic feature is the distribution of
the proximal faces, represented by lava flows, volcanic bomb, and lapilli tuff in the central parts of the morphological structure, which locate the Breznik paleo-volcano
approximately around the centre of the ring morphostructure. It is assumed that the radial and concentric lineaments are probably relatively well preserved remains of
a volcanic cone. The tectonic events, which occurred during and after the final stage of the most intense volcanic activity, led to the formation of radial and concentric
faults. They probably serve as channels for the movement of the ore hydrothermal fluid and ore hosting structures for gold-silver Milin Kamak deposit and Klisoura ore
occurrence.

Keywords: ring morphostructures, lineaments, volcanic cone, Western Srednogorie

BYNKAHCKWA KPBIrOBU MOP®OCTPYKTYPU B 3ANAOHOTO CPEAHOIOPUE, BBIITAPUA
WeaH MapuHoe, KameHr lMonoe, HeHko Temenakues
MurHo-2eonoxku yHusepcumem “Cs. Uear Puncku®, 1700 Cogpusi

PE3IOME. B HacTosLLeTO 13cnefBaHe e U3BbPLLEH aHann3 Ha n300paxeHns, nomyyern ot onTuiHns MHCTpymeHT ASTER Ha catenuta TERRA. [laHHuTe OT Hero ca
06paboTeHn 1 NpeacTaBeHy kato crepeockonnyHi 3D n3obpaxeHus. 3a nonyyaBaHe Ha peanucTieH edhekT OT N30BpakeHnsTa ca U3Non3BaHN aHarnudHM oumna,
C YepBeH U LaH UBeTHIU punTpu. CTPYKTYPHUAT aHanu3 Ha aHHUTE NOoka3saT fiBe KPbroBi MOPGPOCTPYKTYPU C OTHETIIMB PUCYHBK OT paanantil U KOHLEHTPUYHM
NIMHEAMEHTHU CTPYKTYpH, OPOPMSALLM ICHO 0B0COBEHN KpbroBM MOPAOCTPYKTYpU C AvameTsp A0 9 km, cutympanu okono rpap bpesuuk u ceno Knucypa B
3anagHoto CpepHoropue, bonrapus. Paguaniute pasnomu nokassaT MO-ACHO W3paseHa OTYETNIMBOCT MO OTHOLIEHWE Ha ApeHaxHaTa cuctema u peneda, B
CpaBHEHWE C KOHLIEHTPUYHITE CTPYKTYPU, KaTo PaananHusaT pucyHbk e npeobnaaasaty. Kpbrosute MophoCTpyKTypu ca 0hopMeHN CPef BYTKaHCKUTE NpoAyKTY Ha
Bpestuwikua u Knucypckus naneoBynkaHW, NpefCcTaBeHW OT NABOBM MOTOLWM, ENMKMACTUYHU W MUPOKMACTMYHM NpOAYKTW. XapaKkTepHa 0COBeHoCT e
pa3npefeneHneTo Ha NPOKCUManHUTe OKOMorbpnoBM haunech, NpeAcTaBeHn OT NaBoBW noTouu, 6OMOEHM M nanunoBu Ty B LiEHTPanHUTE yyacTbLy Ha
MOpPOCTPYKTYpaTa, KOWTO cUTympaT BpesHuwkus naneosynkaH npubRM3MTENHO OKOMO LEeHTbpa Ha MopdocTpykTypata. [lpuema ce, 4Ye papmanHute w
KOHLIEHTPUYHWTE NIMHEAMEHTU BEPOSITHO NPEACTABNABAT OTHOCUTENHO A06pPe 3anaseHn OCTaHKM OT BYNMKaHCKM KOHYC. TEKTOHCKUTE CbOMNTUS, Bb3HWKHANM No Bpeme
W cnep, 3aKNIYMTENHUS CTaaui Ha Halt-MHTEH3VBHATa ByNkaHcka AEHOCT ca AoBeni 40 06pa3yBaHeTo Ha paamanim 1 KOHLEHTPUYHI Pa3noMi, KOUTO BEPOSTHO ca
MOCNYXWMW KaTo KaHanu 3a NpUABIKBAHE Ha PYAOHOCHWTE XWAPOTEPMarnHW pasTBOpW M PyAOBMeECTBALLM CTPYKTYPU 3a 3MaTHO-CpeGbPHOTO Haxoauwe “MunuH
kambk“ M pyponposisnenne Knucypa.

KntoyoBu gymu: kpbrosu MOpGOCTPYKTYpH, NMHEAMEHTM, BYTKaHCKM koHyc, 3anapHo CpeaHoropue
(1999), the ring morphostructures are structures, grouped in an

arched or circular shape that may incorporate geological
formations of the same and different ages. The typical ring

Introduction

The ring morphostructures, subject of this study, are

situated in Western Bulgaria near the town of Breznik. The
structures have a diameter of up to 9 km and shape the
positive part of Zavala and Viskyar Mountains, which are part
of Sredna Gora Mountain Range. The ring morphostructures in
the Srednogorie Tectonic Zone have been a subject of study in
a number of publications (Baltakov, 1975; Popov, Spiridonov,
1990; Spiridonov, 1999; Jelev et al., 2003). Many of the
structures are considered as a reflection of the Late
Cretaceous volcano-plutonic activity in the Apuseni-Banat-
Timok-Srednogorie Magmatic and Metallogenic Belt (ABTS)
(Popov et al., 2002). According to the definition of Spiridonov

magmatic structures in ABTS played a crucial role as ore-
controlling structures and many of the ore deposits were
associated with them (Spiridonov, 1999). According to
Baltakov (1975), part of the morphostructures, situated in
Panagurishte Ore Region are likely to represent concealed
plutonic body or offshoots. They can be observed and traced
on the surface through their structural configuration. A great
part of the volcanic complexes in ABTS shows a distinct radial-
concentric shape and Spiridonov (1999) considers them as
composite local volcanic morphostructures, which built up the
bigger morphostructures from the third order.


mailto:imarrinov@gmail.com
mailto:kpopov@mgu.bg
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The main objectives of this study are: 1) interpretation of
stereo image data, obtained from the ASTER optical
instrument; 2) recognition of the lineament structures; 3)
determining the morphological character of the ring structures;
4) interpretation of the genesis on the morphostructure.

Geological setting

In tectonic position, the area belongs to the Apuseni-Banat-
Timok-Srednogorie Magmatic and Metallogenic Belt. The zone
is characterised by extensional geodynamical regime and
development of Late Cretaceous magmatic activity with
numerous submarine volcanoes (Popov et al., 2002). Volcanic
activity began in Coniacian and ended during Campanian ages
(Bairactarov, 1989). The formations of Breznik, Klisoura and
Vidrica paleo-volcanoes are established around the ring
morphostructures. They are associated with high potassium
calc-alkaline, calc-alkaline and shoshonitic series (Dabovski,
2009; Velev, 2012). The Upper Cretaceous rocks around the
town of Breznik contain a succession of various potassium
trachybasalts, shoshonites, ash, psephitic, lapilli and bomb
tuffs as pyroclastic and epiclastic products are predominance
(Fig. 1) (Velev, 2012). They belong mainly to the Breznik
paleo-volcano and they form up to 1400 m thick volcanic
formations (Marinov, Bairactarov, 1980). Further to the North-
West they are covered by the rocks of Vidrica paleo-volcano
(Dabovski, 2009). In a regional tectonic situation, the rocks are
part of the Srednogorie Tectonic Zone that is divided into two

main units — Sofia and Lyubash (Marinova, 2010). The most
characteristic feature of the Lyubash Unit is the distinct
absence of volcanic products and respectively — the ore
deposits, associated with Upper Cretaceous magmatic activity.
The Lyubash Unit is considered as a Late Alpine monoclinal
structure (Zagorchev, 1995). The magmatic presence is
regarded as an important feature for distinguishing between
both tectonic units and respectively the Sofia Unit is composed
of various volcanic and sedimentary rocks. The boundary
between them is the Pernik fault zone (Marinova, 2010).

The rocks that form the basement belong to various
Paleozoic, Mesozoic and Lower Cretaceous sedimentary
successions developed mainly in the southern part of the study
area (Fig. 2).

The Paleozoic rocks are built mainly of Silurian argillites,
Devonian flysch and Permian conglomerates, breccia and
sandstones. The distribution of these rocks is immediately
south of Breznik in the Lyubash Unit. The Mesozoic rocks
consist of various terrigenous-carbonate sediments that build
up the Lyubash Unit and part of Sofia Unit as tectonic confined
blocks.

The rock that form the cover belong to Paleogene and
Neogene sediments, considered as sedimentary fill in graben
systems and partially cover the southern and southwestern
edge of the studied area. The Pernik graben is situated to the
South of the area and consists of Oligocene and Miocene
continental clastic molasse association. To the south-west, the
Neogene succession fills the Graovo graben partly covering
the south edge of Sofia Unit.

Fig. 1. Outcrops around the town of Breznik and Klisoura village

a, volcanic bombs up to 1.5 m, south of Babica village; b, unsorted volcanic bombs, south of Babica village; ¢, unsorted bomb tuffs, close view; d,

poorly sorted lapilli tuff, near of the Klisoura monastery
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Fig. 2. Simplified geological map of the Western Srednogorie (based on Milev et al., 2007, with modifications)

1, Quaternary sediments; 2, Neogene sediments; 3, Paleogene sediments; 4, intrusive complex in the Western Srednogorie; 5, volcanogenic-
sedimentary formations in the Western Srednogorie; 6, Lower Cretaceous sediments; 7, Jurassic sediments; 8, Triassic sediments; 9, Paleozoic
sediments; 10, Stara Planina granodiorite and granite (Devonian—-Lower Carboniferous); 11, lineaments interpreted as supposed sedimentary
strata; 12, lineaments interpreted as supposed faults; 13, volcanic cones by Milev et al. (2007)

Data used

In this study, the remote sensing method has been applied
for lineament mapping, visualisation and interpretation. Images
obtained by ASTER (Advanced Spaceborne Thermal Emission
and Reflection Radiometer) optical instrument on the board of
TERRA satellite (Abrams, Hook, 2000) has been used to help
lineament extraction. For the purpose of this study, mainly
optical stereo-images acquired by near infrared bands 3n and
3b of ASTER optical instrument were processed by the
methodology described by Popov (2011).

When the satellite is in orbit over the Earth surface, it
captures images from two separate positions to obtain a
couples of stereo images. The first image is orthogonal with
respect to the ground, or so called “nadir looking” and the
second one is inclined — “backward looking”. The nadir and
backward looking sensors have a spectral range for 3t band
(0.76-0.86 um). Therefore, to prepare epipolar image couples,
both images have been paired through up to 55 control points
that allow precise overlapping. A total of seven georeferenced
ASTER scenes, provided by the U.S. Geological Survey, and
covering the Wester Srednogorie area were interpreted in this
study. In order to produce on screen a stereo effect 3n/3b/3b
was used as RGB band combination (Fig. 3). The processed
images were rotated 90 degrees anti-clockwise to achieve a
stereo effect visible with 3D anaglyph red/cyan glasses. The
cloud-free epipolar images were interpreted in GIS software for
lineament extraction and drawing. In parallel with the
interpretation of remote sensing data, geological mapping and
detailed fieldwork were carried out by the authors around the
ring morphostructure near the town of Breznik in order to

identify the lineaments and rock succession and respectively,
part of the lineament structures were traced on the ground.

Results and discussion

The results obtained from the remote sensing methods
represent two distinctly visible ring morphostructures with
roughly equal sizes (Figs. 2-4). Both structures are located
inside the volcanic formations of the Sofia Unit. They match
exactly with the probable volcanic centres in the Western
Srednogorie Magmatic Zone.

The eastern ring morphostructure is situated at the foot of
Lyulin Mountain, western from the town of Bankya, around the
villages of Klisoura, Mala Rakovica and Radui. It corresponds
with the Klisoura paleo-volcano that is described as part of a
lower volcanogenic-sedimentary unit (Dabovski, 2009).
Alongside this unit, further paleo-volcano centres of Dragotino,
Radulovo, Galabovo, Zlatusha and numerous subvolcanic
bodies and necks have been formed. They clearly shape a
linearly elongated zone, probably caused by magmatic active
NW-SE Burel fault zone (Gochev et al., 1970). These paleo-
volcanoes do not show clearly visible ring morphostructures on
the epipolar scenes. Further to the East, multiple intrusion
rocks of the dome-shaped Vitosha pluton show structures with
a visible circular shape. In the Map of Alpine magmatism in
Bulgaria (Dabovski et al., 1989) and the Metallogenic map of
gold deposits in Bulgaria (Milev et al., 2007), the position of the
ring morphostructure around Klisoura roughly coincides with
the volcanic cone that has been described west, near the town
of Bankya.

The western ring morphostructure is situated around the
town of Breznik and the villages of Viskyar, Babica, Goz, Arzan
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and Dolni Romantsi. On the epipolar 3D images, the structure
has a distinct circular shape with a diameter up to 9 km. The
ring morphostructure has been outlined by clearly visible
concentric and radial faults, which shape the local drainage
system. Unlike the Klisoura, which has highlighting concentric
lineaments, the Breznik ring morphostructure have more
distinct radial faulting (Fig. 4). It directly coincides with the
position of Breznik paleo-volcano and, as opposed to Klisoura
paleo-volcano, it belongs to the wupper volcanogenic-
sedimentary unit. Apparently, this ring morphostructure is a
result of active volcanic activity during the Campanian stage.
The lineament structures occurred during the most intensive
deformations of the volcano-tectonic stage after eruptions and
explosions. On the other hand, the specific configuration of
lineaments obviously shows remains of a well-preserved
volcanic apparatus. During the most extensive eruptions and
subsequent deformation events, the newly formed structures
may serve as feeder channel and/or hosting structures for
hydrothermal fluid or lava products. Near Breznik, the gold-
silver Milin Kamak deposit is situated, which is assigned as an
intermediate sulphidation epithermal deposit (Sabeva et al.,
2017). There are eight parallel ore zones with EW direction
and dipping to the South. The structural analysis and ore
models made in Leapfrog show three main fault systems
(Marinov, 2018). They spatially coincide with the position of the
concentric and radial lineaments. The products of Breznik
paleo-volcano are highly altered with intensive acid leaching
and are associated with argillic, advanced argillic, quartz-
sericite and propylite rocks. In a plan view, the dykes and ore
zones have a particular arched form which presumably
associated with concentric lineaments observed on epipolar
images. The volcanic fault and neck structures served as an

The local stress field created by the most intense volcanic
activity can be regarded as probable explanation for the
direction peculiarity of ore hosted structures with East-West
direction that stands obliquely from the regional structures with
direction 140-160°. Obviously, the position of the intensively
altered rocks and the intermediate sulphidation epithermal
deposit show an approximately close relationship with the
central part of the ring morphostructure and can be regarded
as an indication for the close distance of the gold-silver ore
deposit Milin Kamak to the volcanic centre. On the other hand,
the highly altered rocks in Klisoura ore occurrence also show a
distinctly close relationship with the ring morphostructure
western of Bankya. One of the specific features of the proximal
volcanic facies is their position in the central part of ring
morphostructure. The thick-bedded lava flow, volcanic bomb
and lapilli tuff are closely related to the volcanic neck and slope
and mark the position of the Breznik and Klisoura paleo-
volcanoes approximately to the central part of the ring
morphostructure (Fig. 1).

The area in Western Srednogorie was an arena of thrust-
nappe deformation events during the Laramian phase of Alpine
orogeny, which led to the formation of South-West vergent
Krasava syncline (Marinova, 2010). The second tectonic event
arosed during the lllyrian phase and have resulted in N-S
strike-slip and normal faults, which cut the earlier nappe
structures. However, our observations show that both
deformation events did not rework completely the lineaments
form of the ring structures and they are still clearly visible in
present day topographic relief and are marked by the drainage
systems. During the Neogene, sedimentary fill graben systems
partially covered up and concealed the south-eastern part of
the ring lineaments.

Fig. 3. ASTER stereo image over the town of Breznik area with outlined lineaments and ring morphostructures

8
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Fig. 4. Geological map of Breznik area (based on Marinova et al., 2010 with modifications)

1, Quaternary sediments; 2, Neogene sediments; 3, Paleogene sediments; 4, sandstone-marly formation; 5, reef limestone; 6, bituminous shale; 7,
sandstone formation; 8, conglomerate-sandstone-marly formation; 9, sandstone-argillite formation; 10, flysch formation; 11, amphibole, amphibole-
pyroxene andesite; 12, pyroclastic-tuffite formation; 13, formation of detrital-organogenic limestones; 14, marly-tuffite formation; 15, Lyulin volcanic
complex — agglomerate tuff, ash tuff, tuffite; 16, monzodiorite; 17, coarse porphyritic latite and trachyte; 18, trachybasalt and shoshonite lava and
lava breccia; 19, trachybasalt and shoshonite dyke; 20, pyroclastic formation; 21, package of psammo-aleuritic tuffs; 22, tuffite-marly formation; 23,
marly-clayey-sandy formation; 24, marly-limestone formation; 25, Andesite and pyroclastic; 26, biotite-amphibole andesite; 27, limestone-sandstone
formation; 28, limestone-marly formation; 29, conglomerate-sandstone formation; 30, limestone formation; 31, marly-limestone formation (Lower
Cretaceous); 32, Jurassic sediments; 33, Triassic sediments; 34, Paleozoic sediments; 35, hydrothermally altered rocks; 36, proximal volcanic
facies — lava flow, bomb tuff, lapilli; 37, lineaments interpreted as supposed sedimentary strata; 38, lineaments interpreted as supposed faults; 39,
ore deposits and occurrences (7, Milin Kamak Au-Ag deposit, 2, Klisoura ore occurrence, 3, Pozharevo ore occurrence, 4, Zlatusha ore occurrence,
5, Gurgulyat ore occurrence, 6, Bratushkovo ore occurrence, 7, Radulovtsi ore occurrence, 8, Pishtene ore occurrence); 40, supposed paleo-
volcanic centres (a, Breznik paleo-volcano, b, Klisoura paleo-volcano, c, Vidrica paleo-volcano)
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Conclusions

The recognition of lineament structures by stereo images,
obtained by the ASTER instrument on TERRA satellite and the
fieldwork on the ground allowed to distinguish two clearly
visible ring morphostructures situated around the town of
Breznik and the Klisoura village. The possibility to acquire
optical stereo-images nowadays is considered as an extremely
useful tool for structural investigation. The ring
morphostructures are regarded as a reflection of the Late
Cretaceous Breznik and Klisoura paleo-volcanoes and
probably represent preserved fragments of volcanic cones.
They have an obvious radial and concentric pattern with a
slightly elliptical shape. Lineaments show apparent direction
that is different from regional structures with direction 140-
160°. On the ground, the radial structures are more
distinguishing and easy to trace than concentric ones and
control the local drainage systems. The spatial position of lava
flows, volcanic bombs and lapilli tuffs is an indicator for
proximal facies and mark the paleo-volcanoes proximity to the
central part of ring morphostructures. A characteristic feature
regarding stress field during most intense deformation and
evolution of volcano is the formation of numerous radial and
concentric structures that contribute to the development of
intensive hydrothermal activity and may serve as channels and
hosting faults for ore-bearing fluids and dykes. Our observation
shows that ore hosted faults in Milin Kamak Au-Ag deposit are
probably created from this local stress field shortly after the
most intensive activity. The position of lineaments close to the
hinge line of the synclinal presumably explains the low erosion
level, conserved Upper Cretaceous proximal facies and make
the structure to stand out in present day relief. The close
relationship  between the altered rocks and ring
morphostructures could contribute to ore and exploration
geology and could be used as an indication and basis for
future mineral prospecting and investigation of other ore
controlling ring morphostructures in Apuseni-Banat-Timok-
Srednogorie Magmatic and Metallogenic Belt.

Acknowledgements. The authors are grateful to Seequent Limited
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MINERALISATION IN ORE ZONE 1, MILIN KAMAK DEPOSIT, WESTERN SREDNOGORIE,

BULGARIA

Daniela Nikolova, Sergey Dobrev, Kalin Ruskov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; danny.nikolova@abv.bg

ABSTRACT. The Milin Kamak deposit is located in the Western Srednogorie zone. This zone is part of the Late Cretaceous Apuseni-Banat-Timok-Srednogorie
magmatic and metallogenic belt. The mineralisation is gold-silver, epithermal, intermediate sulfidation type. The deposit represents a product of the Breznik
paleovolcano. Ore mineralisation is formed in three stages: quartz-pyrite, quartz-polymetallic and carbonate-gold. In this study mineral composition of Ore Zone 1 is
discussed, represented by pyrite, marcasite, arsenopyrite, chalcopyrite, galena, sphalerite, tennantite-tetrahedrite, enargite, bornite, covellite, hematite, pyrrhotite,
seligmanite-bournonite, jordanite (?), robinsonite (?) and native gold. The gangue minerals are represented by quartz, carbonates and barite.

Keywords: Late Cretaceous, Western Srednogorie, Milin Kamak, ore zone 1, ore minerals

MWHEPATNU3ALIUA HA PYOHA 30HA 1, HAXOULLEE "MWNWH KAMBK", 3ANAIHO CPEHOIOPUE, BBITAPUA

[Hanuena Hukonoea, Cepeell Jo6pes, KanuH Pyckoe

Munto-2eonoxku yHusepcumem “Cg. Uear Puncku®, 1700 Cogpusi

PE3IOME. Haxoguwe “MunuH kambk’ ce Hamupa B 3anapgHoto CpepHoropuve. Tasu 30Ha € 4acT OT KbCHOkpeaHus AnyceHu-bawat-Tumok-CpeaHoropcku
MarmaTudeH n metanoreHeH nosic. MuHepanusauusTa e 3natHo-cpebbpHa, enuTepmania, oT ymepeHocynduaeH Tun. HaxoauweTo e NpoaykT Ha bpesHuiukus
naneoBynkaH. PyaHaTa MUHepanu3aLms e oTnoxeHa B TpU CTaaus: KBapL-NMpUTOB, KBapLi-nonumeTaneH 1 kapboHaTHo-3naTeH. PasrneaaH e MUHepanHusT CbCTaB
Ha pyaHa 30Ha 1, NpefcTaBeH OT MUPUT, MapKaauT, apCeHONUPUT, XankonupuT, raneHnT, chanepuT, TeHaHTUT-TETPAEAPUT, eHapruT, BOPHIT, KOBEMWH, XeMaTuT,
NMUPOTWH, CENMMIMaHNT-6YPHOHMT, HopAaHnT (?), PoBUHCORWT (?) 1 camopoAHo 3naTo. OT HepyaHNUTE MUHEpanV NpUCHLCTBAT KBapL, kapboHaTh u 6apuT.

KntowoBu gymu: KbcHa Kpepna, 3anagHo CpepHoropue, MunnH Kambk, pyaHa 3oHa 1, pyoHu MuHepanu

Geological settings of the Milin Kamak deposit

The Milin Kamak deposit is situated in the Sofia tectonic
unit in the western part of the Srednogorie Zone of Apuseni-
Banat-Timok-Srednogorie magmatic and metallogenic belt
(Popov et al., 2002). It is located in propylitic, sericitic and
argillic altered Late Cretaceous trachybasalt to andesitic
volcanic and volcanoclastic rocks (Dabovski et al., 2009) —
products of Breznic paleo-vulcano (Fig. 1). A part of the
sequence is overlain by Paleogene and Neogene sediments.
To the south-west, Permian to Jurassic sequence of
continental to marine sediments, represented by sandstones,
clay and limestone, is observed.

The gold-silver epitermal deposit Milin Kamak is situated
south-west from the Krasava syncline. The major faults and
shear zones are with N-W orientation, parallel to the paleo-
subduction line (oceanic crust beneath the Eurasian
continental margin — Dabovski et al., 2009). Later formed faults
with NE direction are cross-cutting former ones. E-W striking
secondary faults host the ore mineralisation.

The Ore Zone 1 is a vein with numerous apophyses. The
ore body is with E-W orientation, dipping steeply to the south. It
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is located within intensively brecciated rocks and is considered
to be the most promising part of the deposit.

Material and methods

For the purpose of this study 30 representative samples
from drill holes and adits have been taken. All the samples are
with visible ore mineralisation and high gold content. Position
of samples (polished sections respectively) at level 760 m is
given in Figure 2. Polished sections were investigated at the
University of Mining and Geology “St. Ivan Rilski” (UMG) under
reflected plane polarised light with microscope Meiji MT-9430.
Microphotographs were taken with a digital camera Meiji
Infinity-1 and a reflex digital photo camera Nikon D3200,
mounted on a trinocular. Electron microprobe analyses of ore
minerals have been done using X-ray spectral micro analyser
JEOL JSM-6010 PLUS LA, with EDS spectrometer at the UMG
“St. Ivan Rilski”. The mode of operation is determined by the
following analytical conditions: 20 kV accelerating voltage, 30
Pa pressure and High vacuum. The standards used are pure
metal Cu and Al.
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Fig. 1. Geological map of the Milin Kamak deposit and Ore Zones (data from “Thrace Resources” Ltd)

1, alluvial sediments; 2, andesitobasalt dyke; 3, basalt and andesitobasalt lavas; 4, agglomerate tuffs; 5, bomb-block tuffs; 6, lapilli-psephitic tuffs;
7, trachybasalt lavas; 8, lapilli tuffs; 9, beds of psephytic and pellitic tuffs; 10, trachyandesites (plagioclase); 11, sediment alternation; 12, ore zone;
13, certain fault; 14, supposed fault
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Fig. 2. Plan of level 760 with different types of alteration and position of samples (polished sections) in Ore Zone 1, Milin Kamak deposit
(data from “Thrace Resources” Ltd.)
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Mineralogy

Ore minerals

Pyrite is the main ore mineral. It appears as aggregates
with xenomorphic to semi-euhedral shape (Fig. 3.F, 3.J) and
size less than 100 um (Fig. 3.B), in some cases with colloform
structure (“‘melnikovite-pyrite”). It is often observed as large
irregular grains with bay-like contours (Fig. 3.G), rarely as
euhedral (Fig. 3.B) and subhedral grains, often with zonal
structure. In larger grains inclusions from galena, chalcopyrite,
sphalerite, pyrrhotite and tennantite-tetrahedrite (Fig. 3.H) are
present. Pyrite appears as aggregates with irregular shape and
sometimes with skeleton contours intensively corroded by
carbonates. In some cases it associates with marcasite (Fig.
3.A). Single electron microprobe analysis determines content
of As 1.69 wt% comparatively lower than reported by Stoykov
et al. (2007). The calculated formula is (Fe1.02As0.03)1.0551.95
(Table 1).

Marcasite is the second by distribution ore mineral. It
usually forms fine veinlets, platy and elongated prismatic to
needle-like grains often in characteristic star-like aggregates
(Fig. 3.J). Marcasite crystals with platy to prismatic habit often
are rimming large pyrite aggregates (Fig. 3.A). Marcasite forms
aggregates with mosaic structure together with pyrite in
association with chalcopyrite, sphalerite and galena. Usually it
forms fine-grained aggregates with a woody or colloform
structure. Marcasite is observed as fine-grained strips among
Mn-calcite with banded structure. In some cases it associates
with chalcopyrite and sphalerite rimming large tennantite-
tetrahedrite grains (Fig. 3.C). It demonstrates distinct
bireflectance and strong anisotropy with colour effects from
blue-green to dark brown. No impurities were determined with
calculated formulas Fe103S1.98 and Fe1.04S1.95 (Table 1).

Arsenopyrite is rarely observed in rhombic shaped
crystals and “larkspur” intergrowths (Fig. 3.B) or star-like
aggregates. Arsenopyrite is characterised by high reflectance,
white colour and strong anisotropy with colour effects (bluish to
yellow-brown). The formulas based on microprobe analyses
are Fe1.04As0.8651.00, Fe1.04AS0.8551.11, Fe1.05As0.8351.12 (Table 1).

Chalcopyrite is established as emulsion within sphalerite
grains and inclusions with size less than 20 pym in quartz,
pyrite, marcasite (Fig. 3.C, 3.H), galena and sphalerite (Fig.
3.K). Together with marcasite, it forms a rim around sphalerite
or pyrite grains and cross-cutting the latter ones in fine veinlets
(Fig. 3.E). It is also observed as small grains within Mn-calcite.
Chalcopyrite often forms joint aggregates with minerals from
tennantite-tetrahedrite series (Fig. 3.E).

Galena also appears as individual grains with size up to
150 um in peripheral parts of quartz veinlets. It is observed as
euhedral crystals in sphalerite or corrodes pyrite grains as
anhedral aggregates (Fig. 3.F). Galena is usually corroded by
carbonates and barite. It often is observed together with
bournonite-seligmannite and is overgrown by the latter one
(Fig. 3.K). Microprobe analyses of two galena grains determine
formulas (Pb1.03Sbo.04Ago.01)1.08S0.92and Pb1.08So.02 (Table 1).

Sphalerite appears as coarse grains (from 3—4 mm to go
5-6 mm) with irregular shape (Fig. 3.C), often with rim from
chalcopyrite and marcasite (Fig. 3.E). It appears as small
inclusions in pyrite and forms aggregates with pyrite and
marcasite, or with chalcopyrite, galena and mineral from
tennantite-tetrahedrite series. Inclusions from pyrite are often
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observed, but chalcopyrite emulsion is not typical. Sphalerite is
confirmed by single microprobe analysis — absence of iron
(Table 1) and formula ZnogsS1.02. It could be determined as
cleiophane — manifests very intensive yellowish-brown internal
reflections, often with well expressed zonal structure (Fig. 3.D).

Tennantite-tetrahedrite. A mineral from this series is
found comparatively rare. It forms individual grains with large
inclusions from chalcopyrite and smaller from galena and
sphalerite. Such grains are often rimmed by fine-grained
marcasite aggregates (Fig. 3.C). The mineral from tennantite-
tetrahedrite series often associates with sulfides (chalcopyrite,
sphalerite, galena and marcasite) and some sulfosalts
(bournonite), filling interstitial spaces between large cracked
pyrite grains in some cases accompanied by native gold (Fig.
3.J). Mainly As varieties have been determined, but also pure
Sb members are present (Table 2). The latter ones are brighter
in backscattered electrons. Microprobe analyses taken on
different in brightness image from tennantite-tetrahedrite grain
determines two end members of the series (Table 2) — mainly
As (Zn-tennantite) (Cut045Zn1.69)12.14(AS263Sb1.41)404S12582, and
Sb - Ag-bearing Zn-tetrahedrite -
(Cus.11Ag2.40Zn177)1228Sba07S126s.  The  composition  of
tennantite-tetrahedrite is similar to the theoretical, with a
negligible S deficiency (Table 4).

Enargite. Among massive galena, a single grain from a
grey mineral with distinct anisotropy was observed (Fig. 3.F).
Microprobe analysis proves enargite (Table 3) with calculated
formula Cus.04AS0.96S4.00.

Bornite was found as single rounded inclusions within a
pyrite grain. It did not manifest anisotropy and is characterised
by a pink colour with brown shade. Presence of a chalcopyrite
grain at the same photo suggests that bornite is an ore mineral
with a primary origin.

Covellite is observed as inclusion together with minerals
from tennantite-tetrahedrite series only in one pyrite grain (Fig.
3.G). The latter one is with indigo blue colour, shows strong
bireflectance and pleochroism (to pale blue) and very strong
anisotropy with colour effects (purple-red). No doubt it is an
alteration product over chalcopyrite in the zone of secondary
copper enrichment of the deposit.

Hematite was found as elongated prismatic inclusions with
size up to 25 ym in just one pyrite grain associating with
marcasite and sphalerite. Hematite grains manifest distinct
anisotropy and in the largest one red internal reflection could
be observed.

Pyrrhotite is observed as rounded drop-like inclusions with
size up to 10 ym in some pyrite grains and is characterised by
creamy colour and distinct anisotropy (Fig. 3.H).

Seligmannite-bournonite series mineral is often found as
prismatic grains among gangue, observed at the periphery of
galena grains or as separate individuals in close vicinity to
galena grains, sphalerite, chalcopyrite and marcasite. They
manifest distinct anisotropy and usually are with well
expressed lamellar structure (Fig. 3.1). Colour in reflected light
is light grey with reflection lower than that of galena. Minerals
from seligmannite-bournonite series associates closely with
other sulfosalt and late gangue minerals like barite and
dolomite, often accompanied by native gold. Microprobe
analyses determine mostly As varieties (seligmannite) but also
pure bournonite presents (Table 3). The calculated formulas
are with non-stoichiometric composition.
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Fig. 3. Microphotographs in reflected plane polarised light, parallel Nickols (N //). Same conditions for all photos if not specified

A. Pyrite with colloform structure. At the upper boundary of pyrite aggregate rim of marcasite is developed (white, bluish shade, with strong
anisotropy); B. Euhedral and semi-euhedral pyrite grains (yellowish-white) situated at the right. At the top spear-like to prismatic arsenopyrite grains
(white) are observed. At the left — typical for arsenopyrite “larkspur” intergrowth; C. Aggregate from chalcopyrite (yellow), sphalerite (grey) and
marcasite (white with bluish shade) formed around tennantite-tetrahedrite grain (light grey, in the centre); D. Sphalerite grain (yellowish-brown
internal reflections) with zonal structure within carbonate vein. (N+); E. Sphalerite (grey) rimmed and cross-cut by chalcopyrite (yellow). At the
bottom left an aggregate from tennantite-tetrahedrite (light grey) and chalcopyrite is observed; F. Euhedral pyrite grain (yellow-white, at the bottom,
left) located within galena (white) from the vein. At the top right single enargite grain (grey) is situated; G. Pyrite (white) from the veinlet contains
single inclusion from tennantite-tetrahedrite (light grey) and covellite (indigo-blue with bright purple-red colors of anisotropy) — most probably formed
after chalcopyrite; H. Pyrite aggregate (yellowish-white) contains inclusions of chalcopyrite (yellow), sphalerite (grey) and pyrrhotite (creamy,
showing strong anisotropy); /. Prismatic bournonite-seligmanite grains with well expressed lamellar structure. Isometric galena grain was also
analysed (dark to black in the centre). (N+); J. Aggregate from marcasite (greyish-white) and tennantite (grey) with five small Au grains (bright
yellow) located within the interstitial space among pyrite grains; K. Robinsonite (?) - light grey with greenish tint — rhombic shape and 3 smaller
grains with triangle contours associate with chalcopyrite (yellow). At the bottom left galena grain (white) with bournonite (light grey) at the periphery;
L. Two jordanite grains (bright white) among dolomite (dark grey) and barite (light grey, bright). To the right from them galena crystal (white with
square shape) is observed.

SEM, Backscattered electron image, COMPO regime
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Table 1. Microprobe analyses of sulfides and native gold from Milin Kamak deposit

Mineral Pyrite| Marcasite Arsenopyrite Galena Sphalerite Gold
Elements (wt. %) | MK1 | MK2 | MK3 | MK4 | MK5 | MK6 | MK7 | MK8 MK9 MK10 | MK11 |MK12 | MK13 | MK14 | MK15
Fe 47.02| 4761 | 48.28 | 37.18 | 37.11 [3748| - - - 1.77 - - - - -
As 1.69 - - |40.73 | 40.24 |39.70| - - - - - - - - -
Pb - - - - - - |88.33] 88.86 - - - - - - -
Sb - - - - - - - 2.09 - - - - - - -
Ag - - - - - - - 0.31 - 430 | 227 | 222 | 330 | 183 | 2.77
Au - - - - - - - - - 93.93 | 97.73 |97.78| 96.7 | 98.17 | 97.23
Zn - - - - - - - - 66.32 - - - - - -
52.39| 52.39 | 51.72 | 2210 | 22.65 [22.82|11.67 | 11.74 | 33.68 - - - - - -
P2 101.1] 100 | 100 [100.01] 100 | 100 | 100 | 103 100 100 100 | 100 | 100 | 100 100
Table 2. Microprobe analyses of minerals from tennantite-tetrahedrite series from Milin Kamak deposit
Mineral Tennantite-tetrahedrite Tennantite Tetrahedrite
Elements (wt. %) | MK16 | MK17 | MK18 | MK19 | MK20 | MK21 | MK22 | MK23 | MK24 | MK25 | MK26 | MK27 | MK28 MK29
Cu 41.35 | 4068 | 424 | 4115 | 42.06 | 45.09 | 37.38 | 37.18 | 42.73 | 46.78 | 38.46 | 37.46 | 38.07 28.76
Fe 070 | 194 - - - 562 | 668 | 7.09 | 045 | 570 - 231 | 1.82 -
Zn 758 | 750 | 7.06 | 6.73 | 7.10 228 | 645 | 654 | 6.73 - 6.60 | 641 | 574 6.47
Ag - - - - - - - - - - 122 | 1.07 | 0.83 14.47
As 9.87 | 11.62 | 12.59 | 10.22 | 12.05 | 19.36 | 15.05 | 12.81 | 12.64 | 19.57 | 2.75 | 298 | 3.22 -
Sb 14.69 | 11.99 | 11.00 | 156.25 | 11.65 - 431 | 6.73 | 10.96 - 26.58 | 25.53 | 26.34 217.66
25.81 | 26.28 | 26.95 | 26.65 | 27.15 | 27.66 | 30.13 | 29.65 | 26.46 | 27.95 | 24.38 | 24.24 | 23.90 22.64
)3 100 | 100.01 | 100 | 100 | 100.01 | 100.01 | 100 100 | 99.97 | 100 |99.99 | 100 | 99.92 100
Table 3. Microprobe analyses of bournonite-seligmannite, jordanite, enargite, robinsonite (?) from Milin Kamak deposit
Mineral Bournonite-seligmannite Bournonite Seligmannite Jordanite Enargite| Robinsonite (?)
Elements (wt. %) | MK30 | MK31 | MK32 | MK33 | MK34 | MK35 | MK36 | MK37 | MK38 | MK39 | MK40 | MK41 | MK42 | MK43 | MK44
Pb 48.20 |48.25 |46.91 |48.16 |47.82 | 46.48 | 50.0 |48.81 |50.26 |68.62|69.37 | 6957 | - | 44.46 | 44.29
Cu 12.38 [ 11.84 | 11.86 | 12.39 |11.97 1217 [12.75[13.04 [12.99 | - - - 4914 | - -
As 1030 | 772 | 925 | - - - |1591|1555 |14.32 | 7.36 | 7.86 | 7.53 [18.25 | 4.75 | 5.18
Sb 12.09 [15.36 | 14.80 [23.18 [23.72 [24.38 | 327 | 496 | 518 |949 | 816 | 857 - 3299 | 32.84
17.03 |16.84 | 1718 [16.27 [16.49 [19.97 |18.08 |17.64 [17.25 |14.53|14.61 |14.33 |32.61 | 17.80 | 17.70
)3 100 100 100 100 100 100 100.01] 100 100 | 100 | 100 100 100 100 |100.01
Table 4. Crystallochemical formulas of minerals in Tables 1-3 Bournonite-seligmannite (MK31)| Pb1.1sCuoss(AsnssSboss)1.17Sase
(only those not given in the text) calculated mainly after Bg“f”O“'t?'ST\'/:gKma””'Te (MK32) Eb1-Z4C“1-°‘*3b1-°232~71
st 155 e
Gold (MK10) (AuosrAGo P €00c)ron Bournonite (MK35) Pb:iCu:z?Sb:Z‘;SE:
Gold (MK11) (AuoseAGoos) 100 Seligmannite (MK36) Pb1.17CUO.98(AS; oaSbo 05)1.0882.75
Gold (MK12) (AuoseAGoos) 100 Seligmannite (MK37) Pb1>14CU1‘00(AS1‘01Sbo‘19)1‘2032.70
Gold (MK13) (Auo+AGo s)r.00 Seligmannite (MK38) Pb1>19CU1101(A80‘948b0‘21)1‘1532.65
Gold (MK14) (AuosrAGos) 100 Jordanite (MK39) Pbasi(AS: 395bss0)rssSo051
Gold (MK15) (Auo 95Ag0.05)1.00 Jordanite (MK40) Pb14‘93(A34>71Sb3120)7.71820>4
Tennantite-tetrahedrite (MK16) | (CuioasFeo.45Zn1.60)12.50(AS2.60Sb0.40)4.00S12.82 Jordanite (MK41) Pb15‘1e(AS4>518b3‘16)7.e7820>1j
Tennantite-tetrahedrite (MK17) | (CuseoFe1.ssZn1.47)11.95(AS2525b0.1)333S 1360 Enargite (MK42) ClsoMSosSaos
Tennantite-tetrahedrite (MK18) | (Cu1045Zn1.60)12.14(AS2.635b1.41)4.04S12.82 Robigsonite (7) (VK43) ijjA(Sgi%fsAg? JoseSt
Tennantite-tetrahedrite (MK19) | (Cui0.15Zn1.62)11.81(AS2.15Sb1.97)4.12S13.08 Robinsonite (7) (MKa4) szz}zzz(Sb:ZzASwj4)j§2$11125
Tennantite-tetrahedrite (MK20) | (Cu10.24Zn1.68)11.92(AS2.49Sb1.48)397S13.11 - - —
Tennantite (MK21) (Cuto47Fer.48Zn051)12.46A83 808 1270 i . . .
Tennantite (MK22) (Cus.6sF€0.27ZN1.79)12.45(AS3.30Sb0.51)3.81S12.83 Jordanite (Or geocromte?) mineral phase by its
Tennantite (MK23) (Cus.eoFe1.88Zn1.47)11.95(AS2.525b081)3.335 1360 composition was established in one of the polished sections. It
Tennantite (MK24) (CurozrFeo20Zn183)12.30(AS208SD1.91)a.99S 1271 appears as small single grains in barite-dolmite veinlet (Fig.
Ig;g?ggfé%i% Egz“’%g‘: 5”}5;’*?-“?253 Sooias 3.L) and as inclusions in bournonite-seligmannite. In reflected
10.134111.69 0.19)12.01 0.61903.65)4.26012.73 H o H : . .
Tetrahedrite (K27 (Cus 2165 056AGo 1)125(AS055Sb3 198 15127 Ilght itis a I.|ttle bit brighter than thellatter one with weak
Tetrahedrite (MK28) (Curo.13Zn1 69Ago.19)12.01(AS0 515D 65)a 2631275 anisotropy. M!croprobe analyses determine content of Pb close
Ag-bearing  Zn-tetrahedrite to the theoretical but also vast excess of As and Sb as well as

(MK29)

(Cus.11Ag2.40ZNn1.77)12.28Sb4.07S 1265

Bournonite-seligmannite (MK30)

Pb1.17Cuo.98(AS0.60Sb0.50)1.20S267

significant deficit of S (Table 3). It is closely associated with
gold, connected to late barite and carbonates.
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Robinsonite (?) was observed as a single grain with
rhombic shape in just one polished section, accompanied by
three triangular grains close to it (Fig. 3.K). It manifests strong
anisotropy with colour effects. Initially the mineral was
determined by its optical characteristics as comparatively often
found jamesonite PbsFeSheS+4, but lack of Fe excluded this
possibility. Determined by microprobe analyses content of Pb,
Sb with As admixture and S (Table 3) in such ratio defines this
mineral phase as the only possible one - robinsonite
PbsSbsS+3. But calculated formulas are with extremely non-
stoichiometric composition — some excess of Pb, vast excess
of Sb and As and a significant deficit of S.

Native gold with size of grains 5-15 um is observed in
late quartz-pyrite or carbonate-barite veinlets and in the
interstitial spaces between pyrite grains in association with
marcasite and sulfosalts (Fig. 3.J). Coarse gold grains (up to
140 pm) appear in groups within dolomite-barite veinlet with
bournonite-seligmannite minerals in close spatial vicinity to
pyrite aggregates. Gold is high probe — the content of Ag
varies from 1.83 to 4.30 wt% (Table 1).

Gangue minerals

Gangue minerals are quartz, calcite, Mn-calcite, dolomite
and barite. All microprobe analyses of carbonate minerals
should be acccepted as qualitative, due to the carbon coating
of polished sections. Qualitative microprobe analysis of
dolomite (Fig. 3.L) estimates ratio of Ca:Mg:Fe approximately
5:4:1.

Barite was determined by quantitative microprobe analyses
and is well distinguishable in backscattered electrons as
mineral phase brighter than pyrite (Fig. 3.L). Calculated
formulas are: (Bao.9sSro.06)1.04509904, (Bao.99Sro.0s)1.04S0.9904,
Ba101S0.9904 and (Bao.84Sr0.12)0.9651.0204.

Conclusions

New described minerals from Ore Zone 1 in Milin Kamak
deposits are enargite, bornite, covellite, jordanite (?) and
robinsonite (7). They are not mentioned in previous studies by
Crummy et al. (2001), Stoykov et al. (2007), Sabeva and
Mladenova (2012), and Sabeva et al. (2017).

Samples from Ore Zone 1 could be separated into two big
groups. The first one comprises samples from altered,
intensively pyritised volcanic rocks and in some cases with
macroscopically observed quartz-pyrite veinlets. The second
group represents samples from infilling ore veins with quartz-
carbonate-sulfide matrix or quartz-carbonate veinlets, often
containing barite and numerous sulfide ore minerals.

The first group of samples could be characterised by the
following mineral composition: pyrite, marcasite, sphalerite,
chalcopyrite and in less amount galena, minerals from
tennantite-tetrahedrite group and arsenopyrite.

Mineral association (mainly pyrite and marcasite) of the
first group of samples corresponds to the quartz-pyrite stage of
mineralisation (Sabeva, Mladenova, 2012; Sabeva et al.,
2017), but there is a question what is the place of found in
almost all of the samples sphalerite, chalcopyrite and galena.
On the other side, if this mineral association corresponds to the
second quartz-polymetallic stage (Sabeva, Mladenova, 2012;
Sabeva et al., 2017), presence of sphalerite, chalcopyrite and
galena is similar, but there is a total lack of sulfosalts and gold
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is a high probe, not electrum. The second group of samples
could be subdivided to two sub-groups.

The first subgroup includes samples with comparatively
limited presence of sphalerite, galena and chalcopyrite. No
sulfosalt minerals have been determined in these samples.

The next sub-group is characterised by the presence of
sphalerite, galena, minerals from tennantite-tetrahedrite and
seligmannite-bournonite series. Rare minerals are enargite,
jordanite (?) and robinsonite (?). Gold grains have been
determined in association with carbonate minerals and barite
exactly in the samples from this sub-group. Gold grains are
quite unevenly distributed with size from 8-10 ym to 140-150
pm. This mineral association could correspond to the so-called
third carbonate-gold stage of mineralisation, but the main
difference here is the presence of sulfosalt minerals.

Microscopically visible gold was determined in only 3
polished sections. This could be explained by its quite irregular
and uneven distribution. The other factor could be the
extremely small size of the grains, invisible under an optical
microscope. Of course, presence of gold micro inclusions in
sulfide minerals could not be excluded.
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INDICATIONS FOR THE ACTIVITY OF THE TUNDZHA FAULT IN THE MARBLE
EXPOSURES AT THE KONEVETS GORGE OF RIVER TUNDZHA, SOUTHEASTERN
BULGARIA

Dian Strahilov, Ilvan Dimitrov
University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; idim68@abv.bg

ABSTRACT. It is believed that the Tundzha fault (or fault swarm) is a significant in depth and lateral distribution structure, buried under the Quaternary alluvial
sediments of the Tundzha valley, between the towns of Yambol and Elhovo. So far, this fault has been mentioned in a significant number of publications but no field
geological data for its existence have been offered. The Tundzha valley is divided in two parts, the Yambol part and the Elhovo part, by the Konevets sill (gorge). In
this area the river valley changes its direction from northwest to northeast, and is tens of meters wide. There are numerous kinematic arguments, that in this area,
composed of metamorphosed Triassic carbonates, the evidence of fault shear, along the Tundzha fault, must be well visible. Indeed, the thin bedded marbles carry
the traces of intense deformations. In this work, results of structural analyses are shown, including superimposed folding and kinematic analysis of faults and
conjugate joints. They suggest for a significant fault tectonics and superposition of various stress fields, indicative not only for the Tundza fault, which is striking north-
south, but also for the west-east striking structural trend along the Northern border of the Sakar-Strandzha dome, known as the Boznia zone. Thus, the Tundzha fault
remains elusive but the evolution of the Konevets sill is clarified as a rock strip, protruding along the west-east strike-slip zone.

Keywords: Tundzha valley, joints, faults, folds, directions of principal stresses

WHUOUKALIMK 3A AKTUBHOCTTA HA TYHOXKAHCKUA PA3NIOM B MPAMOPHWUTE PA3KPUTUA OT OE®UINETO HA PEKA
TYHIXA MPU CENO KOHEBEL,, OFOU3TOYHA BBJITAPUA

Jusaxs Cmpaxunos, Mean Jumumpos

MunHo-2eonoxku yHusepcumem "Cs. UeaH Puncku®, 1700 Cogpusi

PE3IOME. Mpepanonara ce, Ye TyHmXaHCKUSAT pa3fiom Unu pasfioMeH CHOM, e 3Ha4YnNTeNHa no AbnboynHa 1 natepanHo pasnpocTpaHeHue CTpYKTypa, norpebaHa nog
KBaTEpHEPHUTE CeANMEHTM Ha fjonuHaTa Ha p. TyHmka, Mexay rpagosete Ambon u Enxoso. [locera 3a T03v pasnom ce cnomeHasa B ronsm 6poit nybnukauum, Ho
KbM MOMEHTa He Ca NpeACTaBeHU TEPEHHW reonoXki AaHHM 33 HEroBOTO ChllecTByBaHe. [lonnHaTa Ha p. TyHAXa e pasgeneHa Ha ABe yacTu: Fmboncka u
EnxoBcka, kaTo Mexay Tax ce pasnonara KoHeseukuaT npar (aecune). B T03n yyacTbk gonnHata cMeHst mocokaTa cit OT ceBepo3anajHa Ha CeBEpOMU3TOYHA U e
LuMpoKa eaBa HsKONKo AeceTkw meTpa. [opaan peanua KMHeMaTUdHW CbobpaxeHns, B TO3M y4acTbK, U3rpafeH OT TpUacku MpamopuavpaHu kapboHatu, e Hail-
Lienecbobpa3Ho Aa ce THPCAT CMeay OT NPUPA3NOMHO CpsidBaHe, CBbP3aHO C TyYHMKaHCKUS pa3noM. B AeCTBUTENHOCT ThHKONNACTOBUTE AOMOMUTHU MpamMopy OT
KoHeBeLkust mpar ca MHOTO WHTEH3NBHO fAedopmupaHi. B Tasu pabota ce npeActaBaT pesynTaTuTe OT CTPYKTYPHU M3CNeABaHMs, BKMIYBALLM aHanu3 Ha
MHOro(asHa HarbHaToCT M KWHEMATWYEH aHanu3 Ha MyKHaTUHU 1 pa3nomu. [laHHUTe AeNCTBMTENHO yKasBaT 3a MposiBa Ha 3HAuMMa pasfioMHa TEKTOHWKA W
HanaraHe Ha pa3niyHI CTPECOBM MONETa, He CaMO XapaKTepHM 3a TyHKAHCKMS pa3nioM, KOMTO € C NOCOKa CeBep-1or, HO ChLLO 1 3a 3anaj-13TouHuTe AedopmaLim,
XapaKTepHu 3a ceepHaTa rpakuua Ha Cakap-CTpaHmxaHckaTa 30Ha, 3BeCTHa kaTo BocHeHcka ancnokauus. Taka Ye KbM MOMEHTa kuHematukata Ha TyHmKaHCKis
pa3rnom OCTaBa HesicHa, HO 3a CMeTka Ha TOBa Ce U3sCHsBa eBomioLmATa Ha KoHeBeLkus npar, kaTo ckanHa nnacTuHa, NPeTbpnana OTCe[HN ABUXEHUS B 3anaj-
M3TOYHa NOCOKa.

Kniouosu AYyMU: JO0NMHa Ha TyHA)Ka, NyKHaTUHW, Pa3NoMK, MHKK, NOCOKN Ha rMaBHWU HanpexeHus

Introduction wide, while to the south of the gorge the Elhovo depression is
18 km long and approximately 12 km wide (Savov, 1983).

The Konevets gorge, known in the Bulgarian The gorge itself is carved into Triassic low-grade
geomorphologic literature as the Konevets sill, separates the metamorphic calcitic and dolomitic marbles, which pinch the
middle Tundzha valley into two hydrologically separate parts, valley into tens of meters narrow space. The marbles form a
known as the Yambol trough and the Elhovo trough. When and well-defined Strip, which is running in the east-west direction
how it appeared is not clear yet, but it has obviously existed at ~ for tens of kilometres along the norther border of the
least since the late Neogene, because it splits into two Strandzha Zone of Southeast Bulgaria (Catalov, 1990). The
separate depositional environments the Elhovo Neogene marble exposures are located on both sides of the river, but
(Pontian-Dacian) coal basin (Fig. 1). Savov (1983) named it better exposed rocks are found only on the west side (Fig. 2).
Yambol and Elhovo syncline. The Yambol syncline contains The Tundza fault was first proposed by Catalov (1965)
discontinues and thin coal layers, but the Elhovo syncline has without serious field or theoretical evidence. The first
3 well defined and several meters thick coal layers. To the geophysical data were provided by Sockerova et al. (1966)
north of the gorge the Yambol syncline, or more appropriately using seismic data from the earthquake that happened on 15
the Yambol structural depression, is 12 km long and 8 km of March 1964, with a shallow epicentre (h=5 +/-3km), located
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to the west of Yambol, below the village of Skobelevo. Reading
this paper the reader will be left with mixed feelings. It is
because the writhers do not specifically attribute this
earthquake and many other tremors from the Yambol seismic
zone, to the N-S trending fault along the valley of Tundzha,
namely the Tundzha fault, but to other NW-SE trending faults.
The only possible argument in favour of the Tundza fault in this
paper is the slight elongation of the macro-seismic effects,
shown on the isoseist map of the earthquake, to the south
along the Tundza River valley. Nevertheless, drawn on the
map in this paper by P. Gochev as a N-S trending reverse or
normal fault (Fig. 11 in Sokerova et al., 1966) this structure
began its life in the Bulgarian literature.

Bonchev et al. (1969) used the fault to develop their model
of blocky macro-fabric of the Stranzha Zone.

The most exhaustive attempt to define this fault was made
by Savov and Petkov (1972). They attempted to interpret
regional magnetic and gravimetric data as well as any usable
information that was available at the time. As a result, they
offered not a single structure but an array of three faults
namely the Yambol fault, the Konevets fault and the Lesovo
fault (Fig. 1).

The exposures studied in this paper (Fig. 2) are located in
the area between the tips of the Konevets fault and the Lesovo
fault. However, the locations, scope of the deformation zones,
and the kinematic nature of these faults are not specified in
detail. The main argument used by the authors was the
existence of gravity and magnetic maximums and steep gravity
transitions, which may be aligned to indicate elongated faulted
blocks. However, the map of gravity and magnetic signature
provided by the authors emphasised the ambiguity of such
speculations.

In the later works, the Tundza fault was assumed as
existing and was usually shown as a single line (e.g.
Vrablianski, 1975) following loosely the Tundza River valley. It
is worth mentioning that on the geological map of Bulgaria in
scale 1:100000, Elhovo map sheet (Dabovski et al., 1993;
1994) the existence of such fault is not indicated by any
means.

Review of the tectonic activity in the Tundzha structural
depression was provided by Aleksiev and Georgiev (1996).
They published new data about significant earthquakes in the
Yambol seismic zone and a map of the vertical crustal
movements. Direct evidence about the existence of the Tundza
fault or fault zone are not offered but the Yambol seismic zone,
elongated in west-east direction, is better characterised. The
grouping of the epicentres suggests a fault control by the west-
east striking structures.

Preliminary data from structural analysis of surface
exposure in the Konevets sill are provided in this paper. The
purpose is not to prove or refute the existence of the Tundzha
fault, but to bring into consideration additional data and to
provide much needed geological consideration into this
discussion, which so far relied only on indirect arguments.

The main usefulness of the study area comes from the fact
that the studied exposures are the only rocks exposures in the
Tundza River valley between Yambol and Elhovo, and the river
valley changes direction exactly at the studied point (Fig. 1).
So if shearing along the valley occurred, it would be expressed
in some way in the marbles of the Konevets gorge.

The preliminary character of the study stems from the
finding that there is evidence of superimposed stress fields, so
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additional efforts are needed to discern these stress fields,
which may happen in another publication specifically focused
on fault striation analysis not only for these exposures but for
the entire region.
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Fig. 1. Location of the Konevets sill in the middle of the Tundzha
valley: three interpreted faults, believed to represent the Tundzha
north-south striking fault swarm (Savov, Petkov, 1972), are
shown in their approximate position with dashed lines; the
position of another inferred fault, running in west-east direction
and named as the Malomir fault (Savov, Petkov, 1972) is also
indicated

Study area

The study area (Fig. 2) is naturally unexposed but
numerous small pits have been made by local miners,
extracting marble for quicklime production in the past. In these
pits bedding can be measured as well as hinges of numerous
small folds, joints and small faults. Evidence for existence of a
single large fault is not available but the small scale folding and
faulting are very prominent.

The overall strike of the beds in these exposures is NW-
SE, which is emphasised by a large fold with a hinge in the
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same direction. All the observed small scale structures are
either reworked in parallelism with this trend or superimposed
onit.

The marble beds are exposed in two packages: a thin-
bedded one, originally comprising clay rich limestone with
some marls, and a thick-betted package, which was thoroughly
dolomitised and at present is mined in a larger quarry, known
as the Konevets quarry. The younging is to the north, so the
thick-bedded or massive dolomites consistently overlay the
thin-bedded marbles along a strike in normal superposition.

Fold superposition

In the course of this study 134 bedding planes have been
measured throughout the area to the west of the river. Plotted
on a stereographic net, they demonstrate the girdle of the
predominant NW-SE trending fold, shown with beta (B) axes f1
in Figure 3.
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Fig. 2. Sketch map of the Konevets sill, showing the area where the structural geological measurements were made; the studded
exposures are in the marble to the west of the Tundzha River; topographic contours are superimposed on the sketch to emphasise the

geomorphology of the gorge

In addition, three other fold girdles can be recognized
shown with circles around the B axes and numbered 2, f3 and
f4 in Figure 3. From these, f2 and 3 are relatively easy to
discern but f4 is indicated by only several measurements. This
picture corresponds to a complex interference pattern. The
girdles can be seen also on the (3 intersection plot shown in
Figure 4.

Fig. 3. Great circles of 134 bedding planes from exposures
shown in Fig. 2: the beds show one well defined gird represented
by an area of bed intersections numbered 1, but also 3 other not
so well defined girdles, represented by intersection 2, f3 and f4
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The first, and easy, conclusion from this geometry is that
the main fold (f1) has a curved hinge plunging between 20°
and 50° to NW. The curvature of the hinge is emphasised by
the size of the circle of Figure 3. This curvature is common for
a “whale back” or a “turtle back” shaped folds that are usually
formed by two stages of deformation.

Fig. 4. The same data as in Fig. 3, processed to show the beta (B)
intersections of the beds: the intersection are found using the
software package Geoorient made by Rod Halcomber
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The origin of girdle 4 is relatively clear. These folds were
found to be kinks (Fig. 5) on a very steep to vertical beds. The
kinks reflect bedding — parallel strike-slip shear, which resulted
in nearly vertical plunges of the kink folds. Small faults, striking
in the same direction, have also been found. Because this
shear happened in a plane close to the axial surface of f1, it is
likely to be cinematically related to the main folding.

Fig. 5. Small folds formed by bedding parallel shear. The folded
beds and the hinge lines are emphasised by dark lines. The scale
is a GPS receiver shown on the left.

Not all small folds have been formed this way. There is a
variety of small fold geometry (Figs 6, 7), which reflect different
mechanisms and possible different timing of these
deformations. F2 and f3 are ambiguous and at this stage of the
study they cannot be properly explained.

Fig. 6. Fault related fold with axial surface tangential to the
tectonic mirror of the fault visible at the left side of the picture:
for a scale the tree visible in the upper right corner can be used

The complexity of the deformation is reflected in the texture
of the rocks. More than in any other location in the region,
extensional vain textures are visible here (Fig. 8). In some
exposures the two dimensional areal expansion measured by
the area of the veins on bed surfaces reaches 20%. The nature
of this volume enlargement is not clear. It is possible that fault
related brecciating on a wider scale is also present but it is not
observed, because of the limited exposure.

There is a possibility that a major fault zone still exists but it
is covered by the alluvial sediments of Tundzha River, so only
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its vicinity is recorded in these exposures. The so-called
Lesovo fault of Savov and Petkov (1972) was shown on their
map to tip in the area of the Konevets gorge, however it is
rather interpretation and speculation than a proven fact.

Fig. 7. Small folds redrawn from a photograph: the orientation of
the beds is shown on the stereograms (scale is a silhouette of a
geological hammer)

Fig. 8. Typical texture of a bed surface, exposing “chocolate
tablet” extensional vein pattern: all the veins on the picture are
calcitic with fibres grown perpendicular to the vain walls; to the
right of the coin two hydraulic extensional gaps are visible,
which were also filled with calcite

Analysis of the small folds

The abundance of small folds is the most conspicuous
feature of these exposures. The orientation of small fold hinges
was measured directly or was assembled by stereographic
intersection of fold limbs. Most of the measured hinges plunge
westward but some are horizontal or plunge shallowly to NE. In
order to clarify their origin some geometric analyses were
made.

When tested for a conical best fit (Fig. 9) it appears that the
fold hinges arrange in a cone, the axis of which corresponds to
the hinge of the prominent regional fold numbered 1 in this
paper.
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Fig. 9. Cylindrical and conical best fit, found by Bingham
approximation of 52 fold’s small axes, from exposures shown on
Fig. 2: for the Bingham analysis the package Stereonet was
used, which is made by Rick Allmendinger and distributed for
free; the results of the analysis are as follows:

Axis Eigenvalue  Trend  Plunge *min  *max
1 0.5655 272.0 30.8 14.3 20.9
2 0.2595 006.6 07.7
3 0.1749 109.1 58.1 14.2 45.8

Best fit great circle (strike, dip RHR) = 199.1, 31.9, Conical best,
Data set name: Konevets small folds, axis trend & plunge =
285.0, 41.6; half apical angle = 46.1

The cylindrical best fit arranges them around a plane that
might represent the prominent direction of bedding, unfolded
around the hinge of f1. These observations suggest the
possibility that the majority of the small folds are contained in
the limbs of the f1 fold and thus can even predate the f1
formation. However, not all small folds comply with this
geometry.

It is reasonable to find where the fold axes fall, when the
plot is rotated around the hinge of f1. For this purpose, the
geometry is simplified to only the hinges and two limbs for
each fold found in this exposures (Fig. 10).

generalized
bedding
planes

Fig. 10. Simplified representation of the bed intersections shown
on the previous figures. The axes of rotation used to unfold the
data about the hinge of the main fold f1 are shown with dotted
lines

If the hinge of f1 is rotated to horizontal (Fig. 11) it is
obvious that f2 and 4 hinges are relatively far from the limbs of
f1, so they are obviously not contained in the general
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stratification folded by f1, hence, further rotations will prove no
connection between them.

Fig. 11. All beds rotated, so that the hinge of the main fold (1) is
horizontal

The hinges of f4 are far from the limbs of f1, so most likely
they are fault related folds. F3 also appear not to be related to
the f1 geometry. This analysis shows that the fold pattern
needs further field work and possibly on a larger region.

Analysis of the joints

In most regions of the world the joints group statistically in
three or four statistical maximums as two of them represent a
conjugate shear couple and one of them represent the
extensional joints (Hancock, 1985). This, however, is indicative
of a simple stress field, which did not rotate with the time and
do not carry the signature of the simultaneous or
superimposed action of different stress fields.

In the studied domain, the joint pattern is complex. The
joints disperse on a larger area of the stereographic net,
forming more than four maximums. It was possible, by isolating
conjugate shear joints from the nearby exposures, to construct
the stereogram in Figure 12. On this figure, three couples of
shear joints are shown. All couples were measured directly on
a rock surface, where the polished walls of the joints are visible
and the line of intersection can be observed.

As it is seen, the joints (Fig. 12) intersect at very different
places on the net. If the line of intersection is interpreted as the
direction of the intermediate principle stress, than it can be
seen that each couple of shear joints represents a different
stress field.

Analysis of small faults

In order to derive the orientation of the instantaneous
stress axes, fault slip analysis (e.g. Allmendinger et al., 1989)
was made using fault striations on fault planes. Only faults with
simultaneous exposure of striation and steep steps
perpendicular to it were used, so the direction and the sign of
the movement could be found unambiguously on these
surfaces. Principal stress directions from 6 faults from
exposures in the most eastern part on the west board of the
valley are shown in Figure 13. This plot indicate for a NW
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plunging principal stress, which is compliant with a normal fault
striking in the NW or NE quadrant as suggested by Savov and
Petkov (1972).

However, the above shown analysis is not conclusive. It is
because the joints indicate for a more complex stress field and
the small folds from 4 indicate for a consistent W-E directed
bedding-parallel shear. Because of the uneven exposure it is
likely that not all significant small faults were measured or they
were not split into groups representing contemporaneous
stress fields.

Fig. 12. Three sets of conjugate joints, measured in exposures
on the western slope of the gorge (Fig. 2): the position of the
intermediate stress (c2) at the intersection of the joints is
indicated

Fig. 13. Orientation of principal stresses found by 6 faults with
striation, using the FaultKin software, made by Richard W.
Allmendinger: the great circles of the faults, the directions of
striations and the direction of the principal axes of stress are
shown on the plot

Conclusions

The structural analysis of the Konevets gorge shows that the
small, decimetre to metre scale structures, were formed by
different deformation mechanisms at different geological times.
Most of the small folds are contained in the stratification that
was folded by the main NW trending alpine folds of the region,
roughly coeval with the late Cretaceous magmatic activity. So,
these small folds may predate the pick of folding and some of
them may be even sin-sedimentary slump folds or formed by
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early tectonic folding in Jurassic or Early Cretaceous time,
which is very difficult to be discerned at present.

The small folds, which are not contained in the stratification
and are with steeply plunging hinges (f4) correspond to a
bedding parallel strike-slip shear. These can be
contemporaneous to the main folding or connected to a later
strike-slip shear like the one related to the Malomir Fault of
Savov and Petkov (1972).

The joints suggest multiple brittle deformations and
obviously different stress fields. The fault slip analyses
confirmed the conclusions about a north-south striking normal
fault but the data are insufficient to draw concrete conclusions.
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PRELIMINARY RESULTS FROM THE TASLADJA BAIR’S DYKE’S STUDY, AN
INDICATOR FOR THE STRUCTURAL EVOLUTION OF THE PROHOROVO COPPER
PORPHYRY SYSTEM IN SOUTHEASTERN BULGARIA

Dian Strahilov, Banush Banushev, Ivan Dimitrov
University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; idim68@abv.bg

ABSTRACT. The Prohorovo pluton is intruded in a complex geological environment in the south-eastern part of the Sveti llija ridge, municipality of Nova Zagora,
Sliven district. This magmatic body is of interest, because it is related to a copper-molybdenum, vein-porphyry mineralisation. The pluton occupies a hypabyssal
intrusion level, as the intrusion of the main magmatic body, as well as the smaller sub-intrusions are controlled by two fault systems striking to northeast and
northwest. During the eighties and nineties of the last century, there were efforts to study the faults in the vicinity of the pluton and an agreement was reached, that
they determine the geometry of the hydrothermal system. However, there are still unsolved issues regarding the degree to which the faults control the intrusion of the
igneous bodies, screen the hydrothermal fluids or create fractured environment favourable for mineral deposition. So far, it is not clear if the ore hosting fractures are
product of the faults or of the sub-intrusive process itself, which can also lead to fracturing of the host rocks. Several NE striking dykes have been recently exposed in
a dolomitic quarry, in the locality of Tasladja bair, which is adjacent to the Prohorovo pluton. The dykes were hydrothermally altered and hydraulically brecciated. A
fault slip analysis reveals that the faults, the pluton and the dykes were created by the same stress field. It confirms the assumption that the dykes are synchronous to
the metal bearing hydrothermal mineralisation and offer an opportunity to model the intrusion of the pluton in a straightforward manner using the geometry of the
faults, which controlled it.

Keywords: dyke swarm, copper porphyry hydrothermal system, faults, fractures, fault-slip analysis, principal stresses

NPEABAPUTENHW PE3YNTATMW OT AHATNWU3A HA IAUKUTE OT TACNADKA EAUP, UHOUKATOP 3A CTPYKTYPHATA
EBONOLNA HA MPOXOPOBCKATA MEAHO-NOP®UPHA XUAPOTEPMAJTHA CUCTEMA B HOTOU3TOYHA BBIITAPUA)
[fusiH Cmpaxunoe, baHyw Banywee, UsaH Jumumpoe,

Murto-eeonoxku yHusepcumem “Cg. MeaH Puncku”, 1700 Cogpusi

PE3IOME. MpoXopoBCkUSIT NNYTOH € BHEAPEH B CrIOXHA reonoxka oGCTaHOBKa B HOrouaTouHaTa yacT Ha CeeTunnuiickuTe BUcounHM, obiumuHa Hosa 3aropa, o6nact
CrnmBeH. MarMaTuyHOTO TAMO NPefCTaBNsiBa MHTEPEC, 3aL0TO C HEro & CBbp3aHa MeaHO-MoNMBAeHOBa MUHEpanM3aLmMsa OT MPOXUIKOBO NOPAMpeH TuM. MnyToHbT
e BHeapeH Ha XMnoabucarnHo HUBO, KATO KaKTO BHE[PSIBAHEHO HA MNYTOHA, Taka X MHOrOOBPOMHMTE MO-MarKM CyGUHTPY3MBHW Tera ca KOHTPOIMPaHW OT ABe
Pa3NOMHM CUCTEMU C NOCOKA CEBEPOMUTOK W orouaTok. Mpes ocempeceTTe W [eBeTAeceTTe TOAMHM Ha MUHANWA BEK CA MOJIOXEHW YCUNUS 3a M3yvaBaHe Ha
pasnomMuTe B OKOMHOCTUTE Ha MMyTOHa, kaTo e MOCTUrHATO Cbrnacue, Ye Te ONpedensT reoMeTpusTa Ha XWapoTepManHata cuctema. ChbluectsyaT ofave
HE[OM3SICHEHM BbNPOCH 3a TOBA, 0 KakeBa CTEMeH Te3| PasfioMu KOHTPONMPAT BHELPSBAHETO HA UHTPY3WWTE, eKpaHupaT (ryugHuTe CUCTEMM WM Ch3nasar
noaxozsLua 3a py[oBMeCTBaHe cpefia. He e M3sicHeH BbNPOCHT [0 kaKBa CTEMEH HamyKBaHEeTo, KOeTo BMeCTBa pyaHaTa cucTeMa, e MPOAYKT Ha Tean pasnomu, U 4o
Kakea CTereH Wrpae pons crieuydmkaTa Ha CyGUHTPY3UBHWA MPOLIEC, KOWTO ChLLO BOAM A0 HamykBaHe U Cb3faBaHe Ha GnaronmpusiTHa 3a pyfooTnaraHe cpepa.
Hsikonko Jaiiky ¢ nocoka CeBEpOM3TOK ca PaskpUTI HeoTAaBHa B AONIOMUTHATA kapuepa, pasnonoxeHa B MeCTHOCTTa Tacnampka 6aup, B CbCEACTBO C PYAOHOCHMS
Mpoxoposcku nryToH. [aiikuTe ca XMAPOTEPMAITHO MPOMEHEHN U XMAPABNMYHO BpekuMpanHu. AHamM3 Ha HanpexeHUsiTa Ype3 pasriomMHN CTpUaLMN paskpusa, ye
pa3nomMuTe, NIYTOHBT W AaiikuTe ca GOPMUPaHK NpU AENCTBUETO Ha €AHO W CbLYO NOJIe HA HANpexXeHUsTa. ToBa NOTBLPXAaBa UAEATa, Ye AAKUTE Ca CUHXPOHHN
Ha pyAHaTa MUHepanu3aLys 1 4aBa Bb3MOXHOCT a Ce MOAENupa e[HO3HauYHO BHEAPSIBAHETO Ha MNYTOHa, kaTo Ce U3NoM3Ba reoMeTpusiTa Ha pasnomuTe, Kouto ca
ro KOHTpOnMpany.

KniouoBu AyMU: [alikoB CHONM, MEAHO nopdpMpHa XugpoTepmManHa cuctema, pasnomu, NykKHaTuHW, aHanu3 Ha pasnomHu NpUOBMXBaHWUA, rMaBHU HanpaXxeHua

Introduction the faults were superimposed, is the Sveti llija monoclyne,
which was originally mapped by Nedialkov (1964) as the ages
The copper-molybdenum porphyry deposit Prohorovo is of the rock formations were scrutinised by Catalov (1963;
located in the middle part of the Saint llija heights in Southeast 1965; 1985; 1990) and the overall structural environment by
Bulgaria. It was prospected in several stages, starting from Varhotov et al. (1983) and Tsankov (1983).
1931 and continuing to present day, each one of them bringing The works of Bogdanov (Bogdanov, Bogdanova, 1984;
new details and emphasising the significance of the structural Bogdanov, 1987) provide the understanding of the
control on this mineralisation. hydrothermal alteration processes around the Prohorovo
The deposit is located at the roof of a small quartz-diorite pluton, which Ignatovski (1989) summarised into a simple
pluton with the shape of the letter “L” as one arm of the zonation model comprising: 1 — K-feldspar alteration in the
intrusion is striking to northwest and the other is striking to internal part, mainly in the intrusion itself, 2 — quarts-white
northeast (Fig. 1). Both directions coincide with the dominant micas-pyrite-lepidolite alteration in the endo-contact and the
fault structures of the region. The regional structure, on which immediate contact area; 3 — quartz-kaolinite-chlorite alteration
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in the immediate vicinity, and in the exo-contact; 4 — propylitic
alteration at large, around the intrusion, being the most
external zone of hydrothermal affects. The structure of the
deposit itself and its vicinity was studied by Ignatovski who
published several works, of which most detailed is Ignatovski
(1986).

It is important to note that this pluton was not injected into
very reactive host rocks. Although some skarns exist, formed
in the Triassic carbonates, the dominant lithology of the host
rocks of the intrusion is that of a silica rich Paleozoic volcanic
lava and pyroclastic flows and Paleozoic clastic deposits,
mainly conglomerates with minor sand and breccia, which are
also very silica rich and non-reactive in geochemical sense.

In spite of this, significant amount of metals was
accumulated, which according to Ignatovski (1980) and
Chobanova (1981) was controlled by the intense fracturing of
the host rocks and the intrusion. They studied the small scale
fractures that formed the ore bearing veinlets and revealed
their systematic nature (Ignatovski, 1980) and at the same time
their indirect relationship to the main faults.

This prompted Ignatovski (1986) to emphasise on the
hydraulic faulting as a very important process in this deposit,
however he did not manage to clarify the mechanical nature of
this process, partly because the hydraulic faulting and
brecciation were not well understood in Bulgaria at that time.

This paper contains preliminary results of a study of a dyke
swarm in the vicinity of the Prohorovo pluton, which was
recently exposed in a dolomitic quarry. This swarm can be
judged to pass through the pluton, or at least through its
vicinity, and obviously expose structural features that can be
spread over the roof of the intrusion. In this sense, the study
will contribute with data about the evolution of the deposit itself.

The preliminary nature of the study follows from the fact
that not all field data are processed to this point and they are
not assembled in a unified model, so it is mainly reporting
interesting features that will be examined in depth at future.

Geological setting

The middle part of the Sveti llja heights, where the
Prohorovo pluton was intruded, comprises Upper Cretaceous,
Jurassic, Triassic and upper Paleozoic volcanic and
sedimentary rocks (Fig. 1). All rocks older than the Triassic
were metamorphosed in lower greenschist facies. Abundant
veins of milky quartz called “quartz segregation veins” by
Catalov (1990) injected the rocks during this metamorphic
event.

According to Kamenov et al. (2000) the Prohorovo pluton
was intruded about 90 Ma BP.
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Fig. 1. Geological map of the Prohorovo area of the Sveti llija heights (modified after Catalov, 1985)
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LEGEND: .- Normal fault; aas- Revers fault; ==- Lateral fault;

—=— - fault; «- Dyke; —=—- Dyke measurment;

- Joint sysem.

Fig. 2. Exposed area of the Tasladja Bair’s quarry with indicated
position of dyke segments and larger faults

The main structure of the heights is a monoclinal antiform
(a step-like fold) younging to NE, with hinge striking NW-SE.
Parallel to the hinge is the Saint llija fault, striking to NW and
parallel to the bedding, which was partly utilised by the
Prohorovo diorite intrusion. Another set of faults, striking to NE,
crosscuts the monocline. Some of the faults proven
beforehand that cut the intrusion are shown in Figure 1. Not far
from the intersection of the two fault sets, a quarry was
developed in the dolomitic marbles (Fig. 2). The quarry
provided the field material for this paper.

TN

= w7 RN 2=

Petrological features of the dykes

The dykes from the Tasladja Bair were sampled and
studied in laboratory conditions by examination in thin sections
and by chemical assay. For the thin section examination a
polarising microscope NIKON Eclipse LV100ND was used and
the assay was made in the geochemical laboratory of UMG
Sofia using s spectrometer ICP-OES-720 of Agilent
Technologies.

The rocks that contain the dykes are layered, fine-grained
dolomites (Fig. 3a) with minor alteration. They were stained
with iron hydroxides along fractures and were reworked into
breccia. In the brecciated zones calcite veins and voids filled
with spar crystals are quite common. The carbonates are pure
with only a minor amount of fine quartz up to 0.15 mm in size.
Fine veinlets of calcite about 0.04 to 0.2 mm thick are the only
inhomogeneity visible under microscope.

The dykes of diorite- porphyry injected into the dolomites are
1.5-3 m thick. They are displaced by faults, so only short
segments from each one can be observed (Fig. 2). All of the
observed dykes have been brecciated and the brecciation is
more intense near the contacts. The diorite-porphyry is green,
light green or yellow, thin-grained with rare phenocrysts of
plagioclase and altered mafic minerals. The texture is massive
and the magmatic structure is porphyritic. They comprise
primary magmatic plagioclases, amphiboles, biotite, apatite,
magnetite and secondary chlorite, carbonate, epidote, zoisite,
albite and quartz. The phenocrysts (porphyries) are of
plagioclase and amphiboles. The plagioclases are prismatic or
plate-like and are replaced by thin-grained carbonate and small
amount of chlorite as the peripheral parts of the crystals are
relatively fresh (Fig. 3b). Some of them were replaced by thin
flakes of white mica and chlorite. They might contain inclusions
of apatite and reach a size of up to 0.9 x 1.7 mm, but it is
usually around 0.5 x 1 mm.

Fig. 3. Micro-photographs of rock varieties from dykes observes in the Tasladja Bair’s quarry
a, thin-grained, equigranular dolomite, crossed polarisers; b, porphyritic plagioclase, partially replaced by chlorite, crossed polarisers; ¢, fully altered
mafic mineral, parallel polarisers; d, aggregate of epidote, chlorite and quartz, crossed polarisers
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The mafic minerals were prismatic, but the nearly complete
alteration by chlorite and epidote made their shape
unrecognizable. The crystal shapes indicate that the mafic
minerals were amphiboles (Fig. 3c). In the more altered parts
of the dykes the mafic minerals were completely altered, so
they are not recognizable. The main accessory minerals are
prismatic to needle-like apatite and magnetite. The matrix of
the rock comprises also micro-prismatic minerals. These are
mainly plagioclases but also biotite, chlorite, carbonates, albit,
xenomorphic quartz, magnetite and apatite.

The fresh plagioclase crystallites are with average size of
0.03x0.15 mm, and show a well discernible parallel flow
pattern.

The biotite is presented by small, overgrown by chlorite,
flakes. At some places lens-like aggregates of secondary
minerals — zoisite, epidote, chlorite and quartz in various
amounts mark the position of replaced primary crystals. The
secondary minerals are not distributed evenly as in the
domains they predominate. Thin veins of quartz up to 0.2 mm
thick are also present.

Hydrothermal alterations. The dykes were affected by
secondary hydrothermal changes expressed in deposition of
chlorite, epidote, carbonate, and albite characteristic for a
propylitic type alteration (Table 1). The primary rock forming
minerals have been partially or completely replaced as the
change of the mafic minerals is more pronounced. The
alteration is more intensive in the peripheral brecciated zones
of the dykes, where the easy access of hydrothermal fluids
resulted in thorough conversion to clay minerals.

Table 1. Description of the hydrothermal alteration of the dykes
from the Tasladja Bair

Sample Ne  Rock Primary minerals Hydrothermal ~ mineral
type alteration
Smpl. 42 Diorite  Plagioclases, mafic  Chlorite,  carbonate,
porp- minerals  (amphibo-  epidote, zoisite, albite,
yry les), biotite, apatite, quartz
magnetite

Petrochemical peculiarities. On the alkaline - silica
classification diagram the dykes appear in the field of the
granodiorites (Fig. 4). The rocks are oversaturated with silica
and with predominance of Na:O over K:0O, as the ratio
K20/Naz0 is 0.62. The al' coefficient is 2.66 and the per-
alkaline index is 0.56 (Table 2). On the Peccerillo and Taylor
(1976) diagram, in coordinates K20-SiO2, the dyke appears in
the field of the calcium - alkaline series (Fig. 5). It is likely that
the SiO2 was enriched by secondary processes, such as
introduction of quartz in the rock mass.

9 Na20+K20°/1
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Fig. 4. Graph in coordinates (K20 + Na20) - SiO2 (Bogatikov et al.,
1981) for petrochemical separation of volcanic rocks. The
position of the dyke from Tasladja Bair is indicated with a dot
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Fig. 5. Graph in coordinates K20 — SiO: (Peccerillo, Taylor, 1976):
TH, tholeiitic series; CA, calcium alkaline series; HKCA, high
potassium—calcium alkaline

Based on the thin section study, and the petrochemical
analysis, it can be concluded that the dykes, that intruded the
Triassic dolomites, have modified chemistry, so their protholite
was most likely that of diorite porphyry, the same as the main
variety of the Prohorovo pluton.

Table 2. Chemical composition (wt%) of a dyke (Smpl. 4-2)
from the Tasladja Bair; K/Na = K20/Na20; al= Al203/(Fez03 +
FeO + MgO); PI=Na20 + K20/Al203 (mol). UMG, Sofia, analyst

D. Dragoeva
Parameter value Parameter value
SiO; 67.55 K20 2.29
TiO2 0.44 P20s 0.09
Al203 15.22 SO; 0.05
Fe 04t 344 LOI 343
MnO 0.05 Total 99.92
MgO 2.27 K/Na 0.62
Ca0 1.41 alg 2.66
Na:0 3.68 Pl 0.56

The name diorite porphyry is adopted following the
principles of the International Union of Geological Sciences
(IUGS), according to which the fully crystalline igneous rocks
are classified based on their modal composition (Le Maitre,
1989).

Structural setting

In the quarry the strike of the beds is varying between 120°
and 130° to SE and the dip is 40-60° to NE, so the quarry
exposes the geometry of the Saint llija monocline.

The dolomites are moderately jointed as the joints were
developed in two sets: a NW striking set and a NE striking set
(Fig. 6).
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Fig.6. Statistical diagram of 42 joints from the Tasladja Bair's
quarry. The statistic is made with the package Geoorient,
distributed by Rod Halcomber



Journal of Mining and Geological Sciences, Volume 62, Number 1, 2019

In the quarry, faults of two sets are observed: one striking
to the NW quadrant and the other striking to the NW quadrant.

The range of the faults cannot be judged straightforward
but it appears that some of the NW striking ones are splays of
the main Saint llija fault, which is of strike-slip kinematics, and
most likely control the NW arm of the Prohorovo pluton (Fig. 1).
The NE set of faults is also very common in the heights and
was also utilised by the intrusion, so even though the
measured faults are not the most important structures in the
region; they are still representative of the regional kinematics
and informative about the evolution of the Prohorovo pluton.

Effects of the hydraulic brecciating

At first glance the rocks of the observed dyke segments
appear faulted. One of the possible interpretations is that they
were injected along faults, which later were reactivated and the
material inside was sheared. This idea can be rejected based
on three premises. The first one is that the dikes are usually
extensional features with their walls perpendicular to the
minimal (c3) tectonic stress, so shearing is usually not
involved but rather pure extension at the time of their
formation. The second is the observation of a very serrated
dyke walls, that exclude shearing along them, and the third is
the texture of the brecciated rock fragments (Fig. 7) inside the
dykes, which imply fragment separation without much rotation
(rotation is equivalent to shearing) of the fragments relative to
one another.

serrated dolomitic contact of the dyke on the right side of the
pictures

The action of a hot fluid is implied as the culprit for the
brecciation. This has the implication that being hot also means
that the fluids were pressurised. And it coincides with the
observation of hydrothermal alteration of the dykes, which was
described earlier. As it was observed on the field all dyke
segment shown in Figure 2 were brecciated in various
degrees.

Fault slip data analysis

Slicken-lines on a fault plane represent the direction of
some relative displacement between the two blocks separated
by the fault. Fault data include both the fault plane and slicken-
line orientations (Fig. 8), the latter including the relative sense
of movement along the line.
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The goal is to use these measurements to calculate the so-
called paleostress tensor (Almendinger at al., 1989; Marrett,
Allmendinger, 1990). Paleostress tensors provide a dynamic
interpretation (in terms of stress orientation) to the kinematic
(movement) analysis of brittle features. The calculation does
not yield a true paleostress tensor since it is a statistic
calculation on fractures that integrate a geologically significant
amount of time.

The systematic relationship that exists between brittle
structures and principal stress directions provides a basis for
interpreting paleostress directions. In particular, it is important
to separate, in the field, the different compression directions
that may correspond to separate paleostress tensors
responsible for a successive deformation event.

The principal stresses’ directions are distinguished by fault
slip analyses, i.e. the eigenvectors of the stress tensor,
represented by the three unit vectors, and by the principal
stress magnitudes, i.e. the corresponding eigenvalues, taken
positive in compression. 61202=03.

Fig. 8 Example of marking the fault kinematic axes on a fault
surface from Tasladja Bair quarry, using the Aki-Richards format,
described in the manual of the FaultKin software (Marrett,
Alimendinger, 1990) for rakes of striae on planes

A T

In the course of the present study, fault slip data were
collected for 22 faults, which were processed separately based
on their directions and all together (Figs 9-11). The results are
very straightforward and geologically meaningful. In spite of
their orientation, the faults indicate for a maximum
compressive stress oriented NE-SW. It is the same even for
the NW striking faults. The calculations are made using Linked
Bingham approximation with software FultKin distributed free
for academic purposes by R. Almendinger as the theory is
described by Marrett and Allmendinger (1990).

Fig. 9. Principal stress orientations from 10 faults measured in
the Tasladja Bair's quarry. The faults are striking in the NW
quadrant. The axis of the maximum principal stress is plunging
to W-SW. The calculations are made with FaultKin
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Fig. 10. Principal stress orientations of all 22 faults measured in
the Tasladja Bair's quarry. The axis of the maximum principal
stress is plunging to E-NE. The calculations are made with
FaultKin

Fig. 11. Principal stress orientations from 10 faults measured in
the Tasladja Bair's quarry. The faults are striking in the NE
quadrant. The axis of the maximum principal stress is plunging
to NE. The calculations are made with FaultKin

Discussion and conclusions

The dykes were of primary dioritic composition but were
enriched with silica during the hydrothermal alteration. They
are intensely brecciated by a hydraulic process. Inferred from
the faults slip data, the principal stress axis acting around the
Prohorovo pluton was oriented in SW-NE direction, which is
also the direction needed for extensional formation of the
dykes (they must be close to parallel with the o1). So the
dykes and the faults are linked. It also suggests that the
studied fault orientations have been active from the Late
Cretaceous fill present. The inferred stress orientation is the
only possible one that can create opening of the both arms (the
NW and the NE) of the intrusive body, so this stress field is
obviously responsible for the creation of the pluton itself.
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GEOLOGICAL SETTING AND ORE MINERALIZATION CHARACTERISTICS OF BABYAK
DEPOSIT, WESTERN RHODOPE, BULGARIA

Nenko Temelakiev, Strashimir Strashimirov, Stefka Pristavova

University of Mining and Geology “St. Ivan Rilski”, Sofia 1700; nenkotemelakiev@outlook.com

ABSTRACT. Some new data for ore mineralogy, rock alterations and structure analyses at Babyak Ag-Mo-Au deposit, Western Rhodope, Bulgaria are presented.
The result of research suggests distinguishing the tectonic, magmatic and hydrothermal events associated with ore-forming processes. Two main ore mineralization
stages related to the chain of structural events are distinguished. The early Mo-Bi-W-Ag mineralization is related to greissen-like type alteration and it is controlled by
semi-brittle moderately dipping normal faults, most likely linked to regional detachment faults. The later Au-Pb-Zn-Cu mineralization accompanying by quartz-sericite
alteration is controlled by steep dextral strike-slip and normal faults, probably related to the activity of the regional Ribnovo fault zone and Babyak-Grashevo shear
zone. Based on the new data obtained by this study could supposed the granite-related ore mineralization of the Babyak deposit.

Keywords: Babyak deposit, ore mineralization, rock alteration, structural control, Western Rhodopes

FEONOXKU CTPOEX U XAPAKTEPUCTUKA HA PYOHATA MUHEPANU3ALMA HA HAXOOULLE BABSIK, 3SANAQHU
POLONK, BBITAPUA

Henko Temenakues, Cmpawumup Cmpawumupos, Cmechka lpucmaeosa

Muno-2eonoxku yHusepcumem "Cs. MeaH Puncku”, 1700 Cogpus

Pe3tome. MpeacraBeny ca HOBM A@HHW 3a pyaHaTa MUHepanorus, OKONopyAHUTe M3MeHeHus n cTpykTypute Ha Ag-Mo-Au Haxoguiwe Babsk, 3anagHn Pogonu.
PesynratuTe oT n3cneaBaHeTo NO3BOMNABAT fja CE OTAENAT TEKTOHCKW, MarMaTU4HM 1 XWAPOTEPMAnHK CbOUTUS acouymnpalLy ¢ pyaoobpasosaTenHuTe npotecy. [isa
OCHOBHM pyfooGpasyBaTenHm CTaAns CBbP3aHM CbC CTPYKTYPHM CbOUTISA ca pasrpaHiyenu. PanHata Mo-Bi-W-Ag MuHepanusauus ce cBbp3Ba ¢ rpaiiaeHonogobeH
TUN METacoMaTyHa MPOMSsHa, KOSTO Ce KOHTPONMpa OT HEAbNOOKW PasnoMu C KPEXKO-MNacTUyHM AedopmaLyin BEPOSTHO CBbP3aHN C PEervoHanHn pasnomn Ha
otnensaHe. lMo-kbcHaTa Au-Pb-Zn-Cu  MuHepanusaums e B acouuaums C KBapL-CepuULMTOB TUM MPOMSHA KOHTPONMpALYa Ce OT CTPBMHM PasfoMy Hal-BepOsiTHO
CBbp3aHM C pervoHanHata PubHoecka 1 Babsk-Tpalescka 30HM. Bb3 OcHOBa Ha nomnyyeHWTe pesynTaTi OT M3CneABaHETO Ce Mpearnonara 3a pyaHata
MUHepanuaaLmaTa Ha babsik, ye e rpaHUT-CBbP3aH TUn.

KntouoBu pymu: Haxoaue Babsik, pyaHa MUHepanu3aLusi, OkoNopyaHO U3MEHEHI ckanu, CTPYKTYPEH KOHTpor, 3anaaHu Pogonu

Introduction the immediate vicinity of the southern boundary of Babayk
area.

The Babyak deposit is located in the municipalities of In the 70's of the 20th century a surface and underground
Belitsa and Yakoruda, Blagoevgrad region, South-Western study was carried out in the area of the Babiak locality and the
Rhodopes (Fig. 1). presence of Mo, Bi, Ag, Au, Ph, Zn and Cu mineralization was

As a part of the Rhodope massif, two major Stages of the found (De'CheV, Dimitrov, 1964, Mileva, 1964) The Babyak ore

Alpine development (compression and extension) form the field is interpreted in the different away during the years - as a
modern structure of the region (Ivanov, 1988; Ricou et al., quartz-molybdenite mineral formation closely related to the
1998; Ivanov, 2000;). The compression stage is associated aplitic granitoids and greisen type alteration by Maneva et al.
with the emergence of a system of superposition located thrust (1994) or as Mo-hydrothermal mineralization with zonal
p|ates with south vergence, which caused a Signiﬁcant structure genetically related to the late phaSGS of the West
thickening of the earth’s crust. The metamorphic basement in Rhodope batholith (Kolkovski, Georgiev, 2006). The Babyak -
the region of the studied deposit is considered to be a Mo (Ag- and Au-bearing) deposit is considered as a part of the
Synmetamorphic thrusted Comp|ex Composed of the p|ates of Babyak orefield related to the Maastrichtian—Lutetian Rila-
the Ograzhden, Maliovishka and Sarnishka lithotectonic units. Rhodope Metallogenic Zone by Popov et al. (2019).
The thickening of the earth is followed by the processes of the The present article is a result of the ore mineralization and
Late Alpine regional extension and the formation of extension rock’s alteration study in the region and structure analyses for
structures such as the “metamorphic core complexes” (Ivanov, the clarification of the structural control of the ore formation
1998; Ivanov et al., 2000) and the main first order positive processes in the Babyak deposit (Temelakiev et al., 2017).

structure in the region was formed — Rila-West Rhodope

complex Dome intruded by abundant granitoids of the early Geological setting

extensive stage. The internal structure of the region is

complicated by Mesta graben, Ribnovo fault and Babyashko- The investigated ore zones from the Babyk deposit are
Grashevo dislocation. The last is tracked from west to east in located in the close proximity to the contact between Rila-
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Western Rhodope batholith  (granitoides and related
pegmatites and aplites) and the metamorphic frame
represented by high-grade metamorphic rocks of the Sarnitsa
lithotectonic unit (aplitic and biotite gneisses - Fig. 2).

2 24 26° 28 30°

TN =
- Paninonian BaS!". geigrade ¢f
Ty A K<)
RN S f
VR uchdres

Black Sea

~ ] Mesozo)

== Mesczoic asina

24 26 28

ic carbonate platforms

Fig. 1. Tectonic map of the south-western Balkan Peninsula (after
Bernoulli, 2001; Schmid et al., 2008)

Sarnitsa lithotectonic unit. It croups out in the frame of the
Rila-Western Rhodope batholith in the valley of the Mesta
River, from Dagonovo to Yakoruda villages to the North. The
rock association of this unit is presented by biotite and
amphibole-biotite gneisses, marbles and lens-like bodies of
metagabbro and ultrabasites. The leptitic gneisses are the
most distributed in this unit. The rocks are folded and
intersected by pegmatites and quartz veins oftenly parallel to
the gneiss’s foliation.

Rila-Western Rhodope batholith. Three types of granitoids
are distinguished in the frame of batholith: 1) coarse,
irregularly-grained and sometimes porphyry, amphibole-biotite
and biotite granodiorites; 2) medium grained biotite and less
often two-micas granites; 3) fine-grained biotite-muscovite
aplitic granites, such as lenses, veins and stock bodies. The
batholith is made up of two plutons differing in age and tectonic
position according to Kamenov et al. (1999). The granodiorites
of the first type are part of an older (~80 Ma) synmetamorphic
pluton with calcium-alkaline composition and mantle magma
contaminated by earth material. The granites of the second
and the third types, aged 35-40 Ma, are genetically
interconnected phases of a post-metamorphic pluton with high
alkaline-calcium character.

Dykes. They include lamprophyres, dioritic, granodiorites
and quartz-diorite porphyrites, granite porphyry, gabbro-
diabases, meta-dolerites and micro-gabbros among the rocks
of the Rila-West Rhodope batholith and more rarely in the
metamorphites are established. They have different thickness
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and direction — from centimetres to several meters, and from
300-340° to N and NE (10-70°) direction with sharp intrusive
contacts without visible hydrothermal alteration.

Paleogene. It comprises Priabonian breccias, conglo-
merates and breccia-conglomerates along to the two boards of
the grab are involved. The Oligocene rocks are grouped into
two facies: volcanogenic (rhyolites and trachy-andesites) and
sediment-tuffogeneous  (molasse-like and  tuffogeneous
horizont).

Neogene. Includes clayey-sandy, sandy and conglomerate
facies formed in the northern part of the Mesta Depression.
The Neogene in the area is perceived as one unit - upper
sandstone-conglomerate formation (Sarov et al., 2011).

Quaternary. It has a relatively limited distribution in the
area of study. Fluvio-glacial, delluvial and alluvial sediments
are presented.

Ore setting

The magmatic-hydrothermal stage of the Rila-Western
Rhodope batholith is characterized by the development of a
large number of aplites, pegmatites and quartz veins (with and
without ores). The latters are oriented mainly to the NE or NW
following the main geological structures in the region. The
veins without ores are with irregular thickness and the contacts
with the hosted rocks are weakly hydrothermally altered. This
type of veins contains milky whitish quartz with rare pyrite
crystals. The ore-containing veins are with regular thickness,
massive structure and consisted of grey-whitish quartz. The
established ore minerals into them are pyrite, molybdenite,
galena, sphalerite, chalcopyrite, specularite and wolframite.
The contacts with the hosted rocks are sharp ones
accompanying with thick (up to 10 m and more) zone of
hydrothermal alteration. Two zones (zones 5 and 6) enriched
of ores exist in the central part of the studied deposit.

Zone 5 is the best developed ore zone in the deposit
according to thickness and intensity of the ore mineralization. It
is composed by quartz-iron oxide-sulphide vein with a variable
thickness from 0.3 to 20.0 m with a slope of 45-60° at the
surface and up to 25-35° in depth. The vein is sunk to the W-
SW conforming to the metamorphic foliation of the hosted
rocks. Close to its lower contact with the hosted gneisses
shear zone is developed followed by reactivation accompanied
with brittle deformations.

Zone 6 includes two parallel quartz-pegmatite veins with
apophysis developed west of the zone 5. The thickness of the
veins is from 0.5 to 10.0 m. The slope is to W-SW and varies
from 40-45° on the surface to 30-35° in the depth. Both zones
are developed close to the contact between Rila-Western
Rhodope batholith and hosted metamorphic rocks.

Materials and methods

The study was made on 120 representative drill rock and
ore samples. The petrographic and ore thin-sections were
used to obtain information for textures and minerals
composition of the primary and altered rocks and ores. The
microscopic  investigation was made using microscope
Meiji7390 for transmitted and reflected light and digital camera
Olympus 5050 for microphotos.

The phase composition of the hydrothermally altered was
determined by powder X-ray diffraction (XRD), at the University
of Mining and Geology “St. Ivan Rilski”. The powder XRD
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patterns were recorded on a Bruker D2 Phaser diffractometer
using Ni-filtered Cu Ka. radiation in the 2@ range 4-80°, step
size 0.02°. The textures and chemical composition of the ore
mineralization were characterized by Scanning electron
microscopy fitted with energy dispersive spectrometer JEOL
JSM-6010 PLUS/LA in the University of Mining and Geology
“St. Ivan Rilski” using nature etalons.
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Fig. 2. Detailed geological map of the Babyak ore deposit

Results

Rock composition

The investigated ore zones from the Babyk deposit are
located in the close proximity to the contact between Rila-
Western Rhodope batholith (granitoids and related pegmatites
and aplites) and the metamorphic frame represented by high-
grade metamorphic rocks of the Surnitsa lithotectonic unit
(aplitic and biotite gneisses).

Gneisses are light grey to milky white in colour aplitic and
biotite gneisses, fine-grained with a fine layered structure,
lepido-granoblastic texture and mineral composition of quartz,
feldspars (microcline and acid oligoclase), muscovite and
biotite and accessories of zircon, apatite and garnet.

Granites are also light grey in colour, hetero-grained with
massive fabric intersected by nets of open fractures. Their
textures are granitic and poikilitic in places. The granites are
with mineral composition of quartz, plagioclase, K-feldspar,
biotite and accessories — zircon, apatite, titanite and ore
mineral (magnetite?).

Pegmatites are with mineral composition of quartz, K-
feldspar, acid oligoclase and muscovite. All investigated
pegmatites are brittle (mainly) to plastic deformed — cracked,
brecciated to cataclazed and mylonitized.
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Rock alterations

Greisen-like type alteration (GTA). It has a local
development with formation of coarse flaked white mica
(individual flakes or aggregates), clay minerals, K-feldspar,
albite and tourmaline. Quartz, sericite-muscovite and fluorite fill
the open cracks, also. This type of alteration in the studied ore
field is mentioned by Delchev and Dimitrov (1964) and Maneva
et al. (1994), also.

Quartz-sericite-pyrite type (QSP). Wide developed
alteration with uneven intensity among gneisses, granites and
pegmatites. The alteration is associated with intensive brittle
deformations and formation of breccia and cataclastic textures
in the rocks. The relics of the primary minerals (if they are
preserved) are cracked to defragmented and replaced by
hydrothermal sericite and quartz, mainly. The hydrothermal
mineral association is the most intensive developed in the
inter-clast interstices and in the plane of the metamorphic
foliation in the gneisses, also. In the vicinity to the zones with
the intensive formation of hydrothermal quartz and ore
mineralization QSP alteration totally erased the primary
features of the primary rocks.

Ore mineralization

On the base of the study the followed characteristics of the
distribution and features of the ore mineralization could be
pointed: 1) the presence of pyrite, galena, sphalerite,
chalcopyrite, molybdenite, gold, electrum, lead-bismuth
minerals, bursaite(?), covelline, chalcosine, arsenopyrite,
tennatite — tetrahedite and malachite; 2) the ore minerals are
presented as finely disseminated crystals with sizes 1.0-2.0
mm; thick layers (veins), irregularly in shape aggregates (from
2.0-3.0 up to 30-40 mm) and massive ore-bunch of pyrite and
molybdenite (mainly) + chalcopyrite; 3) the wide distributed ore
assemblages in the deposit are: (I) pyrite-molybdenite
associated with Pb-Bi sulphosalts related to the greisen-like
type alteration and (Il) pyrite-galena-sphalerite-gold mainly
related to the QSP alteration; 4) the ore textures supposed that
during formation of the second ore assemblage there are
remobilization of the minerals like molybdenite (mainly) and
Pb-Bi sulphosalts (limited?).

Relation ore-mineralization/rock alteration

The formation of the Mo-Bi-Ag mineralization with pyrite |,
molybdenite |, Pb-Bi sulphosalts and wolframite could be
related with the appearance of the GTA. The ore texture of this
assemblage shows clear post-deformation genesis - short
veins, fine layered aggregates developed around quartz and
rock fragments, fills up the fragment interstices or the open
fractures.

The main part of the studied ore mineralization is situated
among QSP type altered rocks developed among intensively
tectonized gneisses, granites and pegmatites. This type of
hydrothermal alteration associated with the Au-Pb-Zn-Cu and
the ore assemblage is presented by pyrite 2, chalcopyrite,
galena, sphalerite, gold, electrum, remobilized molybdenite II.
They are fine disseminated among quartz-sericite mass or are
concentrated in the fragment’s interstices as spotty
aggregates, cracked to defragmented crystals, long prismatic
to flaked aggregates (for molybdenite) plastically deformed or
segregated in the sphere aggregates.
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Fig. 3. Microphotos of rocks and ore mineralization: a, well preserved biotite granite, transmitted light; b—c, QSP type metasomatites,
transmitted light; d-f, GTA, transmitted light; g-h, first stage ore mineralization, reflected light; i~/, second starde of ore mineralization,
reflected light. Abbreviations: Qz, quartz; PI, plagioclase; Ser, sericite; Ms, muscovite; Fs, feldspar; FI, fluorite; Py, pyrite; Sph,
sphalerite; Ga, galenite, Mo, molybdenite; Cpy, chalcopyrite; Bur, bursaite (?)
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Fig. 4. SEM- EDX images of the studied ore mineralization
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Fig. 5. 3D geological model presenting the alteration and ore zones

Tectonic, magmatic and hydrothermal events
associated with ore-forming processes at
Babyak Ag-Mo-Au deposit

In order to establish the structural control of the Babyak
deposit an attempt to distinguish the time and nature of the
main structural, tectono-magmatic and mineralization events
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observed in the area of the deposit was made. The following
events (from the earliest to the latest) are distinguished:

D1. Formation of a regionally expressed foliation S1 that
has entirely affected the rocks of the Surnitsa lithotectonic unit.
Its formation is related to the Early Alpine structure (Sarov et
al., 2011);

D2. Locally developed slanted plastic shear zones with
formation of imposed mylonitic foliation S2. These shear zones




Journal of Mining and Geological Sciences, Volume 62, Number 1, 2019

kinematically are oriented to the W and SW and are with
extension character. Their formation probably predetermined
the elevation of the region, the intrusion (emplacement) of the
Rila-Western Rhodopes batholith and the formation of the
Western Rhodope Dome (lvanov, 1998);

D3. The intrusion of the Rila-Western Rhodope batholith. It
is considered to be a post-tectonic event due to the fact that
the contacts of the batholith with the metamorphic hosted rocks
are clearly intrusive and the granites cross up the plastic
structures described above;

D4. Late magma activity, characterized by the
emplacement of a large number of aplites and pegmatites,
passing through quartz hydrothermal veins in the contact zone
of the batholith. During this event brittle to brittle-plastic shear
zones parallel to the regional foliation and the earlier
extensional plastic shear zones and inclined to the west shear
zones of brittle deformation type are developed. This
deformation event can also be interpreted as genetically
related to the regional extension and elevation of the pluton
and the associated with this process detachment faults. They
are associated with local development of hydrothermal high-
temperature alteration (GTA) in the granites (mainly) and
quartz - pegmatite contacts and formation of Mo-Wo-Bi-Ag
mineralization.

D5. It is presented by late steep to sub-vertical fault
destructions with NW-SE direction, intersecting the earlier
structures. These faults are with brittle character, dip to WSW
or ENE direction and they affected and brecciated all rocks -
metamorphites, granites, aplites, pegmatites and quartz veins.
With this event could be related the wide developed quartz-
sericity-pyrite (QSP) hydrothermal alteration in the ore field and
formation of Au-Pb-Zn-Cu mineralization.

Conclusions

The obtained data of this study for the Babyak deposit
assumes at least two stages of formation on the ore-forming
structures in the locality. The first stage includes Mo-Wo-Bi-Ag
mineralization, which is probably genetically linked to the
formation of pegmatites and quartz veins. It is concentrated in
the inclined to the west shear zones of brittle deformation type
D4 affects mainly the quartz-pegmatite periphery areas
followed the crystallization. The steep dextral strike-slip faults
of type D5 which are related to the activity of the regional
Ribnovo fault zone and Babyak-Grashevo shear zone,mainly,
control the deposition of the second stage Au-Pb-Zn-Cu
mineralization. It should be note that this mineralization is
observed along the structures type D4, also, in the southern
part of the deposit which is result, probably, of the late re-
activation during formation of structures type D5 (Temelakiev
etal., 2017).

Based on the new data obtained by this study could
supposed the granite-related ore mineralization of the Babyak
deposit.
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BURIAL AND THERMAL HISTORY RECONSTRUCTION OF SOUTH SAKAR
DEPRESSION, BULGARIA
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ABSTRACT: In tectonic aspect, the studied area is located in the South Sakar depression, which in the south-southeast turns into the large hydrocarbon Thrace
basin in Turkey. The purpose of this study is buried history modelling and thermal history modelling of the studied region. This enables a reconstruction and
characterisation of the sediment filling processes of this part of the basin and assessment of the hydrocarbon generation and migration from tertiary sediments. In the
process of buried history reconstruction, periods of sedimentation followed by hiatus and erosion periods are observed. These periods, along with the heat flow
changes for the region, have an impact on the maturity of the sediments. In the present study, a 1D thermal maturity model of three litho-stratigraphic units, which are
part of shale-marl and terrigenous-limestone-marl formations and are evaluated as potential source rocks in the tertiary section of the depression, is created. The
thermal maturity model shows that sedimentary sequences from Eocene to Pliocene Ages can generate liquid and/or gaseous hydrocarbons.

Keywords: petroleum system modelling, thermal history reconstruction

PEKOHCTPYKLUA HA UICTOPUATA HA NOTBBAHE U TEOTEPMUYHATA EBONOLMA HA OXKHOCAKAPCKOTO
MOHWXEHUE, BBNTAPUA

lepeaHa Mepavesa

MurHo-2eonoxku yHusepcumem “Cs. UeaH Puncku”, 1700 Cogpusi

PE3IOME: B TEKTOHCKO OTHOLUEHME, M3CNeBaHUAT paoH € pa3nonoxeH B KOXHOCAKapCKOTO MOHWMKEHWE, KOETO Ha Or-lorousTok NpemuHaBa KbM ronemus
HedhTorazoHoceH Tpakuitcku baceiiH B Typumsi. LlenTa Ha HacTosiwata paspaboTka € MOfenupaHe Ha UCTopusTa Ha MOTbBaHE W reoTepmuyHaTa UCTOpUS Ha
u3cnegBaHus paitoH. Toa No3BONsiBa PEKOHCTPYKLMS W XapakTepuaupaHe Ha npolecute Ha 0bpasyBaHe Ha CEAMMEHTHWS MbIHEX HA Ta3u vacT oT baceiiHa u
OLieHKa Ha BbITIEBOLOpOAHATA reHepaLys U MUrpaLus OT TepuuepHUTe CeAMMEHTW. B npoueca Ha pekoHCTpYKUMSATa Ha UCTOpUSiTa Ha MOTbBaHe ce Habniopaeart
nepyoav Ha CeauMeHTaLms, MOCAEeBaHN OT NEpUoau Ha NpeKkbCBaHe Uk epoans. Tean nepuoau, 3aeAHO C U3MEHEHUSITA Ha TOMMMHHUS NOTOK 33 paiioHa, okaseaTt
CBOETO BNMSHME BbPXY CTENeHTa Ha 3psnocT Ha ceaumeHTuTe. B HacTosiwata paspaboTka ce npasu 1D mogen Ha TepMmuyHaTa 3psrocT Ha TpW MMTOMOro-
cTpaTurpadicku eauHULM, BNM3ally B CbCTaBa Ha MMWHECTO-MEprenHaTa U TepUreHHO-BapoBMKOBO-MeprenHaTa 3agpyra, KouTo ca OLEHEHM KaTo MoTeHLuanHu
reHepupaLLy ckanu B TEpLMEpHWs pa3pe3 Ha MoHwkeHueTo. MopenbT Ha TepmuyHata 3psnocT Ha HOXHOCAaKapCKOTO MOHWKEHME MOKasea, Ye CeauMEHTHUTE
MOCNeA0BaTENHOCTM C Bb3PacCT OT €0LieHckaTa A0 NAMOLIEHCKaTa enoxy MOraT fia reHepupaT pasnuyHi no pasoBo CbCTOSHWE BLINEBOLOPOLHM NPOAYKTY.

Kniouosu AYMU: NETPONHO-CUCTEMHO MoJenupaHe, PEKOHCTPYKLUWA Ha reoTepMiuYHaTa Uctopus

Introduction this part of the basin, and to model and assess subsequently
the hydrocarbon generation and migration from Tertiary
The South Sakar depression, located in South-eastern sediments.

Bulgaria, is continuation of the large structural unit that goes

beyond the borders of our country and is called the Thrace

basin. After purposeful geological-geophysical and drilling Geological setting
activities it has been evaluated as a petroleum system with a
significant potential (Karahanoglu et al., 1995; Gurgey, 2009;
Sen, 2011). The area of research is characterised with a poor
exploration for hydrocarbons. The limited data does not allow a
complete characterisation of the hydrocarbon potential of the
Tertiary sediments. The several studies in this regard give
grounds for preliminary assessment of the source rock
potential of the Tertiary sediment complex as fair to good
(Palakarcheva, Stefanova, 2013; Meracheva et al., 2017a, b).
This gives a basis for further studies in order both to
reconstruct and characterise the sediment filling processes of

In earlier publications (Zaneva-Dobranova, Meracheva,
2014; Meracheva, Zaneva-Dobranova, 2018) the issue of the
different concepts about the tectonic belonging of the studied
area was examined in details. For the purpose of the present
study, a tectonic position is assumed (Fig. 1), which is
determined according to tectonic zonation of Southern Bulgaria
(Zagorchev et al., 2009), the characteristics of the structure,
development of the main structure units and the relation
between them.
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The tertiary section in the region of research consists of
sedimentary rocks of Paleogene and Neogene age (Fig. 2). It
overlies discordantly above different level pre-Paleogene
fundament and is partly or fully covered by eluvial, proluvial
and alluvial sediments of the Quaternary (Kozhoukharov et al.,
1995). At the base of the Tertiary section, according to data
from the seismic surveys, north of R-1 Svilengrad Well, a zone

with  unclear configuraton and characteristic sand-
conglomerate and turbiditic facies is observed.
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Fig. 2. Lithostratigraphic scheme of the Tertiary section of
studied area

These rocks are with similar lithological features and could
be assigned to the surface exposed to the west of studied area
Biser and Leshnikovo Formations of Palaeocene-Eocene (?)
age. In the area of South Sakar Depression, they are
considered (Palakarcheva, Stefanova, 2013; Meracheva,
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Zaneva-Dobranova, 2018) as analogues of the Hamitabat
Formation in the Turkish part. Above them or directly on the
fundament overlay with transgression the clastic-carbonate
rocks of the formations of Priabonian age, assigned to breccia-
conglomerate, conglomerate-sandstone, terrigenous-
limestone-marl and pyroclastic-marl ~ formations. These
sediments are in complex spatial relationships. In some places
a smooth lithofacies replacement of the rocks from one
formation to the neighbouring is observed. To southeast, their
probable correlates are the sediments of the Koyunbaba and
Ceylan Formations (Meracheva, Zaneva-Dobranova, 2018).
The rocks in the section are followed by the Oligocene
deposits of the shale-marl formation, represented by marls,
marly limestones, shales, sandstones and siltstones. This
formation could be correlated with the lithostratigraphic units of
the Muhacir Group on Turkish territory — Mezardere,
Osmancik, Danismen Fms. To the west of the South Sakar
Depression the section is represented by tuffs, tuffites and
reefal limestones. The Paleogene deposits are discontinuously
covered by Neogene sedimentary rocks included within the
scope of the Ahmatovo Formation.

Methodology and methods of modelling

In this study a petroleum system modelling is carried out in
order to reconstruct the burial and thermal history of the
studied area. The result of this is used for further petroleum
system simulation of hydrocarbon generation and expulsion
processes in the studied area, both from the evaluated
potential source rocks of shale-marl (analogue of the
Mezardere Formation in the Turkish part) and terrigenous-
limestone-marl (analogue of Ceylan Formation in the Turkish
part) formations, and from deposits, analogues of proven in the
central part of the basin the Hamitabat Formation (Hosg6rmez,
Yalgin, 2005; Glrgey, 2009). For the 1D petroleum-system
modelling geological and geochemical data from the deep R-1
Svilengrad Well are used. These data are interpolated in
several sections to the north and west of R-1 Svilengrad Well,
using for the purpose selected interpreted seismic sections and
subsequently calculated thicknesses of the litho-stratigraphic
units in the 3D structural model (Meracheva, Zaneva-
Dobranova, 2018). Three new 1D models of reconstruction on
conditional (pseudo) wells — Pseudo R-1, Pseudo R-2, Pseudo
R-3, were created on this basis (Fig. 1).

For reconstruction of burial and thermal history in the
software are imported as follows:

o Data of the geological research related to periods of
deposition, erosion and hiatus, with their respective
ages, lithology and thickness;

o Data obtained from geochemical research of the rocks
of shale-marl formation — quantity of Total organic
carbon (TOC), Hydrogen index (HI), thermal maturity
data (Tmax);

o Thermal maturity calibration data from R-1 Svilengrad
well — uncorrected formation temperature, measured in
the well (Bottom hole temperature — BHT); maximal
temperature, obtained at pyrolysis (Tmax);

o Heat flow data - thermal conductivity of the formation
and calculated geothermal gradient for the region.
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For the purpose of petroleum system modelling, the
geochemical parameters of the source rock, in the range of the
shale-marl formation, are averaged. For TOC mean values are
assumed to be 1.42 wt%, and for HI mean value is 135 mg
HC/g TOC. Initially, burial history curves for the sediment
section are reconstructed, considering thicknesses of the
sediment formations, their ages and the periods of deposition
and erosion.

For the reconstruction of thermal history, one of the
modern approaches used in the recent years by the
researchers in the petroleum sciences has been applied
(Botoucharov, 2005; Hosgdrmez, Yalgin, 2005; Huvaz et al.,
2007; Hakimi et al., 2018). For this purpose, the necessary
calculations from the available data for the area are carried
out.

For the calibration and reconstruction of the heat flow and
the geothermal history in modelling the temperature-sensitive
parameters are used — temperature at pyrolysis (Tmax) and
formation temperature (BHT) (Pepper, Corvi, 1995; Makeen et
al., 2016; Hakimi et al., 2018).

When creating the 1D heat flow model, Fourier low
equation is used, thus the heat flux values are calculated after
measuring the temperature and the thermal conductivity. For
these calculations the data of formation temperature measured
during the geophysical logging of wells (BHT) are used.
Considering that the temperature values measured in this way
are lower than the actual temperature of the respective
formation, due to the cooling effect of the drilling fluid
circulating at the bottom of boreholes, corrections can be made
in the cases of sufficient information (Deming, 1994).
Therefore, the average values of the thermal conductivity of
the rocks in the research area is considered to be analogous to
the one determined in the Turkish part of the Thrace basin on a
significant number of wells (Engin, 1999). The data obtained
from the studies in the Thrace basin in Turkey were taken into
account in the simulation of the heat flow and in the creation of
a conceptual model of reconstruction of the geothermal history
of the research area. These data, as well as the values used in
the model for the geothermal gradient, calculated from the
measured temperature in R-1 Svilengrad well, are compared
with existing studies for the geothermal gradient of this part of
Bulgaria (Velinov, Boiadjieva, 1981).

Results of the petroleum system modelling

Petroleum system modelling of burial and subsidence
history of the Tertiary sediments

At reconstruction of the burial history of the studied part of
the basin, periods of sedimentation, followed by periods of
hiatus and erosion are observed (Fig. 3). The large
unconformity, with an average thick erosion of 450 m has been
recognized during the middle-late Eocene, which is probably
related to the lllyrian tectonic phase. Another unconformity is
typical for the period of Miocene age, which shows an uplift
process. However, these erosion periods together with the
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heat flow of the area affect thermal maturity range of the
sediments.

The burial history curves show typical for this type of
basins tectono-stratigraphic phases — syn-rift and post-rift.
Both syn-rift phases are characterised by approximately the
same rate of sedimentation when relatively thick sediment
complexes are deposited. During the post-rift phase, the rate of
sedimentation significantly decreases. The transgression that
occurred at the end of the Palaeocene - the beginning of the
Eocene(?), resulting in a rapid subsidence of the basin, led to
deposition of about 1000 m thick sediment complex in most of
the studied area (Fig. 3, pseudo-wells P-1, P-2, P-3). This
period is characterised by relatively high rate of sedimentation
of an average about ~65 m per million years. Afterwards, a
short period occurs for the entire basin, characterised by the
absence of sedimentation (Fig. 3, R-1 Svilengrad Well), and in
some places with an erosion (Fig. 3, pseudo-wells). During the
Priabonian Age again a period of intensive sedimentation and
subsidence of the sediment basin occurred, which continued
until the end of early Miocene. Then, in the researched area,
the rate of sedimentation is ~78 m per Ma and a sediment
complex is formed with a present-day thickness to about 1300
m. This rapid subsidence, the deposition of a thick sediment
sequence for a relatively short time, and the presence of
volcanic activity near to the area are an indication of
extensional tectonic activity in the formation of the basin, which
is also confirmed by the model of burial history curves.

On the burial history curves, a short period during the
middle Miocene is observed, when the sediments uplifted to
the surface and some of the deposited rocks once again
eroded. This period is associated with the wide-spread tectonic
phase, during which a large part of the faults, mainly normal
faults, formed in the previous tectonic phase, are reactivated
and form numerous folds, anticlines and structures. On the
burial history curves, it is evident that after the end of the late
Miocene, the deposition of medium rate of sedimentation of the
overburden rocks started with ~40 m per Ma, which in places in
the studied area reached a thickness of over 250 m. For
comparison, the rate of sedimentation in the central parts of
the basin (Huvaz et al., 2007) is higher, and respectively, the
thickness of the sediments deposited during these tectonic
phases is greater, which affects the degree of maturity of the
organic matter into the sediments. In addition, the deposition of
the upper Neogene sediments in the last 7 million years to
some extent also influences the maturation of the potential
source rock complex with Paleogene age, burying them to a
depth where further HC generation processes could potentially
take place.

Heat flow modelling and reconstruction of thermal history

The Thrace basin can be classified as a moderate-high
heated basin, with geothermal gradient (measured in wells)
above the world average. It ranges from 26°C/km to 43°C/km
(Huvas, 2007). It should be noted that the central part of the
basin is with a much lower geothermal gradient compared to its
margins where the research area is located.
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Fig. 3. Burial history reconstruction: 1D models of R-1 Svilengrad Well and pseudo wells R-1, R-2 and R-3

This trend is associated with several factors:

1)

At the edges of the fundament and/or the graben
margins a high heat flux is usually observed. The heat
is concentrated in the high-conductivity rocks of the
fundament, not in the relatively low-conductive
adjacent sediments. For the conditions of the Thrace
basin, it has been found that this factor has a great
influence on the thermal gradient changes in the
horizontal direction, especially in its northern edges,
where the thickness of the sediments decreases
significantly;

According to the concept of the heat flux distribution in
the fundament, the inner parts of a sediment basin,
where deposition of sediments is in larger quantities
and the earth's crust is thinner (as a result of isostasy),
are expected to be cooler compared to areas with a
thicker upper crust. This explains the increased values
of the geothermal gradient near the highs on the
Thrace basin (Sakar-Strandzha Anticlinorium, Central-
Thrace High);

Lateral thermal conductivity variation is explained with
different thermal conductivity of the mineral
composition of the rocks;
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4) Younger sediments are usually cooler than older ones,
resulting in lower geothermal gradient values in areas
where sedimentation is higher. This explains the fact
that the sediments deposited in the central part of the
Thrace basin are cooler and thicker compared to the
thinner layers in the margins of the basin.

The created paleo-heat flow model was based on the
calibrated thermal maturity data from pyrolysis temperature
(Tmax), which is matched to those obtained in the software
(Tmax_Pepper & Corvi, 1995, THI_TIISA). In order to achieve
an acceptable range for the reconstruction of the thermal
history of the studied area, multiple scenarios of the paleo-heat
flow models have been performed. After the analysis of the
sensitivity of the paleo-heat flow model against the influence
parameters, a final conceptual model of the heat flow in the
region of P-1 Svilengrad Well was obtained. This model shows
(Fig. 4), that the values range from 60 to 120 mW/m2 and are
higher than that of the present-day. Until the beginning of the
Eocene the values kept constant (60 mW/m2), then
considerably increased from 97 to 107 mW/m2.
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Increased values and occurrence of peak values are
probably related to tectonic processes of basin opening. These
processes influence thermal maturity of organic matter and
generation potential of the potential source rock Hamitabat
Formation and its analogue sediments on the Bulgarian
territory. At the end of the Priabonian, a period of low heat flow
values is observed (70 mW/m?2), followed by a new increase in
the heat flow values with a trend of constant during the
Oligocene (114 mW/m?2). At the end of the Miocene and the
beginning of Pliocene, the highest peak in the value of heat

Temperature, R1 Svilengrad

flux (120 mW/m2) was reached, which mark the beginning of
new rift phase.

In order to create the temperature model, the present-day
heat flow value of 58.5 mW/m? is assumed, which corresponds
to the optimal present-day temperature modelled in the
software with measured bottom-hole temperature in the well
(Fig. 5). The model indicates that the paleo-temperature
reached peak values during the Miocene, which coincides with
the highest paleo-heat flow values at the same time.
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Fig. 5. Paleo-temperature model of R-1 Svilengrad Well (a), calibrated optimal present-day temperature values modelled by the software

with measured bottom-hole temperature in the well (b)

This increase in paleo-heat flow and paleo-temperature
values during the Miocene probably play an important role for
thermal maturity of the organic matter and petroleum
generation history of both estimated potential source rock of
shale-marl and terrigenous-limestone-marl  formations
(Meracheva et al., 2017), as well as in the proved source rock
Hamitabat Formation in the Turkish part of the basin (Giirgey,
2009).

Thermal maturity history modelling of potential source
rock formation

Based on the fact that the sediments of shale-marl
formation (analogue of Mezardere Fm.) were evaluated as
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potential gas generating and the Turkish researchers’
suggestion (Hosgdrmez, Yalgin, 2005), that Ceylan and
Hamitabat Formations are the other two potential HC source
rock for most of the oil and gas fields in the Thrace basin, a 1D
maturity history modelling of these three lithostratigraphic units
is made in this paper. 1D petroleum system thermal modelling
was performed on four wells - R-1 Svilengrad - real and
Pseudo P-1, Pseudo P-2, Pseudo P-3 — conditional wells. For
the Hamitabat Formation, the lowest TOC and HI measured
values in the Turkish part of the basin were obtained from the
nearest Habiller-2 well. In this well the TOC values are 0.98
wt% and HI values — 164 mg HC/g respectively (Glirgey,
2009). For input parameters of the Ceylan Formation the
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average values used by the researchers for the analysis and
thermal maturity reconstruction models in the basin
(Hosgérmez et al., 2005; Hosgdrmez, Yalgin, 2005;
Palakarcheva, Stefanova, 2013) were taken in this paper — for
TOC - 1.08 wt% and for HI — 256 mg HC/g respectively.

The thermal maturity model shows the HC generation
zones for all sediment sequences during the different periods
(Fig. 6). This hydrocarbon generation zone is simulated on the
basis of the method used in the software, with three stages
being distinguished: immature; oil window - early oil
generation, main oil generation, late oil generation; gas window
— wet gas, dry gas. The maturity models for all four simulated
wells are similar and show that the potential source rock
formations are at different stages of thermal maturity of organic
matter.

Main conclusions

Evaluated as potential source rocks of the shale-marl

formation, an analogue of the Mezardere Formation, they are
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in immature stage of maturity of organic matter in the studied
area and could only generate biogenic gas. The models of the
four wells show that evaluated as potential source rocks of the
terrigenous-limestone-marl  formation, analogue to Ceylan
Formation, entered the oil window at the beginning of the
Miocene and are at this stage to date. Thermal maturity
models of the sediments, analogous of the proven source rock
Hamitabat Formation in Thrace Basin, show that it has reached
the peak of oil generation and has entered the oil window area
relatively earlier than other potential source rock formations. In
the regions of the three pseudo-wells located in the graben, the
maturity of the Hamitabat Formation began in the Eocene,
which can also be inferred from the burial history modelling. As
can be seen from the created maturity models, the lower levels
of the formation are adjacent to the gas window, which
suggests that in close proximity to the study area where the
formation is at a greater depth, it has reached maturity in order
to produce gas since the beginning of the Miocene age to the
present day.
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RECOGNIZING DEBRIS FLOW HAZARD IN HEAVILY FORESTED WATERSHEDS: AN
EXAMPLE FROM ETROPOLE AREA, CENTRAL BULGARIA

Zornitsa Dotseva’, lanko Gerdjikov', Nikolai Dobrev?, Dian Vangelov?

1 Sofia University “St. Kliment Ohridski”, 1504 Sofia; zori.geo@gmail.com
2Geological Institute, Bulgarian Academy of Sciences, 1113 Sofia

ABSTRACT. The mountainous Etropole area is well known with frequent river floods that occur during the summer period. On 1st of August, 2014 extreme rainfall
event initiated not only river floods, but also debris flows in steeper riches of the smaller valleys. One of the affected areas is situated at the margin of Etropole Basin,
on the slope to the south of Etropolska Ribaritsa village. Related to debris flows and floods, erosional and depositional geomorphic forms were documented in two
watersheds three months after the event. The debris flow deposits have comparatively small volume (tens of m?) and consist exclusively of the Kostina Formation
quartzites. Field studies also demonstrated that the occurrences of the Quaternary deposits are not only limited to the bottom of Etropole Basin, but they cover almost
completely the slopes south of Etropolska Ribaritsa village. The matrix of these deposits often contains a lot of clay and they play an important role for supply of clasts
material for debris flows. Field data, eyewitness reports as well as morphometric data indicate debris flows as a significant hazard for the local communities. These
findings support the need for taking mitigation measures and also the necessity for more extensive hazard assessment of debris flows in the Etropole area.

Keywords: debris flow, floods, natural hazard, GIS analysis, Quaternary deposits

PA3MO3HABAHE HA OMACHOCTTA OT AEEPUTHU NOTOLIM B 3ANECEHN BOLOCEOPU: NMPUMEP OT PAOHA HA
ETPOMNONE, LEHTPANTHA BBJITAPUA

3opHuua Jouesa’, SIHko Mepdxukoe?, Hukonali Jobpee?, fuaH BaHzenos!

T Cogputicku yHusepcumem “Ce. KnumeHm Oxpudcku®, 1504 Cogpus

2 [eonoeuqecku uHecmumym, boreapcka aka0emus Ha Haykume, 1113 Cogpus

PE3IOME. [naHWHCKWST paiioH okoro rp. ETponone e WU3BECTEH C YECTUTE PeyHN MpUMKOAHUS, KOMTO ce cryyBaT npe3 neTHusT nepuog. Ha 1 asryct 2014 r.
€KCTPEMHM Banexu MHULMMPAT He Camo PEYHU MPUMKAAHWS, HO W KarHO-KaMeHHU MOTOLM B MO-CTPBbMHMTE YacTu Ha no-mankute JonuHn. EAnH oT 3acerHatute
paiioHn € pasnonoxeH B kpast Ha ETpononckusT BaceitH, Ha cknoHa toxHo oT ¢. ETpononcka Pubapuua. CBbp3aHnTe C KanHo-kaMeHHUTE NOTOLM M HaBOLHEHMUSITa
€PO3NOHHI 1 aKyMynaLMoHHM reomMopdHY hopmn ca onucanu B ABa BojocOopa TpW Mecela cned cbbutneTo. OTNOXEHUSITA OT KanHo-kaMeHHU noToun umar
CpaBHUTEMNHO Manbk 0beM (AeceTkn m3) U ce ChCTOAT U3KMIUMTENHO OT KBapUMUTUTE Ha KOCTMHCKaTa cBUTA. TepeHHUTe MpoyyBaHMs NOKa3BaT, Ye HanM4YneTo Ha
KBaTEPHEPHW OTNOXKEHWS HEe € OrPaHMYeHO Camo A0 AbHOTO Ha ETtpomonckusT bGaceiH, HO Te MOKpMBAT MOYTW W3LAMO CKMOHOBETE KOXHO OT C. ETpononcka
Pubapuua. MaTpukca Ha Tesn OTNOXEHWS YECTO CbAbPXa MHOTO FMHA W Te UrpasT BakHa PONs 3a MOAXPAHBAHETO Ha KarHO-KaMEHHWTE MOTOLM C KNnacTuyeH
matepuan. TepeHHUTe faHHW, AOKNaauTe OT OYEBMALM, KakTo W MOPOMETPUYHUTE AaHHM MOKa3BaT, Ye KanHo-KaMeHHUTE NOTOLW MpeAcTaBnsiBaT 3HauuTenHa
0MacHoCT 3a MeCTHUTE OBLUHOCTM. Tean KoHCTaTaLum NoTBbPXKAaBaT He0OXOAUMOCTTa OT NpeanpUeMaHe Ha MepKi 3a NPEBEHLMSA, kakTo 1 HeobxoaMMoCTTa OT No-
pasLMPEHO OLieHsIBaHe Ha pucka OT Bb3HWKBAHE Ha kanHO-kaMeHHM NoToLm B paitoHa Ha rp.ETponone.

Kniouosu AYMU: KanHO-KaMeHHW noToun, HaBoAHEHNA, NpMpoaHa ONacHOCT, I'C aHanws, KBaTepHepHM OTNOXeHna

Introduction described near Lozen village (Sofia region), Pirin Mountains
(Baltakova et al., 2018), Rhodopes (Bruchev et al., 2001),
Heavy or excessive rainfalls are common during the period ~ Yamna village (Etropole area) (Dotseva et al., 2014),
May-July in Bulgaria and they often lead to flash floods. In Asparuhovo (Varna town), and a lot similar events at the
mountainous terrains these rainfalls sometimes lead to the Kresna Gorge (Dobrev, Georgieva, 2010; Nikolova et al., 2018)
formation of mass movement processes known as debris and Struma valley (Glovnya, 1958; Kenderova, Vassilev, 1997,
flows. Debris flows are common events in mountainous areas 2002; Kenderova et al., 2013a, b; 2014).
causing losses of infrastructure and property damages. They This paper presents a description of debris flows that
are defined as very rapid to extremely rapid surging flow of affected two watersheds in the area of Etropolska Ribaritsa
saturated debris in steep channels (Hungr, 2005). village as well as it provides new data about the geology and
Debris flows events are not so prominent on the territory of ~ geomorphology of the area and gives hints for the existence of
Bulgaria, but they are starting to occur more often in last years debris flow hazard in heavily forested and generally supply-
and this is a result mainly of the climate. There is some data limited watersheds in the mountainous areas in Bulgaria. It is
about the southern slopes of Stara Planina Mountain like important to note, that the area of Etropolska Ribaritsa is not
Kazanlak area (Kenderova, Baltakova, 2013), near Tzurkvishte the typical place where the occurrences of debris flows can be
and Anton villages (Kamenov, liiev, 1963; lliev-Bruchev et al, ~ expected: the slopes above the village are forested and there

1994; Gerdjikov et al., 2012). Similar events have been
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are no significant outcrops of geological units that can produce
significant volume of debris.

Study area - geomorphological and geological
setting

The village of Etropolska Ribaritsa is located 3 km east of
the City of Etropole (Fig. 1). The area is situated on the
northern slope of Stara Planina Mountain and the topography
is characterised by comparatively steep hills, incised by dense
network of gullies and valleys (slopes less than 43°). The
village is situated in the easternmost extension of hills —
enclosed flat piece of land, recently denoted as Etropole
Quaternary Basin (Dotseva, 2018). In the local area, the plain
is situated to the south of the prominent mountainous crest,
here named Cherni Vrah Ridge. The Ridge is trending east-
west and its elevation is gradually increasing eastwards from
1000 m (area of Cherni Vrah Peak) to 1350 m.

The climate in the region is moderate-continental with
mean annual temperature of 10.7°C and mean annual
precipitation values of 895 mm (Etropole station data). A dense
forest and bushy cover are typical for the slopes, while flat
areas are occupied by meadows.

3 Ribaritsﬁ‘ o
()

N

Elevation (m)
wor High 1336.79
W Low 473.913

Study area

O S — T

Fig. 1. Location of the studied area

The area is underlain only by Mesosoic sediments
(Antonov et al., 2010), represented by Triassic limestones and
dolostones, Lower Jurassic sandstones, conglomerates
(Kostina Formation), Jurassic marls and sporadic limestones
(Ozirovo Formation) (Fig. 2). It was recognized (Antonov,
1976) that the Triassic limestones built a prominent Alpine
thrust (Etropole thrust), recently re-valuated by us (Vangelov et
al., 2013). There are no data about the thickness and nature of
the Quaternary slope and alluvial deposits. The crest and the
upper parts of the northern slope of Cherni Vrah Ridge are built
by resistant Triassic limestones and dolostones. To the north
they are covered by 250 m wide in map view strip of the
extremely well-lithified and strong coarse siliciclastic rocks of
the Kostina Formation. The bedrock in the lower part of the
northern slope is represented by dark shales, siltstones and
rare claystones and limestones (Bachiishtenska Formation).

The research is focused on two watersheds situated to the
south of the Etropolska Ribaritsa village. The watersheds drain
into Gnoynitsa River — a right tributary of the Malki Iskar River.
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Fig. 2. Geological and geomorphological map of the studied area
(after Antonov et al., 2010; modified)

The Monastery river watershed (2.64 km?) is located to the
south of Etropolska Ribaritsa village. Debris and vegetation
carried by the flood formed a temporary dam at the bridge over
the river channel — the result is a change in its course and
formation of a new channel incised within alluvial deposits and
soils. The Banchovski Dol watershed (3.46 km2) is situated in
the eastern part of the Etropolska Ribaritsa village. Debris flow
deposits form elongated, parallel to the channel levee,
reaching a height of up to 2 m.

Event description

The area of the town of Etropole and Etropolska Ribaritsa
village was affected by heavy rainfall on the night of 31st July,
2014. The rainfall started on 31st July in the afternoon,
continued for 16 hours and at 6:00 am on 1st August a state of
emergency was declared in the Etropole Municipality after the
report from Civil Defence.

The data from the meteorological stations located in the
Elatsite Mine (5 km southwest from Etropolska Ribaritsa
village) are used to assess the precipitation rate. The amount
of precipitation for 1st August from 0:00 to 07:20 am was 91.7
mm. Heavy rainfalls on 28t July (67 mm) and 29t July (46.7
mm) should also be taken into consideration as the total rainfall
in these three days was extremely high and led to floods and
mobilisation of the material which could be involved in debris
flows.

The rainfall and associated debris flows and flash-flood
caused substantial infrastructure damage — main roads were
closed, almost all the roads in Etropolska Ribaritsa were
damaged, up to 20 homes were flooded, most of the
agricultural production was destroyed and water-supplies were
cut-off. Eyewitnesses talk about the presence of big boulders,
rocks and mud driven by Gnoynitsa River downstream and for
several cars and a truck carried away by the river.

Reconnaissance field work was carried out three months
after the event. Our field data shows that the river channels
produced a sediment load, estimated to tens of cubic meter
volume. Much of the sediments transferred from the channels
were deposited in the area before the river channels inflow into



Journal of Mining and Geological Sciences, Volume 62, Number 1, 2019

the Gnoynitsa River, forming distinct cones and levees. The
debris flow deposits consist of very poorly sorted clastic
material with boulder size up to 1 m (Fig. 3).

Fig. 3. Monastery River (24.03532 E, 42.83062 N) debris flow
poorly sorted deposits; looking upstream

Methodology

For the identification of the spatial distribution of debris flow
hazards a number of methods are applied, such as GIS
analysis and remote sensing, quantitative morphometric
analysis and field studies.

Two watersheds affected by the event on 1st August, 2014
were selected for a more detailed study: Banchovksi Dol River
and Monastery River (location shown on Fig. 1). For the extent
and magnitude of 1st August, 2014 flash flood and the
associated debris flows event data from eyewitnesses, reports,
news publications and archives of Etropole Municipality were
collected and analysed.

Field work included mapping of depositional and erosional
features associated with debris flows as well as an attempt to
delineate and characterise the origin of the Quaternary
deposits that mantle the northern slope of Cherni Vrah Ridge.

A desktop study, based on a GIS, was realized, including
analysis of a Digital Elevation Model (SRTM-ASTER), satellite
and aerial imagery. SRTM-ASTER combined a digital elevation
model with 25 m cell size and NDNR Hydrology tool in ArcGIS
software were used for the extraction of the basin’s boundary,
flow direction, flow accumulation and drainage network and for
the generation of thematic maps for Slope, Aspect and
Hillshaded relief. GIS software was used also for processing
and analysing the morphometric parameters of the
watersheds. Some of the parameters were evaluated by
mathematical equations.

Basin geometry was extracted in GIS environment.
Parameters like Basin area (A) and Perimeter (P) are important
factors for any watershed and influence on the hydrological
conditions, run-off distance of the flows and sediment load.
Basin Length (Lb) is measured by the longest path of the
watershed, parallel to the mainstream (GIS derived) and was
used for calculation of Form Factor and Relief Ratio. The Form
Factor (Rf) (Horton, 1932) varies from 0 to the unity and
represents the shape of the watershed - the higher the value
of Form Factor, the more circular the shape is. The watershed
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shape influences the run-off distance, time and peak
discharge.

Basin Relief (Melton, 1957) and Relief Ratio (Schumm,
1956; Strachler, 1958) were used for evaluation of the
erosional properties and steepness of the basins. Low values
of Relief Ratio indicate hard rocks and low degree of the slope,
but Rh increases with the decreasing of the drainage area and
the size of watersheds (Gottschalk, 1964). Elevation Relief
Ratio is related with the morphometric erosional evolution of
the watershed and indicates youth, mature or old stage. Melton
Ruggedness Number (Melton, 1965) is a very appropriate
slope index for debris flow recognition and represents the
relief ruggedness within the watersheds (Melton, 1965).
Drainage Intensity index reflects the erosion activity and the
permeability of the soils in watersheds (Horton, 1932).

Lithology complements the overall picture, and may also
be a factor for susceptibility of watersheds and debris flow
forming. The bedrocks in the triggering zone were rated by
their mechanical properties and their susceptibility to erosion
and mobility.

Results

Analysis of DEM and its derivatives and remote sensing
observations

The analysis of all available datasets (topographic maps in
scale 1:5000, DEM and its derivatives as slope and various
imagery data) indicates presence of three geological and
geomorphological domains in the studied area (Fig. 2). They
differ significantly in terms of slope dips, terrain ruggedness,
small-water channels density and geometry and also in
geological substrate.

The first domain (here referred as Upper domain) occupies
the highest elevation in the area and is characterised by
intermittent rock outcrops. Kostina quartzitic sandstones are
the often forming cliffs with height up to several meters. More
complicated is the landscape and the active processes at
places where the Triassic carbonate rocks crop out: they can
form devoid of vegetation ridges, can be completely covered
by rubbles and soil and often are affected by karst processes
(e.g. the area of Etropole monastery and to E-SE they are
affected by large-scale karst phenomena). The lower boundary
of the Upper domain is generally marked by a distinct, sharp
break in slope (Fig. 2). This domain is strongly affected by
erosional processes and is the main source of sediment supply
for the Quaternary deposits.

The second domain (here referred to as Middle domain)
occupies an intermediate position and here the slopes have
dips less than 15°. Despite the general lower slope dips, the
valleys and streams are comparatively deeply incised.

The third domain (here referred as Lower domain) is
defined as the flat bottom of the Etropole Basin, delineated on
the map on the basis of a calculated slope with dip less than
6°. Alluvial Quaternary sediments cover this flat area and river
channels are unconfined (terminology of Bisson et al., 2005).
Most of this area is strongly affected by anthropogenic
modifications. The main active processes here are sporadic
deposition along and next to the river channels (at times of
extreme rainfalls) as well as fluvial reworking of older deposits.
Morphometric characteristics of the watersheds

The Monastery River and Banchovski Dol River
watersheds were located at average altitude from 913 m to 961
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m. Slopes between 20° and 45° are necessary to promote the
initiation of debris-flows (Hungr, 2005). The mean slope in the
studied watersheds is between 14.11 and 17.97 degrees.

N N

Monastery river Banchovski Dol

watershed watershed
Elevation (m) Elevation (m)
g High : 1281.9 my High : 1336.79

o 028 0% 1
—

B Low : 554,638 B Low : 594.399

Fig. 4. Watersheds DEMs: Monastery watershed with inactive
part of the stream shaded in red (left) and Banchovski Dol
watershed (right)

While the Banchovski Dol Valley has a normal hydrological
system, the Monastery River is strongly affected by karst
processes. The upper part of the valley is completely dry and
the active stream is initiated at the spring Ayazmoto, situated
just next to the Monastery. Morphometric parameters of the
studied watersheds were calculated and the results are
presented in Table 1.

Table 1. Morphometric parameters computed for the studied
watersheds

Basin geometry Formula Mo;s/zt:ary Ban%rl)cl)vskl
Area (A) (km?) GIS derived 2.64 3.46
Basin length .
(Lb) (km) GIS derived 344 3.55
Rf=A [ Lb2
Fom factor (R) e (- o 0.22 0.27
length
Maximum .
altitude (2) (m) GIS derived 1281 1336
Minimum .
altitude (z) (m) GIS derived 554 594
Mean altitude 5 jrived 913 961
(Zmean) (m)
Maximum slope 1 jerived 33.12 28.96
(Degrees)
Minimum slope 1 jerived 0.46 045
(Degrees)
Meanslope &5 derived 1797 1411
(Degrees)
. , Bh=Z-z
Basin f’“ef (Bn) Z - max. altitude; 0.72 0.74
(km) Z - min. altitude
) . Rh=Bh / Lb
Relief La“o (Rn) Bh - Basin relief; 0.21 0.20
(km) Lb - Basin length
ERR=Zmean-z
: , Z-z; Zmean -
EIevgtlogl_\:allef mean altitude; Z - 0.49 0.49
ratio ) max. altitude; z -
min. altitude
Melton rugged- ~ MRn=Bh-z/A% 0.44 0.39
ness no (MRn) Bh - Basin relief;
Z - min. altitude;
A - Watershed
area
Drainage (DI=LD/A) 1.09 0.97
intensity (DI) LD - Total stream
(1/km?2) length; A -

Watershed area
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Basin geometry analysis shows that the Monastery River
and the Banchovski Dol watersheds have small size, which is
usual for debris flow occurrence — 2.64 km? and 3.46 km2. The
Form Factor for the two studied watersheds is 0.22 and 0.27,
respectively, and shows that they have an elongated form. In
terms of hydrological response, the elongated forms of the
basins will provide not so fast discharge like those with circular
form. According to the results for Basin Relief, Relief Ratio and
Melton Ruggedness Number, the two watersheds show high
susceptibility to debris flows and active erosional processes.
This is also proved by the values of the Drainage Intensity
index. The calculated ERR for the analysed watersheds is 0.49
which shows that they are subject to medium to high erosion
processes and the relief can be classified as youthful to
mature. The studied watersheds are underlain by Mesozoic
quartzitic sandstones, limestones and dolostones, and
Quaternary  deposits, which have moderate to high
susceptibility rates because of their unstable state under
certain conditions (like heavy rainfall), high mobility rates and
susceptibility to erosional processes.

Field studies

Field studies were conducted in the areas of the two
selected watersheds. Most of the length of the lower reaches
of the stream channels was investigated, as well as parts of
the hill slopes. An important discovery is the presence of
comparatively thick Quaternary cover, that not only occupies
the bottom of the Etropole Basin, but also blankets the ridges
and valley hill slopes. The bedrock is very locally represented,
typically as two dimensional outcrops at the channels beds and
rather sporadically on the slopes.

Four types of Quaternary deposits can be distinguished:
alluvial, colluvial, mixed colluvial-alluvial and rock fall deposits.
What is typical for all of these deposits is that they are built
almost exclusively by clasts from the Kostina Formation.
Limestone clasts are extremely rare. The lower domain is
characterised by alluvial deposits where the active deposition
is limited to the unconfined stream channels and occurs only in
cases of heavy rainfalls. The ridges are covered by
unconsolidated colluvium, with typical angular clasts reaching
a size of up to 1 m. Colluvium is also typical for the upper
reaches of the streams. The thickness is difficult to be
estimated, most probably varies between 0 and 1-3 m. Mixed
in origin colluvial-alluvial deposits are common in unconfined,
first-order channels. They are represented by angular and
variously rounded clasts that reach a size of up to 2-3 m. In
some cases active channels or parallel to them rills cut 1-2 m
deep into the sediments. The thickness is probably up to 5 m.
Rock fall deposits are spatially limited to the foot of the
travertine wall situated below the Etropole monastery.

The alluvial deposits, localised within the valleys in the
middle domain are of special interest. All of them have typical
features of debris flow deposits — presence of very large
boulders, lobate surface morphology, position just next to the
active river channel, formation of lateral levees. Older alluvial
deposits (debris flow deposits 1 — DFD1) are everywhere
incised by the active river channels. (Fig. 5).They are
represented by weakly consolidated, most commonly matrix-
supported breccia-conglomerates. The matrix is sandy with
high clay content. Clasts are angular to sub-rounded and reach
a meter in size. Morphologically DFD1 form decameter-scale
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lateral levees, sometimes reaching several meters in height.
The largest DFD1 is represented by an alluvial cone in the
Monastery River Valley.

Younger alluvial deposits (debris flow deposits DFD2) are
spatially restricted to the margins of the active river channels.
Typically they are represented by lateral levees with length of
about 3-10 m and height less than 1 m. It is important to note
that the size of the largest boulders is gradually diminishing
toward lower reaches of the valleys, thus toward the lower part
of the middle domain the largest boulders are less than 1 m in
diameter. Only in the valley of Monastery River our
observations from 2014 event indicate presence of larger
DFD2 (Fig. 6). The negative effects of the younger debris flows
are marked by the road and bridge destruction — a feature
observed during 2014 and 2019 field work.

Fig. 5. Banchovski Dol (24.04826 E, 42. 83359 N) with landscape
representative for the Middle domain: comparatively steep valley
slopes, active channel cutting bedrock as well as unconsolidated
older DF deposits

Fig. 6. Debris flow deposits from the 2014 event, Monastery River
(24.03532 E, 42.83062 N): conditions in July 2019 (left) and
October 2014 (right)

Post-2014  debris  flows/floods deposits can be
distinguished on the basis of complete lack of vegetation. They
have small volume (up to few cubic meters) and form meter-
scale levees immediately next or even within the stream
channels. Most commonly the debris are accumulated next to
the channel curves, where the flooded river is attempting to
make a cut-off chute (Fig. 7). Probably some of these deposits
are related to the floods in the area of Etropole in 2018.

The small volume of the last years deposits as well as the
presence of comparatively small clasts indicate low-magnitude
events, due to the lack of stream transportation power in this
low-gradient part of the valley. The presence of new
depositions is indicative of the repeatability of phenomena
under certain conditions and amounts of precipitation.
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Within the middle domain the erosional features related to
the debris flows activity are well-defined. Several forestry roads
are cut by the active river channels and rather often they are
incised 2-3 m deep into older alluvial deposits. The modified
by debris flow erosion channels have a characteristic U-shape
with flat bottom and vertical walls.

Fig. 7. Example of post-2014 deposits; meter-scale deposit
situated next to the river curve, a place where during floods the
river is attempting to make a cut-off chute (Eastern bank of
Monastery River, 300 m above the confluence with Gnoynitsa
River)

Discussion, conclusions and possible mitigation
measures

Despite rather extreme climatic conditions, the 2014 event
produced quite limited volume of the deposits reaching tens of
cubic meters. Only in the Valley of Banchovski Dol River the
flow had enough energy to bring large boulders very close to
the bottom of the Etropole Basin. The magnitudes of the post-
2014 events are even smaller: they are spatially limited to the
stream channels or to their margins. The abundant
unconsolidated older and modern alluvial deposits that mantle
the valleys are the main source of debris for the modern debris
flow events. It is clear that modern debris flow activity is mainly
controlled by the occurrence of high-intensity rainfalls
(probably exceeding 90 mm/24 h).

The area of Etropolska Ribaritsa can be regarded as a
well-suited polygon for studying the processes that shaped the
contemporary relief. Still, almost nothing is known about the
precise age and sedimentology of the Quaternary deposits.
Our study indicates that they are a very important factor with
regard to providing supply for future debris flows.

An intriguing feature of the Quaternary sedimentary record
is the presence of travertine rock falls. Their occurrence is
spatially limited to the steep walls built by travertine and
situated close to the main karst spring (Ayazmoto). The origin
of these rock falls can be tentatively related to loosely dated
XVIII century destructive Etropole earthquake. It can be
speculated that the source of this earthquake is the well-
defined lineament that follow the boundary between the
defined here Upper and Middle geological-geomorphological
domains. This supposition can be checked via geophysical and
other studies.

In conclusion it is important to note that this contribution
presents only initial report on occurrence of debris flows
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unknown to this moment. Further studies on the distribution of
debris flows phenomena and mapping of Quaternary
sediments in the area of Etropole are needed to have a better
picture about the spatial distribution of the areas threatened by
the debris flow phenomena. A future analysis of the rainfall
data can probably help to create a warning system, based on
the amounts of precipitation. As an important mitigation
measurement for the populated area of Etropolska Ribaritsa
can be proposed the construction of check dams along the
studied valleys.
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FEATURES OF THE COMPOSITION AND THE STRUCTURE OF THE ELOV DEPOSIT
NICKELIFEROUS WEATHERING CRUST (THE SEROV GROUP OF DEPOSITS, URALS)
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ABSTRACT. The extremely complex geological structure of the Elov deposit's substrate, the large variety of source rocks that form it, the long period of development
of various weathering processes occurring in different geological eras and in different climatic conditions led to the complicated structure of the weathering crust and
the variety of decomposition products of source rocks, the vast majority of which have industrial concentrations of useful components. Before the discovering of the
Serov group of deposits the nickel-bearing weathering crusts with similar structure were not previously known both in Russia and abroad. The purpose of this work is
to investigate the mineral composition, as well as the geochemical features of the Elov deposit's rocks (Urals). The types of rocks of the Elov deposit were identified
and studied, it may allow to find more search signs to the nickel and the minerals associated with it. The lateritic nickel ore deposits are widely distributed throughout
the globe, so they are becoming increasingly important as a potential source of nickel.

Keywords: nickel-bearing weathering crust, Elov deposit, Urals

OCOBEHOCTWU HA CbCTABA U CTPYKTYPATA HA CbAbPXALLATA HAKEN U3BETPEHA KOPA HA EJTOBCKOTO
HAXOOWULLIE OT FPYNATA CEPOB (YPAN)

Enena Hukonaeea', Upuna TanosuHa’, Acus fJypsieuna’, lepxapd Xatide?

1 CaHkmnemepbypacku muHeH yHugepcumem, 199106 Caxkm [Temepbype

2 TexHuyecku yHugepcumem, bepeakademus ®patibepe, 09599 Opalibepe

PE3IOME. W3kniounTenHo crnoxHaTa reonoxka cTpykTypa Ha cybeTpata Ha ENoBCKoTO HaxoguLue, ronsiMoTo pasHoobpasaue Ha U3X0AHM Ckami, KOUTO ro chopmupar,
ObAMWAT Nepuo Ha pasBuTHE Ha Pa3n4HIM MPOLECH Ha U3BETPSIHE, MPOTUYALLM B PA3NMYHN FEONOKKM eNoXM W PasniuyHi KNUMaTUYHW YCTIOBWS, Ca [JOBENW A0 MHOTO
CIOXHa CTPYKTYpa Ha U3BETPUTENHATA KOpa W OTPOMHO pasHOOBpasue OT pasrpaxaaliy ce NPOAYKTY OT U3XO[HUTE CKamu, KaTo No-roisMaTa YacT OT TX ChabpxaT
MPOMULLIEHN KOHLIEHTPaLWMW Ha Nore3Hi koMnoHeHTy. Mpeay oTkpusaHeTo Ha CepoBckata rpyna OT Haxofulla, U3BETPUTENHA kopa C MopobHa CTpyKTypa He e
Ouna u3BecTHa flocera kakTo B Pycusi, Taka u B Yyx6uHa. Lienta Ha Tasau paboTta e aa ce NMpoyun MUHEPANHUAT CbCTaB, KakTO U FeOXMMUYHUTE XapaKTepuUCTUKM Ha
ckanute Ha EnosckoTo Haxoauwle (Ypan). MaeHTudMUMpaHn v uacnedBaHn ca TunoeeTe ckanm oT ENoBckoTo Haxogwlle, koeTo no3sonsea fa GbaaT oTKpuTy
MpU3HaLY 38 HANMYMETO Ha HUKEN U CBBP3aHUTE C HETO MUHEpanW. JlaTepuTHUTe HaXoAuLLa Ha HUKENOBa PYAa ca LUMPOKO PasnpoCTpaHeHu No Lenus CBAT, Taka Ye
Te CTaBaT BCE NMO-BaXHU KaTo NOTEHLMANEH U3TOYHIK Ha HUKEN.

KntouoBu aymm: HuKen-chabpxalla U3BETpUTENHA kopa, ENoBcko Haxoauye, Ypan

Introduction manganese hydroxides. The Ni content in these minerals is 1-

3%, increasing in some chlorite and serpentine species to 7-

During the last century, the nickel industry of the Urals was 12% or more. In this work, we have analysed the rock species
based on numerous supergene oxidesilicate ore deposits, from the Elov oxide-silicate nickel deposit.

which supplied raw materials to the Yuzhuralnikel and
Ufaleinikel metallurgical plants, as well as Rezh and Buruktal

mills. At present, new metallurgical plants are under active Geology

construction on the basis of the lateritic nickel ores of such

type (>70% of the world’s nickel reserves) in Australia, New The Serov group of nickel-cobalt ore deposits is located on
Caledonia, Cuba, Indonesia, Samoa — New Guinea, Brazil, the eastern slope of the Northern Urals. The main structural
Columbia, Venezuela, and other countries. In terms of mineral elements of the region are the Tagil megasynclinorium and the
composition, and, partially, geological position, the Uralian ores Verkhotursk-Verkhisetsk meganticlinorium of the Uralian
are similar to the Ni-bearing lateritic ores in the Earth’s modern orogen (Fig. 1). The megasynclinorium is represented by its
tropical belt, but they are not their complete analogues. The eastern flank, which occupies the western part of the region,
majority of the Uralian deposits mainly contain low—grade ores and the meganticlinorium is represented by the western flank,
with Ni content of 0.7-1.0%. The wide compositional diversity which covers the area which is situated to the east of the first
of their ore and non — ore rock — forming minerals significantly one. The boundary between these structures passes through
affects the technology of nickel processing. The main Ni — the Serov-Mauksk submeridional deep fault (Gottman,
carriers in the ores are Mg-silicates (serpentines, chlorites, Pushkarev, 2009).

and nontronites), with the minor contribution of iron and
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Fig. 1. (A) Main tectonic units of the central and northern Urals
with the nickelhydrosilicate ore deposits (after Mikhailov, 2002)
and (B) Periods of nickel laterite formation in various provinces
(after Marsh et al., 2013)

Tectonic zones: I, the East-European platform; /I, the Fore-Ural
megazone; /ll, the Central-Ural megazone; IV, the Tagil-Magnitogorsk
megazone; V, the East-Ural megazone. Main supergene nickel
deposits: the Buruktal deposit, the Ufalei group (the Cheremshanka,
the Sinara, the Rogozha deposits), the Serov group (the Elov
deposit); P, Paleozoic; J, Jurassic; €, Cretaceous; E, Eocene; O,
Oligocene; M, Miocene; R, recent

The nickel ores in the Elov deposit were formed as a result
of the weathering of the ultramafic rocks of the Kola massif
which belongs to the Serov belt (Lazarenkov et al., 2006).

Lateritic weathering

Nickel-bearing ore mineralisation of the Elov deposit (Fig.
2) is confined to the weathering crust of ultramafic rocks of
peridotite's formation which all nickel deposits of the Urals and
the North Kazakhstan are related with (Bugelskiy et al., 1990;
Vershinin, 1993).
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Fig. 2. Schematic geological and technological map of deposits
of the Serov group (after Vershinin et al., 1988)

1-4, Meso-Cenozoic deposits of the weathering crust; 5-6, Paleozoic
formations; 7, day stones of serpentinites; 8, contours of serpentinites
in accordance with magnetic survey and drilling; 9, zones of tectonic
dislocations; 10, chalcopyrite-magnetite skarns; 11, nodular-
conglomerate sedimentary iron ores in the deposits of the Myssov
suite; 12-14, deposits of supergene nickel ores of various
technological types: 12, ores for alkaline hydrometallurgical process,

13, ores for blast smelting process; 74, numbers of deposits. The
Serov group of deposits: 7, Elov; 6, Katasmin; 8, Ustey; 24, others

The Elov deposit (Fig. 3) contains a large number of minor
intrusions in contrast with all other Urals’ deposits and for the
formation of the weathering crust with equivalent nickel content
as in other deposits with similar composition it would be
required twice the amount of nickel in the source serpentinites
or double expansion of decayed and weathered serpentinites,
from which fully leached nickel was redeposited in orebodies
(Trescases, 1986).

Fig. 3. Geological record of the weathering crust of the Elov
deposit (after Berkhin et al., 1970)

1, nodular-conglomerate sedimentary iron ores (K1); 2, yellow earth; 3,
nontronited and ocherized serpentinites; 4, leached serpentinites; 5,
disintegrated serpentinites; 6, chamosites; 7, chlorite vein-rock; 8,
fractures
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According to calculations of the ratio of minor intrusions’
height to the seam height of serpentinites in the central part of
the Elov deposit, minor intrusions estimated for 40% of the
total rocks thickness, sometimes in some small areas the
volume of vein-shaped bodies exceeds the volume of the
serpentinites (Mikhailov, 1999; 2002).

Processing

Currently, three different processes (Fig. 4) are used to
extract the nickel and cobalt elements from the mined rocks.
The Caron process and high-pressure-acid leaching (HPAL)
are mainly used for the oxide ore subtypes. For the nickel clay
deposits, the HPAL method is also used with priority, whereas
for the serpentine subtypes, a pure melting method is
preferred. Ongoing research is developing new extraction
methods, such as the Dni-Hydrometallurgy process developed
by DirectNickel, which can also process the entire laterite
profile without prior separation. However, because of the
complexity needed to handle and process the nickel-cobalt
laterites, much research has focused on ore delineation and
mineralogical identification for distinguishing rocks. Thus, it is
important to characterise the mineralogy of the Elov deposit in
more detail.

Hydrometallurgy

Niz1.30%

Pyrometallurgy Caron process

Ni:>2.00%

Ni:1.80%
B | Co:0.04% Garnierite Co:0.1% Saprolite 2| Co:013% Saprolite
8| Fo:200% | Saprolite E Fo : 25-40% ] Laterite | Foi>d0.0% Laterite
MgO :25.0% MgO : <12.0% MgO : <5.0%

Process

i

Nickel sinter
Cobalt matte

80% Ni/ 40% Go recovery

Nickel oxide spherule
Cobalt carbonate

Ferronickel
Nickel matte

Product
Product

Product

0% Ni racovery 94% Ni/ 0% Co recovery

Fig. 4. Main processes for the extraction of nickel out of lateritic
rocks

Materials and Methods

Samples

Nine samples were used for the investigation, which were
collected during an excursion led by Prof. Dr. Irina Talovina
(Saint Petersburg Mining University) and Prof. Dr. Gerhard
Heide (TU Bergakademie Freiberg) in the active open pit Elov
near the town of Serov in September 2014. The samples are
crude ore as well as country rock that occur within the open pit
area. The samples are listed in Table 1.

Analytical Methods

The mineralogical composition of the samples was
determined by using x-ray diffraction phase analysis. All
samples were prepared as powder preparations. The rocks
were crushed with a hammer down to a grain size < 400 pm.
The bulk samples were subsequently divided using quarter
cross. Further crushing was done using the ball mill XRD-Mill
McCrone with ZrO2-grinding bodies. Technical ethanol (96%)
was used for cooling and to guarantee careful grinding. After

50

drying, the samples were homogenised by means of an
Ardenne vibrator and finally sieved with a 200 ym sieve into an
aluminum cuvette using the side-loading procedure. The
measurements were executed with URD 6 (Mineralogical
Laboratory, TU Bergakademie Freiberg) with Co-radiation.

Table 1. The investigated samples with nickel content, %.

Sample Name Ni
SV 02 Porphyritic serpentinite 0.117
SV 04 Chromite ore 0.056
SV 06 Talc-chlorite-schist 0.542
SV 07 Limonite ore 1.160
SV 08 Gangue rock 0.199
SV 09 Contact-zone of SV08 0.163

SV 101 Silicate nickel ore 0.101

SV 10-2 Silicate nickel ore 0.979
SV 11 Oxide nickel ore 1.030

To investigate the swelling capable minerals which show
mainly wide reflexes in the 14 A area, texture preparations
were produced in the traditional way. The selected samples
were first measured in an air-dried state, afterwards they were
saturated in ethylene glycol vapour and then measured again.
The ethylene glycol accumulates in the interlayers of the
minerals and causes a widening of the structure, thereby
increases the layer distance. After the second measurement,
all texture preparations were annealed at 400°C and measured
again. The last measurement was executed after an annealing
process at 550°C.

Thermal analyses were carried out in the Mineralogical
Laboratory of the TU Bergakademie Freiberg (Dipl.-Chem.
Margitta Hengst). All measurements were realized by means of
the STA 409 PC, and a heating rate of 10 Kelvin per minute,
up to a maximum temperature of 1200°C. Purified air was
used as a carrier gas for all analyses. The reference material
for the DTA analyses was corundum (Fdldvari, 2011).

The observations on the scanning electron microscope
(SEM) were mainly examined on polished thin sections of the
solid rocks. Individual measurements were also carried out on
strewn slides. For the investigations it was possible to use the
CarryScope JCM-5700 from the “Terra Mineralia Freiberg”
museum. This SEM is equipped with a Bruker EDX (133eV).
The focus of this analytical method was the determination of
the spinel group minerals. Further questions arose with regard
to the distribution of the various valuable elements inside the
rock units, primarily nickel. As far as possible, this method
allowed the investigation of the local coupling of nickel to the
various minerals.

Results

The chemical analyses show a significant accumulation of
nickel in various rocks of the open pit. Most of the silicate
dominated areas of the deposit contain higher nickel
concentrations, however, they are not high enough to reach
economic relevance. The rocks display nickel contents
between 0.101% and 0.542%. An exception is the major
amount of silicate nickel ore (SV 10-2), which at 0.979% shows
significantly increased nickel contents of economic importance.
It is note-worthy that only the unaltered areas of the silicate
nickel ore have significantly elevated contents, while the
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secondary silicified zone has only a very low nickel content of
0.101%. Since the biggest difference is found in the mineral
composition, in this case the increased content of serpentine
and especially smectite in the non-silicified areas, the nickel
must be linked to exactly these minerals. It can be assumed
that these are typical nickel-containing nontronites (Brindley et
al., 1973; Brindley, 1984a, b).

The highest nickel contents were detected in the oxidic
type nickel ore of SV 11 (1.03%) and in the limonite ore of SV
07 (1.16%). Thus, these areas are most enriched when
considering the absolute contents. As far as the limonite ore is
concerned, it can be assumed that the nickel is primarily
coupled to nickel-rich goethite and very occasionally to nickel
sulphides. The rock contains neither smectite nor talc, and the
serpentine branch veins (apophysis) in which EDX analyses
did not show any major nickel content, are the result of later
secondary formation. According to the elevated position of the
dehydroxilation peak, the thermal analyses of goethite indicate
a significant foreign metal substitution, further substantiating
the thesis of nickel-rich goethite (Talovina et al., 2008; 2010;
2011; 2012; Talovina, 2012a; 2012b). Although nickel
sulphides have been detected in the limonite ore, their
absolute contents are negligible compared to the substitutional
placement in the goethite structure. This is corroborated by the
missing peaks in the powder diffraction pattern as well as by
the low sulphur content of the sample. It merely amounts to
0.10% sulphur content compared to the 1.16% nickel content.
In the oxidic type nickel ore (SV 11), the nickel carrier cannot
be reliably determined. However, enrichment in the silicate
components seems to be plausible, especially in chlorite and
smectite as well as in goethite, which also has increased d
values. Also in this particular rock the serpentines showed no
relevant nickel content throughout the EDX measurements.

Conclusion

The Serov group of deposits is one of the sedimentary-
infiltration formations. The Orsk-Khalilovsk, Aydyrlinsk and
other deposits, except the Elov deposit, belong to this kind of
formations in the Urals. In this type a significant role belongs to
the nickel-containing ore-forming ferruginous chlorite, i.e.
shamosite (FesAl)(AlSi3O10)(OH)s. The deposits of this type
had experienced a rather complex history of formation,
including the stage of epigenesis (destruction, transportation
and deposition with the formation of ferrous sedimentary rocks)
in addition to the lateritogenesis stage (cf. Yudovich et al.,
2011).

The vertical zonal profile in the nickel weathering crust of
the Elov deposit is observed (from the bottom up):
serpentinised  ultramafics  (substrate)-serpentinite  zone—
nontronite zone—oxide-iron zone. Separately, it is worth noting
the shamosite zone, which belongs to the converted part of the
weathering crust of the Elov deposit, has a limited distribution
and replaces serpentinite, nontronite and oxide-iron zones
partially or completely.

The research displays a very diverse mineralogy in the
rocks of the Elov deposit. It was shown that different types of
rocks from variously weathered areas of the deposit have
relevant nickel contents. Due to the different mineralogy of the
nickel-bearing minerals between laterite and saprolite, both a
selective mining and a selective processing of the individual
types of ore should be considered.
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PETROLOGICAL STUDY OF METASOMATIC ALTERED GRANITOIDS FROM KANARATA
DEPOSIT, SAKAR MOUNTAIN, SOUTHEASTERN BULGARIA

Stefka Pristavova’, Nikoleta Tzankova', Nikolay Gospodinov, Petyo Filipov?

" University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; stprist@mgu.bg
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ABSTRACT. The present article is a result of the study of the altered granitoid rocks cropping out in the north-eastemn periphery of the Sakar batholith. The
investigated rocks are enriched by amphibolite xenoliths and additionally, they are intensively metasomatically altered. The mineral composition of the studied rocks is
presented by minerals of the amphibole group (Ca-Mg hornblende and barroisite), plagioclase (albite), quartz, K-feldspar (single grains), titanite, rutile, apatite, and
zircon. The typical magmatic textures in the rocks are missing. The albite druses developed in the caverns represent intensively metasomatically re-worked
amphibolite xenoliths, rutile, titanite, barroisite and apatite mineralisations that are genetically related to the process of Na-alteration. The dated U-Pb zircon
population in the metasomatically altered granitoids shows igneous origin and the obtained data confirm the early Paleozoic age of the Sakar batholith.

Keywords: Sakar batholith, altered granitoid rocks, Na-metasomatites, albite druses

NETPONIOXKO U3CNIEABAHE HA METACOMATUYHO NPOMEHEHU FPAHUTOMAN OT HAXOOMULLE KAHAPATA, CAKAP,
OrOM3TOYHA BBIITAPUA

Cmedpka lpucmaeosa’, Hukonema LjaHkoea’, Hukonali FocnoduHos, llembo ®ununoe?

" MunHo-2eonoxku yHusepcumem “Cs. MeaH Puncku®, 1700 Cogpus

2 [eonoeuqecku uHecmumym, bvreapcka aka0emus Ha Haykume, 1113 Cogpus

PE3IOME. B Tta3n cTatus ca npeActaBeHu pesynTaTute OT M3CNeABaHeTO Ha MPOMEHEHWU rPaHUTOWAM, paskpuBalyy Ce B CEBEpOM3TOYHaTa nepudepus Ha
Cakapckus 6atonut. MacneasaHute ckanu ca HaboraTeHu Ha ampmOONMTOBM KCEHONMUTW W JOMBIHUTENHO Ca METACOMATUYHO MPOMEHEHM ¢ dhopmupaHe Ha Na-
MeTacomaTuTi. MUHEpanHUsT CbCTaB Ha WU3CNeaBaHUTE Ckamnv e NpefcTaBeH OT MuHepanu oT amdubonosarta rpyna (Ca-Mg amdmbon v 6apovcuT), nnaruoknas
(anbur), kBapy, K-hbenpwnar (euHWYHM 3bpHA), TUTAHUT, PYTUN, anaTuT W LMPKOH. VacneaBaHuTe anbutoBu Apy3u B KaBepHUTE, CbAbpXaluy TUTAHWUT, pyTur,
6apoaanT, anaTut, NpeaCcTaBnsBaT METacOMaTUYHO NPOMEHEHN aMPUBONUTOBK KCeHONUTU. [laTMpaHuTe LIMPKOHW Ca C MarMaTUdeH reHesuc 1 nomnyyeHnTe AaHH1
NOTBLPXAABAT PaHHONANeo3oickaTa Bb3pact Ha Cakapckus batonuT.

KntouoBu gymm: Cakapcku 6atonuT, NpoMeHeH rpaHuTonam, Na-metacomaTuty, anbutosn Apyau

Introduction common characteristic. The distinguished modal petrographic
species are  quartz-monzodiorite,  quartz-monzonite,
The Sakar granite batholith is well investigated during the granodiorite and granite (Kamenov et al., 2010).
years and a lot of information related to the mineralogy, According to the geological setting the age of Sakar
petrology, structure features and geochemical specialisation batholith is determined as early Palaeozoic - the pieces of
has been published (Kamenov et al., 2010 and references granites are included in the Permian (?) and Early Triassic
therein). The accumulated data give us a relatively clear conglomerates (Savov, 1988; Chatalov, 1990) or Late
picture about the rocks in the batholith. The granites are Jurassic-Early Cretaceous (Ivanov et al., 2001). The ages of
emplaced into high-grade metamorphic frame represented by 320+18 Ma (Zagorchev et al., 1989), 499+70 Ma (Lilov, 1990),
gneisses, gneiss-schists, amphibolites, meta-ultrabasites. and 250+35 Ma (Skenderov et al., 1986) are published
These metamorphites are referred to the Prerhodopian according to Rb/Sr radioisotope ratio. Dated zircons (U-Pb)
Supergroup, Botourche Group — Zhalti Chal and Punovo show the early Palaeozoic age of magmatic crystallisation —
Formations (according to Kozhoukharov et al., 1994) or to the 300 Ma (Peycheva et al., 2016) and 295-296 Ma (Bonev et al.,
late Paleozoic to early Mesozoic volcanic-sedimentary complex 2017).
metamorphosed during Late Alpine together with the The present study is focused on the rock outcrops from the

emplacement of the batholith (Ivanov et al., 2001; Gerdjikov, north and north-eastern periphery of the Sakar batholith in the
2005). The following granite units are distinguished in the Kanarata deposit, north of the village of Hlyabovo (Fig. 1).

batholith: equigranular in the inner parts, porphyroid with large These granites are enriched by the amphibolite xenoliths from
microcline megacrysts in the outer parts, and aplitoid- ~ the hosted metamorphic frame and they are affected by an
pegmatoides  (Aleksandrovo type) in the north-eastern intensive process of Na-metasomatic alteration — albitization.
periphery. The presence of xenoliths from the hosted gneisses The . process .Of irregular albitization was mentioned in the
and amphibolites in the marginal parts of the batholith is a very previous studies as a local, not dated process (for example
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south of the village of Orlov Dol) and it was supposed that its
time is later than the crystallisation of the batholith, maybe
post-Triassic (Kamenov et al., 2010).

The relevance of this study is due to insufficient published
data about the mineralogy and geochemistry of these
metasomatic altered granites and some minerals into them
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[y by
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Paleokastro Formation:

micaceous schists (Lower Triassic)
PALEOZOIC
Drecek
metaconglomerates (Permian?)

Medium grained biotite granites
(Sakar batholite - 2) (Upper Paleozoic)

Porphyritic and coarse grained granites
(Sakar batholite - 1) (Upper Paleozoic)

PRECAMBRIANBoturce Group

Zaltical Formation:
gneiss-schists, schists and gneisses with interbeds of
orthoamphibolites, iron-bearing and graphite-bearing
quartzites and bodies of metaultrabasics, etc.
(Archaean?-Lower Proterozoic)

Metamorphosed basic volcanics:
layered and massive orthamphibolites with
small bodies of metaultrabasics and eclogites

Fig. 1. Geological map of the studied area (after Kozhoukharov at al., 1994, with additional data)

Geological setting

The studied rocks are referred to the so-called
Aleksandrovo type aplitod-pegmatoid granites. They outcrop
close to the contact of the Sakar batholith with the
metamorphic frame as elongated bodies and veins with east-
western direction (Fig. 1). Minerals such as ftitanite, rutile,
fibrous type amphibole, tourmaline, albite, epidote,
molybdenite and etc. are established in these veins
(Kozhoukharov et al., 1994).

In the frame of the Kanarata deposit intensively altered
granitoids are revealed — leuco- to mesocratic medium grained
with massive structure, fragile, strongly weathering. These
rocks are enriched by lenses amphibolite xenoliths with sizes
from 0.6 to 2.0 m. The boundaries with the hosted granites are
intensively erased (Fig. 2a). Most of xenoliths are eroded and
they are observed as caverns filled up by albite druses and
minerals as rutile, titanite, apatite, minerals of amphibole
group, chlorite, talc. (Fig. 2b).

Well-visible linear zones with variable thickness (from 5-20
cm up to 50-120 cm) are presented in the deposit. Along these
zones, the rocks are altered and re-worked into whitish fine-to
medium-grained varieties. The contacts are sharp ones with a
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segregated accumulation of whitish component along them
(Fig. 2c).

The dykes and quartz veins are observed among
granitoids, also. The dykes are with thickness of up to 45-50
cm, light to dark grey in colour, fine porphyry with massive
structure. Along dyke’s contacts chlorite-talc (?) aggregates
are formed (Fig. 2d). Grey to whitish quartz veins (thickness up
to 20-35 cm) are observed in the frame of the deposit and
some of them contain big crystals of rutile and molybdenite
(Fig. 2e).

Materials and methods

The study material was selected from several places in the
Kanarata deposit — granitoids, assimilated amphibolite
xenoliths into them, zones with albitization and dykes.

The samples were optically studied using Stereo-
microscope OLYMPUS and Leitz polarised microscope with
Camera OLYMPUS S52 (for thin sections).

The chemical composition of the mineral was determined
by Scanning Electron Microscopy fitted with Energy Dispersive
Spectrometer (SEM-EDS) and Electron Microprobe Analyses.
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Fig. 2. Macro- and microphotos of studied rocks: a, amphibolite xenolith among granitoids; b, cavern filled up with albite and needles of
amphibole mineral; c, linear zone of albitization; d, dyke among granitoids; e, quartz vein with molybdenite; f, amphibole crystal among
plagioclase. CPL, Ob. F. W. = 1225 pm; g, rutile with “corona-like” of titanite, PPL, Ob. F. W. = 1225 ym; h, albite zone. CPL, Ob. F. W. =
1225 pm; i, general view of preserved amphibolite xenolith. CPL, Ob. F. W. = 1900 pm; j, barroisite crystals among albite. CPL, Ob. F. W. =
1225 pm; k, albite with with chest-board structure. CPL, Ob. F. W. = 1225 ym; I, general view of dike with porphyry crystals of amphibole
and plagioclase. CPL, Ob. F. W. = 3900 ym
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The analyses were performed on the representative
samples using a JEOL at Eurotest-Control OOD. The chemical
composition of the rocks was determined using AES ICP in the
Laboratory of Geochemistry at the University of Mining and
Geology “St. Ivan Rilski” and ICP-MS at the “Acmelabs’,
Canada for the REE and trace elements.

A single sample of the albitized zone has been dated using
U-Pb zircon geochronology. A total of 16 analyses were
obtained on either autocrystic or antecrystic zircons and
performed on New Wave UP193FX LA coupled to Perkin
Elmer ELAN DRC-e quadrupole ICP-MS at the Geological
Institute of the Bulgarian Academy of Sciences.

Results

Mineral and petrographic characteristics

The studied “granitoids” from the Kanarata deposit are
represented by irregularly to regularly grained rocks with
mineral composition of plagioclase, minerals of the amphibole
group, quartz, sporadic grains of K-feldspar, titanite, rutile,

Table 1. Chemical composition of amphiboles

apatite, zircon and imposed secondaries of sericite, epidote
group minerals, chlorite.

Amphibole (up to 15-20%) - irregularly represented as
long prismatic crystals with sizes of 1.8 mm along the long axis
or small (up to 0.2-0.4 mm) grains segregated into aggregates.
The crystals are light greenish with traces of re-crystallisation
with the formation of long prismatic crystals along periphery
contours (Fig. 2f). The chemical composition, according to
Leake et al. (1997), is determined as Ca-Mg hornblende (Table

1).

Plagioclase (up to 70-75%) — short prismatic crystals in
sizes from 0.5 to 2.0 mm. It is presented by two generations, at
least: 1) crystals with zonal structure (turbid central part with
fine flaked sericite and epidote aggregates and clear
periphery); 2) clear crystals some of them with chess-board
structure. The An-content in plagioclase vary from 2.6 to 0.79
(Table 2).

Quartz (up to 5%) is irregularly presented in shape grains
in limited quantity.

1 2 3 4 5 6 7 8
SiO2 54.74 55.77 56.48 51.38 56.81 55.03 55.41 47.95
TiO2 0.06 0.08 0.00 0.12 0.00 0.08 0.08 0.21
Al203 342 3.06 2.78 4.89 1.56 3.85 3.77 9.03
FeO 3.66 3.59 3.69 7.00 6.18 413 4.02 10.09
MnO 0.21 0.12 0.00 0.07 0.00 0.00 0.22 0.27
MgO 23.99 24.49 24.30 22.05 23.70 24.46 24.85 18.56
Ca0 11.00 10.75 11.12 9.81 10.80 9.98 10.39 10.98
Na20 0.86 0.00 0.00 2.15 0.00 1.16 0.00 1.46
K20 0.00 0.00 0.00 0.00 0.04 0.04 0.00 0.22
> 97.94 97.86 98.37 97.47 99.09 98.73 98.74 98.77
Numbers of ions on the basis of 23 O
Si 7.275 7.320 7.411 6.956 7.449 7.187 7.167 6.556
Al 0.536 0.473 0.430 0.780 0.241 0.593 0.575 1.444
ARt 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011
Fed* 0.407 0.394 0.405 0.792 0.678 0.451 0.435 1.154
Ti 0.006 0.008 0.000 0.012 0.000 0.008 0.008 0.022
Fe2t 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.024 0.013 0.000 0.008 0.000 0.000 0.024 0.031
Mg 4.753 4792 4.754 4.451 4,633 4.762 4792 3.783
Ca 1.566 1.512 1.563 1.423 1.517 1.396 1.440 1.608
Na 0.222 0.000 0.000 0.564 0.000 0.294 0.000 0.387
K 0.000 0.000 0.000 0.000 0.007 0.007 0.000 0.038
> 14.788 14.512 14.563 14.987 14.524 14.697 14.440 15.034
Barroisite Barroisite  Barroisite
ho?nab-ll\(:lr?de ho?nab-ll\(:lr?de ho?nab-ll\(:lr?de ':?T;;? ho?nab-ll\élr?de ':?T;;? ':?T;;? hggl')\flg nde

1--3, altered granitoids; 4, 5, amphibolite xenaliths; 6, 7, albite druses; 8, dyke
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Table 2. Chemical composition of plagioclases

1 2 3 4 5 6 7
Si0; 66.89 66.11 66.55 66.9 66.31 6328 6248
Al03 19.44 19.85 20.11 19.86 2039 2222 2325
FeO 0.00 0.00 0.00 0.00 011 0.06 0.09
Ca0 0.19 050 0.62 0.12 005 305 3.26
Naz20 13.12 12.85 12.90 12.98 1173 973 9.90
K20 0.00 0.00 0.00 0.00 000 0.9 0.04
) 99.64 99.31 100.18 99.86 98590 9843  99.02
Numbers of ions on the basis of 32/0/
Si 11822 11733 1713 11787 11777 11335  11.154
Al 4.049 4152 4171 4.124 4268 4691 4892
Fet 0.000 0.000 0.000 0.000 0016 0009  0.013
Ca 0.036 0.095 0.117 0.023 0010 0585 0623
Na 4.495 4.421 4.402 4.434 4039 3379 3426
K 0.000 0.000 0.000 0.000 0.000 0021  0.009
s 20402 20402 20403 20368 20.109 20019  20.118
Mol. per cent of An, Ab and Or
An 0.79 2.10 259 0.51 023 1469 1536
Ab 99.21 97.90 97.41 99.49 99.77 8480 8441
or 0.00 0.00 0.00 0.00 000 052 0.22

1, 2, altered granitoids; 3, amphibolite xenoliths; 4, 5, albite druses; 6, 7, dyke

Rutile — well rounded in shape crystals with sizes up to
0.1-0.2 mm grouped into aggregates. Around crystals, a thin
“corona-like” structure of titanite is formed (Fig. 2g). The well-
formed individual crystals of titanite are also presented. The
rocks are enriched by the accessories apatite and zircon.

This mineral composition of the studied rocks is a result of
the process of transformation of amphibolite xenoliths into
“amphibole gneisses” during their granitisation and the
imposed process of albitization. The typical magmatic textures
are preserved only in limited places. The linear zones with
processes of albitization have the same mineral composition
where plagioclase (albite) build up more than 80% of the rock’s
volume forming hetero-hypidiomorphic texture (Fig. 2h).

The preserved amphibolite xenoliths are rarely observed.
They are presented as fine crystalline rocks with well-
expressed metamorphic foliation a clear boundary with the
hosted granitoids (Fig. 2i) and mineral composition of minerals
of amphibole group, plagioclase, quartz, sporadic grains of K-
feldspar, ftitanite, rutile, apatite, zrcon and imposed
secondaries of sericite, epidote group minerals, chlorite and
talc-serpentine(?) minerals. More frequently the xenoliths are
totally affected by granitisation and imposed albitization and
they are observed as caverns filled up by albite, amphibole
group minerals, titanite, chlorite, and apatite. The amphibole
mineral, here, is presented by dark greenish prismatic crystals
(0.2-0.6 mm) with strong sub-parallel orientation and is
regularly disseminated in the rock. It is presented by Ca-Mg
hornblende and barroisite (Table 1). The last one is observed
into albite caverns where it forms needle crystals with length of
up to 10 mm (Fig. 2j) and chemical zoning expressed with
decrease of Mg and increase of Na content from the centre to
the periphery.

Plagioclase (up to 60%) is observed as isometric in shape
albite grains with sizes of up to 0.2-0.4 mm. The grains are
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clear without of lamellar structure. In the caverns the
plagioclase crystals are with sizes of up to 3.0 mm with chest-
board structure (Fig. 2k) and An-member in the limit of 2.51-
0.23 (Table 2). In the druses the albite crystals are up to 10.1-
10.2 mm long with thickness of up to 6-7 mm. Their habit is
represented by {001}, {010}, {110} and {201}. Some of the
crystals are elongated parallel to the a-axis, with domination of
{001} and {010}. The rest of the crystals are with platy shapes
developed parallel to (010). There have been reports of crystal
twins on albite law {010}. The albite crystals are white to
colourless at the edges.

The caverns with albite are enriched by minerals as:
apatite — long prismatic crystals (Dencheva, 2017), some
intensively cracked or as clear fine needles; chlorite; rutile;
titanite as clear and well-formed crystals.

Dykes are fine porphyry on plagioclase and amphibole
rocks (Fig. 2I). The rock-forming minerals show weak sub-
parallel orientation to the dyke’s contacts. The amphibole is
presented by Ca-Mg hornblende and the plagioclase by
irregularly in shape spotted oligoclase crystals (Tables 1, 2).
The specific feature of the dykes is the presence of rutile-
titanite mineralisation reaching up to 5% of the rock’s volume.

Petrochemical particularities

The published petrochemical data about the rocks of the
Sakar batholith give us information about the calc-alkaline
character and mixed plate margin orogenic and volcanic-arc
with presence of mantle component in the magma source and
crustal contamination (Kamenov et al., 2010; Bonev et al.,
2017). The obtained chemical composition of the selected
samples (Table 3) show the significant differences (see
Kamenov et al., 2010) and they could be summarised in the
following way: 1 - the studied rock samples are with lower
contents of Fe203, Ca0 and K20 and twice increased contents
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of Na20 and MgO; 2 - the lithophile elements as Rb, Ba, Cs
and PEE are with lower contents; 3 — the contents of U and Th
are higher (with the exception of sample 1). The processes of
assimilation of amphibolite xenoliths and imposed Na-alteration
(albitization) in the studied rocks are the main reasons for the
mineral and chemical differences with the published data about
granitoids from the Sakar batholith.

The significant differences of the chemical composition
between rock affected by varying intensity of process of Na-

alteration (whole rock and linear zone with intensive
albitization) could also be found in the Kanarata deposit. For
illustration of this process, the balance of components (after
the oxide method of Barth) has been made of two samples
(Table 4, 3-4). The variation of the main oxides is shown in
Figure 3.

Table 3. Chemical composition of the selected samples from studied rocks

1 2 3 4 5 6 7
Si02 62.85 65.38 65.39 67.28 57.24 68.17 56.19
TiO2 0.64 0.9 0.85 0.08 1.97 1.09 1.05
Al2O3 18.43 17.23 18.56 19.81 15.01 15.33 16.86
Fe203 1.39 0.69 0.58 0.13 7.05 2.32 4.99
MnO 0.02 0.02 0.01 <0.01 0.04 0.03 0.07
MgO 3.31 2.62 1.8 0.19 3.92 1.9 5.8
Ca0 3.07 2.23 1.74 0.95 7.33 2.76 7.09
Na20 843 9.22 9.5 10.35 5.51 7.18 6.05
K20 0.39 0.33 0.29 0.31 0.37 0.34 0.38
Ba 31 8 14 8 13 22 26
Be 11 3 6 5 6 6 8
Cs <01 <01 <01 <01 <0.1 <0.1 <0.1
Rb 35 0.1 0.8 0.5 12 1.3 15
Sr 436.3 109.9 219.6 202.6 383.2 200.6 621.5
Co 36 1.9 21 0.5 6.4 57 12.5
Hf 5 7 5.7 3.2 104 7.7 5.1
Nb 14 17.6 373 15.8 12.8 16.4 14.2
Ta 1.3 1.8 35 3.8 0.9 1.9 0.7
V 62 76 46 12 280 118 198
W <0.5 1.3 1.4 <0.5 0.5 37 <0.5
Zr 157.6 232.5 190.3 45.7 390.6 2326 168
Y 17 20.5 14.4 3 65.9 18.6 28.3
La 150.5 215 23.1 55 279 17.8 304
Mo <01 <01 <0.1 <0.1 <01 <0.1 0.3
Cu 0.9 0.6 0.6 1 0.8 0.7 0.8
Pb 0.9 0.8 0.8 0.8 0.3 1.7 0.6
Zn 6 <1 3 <1 4 2 10
Ni 5.3 0.9 2.3 0.8 5.9 2.3 114
Cd <01 <01 <0.1 <0.1 <0.1 <0.1 <0.1
Ag <01 <01 <01 <01 <0.1 <0.1 <0.1
Au 17 1.9 <0.5 15 <0.5 0.9 1.6
Hg <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Ga 17.2 13.8 15.9 16.9 22.9 19.1 22.2
Sn 3 4 3 <1 5 5 3
As <0.5 <0.5 <0.5 <0.5 0.6 <0.5 <0.5
Sb <01 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Bi <0.1 <0.1 <0.1 <0.1 0.3 <0.1 0.2
Tl <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Th 40.5 12.2 255 11.2 74 15.8 6.2
0] 2.7 1.9 1.8 0.8 37 2 42
Ce 191 54.6 30.2 8.1 63.1 46.4 70.8
Pr 14.65 7.52 5.79 1.23 8.78 3.84 9.36
Nd 454 28.9 221 5.2 390.2 15.2 34
Sm 5.84 54 3.82 0.78 9.95 36 6.34
Eu 1.47 1.25 0.89 0.34 2.92 1.08 1.81
Gd 4.94 4.42 3.18 0.6 11.5 37 5.54
Tb 0.66 0.7 0.48 0.1 2 0.59 0.91
Dy 3.36 3.53 2.58 0.41 11.69 2.95 497
Ho 0.54 0.67 0.44 0.09 2.36 0.58 0.97
Er 1.71 1.91 1.41 0.31 6.97 1.7 2.9
Tm 0.24 0.27 0.2 0.05 0.99 0.26 04
Yb 1.62 1.95 1.41 0.32 6.34 1.88 2.8
Lu 0.24 0.3 0.22 0.07 0.93 0.3 0.44

1-3, altered granitoids; 4, linear zone of albitization; 5, 6, amphibolite xenoliths; 7, dyke
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Table 4. Balance of components (a, absolute difference; b, as

a percentage of the content in the whole rock)

% 3 4 elements A b
SiO; 62,85 67,28 Si +2.65 +4.67%
TiO2 0,64 0,08 Ti -0.38 - 88.00%
AlO; 1843 19,81 Al +1.00 +5.10%
Fe203 1,39 0,13 Fe -0.86 - 89.00%
MnO 0,02 10,01 Mn
MgO 3,31 0,19 Mg -4.17 -94.00%
Ca0 3,07 0,95 Ca -2.10 -70.00%
Na:0 8,43 10,35 Na +2.97 +20.00%
K20 0,39 0,31 K -0.12 -28.00%

SAMPLE 3 SAMPLE 4
_—Na+28%
— _un
100% -

T~ Fe -89
Mg -94%

Fig. 3. Changes of the contents of the main elements

Sample 3 - altered granitoid; Sample 4 — zone of albitization

U-Pb zircon dating of the albitized granitoid

Zircon crystals were separated from the whole-rock
(intensively albitized zone in the granitoids) using heavy
liquids, then hand-picked and fixed in epoxy resin before
polishing. Cathodoluminescence (CL) and back-scattered
(BSE) images have been taken in order to study the internal
structure and zonation of crystals. Laser crater of 35 pm,
ablation frequency of 8 Hz and detection time within 0.002—
0.003 s were used for all measurements that were calibrated
with GEMOC-GJ1 zircon (Jackson et al., 2004) as external
standard for fractionation correction. Fractionation correction
and results were estimated using GLITTER 4.0 software
(Macquarie University). Diagram plots and Concordia ages are
delivered with only the concordant analyses using Isoplot 4.15
(Ludwig, 2011) application.

Zircons from albitized granitoid are with short to long
prismatic and rarely pyramidal shapes (Fig. 4a, b). Resorption
structures are relatively frequent and are mostly visible near
cores. Crystals cored by unzoned re-crystallised interiors and
rimmed by oscillatory terminations are very common (Fig. 4a,
b). The Th/U ratio, varying within 0.37-1.77, is indicative of the
magmatic origin for all the zircons. Inherited zircons and
xenocrysts have not been identified over the course of this
study, but the antecrystic zircons comprise considerable
portion of all crystals analysed.

Half of analyses are interpreted to belong to antecrysts
(329.79-311.23 Ma) incorporated in rocks derived from older
magmatic pulses (Fig. 4d). Autocrystic zircon populations are
aged, the youngest within 303.12-296.60 Ma, forming
Concordia age at 298.4+1.6 Ma (Fig. 4c) and considered to
reflect the timing of emplacement of Sakar granite. The
obtained data confirm the Early Paleozoic age of magmatic
crystallisation (Peycheva et al., 2016; Bonev et al., 2017).

Table. 5. LA-ICP-MS isotopic ratios (296Pb/238U, 207Ph/235J, 208Pb/232Th) and 206Ph/238(, and 207Pb/235U ages of zircons from the
altered granitoids (e analysis of autocrystic zircon; xdiscordant value; # analysis of antecrystic zircon)

N Zr Com- Isotope Rho Age, Ma Ratio
ment ratios

206pp/238) 2SE 207ppy /235 2 SE 208pp/232Th ‘ 2 SE ‘ 206pp/238Y | 2SE | 207Pb/35U | 2 SE | Th/U
1 2 . 0.0481 0.0007 0.3499 0.0189 0.0174 0.0017  0.61 303.12 8.61 304.61 2812 047
2 5¢c * 0.0515 0.0006 0.3925 0.0133 0.0158 0.0015  0.64 324.00 7.60 336.19 1923 044
3 5r 0.0486 0.0008 0.3362 0.0215 0.0158 0.0017 060 306.01 9.22 294.28 3231 042
4 7 0.0525 0.0009 0.3833 0.0293 0.0162 0.0017 060 329.79 11.02 329.46 4235 112
5 8 0.0501 0.0008 0.3639 0.0258 0.0159 0.0017  0.59 315.25 9.82 315.15 37.97 1.28
6 13 * 0.0455 0.0006 0.3671 0.0158 0.0093 0.0010 062 287.05 7.27 317.52 2332 177
7 13 . 0.0474 0.0006 0.3462 0.0159 0.0150 0.0012 061 298.51 775 30189 2375 049
8 12 0.0495 0.0007 0.3603 0.0160 0.0161 0.0013  0.61 311.23 7.98 312.40 2367 050
9 25 0.0509 0.0007 0.3749 0.0158 0.0161 0.0013 062 320.13 8.09 323.30 2311 067
10 25¢ . 0.0472 0.0008 0.3420 0.0259 0.0183 0.0018 059 297.53 1009  298.67 3866 0.7
11 28¢c . 0.0474 0.0007 0.3452 0.0180 0.0130 0.0011 061 298.62 8.37 301.11 2696  0.80
12 28 0.0514 0.0007 0.3757 0.0194 0.0147 0.0013 061 322.96 8.83 323.90 2836 049
13 35 0.0501 0.0006 0.3619 0.0143 0.0151 0.0013 062 314.91 7.73 313.66 2116 067
14 35 . 0.0471 0.0006 0.3380 0.0156 0.0147 0.0014 061 296.60 775 295.67 2343 053
15 41r . 0.0471 0.0007 0.3379 0.0168 0.0142 0.0015  0.61 296.90 8.00 295.56 2535 053
16 46 * 0.0496 0.0007 0.3280 0.0173 0.0140 0.0015  0.61 312.27 8.47 288.04 2618 057
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20.0kV x110 100pum +————

[ ConcordiaAge = 298.4 +1.6 Ma

(20, decay-const. errs included) |
MSWD (of concordance) = 0.18,
| Probability (of concordance) = 0.67

00485 |

00465

Fig. 4. Zircons from the studied albitized granitoids

Discussion and conclusion

The studied rocks from the Kanarata deposit are situated in
the periphery area of the Sakar batholith. These rocks are
characterised by completely different mineralogical and
petrochemical characteristics as compared to the three
distinguished granite units of the batholith. This is a result of
the assimilation of the amphibolite xenoliths from the hosted
high-grade metamorphic frame and superimposed intensive
process of Na-alteration (albitization). The main characteristics
of these rocks could be summarised as follows:

— The typical magmatic textures in the rocks are missing;

— The mineral composition is presented by minerals of the
amphibole group (Ca-Mg hornblende and barroisite),
plagioclase (albite), quartz, K-feldspar (single grains), titanite,
rutile, apatite, zircon and imposed secondaries of sericite,
epidote group minerals, chlorite;

— The superimposed process of albitization affects all rocks
in the area of the deposit and it is most intensively developed
along linear zones with east-west direction;

— The albite druses developed in the caverns represent
intensively metasomatically re-worked amphibolite xenoliths
and rutile, titanite, barroisite, and apatite mineralisations are
genetically related to the process of Na-alteration;

— The increased content of MgO in the studied rocks and
the presence of Mg-containing minerals could be a result of the
assimilation of amphibolite xenoliths or a result of Mg-Na
metasomatic process (?);

- The dated U-Pb zircon population in the metasomatically
altered granitoids shows igneous origin and the obtained data
confirm the Early-Paleozoic age of the Sakar batholith. The
question about age of the process of albitization is still open.
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The followed detailed study will clarify the mineralogy
particularities of the Ti-containing minerals in the area and date
the process of albitization.
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FOSSIL HUMUS MUD AND ITS NOVOCHERNOMORIAN BASE AT THE ATANASOVSKO
LAKE, BURGAS LAKES COMPLEX, BULGARIA

Dimitar Sinnyovsky', Dimka Sinnyovska’, Natalia Kalutskova?, Nikolai Dronin?, Andrei Medvedev3,
Natalia Telnova3

TUniversity of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; sinsky@mgu.bg
2 Moscow State University “M. V. Lomonosov’, 119991 Moscow; nat_nnk@mail.ru
3 Geographical Institute, Russian Academy of Sciences, 119017 Moscow; a.a.medvedeff@gmail.com

ABSTRACT. Fossil humus mud horizon covering Novochernomorian beach deposits crops out at the eastern shoreline of the Atanasovsko Lake 1 m above the
modern lake surface. It is identified by the Nymphean accumulative terrace, formed during the Middle Ages about 1000 years ago, when the Black Sea surface was 2
m above the present sea level. The mud sediments are underlined by sandy-clayey-silty deposits that are considered to be bottom lake deposits which represent
evidence of post Kalamitian sea-level decrease. In depressions such as the Burgas bay, part of which were the Burgas Lakes at that time, these deposits are
commonly 2-4 m thick. Obviously, during the Late Kalamitian age the central part of the Burgas bay was a submerged shoreline with a sandy-clayey-silty
sedimentation. Novochernomorian (Dzhemetinian) sediments are deposited in shelf environment when the Black Sea level was slightly higher compared to the
present sea level. The boundary between the sands and the overlying humus mud is a clear erosion surface 1 m above the present lake level formed during the
Fanagorian regression, when the sea level dropped. The humus is 1 m thick with shells of modern fauna, characteristic for the present humus mud in the
Atanasovsko Lake.

Keywords: Atanasovsko Lake, Late Chernomorian deposits, fossil humus mud

®OCUNHA XYMYCHA KAN U HENHATA HOBOYEPHOMOPCKA NMOJNOXKA B ATAHACOBCKOTO E3EPO, BYPFACKU
E3EPEH KOMMNNEKC, B bNFAPUA

Humumbp Cunboecku’, Jumka CuHboecka’, Hamanus Kanyykoea?, Hukonali JpoHun?, AHdpeli Medeedes’, Hamanus
TenHosa’

" MunHo-2eonoxku yHusepcumem "Ce. MeaH Puncku", 1700 Copust

2 Mockoscku ObpxaseH yHusepcumem "M. B. JlomoHocos”, 119991 Mocksa

3 [eoepagpcku uHcmumym, Pycka akademusi Ha Haykume, 119017 Mockea

PE3IOME. Ha u3touHns 6psr Ha ATaHacoBCKOTO e3epo ce paskpiBa (hOCUNEH XyMyCeH XOPW3OHT, mokpuBally HoBouepHOMOpCKUTE OTNOXeHns Ha 1 m Hap
CbBPEMeHHaTa NOBBLPXHOCT Ha e3epoTo. Toil ce uaeHTUdMLMpa ¢ akymynauuoHHaTa Humdelicka Tepaca, obpasysaHa npe3 CpegHoeekoBmeTo npeau okono 1000
rOAMHN, KOraTo NOBBPXHOCTTA Ha YepHo Mope e 61una ¢ 2 m Haj CbBPEMEHHOTO MOPCKO HWBO. TOii Ce NOACTUNA OT NECHUNUBO-TMMHECTO-aNeBPUTOBM OTIIOXEHNS,
KOMTO Ce CYNTaT 3a AbHHM €3ePHU YTalku, NpeaCcTaBnsBaLLy JOKa3aTencTBo 3a CreaKanamMnuTCKo MOHKEHNE Ha MOpCKOTO HUBO. B aenpecwuu kato Byprackus 3anus,
4acT OT KOWTO No ToBa Bpeme ca 1 Bbyprackute esepa, Te3n OTnoXeHnst 06MKkHOBEHO ca ¢ aebenuHa 2-4 m. OueBuaHO, No Bpeme Ha KbcHoamamuTckarta enoxa
LieHTpanHaTa YacT Ha byprackus 3anvB e buna notoneHa GperoBa NMMHUS ¢ NECLYNMBO-TNIMHECTO-aneBpUTOBA CeAnMeHTaLms. HoBouepHoMOopckuTe ([ xeMeTUHCKM)
CeAMMEHTW Ce oTnaraT B LwendoBa 06CTaHOBKa, KOraTo HUBOTO Ha YepHo Mope e Manko Mo-BUCOKO OT CeraluHoTO. [paHuLaTa Mexay necbynuBo-aneBpuToBuTe
yTaiky 1 MOKPUBALLMS TV XyMYCEH CIoM Ha 1 m Hapj CerallHOTO HUBO Ha e3epoTo € psika U BeposTHO e obpa3yBaHa no BpeMe Ha PaHaropuiickaTa perpecusi, korato
MOPCKOTO HMBO cnapa. XymycbT e ¢ aebenvHa 1 m 1 CbAbpxa Yepyrku OT CbBpeMeHHa dhayHa, XapakTepHu 3a [JHELLHATa XyMyCHa kan B ATaHacoBCKOTO e3epo.

Kniouosu AyMmu: ATaHacoBcko €3ep0, KbCHOYEPHOMOPCKIN OTNIOXEHUA, (bOCMJ'IHa XyMyCHa Kan

Introduction above the modern sea level and considered to be part of the
Nymphean accumulative terrace.

Identification of Quaternary sea terraces along the sea
coast and lake shores is part of the preliminary studies on the

creation of Geopark “Burgas Lakes”. The Atanasovsko Lake, Location

which is part of the Burgas Lakes Complex, is the subject of

investigation because of its interesting Holocene development The outcrop is located on the eastern shoreline of the

as a firth basin. Due to their connection with the Black Sea Atanasovsko Lake on the canal linking the lake with the Black

basin, the Burgas Lakes have been sensitive to the sea-level Sea in the area called “Kyusheto” (Fig. 1). This outcrop was

changes during the last 7000 years when at least two mentioned in our short communication published in the

transgressive-regressive stages occurred. proceedings of last years’ scientific conference “Geosciences”
The present investigation is devoted to fossil humus of the Bulgarian Geological Society (Sinnyovsky et al., 2018)

deposits cropping out near the Atanasovsko Lake, located 2 m
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dedicated to the Nymphean terrace in the area of Burgas
Lakes Complex.
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Fig. 1. Location of the investigated outcrop of the Nymphean
terrace on the eastern shoreline of the Atanasovsko Lake in
“Kyusheto” area between the lake and the Black Sea

The accumulation of fine-grained deposits during the
Nymphean transgression is especially characteristic of the
closed Burgas Lakes Complex. Its weak connection to the sea
provided a calm environment for a clayey-silty sedimentation
accompanied by humus deposits, characteristic of the modern
deposits of the lakes. The outcrops of these factually modern
deposits are very rare, because they are usually covered with
soil and cane. For this reason, the artificial outcrop preserved
on the canal slope provides good material for exploring the
processes that took place during the high sea level during the
Middle Ages.

Sea-level changes during the Late Chernomorian
transgressive interval

The sea level rise during Novochernomorian transgression
occurred at different speeds, with rapid rise periods alternating
with periods of stagnation during which underwater terraces
were formed (Larchenkov, Kadurin, 2011). According to these
authors the Late Chernomorian transgressive interval is
subdivided into two transgressive-regressive  stages:
Calamitian, between 7100 and 4100 years ago, and
Dzhemetinian, between 4100 years ago and present days (Fig.
2).

The melting of the Wurm glaciers about 11000 years ago
caused a massive influx of fresh waters to the Neweuxinian
basin and marked the start of postglacial Novochernomorian
Holocene transgression (Fedorov, 1976). The maximum sea
level of the transgression in the Bronze Age (5600-4300 years
ago) was 4-5 m higher than today. At that time the
Novochernomorian terrace was formed, which is abrasive on
the capes and accumulative in the bays (and firths such as the
Atanasovsko Lake). Between 2500-1000 years ago during the
so-called Phanagorian regression the sea level dropped to 3 m
below the present sea level. The Nymphean transgression
(Fedorov, 1960), which occurred some 1000 years ago, raised
the sea level up to 1.5-2.0 m above the present sea level,
immersing many archaeological monuments along the Black
Sea coast.

The firth sedimentation in the Burgas Lakes Complex
resulted in accumulation of sandy-clayey-silty deposits and
humus mud containing recent bivalve shells. After the sea level
dropped to the modern sea level these deposits remained in
the form of a flat terrace named after the Nymphean
transgression.

Transgessive interval | Transgessive-regressve stage -I(_g)e Dept?rr?)f sea
- Dzhemetinian 0-4.1 -2to +2
2 Late Chernomorian
g Kalamitian 4.1-71 -7.5
o
[= i 5
= Vityazevian 7.1-8.9 10.5-12.5
S Early Chernomorian _
Bugazian 8.9-10.0 -251t0 22,5
Late Neueuxinian 10.0-18.0 -37 to -35
Neueuxinian
Early Neueuxinian 18.0-30.0 -55 to -57

Fig. 2. Neoeuxinian and Chernomorian transgressive intervals and transgressive-regressive stages after Larchenkov and Kadurin (2011)

Table 1. Results of the granulometric analyses of two samples (Sample 1 and Sample 2 of the section in Fig. 4)

No Weight of Dissol. Undissol. Fractions [mm] Granulometry
sam-ple sample Comp. Comp. 1-0.1  0.1-0.01 <0.01 | psammite silt clay
g % % % % % % % %
1 20.00 17.40 82.60 21.35 33.35 21.70 21.35 33.55 2770
2 20.00 23.25 76.75 6.60 36.60 33.55 6.60 36.60 33.55
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Results

The section of the sediments investigated includes 1 m
carbonate-sandy-clayey-silty deposits, 20 cm carbonate-clayey
silt and 1 m humus mud (Figs 3, 4).

Gl R T

Fig. 3. Outcrop of the Nymphean sediments on the western slope
of the channel near the Atanasovsko Lake

The granulometric analyses, represented in Table 1
revealed that the underlying sandy deposits (Sample 1 in Fig.
4) are sediments of mixed type, containing 17.40% carbonate
and 82.60% insoluble residue, consisting of 21.35% psammite,
33.55% silt and 27.70% clay. According to this composition,
the sample may be classified as carbonate-sandy-clayey
hyposilt. The transitional interval (Sample 2 in Fig. 4) between
the underlying sandy hyposilt and the overlying bituminous
mud is composed of 20 ¢cm yellow carbonate-clayey hyposilt
composed of 23.25% carbonate, 33.55% clay, 36.60% silt and
very low content of psammite component — only 6.60%.

The overlying black bituminous mud lies with an abrupt
boundary over the carbonate-clayey silt. It contains shells of
bivalves representing mainly the genus Cardium. These shells
are not contemporaneous with the present shells of the genus
because they are with dissolved inner and outer glance layer.

The data from the granulometric analyses testify to a
regime of fine-grained terrigenous sedimentation, which shows
that Atanassovsko Lake had no broad connection with the sea,
regardless of the higher sea level during the Nymphean
transgression. This is an evidence of sedimentation in a calm
firth environment.

Right interpretation of the results is of important value for
the future investigation of the Nymphean terrace, which
depends on the access to reliable outcrops. The first
impression during the field investigation of the lake shoreline
was that sediments underlying the humus mud can be related
to the Novochernomorian beach sands. However, the
laboratory analyses revealed rather complicated composition
of the granulometric fractions.

The soluble component is in the frame of the normal
contents, taking into account biodetritic enrichment of the
beach deposits. The psammite/silt amount is also within the
normal range. With respect to all the variety of beach
environments, the high content of clay fraction is not
characteristic for the beach sands. Regardless of the proximity
of the sea, it is more likely that these sediments are deposited
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at the bottom of the Atanasovsko Lake in conditions close to
the modern environment.

black bituminous mud
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Fig. 4. Section of the Nymphean terrace at the Atanasovsko Lake
1, yellow-brown carbonate-sandy-clayey silt; 2, clayey silt; 3,
bituminous mud; 4, sample

In general, the drastic decrease of the sandy component in
the next sample reveals sea level rise, corresponding probably
to the Nymphean transgression in the Middle Ages. The sea
level rise should cause wider connection with the sea basin
and better correspondence of the salinity between the lake and
the sea.

Unfortunately, the total lack of outcrops does not allow
successive investigation of this level, which can reveal more
circumstances about the Nymphean paleoenvironment in the
Burgas Lake Complex and can give answers to many
questions about the existence of the Nymphean terrace. It is
well outlined around the shoreline of the Burgas Lakes, forming
a flat surface about 1.5-2 m above the lake water level
covered by cane (Fig. 5).

e —
ML 0 ot A it
e e R e

Fig. 5. The Nymphean terrace is well expressed at the northern
shoreline of the Atanasovsko Lake, forming a flat surface
covered by cane about 2 m above the water
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As Fedorov (1985) noted, the assessment of sea level
fluctuations is based on studying the hypsometric level of
ancient coastlines, with particular attention to neotectonic
movements and mollusc fauna. However, the morphological
expression of this terrace is not enough proof for its existence.
Because it is about an accumulation terrace, the evidence of
medieval sedimentation in the area is very important.

The artificial exhumation of such sediments is a very rare
event since they are not developed in the urban area of Burgas
where construction works are being developed. The
Nymphean terrace is the result of a slight fluctuation at sea
level, which is hardly noticeable along the coastline that falls
within the hypsometric range of the modern wave zone
(Sinnyovsky et al., 2018). Its identification is easier along the
shorelines of Burgas lakes, which are protected by the wave
activity of the sea. Here, in many places, there are well-marked
reed overgrown lobes lying 1.5-2 m above the water surface.
They can be identified, with a high degree of reliability, to be
with a higher level of the water surface in the limans that are
connected to the Burgas Bay and they follow the sea level
fluctuations. In some places, the lowest terrace level is formed
between the modern lake surface and a well-known old cliff of
Upper Cretaceous volcanic fundament of agglomerate and
bomb tufts forming the ancient coastline (Fig. 6).

Fig. 6. The lowest terraced level near the Burgas Lakes is formed
between the modern lake surface and a well-known old cliff of
Upper Cretaceous agglomerate tuffs and bomb tufts representing
the ancient coastline

Finally, on the basis of archaeological data, the possible
influence of sea level changes on late Holocene human
societies of the Black Sea littoral areas was also documented.
The aim of this investigation was to develop a basis for future
investigations to link the geological events to the events
engraved in human memory. There are many historical events
confirming the higher sea level during the Middle Ages. Popov
and Mishev (1974) cited historical facts from K. Skorpil, such
as the position of the Asparuh Shaft in Northeast Bulgaria,
which was built near the shoreline and now it is 600 m away
from the modern coastline. There is also an evidence of
swamping of the area between Varna and Asparuhovo quarter
when the knights of Vladislav Varnenchik sunk with their
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horses in the swamps in the battle during the Varna Crusade in
1444,

This historical evidence corresponds to the data from
numerous points of the Black Sea coastline about the higher
sea level during the Middle Ages.

Conclusions

The available evidence of modern transgressive deposits
at the Atanasovsko Lake strongly suggests a sea level rise
during the Middle Ages period that caused accumulation
terrace around the shoreline of the Burgas Lakes. This sea
level rise is related to the so called Nymphean transgression.
In the final Dzhemetinian transgressive-regressive stage of the
Late Chernomorian transgressive interval the sea level rise
caused carbonate-sandy-clayey hyposilt sedimentation which
ended with humus deposits, elevated 1.5 m above the present
sea level. The granulometric analyses show a fine-grained
terrigenous  sedimentation, which is an evidence that
Atanasovsko Lake had no broad connection with the Black
Sea, regardless of the higher sea level during the Nymphean
transgression. This has contributed to sedimentation in a calm
firth environment. The present study of the youngest Holocene
deposits in the Burgas Lakes Complex provides a basis for
scientific investigation of the last transgression in the
geological history.
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FORAMINIFERAL ASSEMBLAGES FROM THE CRETACEOUS-TERTIARY TRANSITION
IN THE EMINE FLYSCH FORMATION AT KOCHAN CAPE LOCALITY (EASTERN
BALKAN): PRELIMINARY DATA

Boris Valchev

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; b_valchev@mgu.bg

ABSTRACT. A 24 m interval in the turbidites of the Emine Flysch Formation (upper Campanian-upper Paleocene), located at 300 m north of Kochan Cape in the
Eastern Balkan, was studied in terms of the foraminiferal turnover across the Cretaceous—-Tertiary transition. The samples, picked up from the lower 18 m contain
planktonic foraminiferal assemblages typical for the uppermost Maastrichtian represented by Pseudotextularia elegans (Rhehak), Laeviheterohelix glabrans
(Cushman), Heterohelix globulosa (Ehrenberg), H. labelosa Nederbragt, Rugoglobigerina macrocephalla Bronnimann, R. rugosa (Plummer), Globotruncana arca
(Cushman). The next 3.5 m are characterised by the presence of Muricohedbergella monmouthensis (Olson), M. holmdelensis (Olson), Guembelitria cretacea
Cushman, Rugoglobigerina macrocephalla Bronnimann, Laeviheterohelix glabrans (Cushman), Heterohelix globulosa (Ehrenberg), and Globotruncana arca
(Cushman). The uppermost 2.5 m of the section reveal typical lowermost Paleocene assemblages, characterised by low taxonomical diversity — only Eoglobigerina
eobulloides (Morozova) and E. fringa (Subbotina). The investigated boundary interval is marked by comparatively uniform benthic foraminiferal assemblages
dominated by agglutinated taxa.

Keywords: foraminiferal assemblages, Cretaceous-Tertiary boundary, Emine Fm., Eastern Balkan

®OPAMUHU®EPHU ACOLIMALINK OT rPAHUYHUA UHTEPBAN KPEOQA-TEPLIMEP B EMUHCKATA ®JIULLKA CBUTA B
PAWOHA HA HOC KOYAH (MI3TOYHA CTAPA MINAHWUHA): NPEABAPUTENHU PE3YNTATU

Bbopuc Bbnyes

MurHo-2eonoxku yHusepcumem “"Cs. UeaH Puncku®, 1700 Cogpusi

PE3IOME. 3cneaBaH e 24-meTpoB uHTepBan B Typbuautute Ha EMuHckaTa conuwika ceuta (ropeH Kamnan-ropeH ManeoueH), Hamupatua ce Ha 300 m ceBepHo oT
Hoc KoyaH B M3toyHa CTapa nnaHuHa, C Lien yCTaHOBsSIBaHe Ha MpOMeHW BbB hopamuHudepHUTe acoumauym ot rpaHniHmus uHTepsan Kpega—Tepupep. Mpobure,
B3€TW OT fonHuTe 18 m CbabpXaT TUMWMYHM KBCHOMACTPWUXTCKW BupoBe kato by Pseudotextularia elegans (Rhehak), Laeviheterohelix glabrans (Cushman),
Heterohelix globulosa (Ehrenberg), H. labelosa Nederbragt, Rugoglobigerina macrocephalla Bronnimann, R. rugosa (Plummer), Globotruncana arca (Cushman).
Cnepggawute 3,5 m ce xapaktepuaupart ¢ npuckcteneto Ha Muricohedbergella monmouthensis (Olson), M. holmdelensis (Olson), Guembelitria cretacea Cushman,
Rugoglobigerina macrocephalla Brénnimann, Laeviheterohelix glabrans (Cushman), Heterohelix globulosa (Ehrenberg) n Globotruncana arca (Cushman). Hait-
ropHUTE 2,5 M 0T pa3pesa paskpuBaT TUMMYHW PAHHOMANEOLIEHCKM acoLMaLy, XapakTepuaupaly ce C HUCKO TaKCOHOMUYHO pa3HooBpasie — YCTaHOBEHM ca camo
BugoBeTe Eoglobigerina eobulloides (Morozova) u E. fringa (Subbotina). /3cnensaHusiT rppaHuyeH HTEpBan nokassa NpUCLCTBUETO Ha CPABHUTENHO eAHO0BPa3HH
acouyaumm ot 6eHTocH! hopamuHndepy ¢ npeobnafasaHe Ha arnyTUHUPaHUTE OPMU.

KniouoBu gymu: chopammHmncepHn acoumaumv, rpanmuua Kpepa-Tepuyep, EmuHcka cauta, MaTtoyHa Ctapa nnaHuHa

Introduction Kostadinov (1977) divided and described an “Emine formation”
(corresponding to the “Campanian-Maastrichtian of Bochev et
The Emine Formation is widely distributed in the East al., 1967) and a ‘clayey—terrigenous formation” (*Danian-
Balkan Unit (sensu Dabovski, Zagorchev, 2009 — Figs 1, 2) Paleocene” of Bochev et al., 1967). Nachev (1977) gave
and Comprises a thick turbidite sequence (at least 1670 m — additional data to the ||th0|Ogy of these bodies. Juranov and
Sinnyovsky, 2004). The rocks were first described as a distinct Pimpirev (1989) determined the rank of the unit, described the
lithological body by Gogev (1932) who named them as “Emine lectotype ~ section and proved the Campanian-middle
beds” of Lutetian age. Later on, Botev (1953) referred them to Paleocene age on the basis of planktonic foraminifera.
the “Upper Senonian - f|ysch type”, Bonchev (1955) named Sultanov et al. (1990) prOVided planktoniC foraminiferal and
the unit “Emine formation”, and Atanasov and Kanchev (1965) calcareous nannoplankton data determining late Campanian-
used the term “Emine flysch formation”. Bochev et al. (1967) late Paleocene age. Sinnyovsky and Sultanov (1994)
published a detailed investigation concerning the coastal part characterised the formation's boundaries and specified the
of the East Balkan, and provided data on the lithology, genesis nannofossil data confirming late Campanian — late Paleocene
and age of the unit. They described its lower levels as age. Nachev and Dimitrova (1995) also pointed out this
“Campanian-Maastrichtian — south strip” and the upper levels chronostratigraphic range.

referred to the “Danian-Paleocene”. Karagjuleva and
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Fig. 1. Tectonic subdivision of the territory of the Republic of
Bulgaria (after Dabovski, Zagorchev, 2009) with the location of
the studied area
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Fig. 2. Location of the studied area amongst the tectonic units in
eastern Bulgaria (after Dabovski, Zagorchev, 2009; Bokov et al.,
1987, with modifications)

1-2, North Bulgarian Dome (1, Hitrino-Kaspichan Block; 2, Dobrich-
Vetrino Block); 3, East slope of the North Bulgarian Dome; 4,
Provatiya Syncline; 5, Goren Chiflik Horst; 6, Dolna Kamchiya Basin;
7, Fore Balkan Unit; 8, East Balkan Unit; 9, East Srednogorie Unit;
10-11, Intraorogenic basins (10, Paleogene-Neogene—Quaternary,
11, Neogene—Quaternary)

The Cretaceous—Tertiary (K-T) boundary in the Emine
Formation was first established by Sinnyovsky and Stoykova
(1995) north of the village of Emona by means of calcareous
nannofossils. Later on, Sinnyovsky (2003, 2004) proved it near
the village of Kozichino and north of Kochan Cape, while
Stoykova and Ivanov (2004) established this boundary near
the Marash River. Valchev (2006) provided nplanktonic
foraminiferal data from the transition near the village of
Kozichino.
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The present article aims to represent preliminary data on
the taxonomical composition and stratigraphic range of the
foraminiferal assemblages (both planktonic and benthic)
obtained from the K-T sequence at Kochan Cape locality.
Eleven samples from a 24 m thick interval were studied for this
purpose.

Geological setting

The area of study is located in the coastal part of the East
Balkan Unit (Fig. 2) in the northern limb of the Banya Syncline,
which was first established by Radev (1927). Botev (1953)
described it as “Banya syncline”, and later on it was described
by Atanasov and Kanchev (1965), Bochev et al. (1967),
Kanchev (1971), Karagjuleva and Kostadinov (1977), Juranov
et al. (1994). The fold is entirely formed by the Emine
Formation’s beds as the limbs are composed of these of late
Campanian-Maastrichtian age (Fig. 3).

The K-T transition crops out 300 m north of Kochan. It
comprises thin-bedded turbidites dipping 30 to 40° to SSW
(Figs 3, 4).

Study
section

aQh

Trakli
Resort

Fig. 3. Geological map of the coastal part of East Balkan (after
Juranov et al., 1994, modified) with the location of the KIT
transition

1, alluvium (Holocene); 2, Dvoynitsa Fm. (Paleocene-middle
Eocene); 3-4, Emine Fm. (3, upper Campanian-Maastrichtian, 4,
Paleocene); 5, reverse fault; 6, normal fault; 7, stratigraphic boundary;
8, bedding (a, normal, b, overturned)
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Fig. 4. The K-T transition in the turbidites of the Emine Formation 300 m north of Kochan Cape with the location of the studied samples
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Fig. 5. Column section of the studied K-T transition with the stratigraphic distribution of the established planktonic foraminiferal taxa
1, thin-bedded sandstones; 2, siltstones, argillites; 3, sample
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Results

Planktonic foraminifera

The lower 18 m of the studied interval (samples Ko1-Ko6 —
Fig. 5) contain a poor, but typical lattermost Cretaceous
assemblage, represented by rare or single specimens of
Pseudotextularia elegans (Rhehak), Laeviheterohelix glabrans
(Cushman), Heterohelix globulosa (Ehrenberg), H. labelosa
Nederbragt, Rugoglobigerina macrocephalla Bronnimann, R.
rugosa (Plummer), Globotruncana arca (Cushman). As a
whole the recovered specimens are poorly preserved and they
were derived predominantly from the 200, 112 and 63 pm
residues.

The next 3.5 m (samples KT01-KT03) are characterised
by the presence of Muricohedbergella monmouthensis (Olson),
M. holmdelensis (Olson), Guembelitria cretacea Cushman,
which are referred in the micropaleontological literature to the
co-called survivors, as well as typical Late Cretaceous taxa like
Rugoglobigerina macrocephalla Bronnimann, Laeviheterohelix
glabrans (Cushman), Heterohelix globulosa (Ehrenberg), and
Globotruncana arca (Cushman). All the species occur as single
to rare. L. glabrans and H. globulosa were established in the
lowermost Paleocene near the village of Kozichino (Valchev,
2006).

The uppermost 2.5 m (samples KT04 and Koc4) of the
section reveal typical lowermost Paleocene assemblages,
characterised by low taxonomical diversity - only
Eoglobigerina  eobulloides  (Morozova) and E. fringa
(Subbotina) were found in the samples. The assemblage,
recovered from sample KT04 consists of single specimens,
while the one from sample Koc4 reveals is more abundant.

Benthic foraminifera

The investigated boundary interval is characterised by
comparatively uniform foraminiferal assemblages dominated
by agglutinated taxa. Common species amongst them in all
samples are Dendrophrya excelsa Grzybowski, Ammodiscus
cretaceous (Reuss), A. glabratus Cushman and Jarvis,
Repmanina charoides (Jones and Parker),
Paratrochamminoides irregularis White which occur as rare
specimens. Subsidiary elements to the assemblage structure
are species like Rhizammina indivisa Brady, Marssonella spp.,
Haplophragmoides spp. which occur as single specimens.

As a whole the hyaline benthics occur as single
specimens. The most common amongst them is
Quadrimorphina allomorphinoides (Reuss). The other taxa
were found at different levels of the section.

Discussion and conclusions

The well exposed turbidite sequence of the Emine Flysh
Formation north of Kochan Cape, Bourgas District was
investigated from planktic and benthic foraminiferal point of
view. Itis interesting that the Cretaceous assemblages are less
abundant than the Paleocene ones (this fact was noted by
Valchev, 2006, concerning the K-T transition near the village of
Kozichino). As mentioned above, Cretaceous forms occur with
rare or single specimens and this fact makes difficult the
biostratigraphical characterisation of the interval. The index
species Abathomphalus mayaroensis  (Boll) was not
established.
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The K-T boundary was marked easily in the upper part of
the studied section because of the clear planktonic
foraminiferal change. 5 species could be considered as
survivors. All of them were derived from the 63 ym and 112 ym
residue.

The Paleocene assemblages are more abundant, but with
low taxonomical diversity. A further detailed sampling would
provide a good opportunity for a precise biostratigraphical
characterisation of the K-T boundary transition.

Benthic foraminifera show the typical features for the
Upper Cretaceous-Paleogene flysch-type assemblages of the
Tethys region — uniform taxonomical composition and structure
without changes across the K-T boundary and strongly
dominated by agglutinated taxa.

Appendix - List of planktonic and benthic
foraminiferal species found in the present study

Cretaceous planktonic foraminifera
Globotruncana arca (Cushman)

Heterohelix labelosa Nederbragt
Pseudotextularia elegans (Rhehak)
Rugoglobigerina macrocephalla Bronnimann
R. rugosa (Plummer)

Survivors

Guembelitria cretacea Cushman
Heterohelix globulosa (Ehrenberg)
Laeviheterohelix glabrans (Cushman)
Muricohedbergella holmdelensis (Olson)
Muricohedbergella monmouthensis (Olson)

Paleocene planktonic foraminifera
Eoglobigerina eobulloides (Morozova)
E. fringa (Subbotina)

Cretaceous/Paleogene small benthic foraminifera
Ammodiscus cretaceous (Reuss)

A. glabratus Cushman and Jarvis

A. peruvianus Berry

Aragonia velascoensis (Cushman)
Bathysiphon sp.

Cyclammina sp.

Dendrophrya excelsa Grzybowski
Dentalinoides colei (Cushman and Dusenbery)
Glomospira diffundens (Cushman and Renz)
Gyroidinoides girardanus (Reuss)
Haplophragmoides sp.

Lenticulina sp.

Marssonella oxycona (Reuss)

Nodosaria limbata d’Orbigny

Nodosaria sp.

Osangularia florealis (White)
Paratrochamminoides irregularis (White)
Quadrymorphina allomorphinoides (Reuss)
Reophax duplex Grzybowski

Repmanina charoides (Jones and Parker)
Reussoolina emaciata Reuss

Rhizammina indivisa Brady

Saccammina placenta Grzybowski
Saccammina sp.

Spiroplectammina spectabilis (Grzybowski)
Trochamminoides dubius (Grzybowski)
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MAIN FAULT ZONES CONTROLLING THE LATE ALPINE STRUCTURE IN THE AREA
EAST OF SOFIA (SREDNOGORIE ZONE, WESTERN BULGARIA)

lanko Gerdjikov?, Dian Vangelov’, Alexandre Kounov?

1 Sofia University “St. Kliment Ohridski”, 1504 Sofia; janko@gea.uni-sofia.bg
2 Department of Environmental Science, Basel University, CH-4056 Basel; a.kounov@unibas.ch

ABSTRACT. The northwestern narrow tip of the Upper Cretaceous Panagyurishte sedimentary strip is cropping out along the eastern-north-eastern margin of the
Neogene Sofia graben. In this area the sedimentary strip is split in two parts separated by an uplifted pre-Upper Cretaceous basement block. Both parts show
syncline geometries with cores built of Upper Cretaceous rocks. The synclines are striking NW-SE and are extremely asymmetrical with vertical to overturned
southwestern limbs. Within the overturned limbs meso-scale structural features such as imbrications, folds and small-displacement faults indicate strong flattening of
the rock volume under generally top-to-the-N shear. These features were observed along the Kamenitsa-Rakovishki and Negushevo fault zones. Due to the relatively
poor outcrop conditions the precise dips of these fault zones are still poorly known and there are no data about the fault cores. Thus, the general north-vergent
character of the both fault zones is assumed on the basis of the semi-penetrative small-scale structures within their inmediate footwalls and field relations. Our new
data suggest that the northward translations along the Negushevo fault zone resulted in formation of approx. 30 long and 2 km wide basement uplift.

Keywords: Late Alpine tectonics, fault zones, Upper Cretaceous, Srednogorie

FNMABHW PA3JIOMHU 30HW KOHTPOJNTUPALLW KbCHOANTMUACKATA CTPYKTYPA B PAMOHA HA U3TOK OT COOUA
(CPEOHOIrOPCKA 30HA, 3AMAOHA BBITAPUA)

SHko Mepdxukoe?, JuaH BaHzenoe!, AnekcaHdbp KyHoe?

T Cogputicku yHusepcumem “Ce. KnumeHm Oxpudcku®, 1504 Cogpusi

2 [lenapmamerm Hayku 3a npupodHama cpeda, YHueepcumem basen, CH-4056 bazen

PE3IOME. B n3toyHaTa v ceBepon3toqHa nepudepus Ha HeoreHckist Cocpuitcku rpabeH ce paskpuBa ceepo3anafHUsT 3aBbpLUEK HA FOpHOKpeAHaTa MMaHartopcka
uBuUa. Ha u3ToK TS MMa MOHOMUTEH XapaKTep, AoKaTo Ha 3anap (B M3cnefBaHWs pailoH) e pasfeneHa Ha ABe 4acTu OT uagurHat 6rok Ha Jo-ropHokpegHaTa
noAnoxka. M B ABETe YacTy Ha MBMLjATa NNacToBeTe Ha NOCT-XepLyHCKaTa Noasoxka 0pOPMST CUHKITMHAMHN MbHKW C SAPa, U3MbIHEHN OT FOPHOKPEHIN CEANMEHTU.
CuHknuHanute ca ¢ nocoka Ha ocute NW-SE 1 ca cunHo acumeTpuyHm ¢ BepTUKanHu unm npeobbpHaTh torosanagHu 6eapa. B tean reHkoBy Beapa meomaliabHu
CTPYKTYpW KaTo UMBPUKALMM/LyniekeH, MbHKA W MankoamniuTygHU pasnomMy WHOWKMPAT CUMHO W3CTWUCKBAHE Ha pa3pesa W HAcOYeHW KbM CEBEp CPsi3BaHMS.
PeroHanHo nposiseHOTO NpeobpbliaHe Unu BepTUKaNM3MpaHeTo Ha pa3peaunTe, kakTo U hopMMpaHeTo Ha Me3omallabHuTe CTPYKTYpW CBbp3BaMe C TpaHcnauumTe
no Kamenuwwko-Pakosuikata u Herywesckata pasnomHi 3oHa. Mopaan oTHocuTenHo cnabarta paskpuTocT, YCTaHOBABAHETO HA TOYHWS HAKIMOH Ha Te3un 30HU e
HEBB3MOXHO, a CbLLO Taka HAMa jaHHK 3a CTpoexa i 0CoBeHOCTUTe Ha pasnomHuTe sapa. Mopaau ToBa CeBEPHOBEPreTHUAT XapakTep Ha Tean B pasfioMHM 30HN
ce MoTuUBMpa Ha Ba3aTa Ha HamM4MEeTO Ha MOYTU NMPOHUKBALLUMTE ME3oMaLLabH CTPYKTYpU B 0BEMUTE Ha TEXHUTE HEMOCPELCTBEHW Nexalun 6rokoBe, KakTo U Ha
HSKOM TEpeHHU [OaHHW. BeposiTHO ceBepHO HacouyeHUTe TpaHcrmauum no HerylweBckaTa 30Ha ca AoBenu A0 (hOPMUPAHETO Ha W3aMraHe Ha (hyHOameHTa,
npubnuautento 30 km AbAro u 2 km Wnpoko, KOETO e JOBENO A0 Pa3AeNsHETO HA FTOPHOKPEeHaTa UBULA HA ABE YaCTy.

KntouoBu gymu: KbcHOaNMMitcKa TEKTOHMKA, pa3noMHy 3oHu, FopHa Kpeaa, CpeaHoropue

Introduction uplifted prominent basement block (Fig. 1). Two important

tectonic zones are marking the southern margins of both

Economically important Upper Cretaceous rocks, part of branches. The aim of the current contribution is to re-evaluate

the large Apuseni-Banat-Timok-Sredna Gora volcano- their character and significance on the basis of new structural
sedimentary belt (Gallhofer et al., 2015), is traced from the studies and tectonic analysis.

area of the town of Panagyurishte to the NE margin of the
Neogene Sofia graben in Western Bulgaria. Known as
Panagyurishte strip (Bon&ev, 1940), this belt incorporates Geological setting
Upper Cretaceous sediments, volcanic and magmatic rocks as

well as locally uplifted blocks of pre-Upper Cretaceous Key elements of the Alpine structures cropping out along the
basement. All rocks are often strongly deformed and since the eastern margin of Neogene Sofia graben are NW-SE to E-W
pioneering works of Poushkarov (1927) and Dimitrow (1936) trending fault zones that juxtapose pre-Alpine basement to the
the presence of upright regional-scale folds is well- rocks of the Cretaceous cover. The northern zone is
documented. While in the area of Panagyurishte the Upper Negushevo fault zone (Bontscheff, 1910) while the southern
Cretaceous rocks form a coherent unit, to the NW, the one is known as Kamenitsa-Rakovishki fault zone (Fig. 1;

Panagyurishte strip is split into two branches separated by the Poushkarov, 1927; BonCev, 1940; lliev, Katskov, 1990;
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Katskov, lliev, 1993). Despite the fact that they have been
known for about a century (Poushkarov, 1927; Ivanov, 1940;
Boncev, 1940) and detailed geological mapping was done in
the area (Tzankov, 1961), almost nothing is known about their
exact geometry and kinematics. Since the earliest studies it
has been suggested that these main fault zones are rather
steep to almost vertical. Without providing new structural data
Angelov et al. (1992; 1995) interpreted them as reverse faults
and drew highly mobilistic picture of extremely imbricated

23.660

23.840

[ Paleocene

I K2 plutons

[ K2 rock associations

28 Srednogorie basement (BU)

24.020

thrust stack. Another model was suggested by Ivanov (1998,
2017) who reinterpreted Kamenishko-Rakovishka zone as a
major strike-slip fault.

In the study area the pre-Alpine basement consists of
several Variscan units, whereas the high-grade gneiss-
dominated unit has the largest areal extent (Pirdop gneiss
complex — Angelov et al., 2010c, d; Central Srednogorie High-
grade Metamorphic Complex — CSHGMC - this work).

42.800

42.680

42.560

42.440

[ Plakalnitsa basement

Fig.1. Tectonic sketch of a part of the Srednogorie Zone east of Sofia
Numbers: 1, Kamenitsa-Rakovishki fault zone; 2, Negushevo fault zone; 2A, Upper imbricate of Negushevo zone, south of Makotsevo village; 3,
Mirkovo fault zone; 4, Plakalnitsa fault zone. Abbreviations: BU, Basement Uplit; CSHGMC, Central Srednogorie High-Grade Metamorphic

Complex; 1YSZ, Iskar-Yavorishka Shear Zone

This unit is tectonically covered by a low-grade Frolosh unit
which in the studied area consists mainly of “green rocks” —
various in composition and fabric metabasic rocks. The
uppermost position in the Variscan basement is built of weakly
metamorphosed sediments — metapelites, metasiltstones and
quartzites. Based on lithological similarities these rocks are
considered as part of the Ordovician Grohoten Formation
(Angelov et al., 2010c, d).

Triassic and Jurassic rocks are locally preserved. Details
about Upper Cretaceous stratigraphy can be found in Angelov
et al. (1992), Sinnyovsky (2005) and Angelov et al. (2010c, d).

Preliminary tectonic analysis and preparation for
field work

Initial desktop GIS-based study was conducted as a first
step of our research. We analysed all available map and cross-
section data and they were incorporated into a GIS project.
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[ Srednogorie basement (mainly CSHGMC) ™ Main Late Alpine fault zones

The geological data were cross checked against satellite and
aerial imagery, thus allowing to delineate properly some
geological boundaries. Since no precise descriptions about the
dips of the main fault zones are available, geometric
calculations were applied using three point problem method of
the GeolMapDataExtractor software (Allmendinger, Judge,
2013).

The main results of this initial analysis are the following: 1)
Remote sensing analysis clearly indicates that the existing
geological maps (Angelov et al., 1992; Angelov et al., 2010a,
b, ¢, d) do not show the real aerial extent of the Quaternary
deposits. And this was confirmed via ground-truth collected
data that also indicate that the aerial extent of the Miocene-
Quaternary cover is much larger. The presented map (Fig. 2) is
an attempt to show the real distribution of pre-Miocene
basement. 2) Data analysis allow to propose synthesis of Late
Alpine tectonics of the area (presented below) 3) Areas were
delineated, where good outcrop can be expected to provide the
necessary structural data.
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Fig. 2. Geological map with simplified stratigraphy and fault network
Numbers: 1, Kamenitsa-Rakovishka fault zone; 2, Negushevo fault zone; 2A, Upper imbricate of Negushevo zone. Abbreviations: CSHGMC,
Central Srednogorie High-Grade Metamorphic Complex

Field data almost vertical contact. Unusually, strain localisation was not
observed either on the very contact or within 2-3 metres of
Situated at the margin of the Neogene Sofia graben, large both sides of the contact.
part of the area is covered by Miocene and Quaternary Numerous  structural data indicate that the Upper
sediments and their basement is cropping out sporadically, Cretaceous rocks from the footwall record strong shortening.
with the exception of the southern foot of Stara Planina On outcrop-scale this is marked by presence of cm-metre
Mountain. Field work was conducted along several profiles, scale folds, often pronounced cleavage and presence of small-
oriented orthogonal to the strike of the main fault zones. scale crosscutting bedding faults. Very informative outcrops
were studied in the area SW of the village of Gorna Malina.
Kamenitsa-Rakovishki fault zone Here Ordovician rocks are in contact with Turronian
In the studied area this zone is marked by the contact sandstones, siltstones and sandy limestones. Siltstones are
between the Ordovician basement and Upper Cretaceous penetratively cleaved and in some levels shallowly dipping to
rocks. Due to poor outcrop conditions it is impossible to the S, SW, striated fault planes are rather common. They
observe the exact contact. The trace of the zone can be strongly resemble S1-C’ fabric (Fig. 3).
approximately mapped using sporadic outcrops and floating Calcite fibres, as well as deflections of the cleavage toward
pebbles in the soil. Following its trace on the map and the fault planes, indicate top-to-the N, NW sense of shear. In
considering the steep dip of the Upper Cretaceous sediments it other cases (Fig. 4) striated fault planes are parallel to the
could be suggested that it is steeply dipping to the S. Only in penetrative cleavage. In rare cases, again in weaker siltstone
one locality, SW of the village of Gorna Malina (E 23.68186, N lithologies, imbricated or duplex structures, indicating top-to-
42.69218), the contact can be observed. Here, the Ordovician the N, NW shear are observed.

quartzites are juxtaposed to the Turronian sandstones along
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Fig. 3. Strongly cleaved (S1) sandstone with numerous shallow
dipping to SW shear surfaces (white arrows) indicating top NW
shear (E 23.68263675, N 42.69177306)

Fig. 4. Penetrative cleavage within siltstones and striated fault
planes (arrows). Same locality

North of the village of Gajtanovo the immediate footwall of
Kamenishko-Rakovishka zone is built by pinkish limestones
belonging to the Mirkovo Formation. Bedding measurements
indicate presence of decametre-scale tight upright folds with
subhorizontal axes, trending parallel to the fault zone and axial
planes being either vertical or steeply dipping to the S, SW. In
an old excavation a mesoscale fold illustrates well this style of
deformation (Fig. 5).
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Fig. 5. Upright fold with axes 320/5. North of Gaytanevo village

Negushevo fault zone

In the area of Negushevo village the zone is traced along
the contact between the Ordovician low-grade metasediments
and the Upper Cretaceous sediments. North of Negushevo
railway station the Ordovician succession is represented by
greenish phyllites and grey, fine grained quartzites.
Unfortunately, in the massive quartzites bedding and foliation
have not been recognized. In the vicinity of the contact foliation
the phyllites are dipping steeply (60-78°) to the S. Closer to
the contact, the Upper Cretaceous sequence is represented by
the red limestones of the Mirkovo Formation. The only place
where close relations between the Ordovician and the Upper
Cretaceous sediments can be observed is a section along the
road to Negushevo village that continue along unpaved road (E
23.71998, N 42.72370). There the Ordovician phyllites are
steeply dipping to the S. At the beginning of the unpaved road
grey quarzites are cropping out. About 2 m northward (after an
interval covered by soil and debris), below the Ordovician
quartzite, strongly cleaved Upper Cretaceous red limestones
are cropping out, whereas the contact between the two units
was not observed. Cleavage is dipping steeply 70-80° to the
south.

Eastwards, after being covered by the thin Quaternary
cover of Sarantsi graben, the fault zone re-emerges in the SE
outskirts of the village of Chekanchevo. Here, the Ordovician
quartzites form spectacular outcrop just S of the centre of the
vilage. On the easternmost margin of the village the
Ordovician phyllites build the top of a small hill. Down-slope, to
the north, after several metres covered interval there are
outcrops of grey marly limestones, probably belonging to the
Mirkovo Formation (E 23.77855, N 42.70023). The primary
bedding is not recognizable as the main fabric is penetrative
cleavage with steep (75°) dip to the S. These relations
unambiguously indicate that the fault zone is steeply dipping to
the S.

Further eastward the geometry of the fault zone is more
complicated and it is represented by a splay of two or three
stacked imbricates. Here, in the area south of Makotsevo
village, field data, as well as calculaton made by
GeolMapDataExtractor software suggest that the Variscan
basement (Ordovician rocks and CSHGMC) structurally
overlie, along moderately dipping to the S (SW) contact,
different units of the Upper Cretaceous succession. The upper
thrust slab (labelled 2A in Fig. 1 and 2) is characterised by
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normal stratigraphic succession: the lowermost part is built by
thin (up to tens of metres) level of Ordovician phyllites and
quartzites that are covered by coarse grained, red Upper
Carboniferous molasse-type sediments. These rocks are
covered by complete Jurassic succession. Internal deformation
within this thrust slab was not observed. Strongly cleaved
Turonian rocks or older Mezosoic units are building up the
immediate footwall of the Upper imbricate.

The lower thrust imbricate emplaces Variscan gneisses
(CSHGMC) and their Mezosoic cover onto various units of
Upper Cretaceous sequence. According to Bonéev (1940) and
Angelov et al. (2010c, d) this is an independent fault zone
called Frelin thrust that just by coincidence merges to the NW
perfectly with Negushevo fault zone (cf. maps in the cited
above publications). Our preferred interpretation is that the
main fault zone is represented by the lower imbricate, thus we
interpret Negushevo zone as NW-SE trending Late Alpine fault
that probably merges further SE with Petrich fault (BonCev,
1940).

Synthesis of Late Alpine tectonics

Field data as well as calculations made using the
GeolMapDataExtractor software indicate that both Kamenitsa-
Rakovishki and Negushevo fault zones are steeply dipping to
the south. The precise angle is difficult to estimate, and of
course, for some of the segments of these zones, later
reactivations which have changed the original dip cannot be
excluded. Such reactivation seems the most plausible
explanation also for the observed lack of intensive deformation
at the supposed position of Kamenitsa-Rakovishki zone SW of
the village of Gorna Malina. In most of the cases the dips of the
fault zones are steep (>60°) and only in the area S of
Makotsevo village the dip of Negushevo fault zone is
moderate.

Fault cores of both zones are not cropping out, but on the
basis of the character of small-scale structures in their
footwalls (the case of Kamenishka-Rakovishka zone) and field
relationships between the Variscan basement and the Upper
Cretaceous sediments around villages of Makotsevo and
Chakanchevo (the case of Negushevo zone) they can be
regarded as N-NE-vergent compressional fault zones. The
small-scale structures include decimetre-metre scale imbricate
structures, stacks of lineated fault surfaces, north-vergent
shear-related folds, etc. Our data indicates that in a number of
cases these structures are often found in the immediate
footwalls of the main fault zones. These findings are
complemented by similar observations in the area of
Topolnitsa River.

In a regional scale the Upper Cretaceous sequences form
footwall synclines with subhorizontal axes trending parallel to
the main fault zones. The synclines are strongly asymmetrical
and have both overturned or vertical southern limbs and
normal northern limbs. Greater complexity is typical for the
inverted limbs while northern limbs, in most cases, preserve
intact stratigraphy that can be used as a key to decipher the
nature of the stratigraphic sequences within the different parts
of the Upper Cretaceous basin. Features as inverted
sequences, presence of strongly sheared domains, etc., all
indicate that southern limbs are affected by secondary top-to-
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the-north faulting. Recently Butler et al. (2018) made a detailed
review of the structural complexities and the possibilities for
multiple structural scenarios in the similar thrust footwalls
setting. Although not so well outcropped, the lack of significant
late overprint of the immediate footwalls of both compressional
fault zones in our studied area provides important insights into
such complicated setting described by Butler et al. (2018). For
example, our new data can further help constraining structural
geometry and evolution in the footwall of Mirkovo fault zone
(Fig. 1) — a zone severely overprinted by Miocene-Quaternery
normal faulting.

The synclines (Makotsevo-Smolsko, Negushevo and
Belopopsko-Kamenishka) have been known since pioneering
researches in the area (lvanov, 1940; Tzankov, 1961), but it
must be noticed that they do not form classic syncline-anticline
pairs as suggested previously (Tzankov, 1961; Angelov et al.,
2010a, b, ¢, d), because the anticlines are simply not existing.
What was described as anticlines (Babutitza-Voynyashka and
Srednogorska) are actually south-dipping monoclines
underlined by top-to-the-N fault zones (Negushevo and
Mirkovo zones, Fig. 1). The origin of regional uplift at the place
of the so called Babutitsa-Voynyashka anticline can be related
to the uplift in the immediate hanging wall of the Negushevo
fault zone. Such uplift is responsible for the division of the
Panagyurishte sedimentary strip into two branches and the
strong squeezing of the Upper Cretaceous sequences in the
northern branch (especially pronounced north of Negushevo).

The relative timing between folding and movements along
the main fault zones has long been commented. Recently, it
was explicitly stated that the folding of Upper Cretaceous
sequence and the movements along the main fault zones are
temporarily distinct events (Angelov et al., 2010a, b) — the first
one regarded as a result of the Laramian (latest Cretaceous)
deformation, while the second one — as a product of the lliryan
(Eocene) compression. Despite being not conclusive, our data
fit better with a model of simultaneous formation of these two
types of structures. This is in line with the original ideas of
Boncev (1940) and interpretations of lvanov (1998; 2017).

The proposed tectonic synthesis is a product of ongoing
research that must be further supplemented by balanced
cross-sections and shortening estimates (work in progress, not
presented here). As often in such models it will probably
require further changes in the interpretations as a result of
acquired new data.
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GEODIVERSITY OF KHIBINY MOUNTAINS IN KOLA PENINSULA, NORTH-EASTERN
FENNOSCANDIA AS A BASIS FOR GEOPARK DEVELOPMENT
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ABSTRACT. Geodiversity of the Khibini Mountains has two main aspects: petrographic/mineralogical and geomorphological. The first aspect makes this low
mountain massif situated in the central part of the Kola Peninsula, in the northwestern part of the Russian Federation, world famous for its enormous mineral diversity
and the richest apatite-nepheline ore deposits in the world. As a part of the Baltic shield, it is built mainly of Lower Palaeozoic crystalline rocks and represents an
intrusive alkaline massif in the contact of granulite-gneiss complexes of the Archaen Kola Series (Central Kola megablock, including the oldest rocks in Europe) and
Proterozoic Imandra-Varzuga volcanogenic-sedimentary belt. More than 1000 mineral species are found in Khibiny Mountains and 115 of them are described for the
first time in the world. The second aspect, the geomorphological diversity of Khibiny Mountains with high aesthetic value, reflects their complex glaciation history
including various glacial formations such as cirques, glacier valleys, different types of moraines, fluvioglacial deposits, relict and contemporary cryogenic formations.
For a long time Khibiny Mountains have been a very popular place among geotourists. Several popular geotrails transecting Khibiny allow to visit also old abandoned
mining sites of rare-elements. There are two geological museums in the local towns of Kirovsk and Apatity with great collections representing the unique Khibiny
minerals and rocks.

Keywords: Kola Peninsula, Khibini Massif, geodiversity

FEOPA3HOOBPA3UETO HA XUBUHCKWUTE NIIAHWHW B KONCKUA NONYOCTPOB, CEBEPOU3TOYHA ®EHOCKAHOUA,
KATO OCHOBA 3A PA3PABEOTBAHE HA MEOMAPK

Humumbp Cunboecku, Jumka CuHboscka', Hamanus Kanyuykoea?, Hukonali poHuH?, Hamanus TenHoea’, AHOpel
Medsedes?

T Murro-2eonoxku yHusepcumem “Ce. Wear Puncku®, 1700 Cogpus
2 Mockoscku ObpxaseH yHusepcumem “M. B. JlomoHocos”, 119991 Mocksa
3 [eoepacpcku uHcmumym, Pycka akademusi Ha Haykume, 119017 Mockea

PE3IOME. l'eopasHoobpaaneTo Ha XnbuHckuTe nnaHnHM UMa ABa IMaBHM acnekTa: neTporpadicko/MUHepanoxki u reomopdonoxkn. MpBuST acnekT npasyu TO3u
HUCKOMMaHWHCKM MacwB, PasnoNoXeH B LigHTpanHaTa yact Ha Komckus nonmyocTpoB B CeBeposanagHaTta yact Ha Pyckata cenepaluysi, CBETOBHO M3BECTEH C
OrPOMHOTO CW MMHepanHo pasHoobpasve M Han-GoraTute anaTUT-HedenuHoBM pyau B cBeTa. KaTo yact oT banTwiickvsi wwT, TOW € W3rpajeH rmaBHO OT
Naneo3oickn HUCKOMETaMOP(HM KPUCTANMHHW Ckanmu W NpeAcTaBnsBa WHTPY3MBEH ankaneH MacB Ha KOHTAKTa Ha rpaHynuTO-THACcOBUTE KOMMMEKCH OT
apxaiickata Koncka cepusi (LieHTpaneH Koncku merabnok, BkntouBaly Hali-cTapuTe ckanv B EBpona) n npotepo3oiickus BynkaHOreHHo-ceAnmMeHTHus nosic imanpapa-
Bapayra. B XubuHckute nnaHuHmu ca oTkputi Hag 1000 Buaa MuHepanu, 115 OT KOMTO Ca OMMCaHW TyK 3a MPBB MbT B CBETA. BTOpUAT acnekt, reoMopdonoxoTto
pa3Hoobpa3ie Ha XMOMHCKUTE NNaHWHM C BUCOKA ecTeTidecka CTOMHOCT, 0TPa3siBa CroXHaTa UM NeJHUKOBa UCTOPUS, BKIKOYBALLA NEeAHUKOBM penedHi hopmm
KaTo LMpKyCH, pasnuyHi BWAOBE MOpeEHW, (hryBMOrMaLManti OTIIOKEHNS, PENUKTOBN U CbBPEMEHHM kpuoreHHn obpasysaHus. OT gocta Bpeme XubuHckuTe
MMaHHM Ca MHOTO MONYMSIPHO MSACTO Cpef reoTypucTuTe. HAKOMKO MOMYyNsipHW reombTeku, npecuyaluy XvbnHnTe, NO3BONSBAT fja Ce NOCETAT CTapy U30CTaBeHN
pyoHWUM 3a pefku enemeHTn. B mectHute rpapose Kupock v Anatuti vma fBa reomnoxkun Mysesi ¢ boraTu Konekuuv, NpeacTaBALLM YHUKAMHUTE XUOUHCKM
MUHEpanu 1 ckanu.

KniouoBu gymu: Koncku nonyoctpoB, XubuHcki1 macuB, reopasHoobpasuve

Introduction mountain valleys are widened, deepened and smoothed to
form a U-shaped glacial troughs, as it is sometimes. At the end
The Khibiny Mountain massif (Fig. 1) is within the Polar of the glacial valleys, where the glaciers left the mountain and
circle in the central part of the Kola Peninsula between flowed into the polar ice shield, triangular-shaped cliffs, called
Imandra and Umbozero Lakes. The morphology of the massif ~ runcated spurs, were formed. .
is low mountainous with the highest peak Yudichvumchor From geological point of view this massif is a part of the
(1200 m) which is rounded and flat, as most of the peaks in the Baltic (Fennoscandlgn) Shield belonging to the East Europegn
mountain. Their slopes are steep with numerous firn fields, Craton, representing a large part of Fennoscandia,
cirques and small glaciers. There are many remnants of the northwestem Russia and the northem Baltic Sea. It is
Quaternary glacial history in the area. During glaciation, the composed mostly of Archean and Proterozoic gneisses,
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greenstones and other high-grade metamorphic rocks
including the oldest rocks of the European continent.

The Baltic Shield yields important industrial minerals and
ores, such as those of iron, nickel, copper and rare metals. The
development of rich apatite deposits in the Khibiny Mountains
begins after the geological study of the famous Russian

mineralogist A. E. Fersman during the 20-30th years of the

T TR ey

twentieth century. Fersman is the founder and chairman of the
Khibiny research mountain station of the USSR Academy of
Sciences "Tietta" (1930-1938), later transformed into the Kola
branch of the USSR Academy of Sciences (now Kola Scientific
Centre of the Russian Academy of Sciences). Fersman’s
expeditions discovered the Khibiny apatite deposits, the world's
largest apatite deposits.

Fig. 1. The Khibiny Mountain is a low mountainous massif in the centre of the Kola Peninsula with rounded peaks, glacier valleys and

cirques
Geological setting

The Kola Peninsula is the north-eastern suburb of the
Baltic shield. It is built mainly of lower Paleozoic, Proterozoic
and Archean crystalline rocks, among which are the oldest
rocks in Europe. Structurally it is divided into 4 parts: the
Murmansk Block (along the Barents Sea), built of Archean and
lower Proterozoic rocks; Belomorian Block (southwestern and
southern parts of the peninsula), built of Archean Belomirian
rocks; Granulite belt (northwest) and Karelitic geosyncline
folded zone (in the central part) formed through the early and
middle Proterozoic.
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—
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Fig. 2. Geological map of the Khibini Mountain (after Mitrofanov,
2001): 1, nepheline syenite (Devonian); 2, alkaline dykes, pikrit,
kimberlite, carbonatite (Devonian); 3-7, Lower Proterozoic (Kalevian-
Sumian): 3, basalt-porphyry, diabase (Kalevian); 4, diabase, basalt-
andesite-porphyry (Yatulian), 5, pikrit-diabase porphyry (Sariolian), 6,
riolite-dacite, dacite, andesite-dacite (Sumian), 7, basalt-porphyry,
mandelsteine, diabase (Sumian); 8, Upper Archean (Lopian) -
granodiorites, tonalities, enderbites
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The Khibini Mountains represent an intrusive massif
composed of nepheline syenites, to which rich apatite-
nepheline deposits, such as Kukisvumchor, Yukspor,
Radvumchor, etc., are attached. It is an approximately 350 Ma-
old multiphase intrusive with the total area of 1327 km2
intruded in late Archean (Lopian) granodiorites, plagiogranites,
harzburgites and gabbro as well as various early Proterozoic
volcanic rocks - Kalevian-Yatulian basalt porphyry and
diabase, Sariolian pikrit-diabase porphyry and Sumian riolite-
dacite, dacite, andesite-dacite, basalt porphyry, mandelsteine
and diabase (Fig. 2). This unique intrusive massif is formed of
compositionally and structurally varied nepheline syenites
crystallised from magmas intruded along conic faults
(Voyteckhovsky, 2014). The magmatism ended with dykes of
phonolites and tinguaites having intruded along faults.

Geodiversity

Geodiversity of the Khibini Mountains can be considered in
two main  aspects:  petrographic/mineralogical  and
geomorphological. The first aspect is the basis of the idea for
geopark development. Due to the multiphase magmatic activity
during Paleozoic a huge variety of minerals have been formed
that made the Khibini Mountain massif world famous
mineralogical deposit, often called the Mecca of minerals. More
than 1000 types of minerals are found here, 115 of which are
described for the first time in the world. Another outstanding
feature of the Khibiny minerals is that they occur in the form of
big crystals and aggregates. Among the most frequently
encountered giant forms are the crystals of eudialyte, aegirine,
astrophillyte, apatite, titanite, nephelline, lamprophyllite,
granate, as well rare minerals such as cancrinite, villiaumite,
lomonosovite, mosandrite, fersmanite, murmanite, natrolite,
narsarsukite, annite, etc. (Plate I, 1-19).
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Along with the unique minerals, many unique petrographic
varieties are encountered in Khibiny Mountains, such as
khibinites, lujavrites, foyaites, tinguaites, urtites, etc. (Plate II,
1-16). Many of these rock varieties are of great decorative
value and can be promoted as a raw material for the
production of rare decorative stones. All this mineralogical
treasure is stored in two professionally arranged museums: the
Mineralogical museum of the Kola Science Centre of Russian
Academy of Sciences in the town of Apatity (Fig. 3) and
Mineralogical museum in the town of Kirovsk (Fig. 4).

Fig. 3. Mineralogical museum of the Kola Science Centre of
Russian Academy of Sciences in the town of Apatity, Kola
Peninsula
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Fig. 4. Mineralogical Museum in the town of Kirovsk, Kola
Peninsula

The second aspect, the geomorphological diversity of
Khibiny Mountains with high aesthetic value, reflects their
complex glaciation history including various glacial formations
such as cirques, glacier valleys, different types of moraines,
fluvioglacial deposits, relict and contemporary cryogenic
formations. During the Quaternary glaciations the ice of several
short mountain glaciers flowed into the great continental glacier
(ice sheet), forming typical U-shaped glacier valleys of Belaya
River, Malaya Belaya River, Golcovka, Kuniyok,
Kaskasnewyok, Tuliyok, and Vuonemyok. Glacial lakes are
very characteristic feature of this polar landscape. While the
big lakes surrounding Khibini Massif — Imandra and Umbozero
are of tectonic-glacial origin, the small lakes such as Bolshoy
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and Maliy Vudyavr near Kirovsk, Golcovoe, Verhniy and
Nizhniy Newyavr, are of glacial origin. There are also several
tarns formed in the deep cirques mainly in the western part of
the mountains. The largest tarn is Ozero Academicheskoe,
which is the source of Yuzhnoy Kaskasnewyok River. On the
western slope of the Belaya glacier valley near Kirovsk
glacially plucked bedrock of trachytoid khibinites can be
observed (Fig. 5).

Fig. 5. Western slope of Belaya glacier valley SW of the town of
Kirovsk is a glacially plucked bedrock of trachytoid khibinites

It was at the exit of the glacier valley where the small
mountain glacier was flowing into the large sheet glacier. Tens
of cirques in the feeding area of the mountain glaciers are
carved during the Quaternary glaciations. Only in the vicinity of
the town of Kirovsk more than 10 circuses can be counted,
which give the alpine appearance of the otherwise low
mountain.

One of the largest cirques Snezhniy (Fig. 6) is developed in
the feeding area of Belaya glacier valley east of the famous
Fersman’s Rock that rises on the western slope of the valley
(Fig. 7). Different kinds of moraines are developed here.
Lateral and bottom moraines predominate in the glacier valleys
(Fig. 8) while outside the mountain, ground moraines are
developed, formed by the continental sheet glacier that
covered the surrounding terrain where erratic boulders are
frequently encountered in the lesotundra (Fig. 9).

Fig. 6. Snezhniy cirque in the feeding area of Belaya River
Glacier
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Fig. 8. Moraines with tundra vegetation represented by dwarf
shrubs, grasses, mosses, and lichens

Fig. 9. Erratic boulders in lesotundra south of Knibini Massif
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Geotourism

Most of the geological landmarks in the area are related to
the activities of the Finnish geologist W. Ramsay and the
Russian academician A. E. Fersman. Due to Fersman’s
expeditions in the 1920’s and 1930’s the mineral deposits in
the area are systematically studied and industrially developed.
A good basis for geotourism development in the Khibini
Mountains are the routs described by Voytekhovsky (2014) in
the form of a guidebook application to the geological map of
the Khibini Mountain at a scale 1:50000, published by the
Geological Survey of Finland and the Geological Institute of the
Kola Science Centre of the Russian Academy of Sciences.

Within 16 routes the most famous geological and
geographic  sights associated with the history of
geological/geographic studies of the Khibines are described.
Among the most famous routes are the Fersman’s Tralil, along
which A. E. Fersman passed for the first time in the Khibiny on
August 25, 1920, the Molybdenite Mine and Geographers’
Pass with mount Vudyavrchorr, Lake Maly Vudyavr with the
first mountain station “Tietta”, Ramsay Gorge with Malaya
Belaya River valley, Western and Eastern Petrelius Passes,
Aku-Aku Gorge, Eveslogchorr mount astrophyllites, and so on.

All these merits of the Khibini Mountains make this polar
mountain very attractive in terms of geoconservation and
geopark establishment. The recent development of its status in
the context of its proclamation as a national park under the
management of the Lapland Reserve, is a step in the right
direction. However, the development of a Geopark is related to
the activation of the local initiative and the provision of own
funding. Despite the difficulties, the Khibini Mountain,
representing an invaluable mineralogical treasure of global
importance, deserves to take its place among the most
attractive UNESCO geosparks.

Acknowledgements. This research has been supported by the
National Science Fund under the contract DNTS/Russia 02/14 and
contract 18-55-18013.

References

Mitrofanov, F. P. (Ed.) 2001. Geological Map of Kola Region.
Ministry Natural Resources of Russia, Comm. Nat.
Resources Murmansk District, Russian Academy of
Sciences Geological Institute KSC RAS, Apatity.

Voytekhovsky, Y. L. 2014. Khibiny Tundra. Geological Outdoor
Map 1:50000 and Guidebook. Grano Oy, Rovaniemi,
Finland, 56 p.



Journal of Mining and Geological Sciences, Volume 62, Number 1, 2019

Plate I: 1, Eudialyte, Kukisvumchorr, Apatiti Museum; 2, Astrophillyte, Eveslogchorr, Apatiti Museum; 3, Radiate-fibrose aegirine with
eudialyte, Lovozero, Apatiti Museum; 4, Villiaumite, Koashva, Kirovsk Museum; 5, Radiate-fibrose pink titanite, Kukisvumchorr, Apatiti
Museum; 6, Cancrinite, Nyorkpakhk, Kirovsk Museum; 7, Widely-banded apatite-nepheline ore, Rasvumchorr, Kirovsk Museum; 8,
Lamprophyllite, Kukisvumchorr, Kirovsk Museum; 9, Murmanite, Lovozero, Apatiti Museum; 10, Giant zircon crystals, Lovozero, Kirovsk
Museum; 11, Natrolite, Poachvumchorr, Apatiti Museum; 12, Narsarsukite, Lovozero, Apatiti Museum, 13, Annite, Kejvy, Kirovsk
Museum; 14, Fersmanite, Kukisvumchorr, Apatiti Museum; 15, Mosandrite, Kukisvumchorr, Kirovsk Museum; 16, Annite crystals in
natrolite vein, Khibini, Apatiti Museum; 17, Microcline, Khibini, Apatiti Museum; 18, Lomonosovite, Jukspor, Kirovsk Museum; 19,
Khibinskite, Hackman valley, Kirovsk Museum
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Plate II: 1, Explosive kimberlite pype “Ermakovskaya”, Apatiti Museum; 2, Eudialite urtite, Khibini, Kirovsk Museum; 3, Eudialyte
luyavrite, Khibini, Kirovsk Museum; 4, Foyaite, Eveslogchorr, Kirovsk Museum; 5, Graphic pegmatite, Rikolatva, Kirovsk Museum; 6,
Luyavrite, Lovozero, Kirovsk Museum; 7, Polished eudialyte pegmatite, Art Arctic creative centre, Apatiti; 8, Khibinite, Khibini, Kirovsk
Museum; 9, Mandelstone, Khibini, Kirovsk Museum; 170, Foyaite, Khibini, Kirovsk Museum; 71, Nepheline syenite porphyry,
Yudichvumchorr, Kirovsk Museum; 12, Nepheline syenite with eudialite, Khibini, Kirovsk Museum; 13, Dactyloscopic tinguaite,
Partomchor, Apatiti museum; 14, Milonitised gabbro, Monche tundra, Apatiti museum; 15, Murmanite jolite-urtite, Lovozero, Kirovsk
Museum; 16, Khibinite as decorative stone, Khibini, Kirovsk Museum
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MATHEMATICAL MODELS OF CONTAMINATION WITH HEAVY METALS FROM THE
ABANDONED MINES IN THE MADJAROVO ORE FIELD, EASTERN RHODOPES

Nikolay Stoyanov, Svetlana Bratkova, Stefan Dimovski

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; nts@mgu.bg

ABSTRACT. Mathematical 3D models of the flow field and of the mass transport are developed for the groundwater contamination caused by the abandoned mines
waters and for the possible drainage of the polluted groundwater flow into the Arda River. Behaviour of heavy metals Zn, Pb, Cd, and Ni in the water-saturated
medium is studied and assessments of their possible distribution in the aquifers are made. The scheme of convection-diffusion transport is used in the mass transport
models, taking into consideration the complementary processes of reversible elimination (sorption-desorption), mechanical dispersion, and mixing. On the basis of
model solutions, the water budget elements are assessed and the current limits and degree of groundwater and surface water pollution are determined for the area of
the abandoned mines in the Madjarovo ore field. A prognosis for the expansion of the negative processes in the period up to 2030 is also made. The 3D mathematical
models are developed using the computer programmes Modflow and MT3D-MS.

Keywords: groundwater contamination, flow model, mass transport model, contamination with heavy metal, Madjarovo ore field

MATEMATWUYECKKW MOLENN HA 3AMBPCABAHETO C TEXXKWU METANN OT 3AKPUTUTE MWUHU B MAIXKAPOBCKOTO
PYOQHO NMONE, N3TOYHU POOOMNN

Hukonaii CmosiHos, CeemnaHa Bpamkoea, CmegpbaH [Jumoecku

MurHo-eeonoxku yHusepcumem “Cs. Mear Puncku”, 1700 Cogpusi

PE3IOME. PaspaboTeHn ca matemaTnyecks UNTpaLmMoHHu u MurpaumuonH 3D mogenu Ha 3ambpcsiBaHe Ha MOA3EMHWTE BOAWM C U3TUYaLLM OT CTapuTe MUHM
PYOHWYHM BOAM M BB3MOXHOTO ApeHMpaHe Ha 3aMbpceHnst Noa3eMeH MoTok B p. Apga. VacnensaHo e noeeaeHueTo Ha Texkute metanu Zn, Pb, Cd u Ni BbB
BOfIOHACMTEHa CPeda 1 Ca HampaBeHU OLEHKM 3@ TAXHOTO Bb3MOXHO PasnpoCcTpaHeHue BbB BOAOHOCHUTE XOPU3OHTU. B MuUrpaLmoHHMTE MOAEnM € uanonssaHa
CXemaTa Ha KOHBEKTUBHO-AM(Y3MOHEH NPEHOC Ha BELECTBO C OTYMTAHE Ha CbIbTCTBALLMTE NpoLeck obpaTMo envMuHupaHe (copbums-gecopbuys), MexaHnyHa
[avcnepcust 1 cMecsaHe. Bb3 OCHOBa Ha MOZENHUTE PELLEHUs 32 paiioHa Ha cTapuTe MuHK B MapkapoBCKOTO PyAHO Mone e HanpaBeHa OLEHKa Ha eneMeHTUTE Ha
BOfHUS GanaHc , onpefeneHn ca CbBPEMEHHUTE TPaHULUW W CTEMEH Ha 3aMbpCsiBaHE Ha MOA3EMHUTE U MOBBLPXHOCTHUTE BOAM W € W3rOTBEHA MporHo3a 3a
pasBUTMETO Ha HeraTueHWUTE NpoLeck B neprnopa o 2030 r. Matematuyeckute 3D Mozenm ca cbCTaBeHy ¢ komnioTbpHuTe nporpamn Modflow n MT3D-MS.

Kniouosu AYMU: 3aMbpcaABaHe Ha NoOA3EeMHUTE BOAK, (*)I/IJ'ITpaLLMOHeH Mozen, MurpaunMoHeH Moaen, 3ambpcaBaHe C TeXKU MeTanu, MaA)KapOBCKOTO pyaHo none

Introduction the presence of near-surface hydraulically connected mine
workings, is responsible for the formation of ascending flows
The development of Madjarovo ore field started in 1958 and the resulting underground drainage of mine waters into the
and ended in 1997. The exploited ore bodies were grouped in terrace of Arda River at the big meander after the town of
several mining areas - Arda, Harman Kaya, Momina Skala, Madjarovo (Fig. 1). Here, during rainy seasons, these waters
and Brousevtsi (Fig. 1). The parts of the rock massif that are outflow at the ground surface along the left slope of the gorge
affected by mining activities are characterised by a very high in the area nearby the Spomagatelna shaft. According to the
water permeabi“ty and p|ay the role of Comp|ex drainage determined concentrations of heaVy metals in mine waters, the
systems. Data from the system monitoring conducted by East soluble forms of Zn, Pb, Cd, and Ni are identified as key
Aegean River Basin Directorate (EARBD) along Arda River, as contaminants.
well as hydrochemical studies carried out in 2015 by our team, Applying the Modflow and MT3D-MS computer
revealed increased contents of Fe, Mn, Zn, Pb, Cd, As, Ni, and programmes, several 3D numerical models are composed,
other heavy metals in the mine and surface waters in the regarding the conditions for the key pO”UtantS distribution in
region of Arda mining area. the main hydrogeological structures of Arda mining area — the
The abandoned mines are the main source of Paleogene poor water-bearing complex and the Quaternary
contamination. The established connections between the aquifer. The main objective of the model studies is to make a
galleries create conditions for gravitational drainage of all mine quantitative assessment and a medium-term forecast of the
waters to the cross gallery at horizon -30 m and their storage in groundwater pollution caused by the abandoned mine
the deep impermeable parts of the rock massif. The large workings and of the possible drainage of the contaminated
hydraulic head of the waters coming from the higher horizons, underground flow into the Arda River.

combined with the reduced relief forms, the tectonic faults and
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Fig. 1. Location of the study area and hydrogeological background

Conceptual model of the hydrogeological and
mining technology conditions

The following general concept for the hydrogeological and
mining technology conditions is accepted at the stage of
development of the 3D numerical models:

+ Two major hydrogeological units (HGU) — the Paleogene
poor water-bearing complex (Pg-cmx) and the Quaternary
aquifer (Q-cmx) are determined in the section down to
horizon -30 m.

The Paleogene poor water-bearing complex is composed of
volcanic rocks (latites and pyroclastites), crossed by dikes,
small intrusive bodies and faulted ore-bearing structures.
Taking into account the specific geologic-tectonic conditions
and the large-scale mining activities carried out in the past,
four hydrogeological units of lower rank (HGU1, HGU2,
HGU3, and HGU4) are differentiated into the Paleogene poor
water-bearing complex.

The Quaternary aquifer (HGUS) is formed in the alluvial
deposits that fill the Arda river terrace. It is represented by
cobblestones, gravels, and sands with a total thickness of
about 5-6 m.

The characteristics of the so-determined hydrogeological
units of different rank and the model zones delimited in their
boundaries are presented in Table 1 and Table 2.

The hydrogeological complexes are unconfined to weakly
confined. The hydraulic head is very high only in the deeper
parts of HGU1 and HGU2. In the elevated part of the studied
territory, the water table is at a depth of 40-50 m, and around
the Arda River — at 1-5 m below the ground.

The groundwater flow structure is generally controlled by the
Arda River. Local distortions are observed in the region
where mine workings are present and in the tectonic zone.
The main direction of groundwater in the Paleogene complex
is targeted towards the river terrace and the Arda River, and
the hydraulic gradient ranges from 0.008 to 0.03. The
groundwater flow in the Quaternary aquifer is orientated
along the river course and the average gradient is 0.0014.
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+ The recharge of groundwater is accomplished by a variety of
sources — precipitation, small rivers with unstable runoff,
slope waters, groundwater flow along the ore field
boundaries, and in high water periods, also by Arda River
(Table 3). According to the water permeability of the near-
surface layer, two zones characterised by different degree of
recharge are separated (MZW-1.1 and MZW-1.2). Their
range coincides with the outcrops of the Paleogene poor
water-bearing complex and the Quaternary aquifer. The
recharge rates for the two zones are determined as a
function of the average annual precipitation (577 mm), the
average annual air temperature (13°C), and the average
hydraulic coefficient in the respective zone. The achieved
values of 6E-5 m/d for MZW-1.1 and 3E-4 m/d for MZW-1.2
are refined during the calibration of the flow model.

The main part of the naturally clean and technogenically
contaminated waters in the Paleogene complex is drained
underground in the Arda river terrace, while a small part
streams on the surface and discharges into the river network.
Part of the groundwater flow in the Quaternary aquifer (clean
and polluted), especially in low water periods, is drained into
the Arda River. The remaining part drains underground
beyond the boundaries of the study area.

Main sources of contamination are mine waters from the
galleries above horizon 25 m, mine waters from the galleries
in the southern part of the Arda area, and an ascending mine
waters flow from horizon -30 m. The concentrations of key
pollutants in the galleries above horizon 25 m are assumed
according to data from chemical analyses of mine waters
from surface run-offs. Therefore, in the simulated by the
models conservative scenario, the following values are
implemented as initial concentrations in this source: Cd -
0.04 mg/l; Pb — 0.38 mg/l; Ni — 0.065 mg/l; Zn — 62.0 mg/l.
The concentrations in the ascending flow from horizon -30 m
and in the mine waters coming from south are unknown
values that are determined during the calibration of the
mass-transport models, and the above-mentioned values are
used as input data in the calibration procedure.
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Table 1. Hydrological units and model zones. Hydraulic coefficient k

Hydrological unit (HGU) HGU Hydraulic
General description (scope) Model zone Ne coefficient
I-st rank Il-nd rank Ne k. mid
First high Parts of the rock complex affected by the mining HGU1 MZK-1.1; MZK-2.1; 3.0
permeability zone activities — galleries, shafts, shattered zones, pillars MZK-3.1 '
Second high . MZK-1.2; MZK-2.2;
Pa|eogene poor water- permeability zone Tectonic zones HGU2 MZK-3.2 45
bearing complex Low permeability Regionally fractured and secondary altered parts of
zone the rock complex down to elevation 110 m HGU3 MZK-1.3 035
Very low Weakly affected by secondary changes parts of the .
permeability zone rock complex (between elevations -30 and 110 m) HGU4 MZK-2.5; MZK-3.5 002
Quaternary aquifer River terrace - cobblestones, gravels, and sands HGU5 MZK-1.4 100

Remark: The hydraulic coefficient values are assumed according to reference data for similar medium types. The values, presented in the table, are refined during the

basic flow model calibration.

Table 2. Physical and mass transport characteristics of the hydrogeological units

Volumetric mass

Longitudinal

Coefficient of molecular

HGU Ne Coefficients of distribution Ko, cm?/g
: density pn, kg/m3 dispersivity a., m diffusion Dm, m?/d Cd Pb [ Zn
HGU1 3.0
_— 1 E-4 . 15. 7.
HGU2 850 45 5 9.5 5.0 3
HGU3
—_— 21 10. TE4 10. 16. 10.
HGUd 50 0.0 05 6.0 0.0
HGUS 2100 55 3E4 85 14.0 45
Remark: Main sources of the implemented averaged values of pn, ai, Du, and Ko for Cd, Pb, Ni, and Zn: (1) Spitz, K., J. Moreno. 1996. A practical guide to
groundwater and solute modelling. JW&S, Inc., NY, p. 460; (2) Enviro Base — software product of Waterloo Hydrogeologic Inc., Ontario Canada.
Table 3. Boundary conditions
Definition of the boundary condition Type Model layers Index
We.stern.— grouqdwater ﬂow from the qncontaminated part of the Paleogene complex that is GHB ML-1, ML-2, ML-3 GHB-W ML 1-2-3
drained in the mine workings and the river terrace
Eas_tern - groundwaterﬂow from the uncontaminated part of the Paleogene complex that is GHB ML-1, ML-2, ML-3 GHB-E ML 1-2-3
drained in the river terrace
Southern (near—surf_ace part of the section) — groundwater flow from the uncontaminated part of GHB ML-1 GHB-S ML 1
the Quaternary aquifer
Southern_(ln depth) - Iatergl fI_ow (mine w_aters)_ from the galleries in the southern part of the GHB ML-2, ML-3 GHB-S ML 2-3
Arda mining area that gravitationally that is drained in the cross gallery at horizon -30 m
Cross gallery and mine galleries at horizon -30 m — ascending flow (mine waters) Specified Head ML-3 SH-BML3
Rivers — Arda River and Madjarovsko dere River ML-1 Riv ML-1
Recharge from precipitation Recharge ML-1 MZW 1, MZW-2

* The baseline concentrations of Cd, Pb, Ni, and Zn in
uncontaminated groundwater (Table 4) have been employed
as starting conditions in the mass transport models.

Table 4. Baseline concentration of Cd, Pb, Ni, and Zn

Baseline concentration Cai, mg/l

Hydrogeological unit (HGU)

Cd Pb Ni Zn
HGU2, HGU3, HGU4 8.00E-5 9.50E-3 3.50E-4  1.24E-2
HGUS 3.00E-3 9.75E-3 225E-3  1.50E-2

+ The hydrogeological conditions and the characteristics of the
key pollutants suggest that the mass transport is performed
through convection, accompanied by molecular diffusion
processes, mechanical dispersion, reversible elimination
(sorption-desorption), and mixing.

Methodology

A mathematical simulation of the conditions for pollutant
mass transport is performed by means of five 3D numerical
models, taking into account the past mining in the Arda area.
The models are composed using computer programmes
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Modflow and MT3D-MS (McDonald, Harbaugh, 1988; Zheng,
Wang, 1999; etc.). The applied approach is successfully tested
for modelling the mass transport of pollutants in different
hydrogeological conditions and for diverse in type and intensity
technogenic sources of contamination on the territory of the
Republic of Bulgaria — Kozloduy NPP; Panagyurishte mining
and ore processing region; uranium ore deposit Momino; etc.
(Stoyanov, 2012, 2019; etc.). One basic flow model and four
mass transport models are developed.

The basic flow model is a 3D simulation of the groundwater
flow structure in the model area. The model includes 3 layers
(ML) and 10 zones characterised by a different degree of water
permeability (MZK) and 2 infiltration zones (MZW) simulating
the spatial limits of the hydrogeological units and the high
heterogeneity of the medium (Fig. 2). The different boundary
conditions — lateral and ascending flows, rivers and recharge
(Table 3 and Fig. 2A), are defined with the help of the
respective packages. The model is calibrated, taking into
account the groundwater and surface water levels at four
monitoring points, applying variation in the hydrodynamic
coefficient and in the infiltration and runoff rates.
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Fig. 2. Spatial gridding of the model area, boundary conditions, and model zones: A, modelling grid and boundary conditions; B-D,
zoning according to the hydraulic coefficient in model layers ML-1, ML-2 u ML-3; E, zoning according to the recharge rate in model layer

ML-1

The 3D mass transport models simulate the movement of
the key pollutants Cd, Pb, Ni, and Zn. They are based on the
developed flow model. The calculation scheme takes into
account the processes of convection, reversible elimination,
dispersion, diffusion, and mixing. The implemented averaged
values for the parameters volumetric mass density p,
longitudinal dispersivity av, coefficient of molecular diffusion Du
and coefficients of distribution Kp are presented in Table 2. The
transverse horizontal and vertical dispersivities (ath and arv)
are determined applying the ratio aL = 10 aty = 100 awv. In the
uncontaminated part of the model area, the specified baseline
concentrations of Cd, Pb, Ni, and Zn (Table 4) are set. The
same initial values are set in the rivers and in the groundwater
flows from the unpolluted parts of the Paleogene and the
Quaternary complexes located along the external borders of
the model. In the zones with presence of galleries (MZK-1.1,
MZK-2.1, MZK-3.1) the concentrations characteristic for mine
waters and specified in the conceptual model are set. When
the mass transport models are calibrated, these values are
assumed to be initial in the ascending flow and in the mine
waters along the southern border. The model simulation covers
the period 1995-2030.

Results and discussion

The basic flow 3D model determines the spatial distribution
of hydraulic heads, gradients and velocities. The model
solution revealing the structure of the flow field is illustrated in
Figure 3. The obtained good correspondence between real and
model piezometric data guarantees the reliability of the
hydrodynamic base for the mass transport models. The water
budget for the Quaternary aquifer is presented in Table 5.

The Cd, Pb, Ni, and Zn concentration ranges defined by
the 3D mass transport models are illustrated with maps of the
contamination spread that represent the scale, magnitude and
dynamics of the negative processes in the studied subsurface
area (Figs 4-7). The selected zoning scale takes into account
the natural background, the threshold values and the quality
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standards for drinking water. Only on the Pb maps, the
external boundary is outlined by the acceptable standard value
because the values recorded for this ingredient exceed the
background and threshold values. The presented solutions
provide a quantitative esteem for the contamination of
groundwater with heavy metals by 2015 and a forecast for its
development in the period up to 2030. Based on the model
solutions, a summary map of the chemical impact on
groundwater caused by the abandoned mines in the Madjarovo
ore field (Fig. 8) is composed.

Table 5. Water budget in the Quaternary aquifer

Income elements, QN I/s

Recharge along the western boundary of the model (from the outer 1124
parts of the Quaternary aquifer) '
Recharge from Arda River 0.21
Recharge from the Inflow along the fault zone 33.21
Paleogene poor water- | Inflow from the zone of the galleries 4.58
bearing complex Inflow from the undisturbed rock massif 8.84
Recharge from precipitation 1.19
Total | 59.27
Outcome elements, QYT I/s
Drainage across the eastern boundary of the model (towards the 6.12
outer parts of the Quaternary aquifer) '
Drainage in Arda River 53.14
Drainage towards the Paleogene poor water-bearing complex in 0.02
the scope of the fault zone :
Total | 59.28

Budget error 0.02% (dlifference)

The presented results of the performed model studies give
reason to make the following summaries and conclusions:

* The groundwater flow is directed from the old galleries to the
river terrace. The difference in the hydraulic head between
the levels of the river terrace and mine waters in the near-
surface galleries is 2-3 m, and if compared to the mine water
in the cross gallery at horizon -30 m it is 1-2 m higher. This
creates conditions for ascending flows that uplift mine waters
to the surface. The large gradients of the groundwater flow
along the left slope of the gorge suggest intense drainage of
mine waters into the river terrace.



Journal of Mining and Geological Sciences, Volume 62, Number 1, 2019

Head

126.5
126.0
125.5
125.0

Z-axls
0 5010015020050

Cd
mg/l
0.10000

0.07500
0.00500
0.00377
0.00008

0.00000

(A) Estimated for the year 2015 (B) Estimated for the year 2030

Fig. 4. Mass transport 3D model; maps of Cd contamination

* The total flow from the Paleogene complex towards the
Quaternary aquifer is 46.63 I/s, and these are predominantly
(over 80%) mine waters and contaminated groundwater. The
mine waters are drained into the river terrace along the fault
zone as ascending flows with a total outflow of about 30 I/s.
Within the boundaries of the studied area, the mine and
highly contaminated waters (about 38 I/s) form about 65% of
the Quaternary aquifer resources. This implies an abrupt
change in the chemical composition of groundwater in the
river terrace, accompanied by a noticeable deterioration in
their properties.

Around 90% of the groundwater flow formed in the terrace is
drained in the narrowing at the big meander of Arda River,
which is the cause of heavy metals pollution, accompanied
by a significant deterioration of the quality of river waters.
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Fig. 5. Mass transport 3D model; maps of Pb contamination

* Groundwater pollution is concentrated in the range of mine
workings along the left slope of the gorge and in the river
terrace in the area before the big meander of Arda River.

* The total area of these parts of the Paleogene poor water-
bearing complex and of the Quaternary aquifer, where
groundwater is contaminated by mining activities is about
0.85 km2.

« The established boundaries and extent of the negative
impact caused by the abandoned mine galleries on the
groundwater and surface waters in the region remain
relatively constant over time until 2030. The prognosis
calculations show that a slight displacement of the impact
zone can be expected in the direction of Arda River.
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Fig. 7. Mass transport 3D model; maps of Zn contamination

Conclusions

The results of the performed model studies show that the
abandoned mines in the Madjarovo ore field have a noticeable
negative impact on the composition and qualities of
groundwater and surface waters in the region between the
town of Madjarovo and the big meander of Arda River. The
underground inflow of mine waters contaminated with heavy
metals is significant (about 40 I/s) and covers a section of the
river terrace over 1 km in length. Partially affected by heavy
metals pollution are the Paleogene poor water-bearing
complex, in which the ore mining activities have developed,
and the Arda River waters.
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STUDY OF ADSORPTION/DESORPTION OF ARSENATE ON/FROM GOETHITE-COVERED
QUARTZ SAND UNDER FLOW REGIME OF OPERATION

Ivelina Zheleva, Plamen Georgiev
University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; ps_georgiev@mgu.bg

ABSTRACT: The main aim of this article was to assess adsorption/ desorption of arsenate under a continuous regime of operation of a filter filled with goethite-
covered quartz sand. The results showed that at constant experimental conditions (temperature, arsenate concentration, and pH), the arsenate adsorption depends
mainly on the filter's height and the flow rate of the inlet solution injection into the filter. The following parameters: efficiency of arsenate adsorption, equilibrium
uptake, adsorbent exhaust rate, as well as the rate constant of adsorption and bed sorption capacity were determined by breakthrough curves and the applied Adams-
Bohart model. the pH of desorption solution played a paramount role in the arsenate desorption, as the process was very efficient at slightly alkaline conditions in
comparison to the desorption’s efficiency at slightly acidic pH.

Keywords: arsenate, goethite, breakthrough curves, Adams-Bohart model

U3CNEOBAHE ANCOPELVA/QECOPELIUA HA APCEHATHU MOHU BBLPXY/OT KBAPLIOB NACHK, MOKPUT C FbOTUT
MPU NPOTOYEH PEXXMM HA PABOTA

Ueenuna Xeneea, [namen eopaues

Munro-2eonoxku yHusepcumem “Ca. Uear Puncku”, 1700 Cogpusi

PE3IOME: OcHoBHaTa Lien Ha HactosiaTta cTaTus € oLeHka Ha copbuusita/gecopbupsita Ha apceH npu NPOTOYEH PEXUM Ha paboTa Ha UNTBbP, CbCTOSLL CE OT
KBapLOB MSCbK, MOKPUT C rboTUT. MomyyeHuTe pesynTaTi MokaseaT, Ye MpW MOCTOSHHW YCOBWSI HA cpedata (TemnepaTtypa, KOHLUEHTpauus Ha apceH, pH),
copbumsATa Ha apCeH 3aBMCM OCHOBHO OT BMCOYMHATA Ha (punTbpa W CKOPOCTTa Ha MOCTbMBaHe Ha pasTBopa BbB unTbpa. [Nokasatenute edeKTUBHOCT Ha
copbLys, paBHOBECHO HATOBApBaHE, CKOPOCT Ha U3TOLLEHME, KaKTO 1 CKOPOCTHAaTa KOHCTaHTa W COPOLMOHEH KanauuTeT Ha unTbpa, ca onpeaeneHn nocpencTBoM
KpuBMTE Ha copbums Ha apceH 1 npunoxeHus Mopen Ha Apamc-boxapT. pH Ha Aecopbupaluus pa3TBop, OT CBOSI CTpaHa, UMa KI4oBa Pons Mo OTHOLUEHME Ha
pecopbumsaTa Ha apceHaTHUTE WOHM OT UNTbPa, KAaTo MPOLECHT € 3HAYMTENHO Mo-edheKTMBEH NpW cnaboankanHu ycroBus B CPaBHEHWE C eheKTUBHOCTTA,
yCTaHoBEHa npy crabokucenu ycnosus.

KntouoBu gymu: apceH, reOTUT, KpuBM Ha copbuusi, Mofen Ha Anamc-BoxapT

Introduction constituents, industrial by-products/ wastes, etc.,) that could be
used (Mohan, Pittman, 2007).

The natural weathering of arsenic-bearing minerals and The previous studies have shown that goethite possesses
discharge of arsenic-containing wastes from petroleum higher adsorption capacity and it adsorbs arsenate more
refining, melting of base metal sulphide ores are the main efficiently from slightly acidic to slightly alkaline waters in
reasons for the elevated concentrations of pollutants in surface comparison to hematite (Zheleva et al., 2016). The higher
and subsurface waters. efficiency of that process is based on the inner sphere complex

Arsenic occurs in natural waters both in organic and formation between adsorbate and the mineral surface
inorganic forms, as the arsenite, As(lll), and arsenate, As(V)), (Manning et al., 1998).
are the major inorganic arsenic species. Arsenite is the The main aim of this article is to test the capability of
chemically dominant form in reducing environments, whereas, goethite-covered quartz sand to adsorb arsenate from slightly
arsenate dominates at oxidising conditions. Arsenate is a alkaline spring water under a continuous regime of operation of
chemical similar to phosphate which enhances its transport a filter column and to determine the value of some important
and accumulation of the pollutants in the organisms under parameters about that treatment.

exposure to the pollutant (Sharma, Sohn, 2009). )
Numerous methods for arsenic removal from aquatic Materials and methods
environments have been studied including ion exchange,

precipitation, coagulation, membrane filtration, flocculation, The experiments about the arsenic removal from studied
ozone oxidation, biological treatment, electrochemical spring water by means of adsorption were performed in the
treatment, and adsorption (Choong et al., 2007). Adsorption is column type reactor. The experimental set-up consisted of a
evolving as one of the most applicable method for the arsenic feed vessel (1), a peristaltic pump (2), a column (4), and a
removal from water because of the wide range of commercial vessel collecting treated solutions (4) (Fig. 1). The columns’
and low-cost adsorbents (activated carbon, oxides, height for all experiments was 10 cm. In each column, two
hydrotalcite, metal-based methods, biosorbents, soils and zones were distinguished — an adsorption and a supporting
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zone. The adsorption zone occupied the central part of the
column and it consisted of goethite-covered quartz sand
(dominant particle size minus 0.315 mm - 81%). The
supporting zones, situated in the inlet and outlet point of the
column, consisted of glass wool.

Tl
z

s 4

1

Fig. 1. Scheme of the experimental set up used in these
experiments

The surface of quartz sand was preliminary cleaned and
activated by means of treatment with 4N HCI at conditions of
agitation at a temperature of 70°C. The residual acidic solution
was separated and the quartz sand was washed three times
with distilled water. The goethite was deposited on the quartz
sand by means of its mixing with FeSQ4.7H20 and the serial
alteration of chemical ferrous oxidation (by means of H20:
addition) and the ferric iron precipitation (by means of NaOH
addition). As a result of that treatment, the colour of quartz
sand changed from snow white to yellow-brown. Each column
was filled with the relevant amount of goethite-covered-quartz-
sand. After their preparation, the adsorption zone in each
column was washed with the amount of distilled water equal to
three times the column’s operating bed volume.

The ration between the adsorption and supporting zone
changed in some experiments which had an effect on the
adsorption zone bed height. The working volume of the
adsorption zone in each column (so-called bed volume) was
determined before the start of each experiment by means of an
upward injection of water until all pores filled up with water.

The columns operated in an upward continuous regime
which provided for the optimal contact between the goethite-
covered-quartz-sand and the treated solution. The spring water
with slightly alkaline pH, spiked preliminary with arsenate (as
K2HAsOs), was used as a model solution in this study (Table
1). The temperature during the experiment was in the range of
25-27°C.

Table 1. Chemical content of water being treated

Index Value
Na, mg/L 50
K, mg/L 1.6
Ca, mg/L 3.2
F, mg/L 24
Cl, mg/L 53
S04, mg/L 20.5
COs, mg/L 24.0
HCOs, mg/L 65.5
H2SiOs3, mg/L 50.6
As, mg/L 0.025
pH 8.95
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Two types of experiments regarding the arsenate
adsorption on goethite-covered-quartz-sand were carried out.
Firstly, the effect of adsorption’s zone height in the column on
the arsenate adsorption was studied. In that case, the flow rate
applied to all columns was identical. In the second set of
experiments, the arsenate adsorption was studied in
dependence on the column’s flow rate. The adsorption zone
height of columns was constant in that case. The kinetic
parameters of arsenate adsorption on goethite-covered-quartz-
sand at flow regime of operation were determined and
assessed by means of Adams-Bohart model:

t=No.Z/ Ci.V~(1/K.C. In[(Cil Cb) - 1]

where:

Ci is the initial arsenic concentration (ug/L), Cb is the
breakthrough arsenic concentration (ug/L), t is the time of
breakpoint (hour), Nois the sorption capacity of sorbent (ug/L),
Z is the bed height of column (cm), V is the linear velocity
(cm/min) and K is the rate constant (L/mg.min). From the slope
and intercept of the respective iso-removal line, the adsorption
capacity (No) and the rate constant of adsorption (K) were
calculated.

The following parameters were measured during the
experiments: pH and the arsenate concentration in effluents.
The samples from effluent solutions were stored in a
refrigerator until the arsenic determinations. pH was measured
daily. Based on the collected data for each column, the
relevant parameters were determined: a breakthrough point;
total amount of solutions being injected into the column to the
breakthrough point (Veff), point of the column exhaustion, total
amount of arsenic entered the column until the moment of
breakthrough point (mwtar), the total amount of adsorbed
arsenic (quta), equilibrium amount of adsorbed arsenic (qeq),
the efficiency of arsenic removal (%), and adsorbent
exhaustion rate.

The desorption experiments were also carried out in a
continuous regime of operation with filter columns,
characterised with an equal bed height of goethite-covered
quartz sand and to which the same flow rate during the period
of arsenate adsorption have been applied. The arsenate
desorption was carried out with arsenic-free spring water as
the main solution, which was spiked with 75 pg/ L HPO4*
(added as Na2HPOs). The effect of pH was studied by the
addition of sulphuric acid (or sodium hydroxide) to the above-
mentioned solution with an aim to study the desorption process
at acidic (or alkaline pH). The flow rate of desorption solutions
to the columns was 0.176 L/ 24h. The effluent solutions were
collected in plastic vessels. pH was measured daily. The
samples from effluent solutions were stored in a refrigerator
until the arsenic determinations. The arsenic concentration was
measured by means of a spectrophotometer MERCK SQ22 at
820 nm and 20 mm cuvette (Johnson, Pilson, 1971).

Results and discussion

The main advantages of the pollutant removal by means of
sorption are: the process carried out without significant
changes in the water chemistry and the high percent of the
pollutant removal is combined with a lower residence time of
waters being treated. For that reason, the methods based on
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adsorption processes are preferred into practice for the
treatment of waters polluted by one or two compounds
presented in lower concentrations as a rule.

Effect of the bed height on the arsenate adsorption

The experiments were carried out with an upward injection
of arsenate-containing spring water into the column as the
measured pollutant's concentration in the effluents was related
to the duration of the experiment. The arsenate adsorption on
the goethite-covered quartz sand was a very efficient process
at the very beginning of the experiment which resulted in its
zero concentration in the column’s effluent. As the volume of
the solution being treated increased and the arsenic adsorption
continued, the arsenic concentration in the effluents gradually
rose. Finally, the adsorption zone reached the column’s top
and the arsenic concentration in effluents was almost equal to
the concentration in the inlet solution. Several parameters
about the arsenate adsorption on goethite-covered quartz sand
were determined. Time for arsenic breakthrough concentration
— the time when the arsenic concentration in effluents reached
10 pg/L (which is the arsenic permissible concentration for
drinking water; it meant that the efficiency of the pollutant
removal at this time of the column’s operation was about 60%),
a column exhaustion time referred to the moment when only
about 10% of the inlet arsenic concentration (around 2-2.5
ug/L) sorbed on goethite during the column operation.

The bed height of goethite-covered quartz sand in the filter
column had a strong effect on the arsenate adsorption, the
appearance of the arsenic breakthrough concentration and the
time of filter's exhaustion. For example, the time for arsenic
breakthrough concentration for 1.8 cm bed height was at 13
days since the start of column operation and 30 days for 4.0
cm bed height, respectively (Table 2). These results were
logical having in mind that shorter bed height of goethite-
covered quartz sand directly determined the smaller number of
binding sites on which the arsenate adsorption could take
place. The effect of bed height of goethite-covered quartz sand
on the arsenic breakthrough curves is depicted in Figure 2.

The rate of arsenate adsorption was strongly dependent on
several factors like pH, ambient temperature and the arsenic
concentration. With the main aim to make the comparison
between variants easier, the temperature (in the range 25-
27°C) and the arsenic concentration (25 pgiL, i.e. 2.5 times
higher than the element's permissible concentration for
drinking water) during the experiments were constant.
However, the pH of treated spring waters had a significant
effect on the arsenate adsorption. That effect was determined
by the Point of Zero Charge of goethite (PZCgoetnite = 5.35) and
the slightly alkaline pH (8.95, Table 1) of the spring waters
being treated. At these conditions, the goethite possessed
slightly dominant negative surface charge which detained to
some extent the arsenate adsorption because of the repulsive
force acted between ions with identical charge. At such
conditions, the arsenate adsorption on goethite-covered quartz
sand took place by means of a ligand exchange mechanism
which involved the exchange of aqueous ligand for a surface
hydroxyl group:

=8-0- + HAsO4? + H,0— =S-OH-HAsO« + OH-

N

Table 2. Characteristics of the experiment about the effect of
height of goethite-covered quartz sand in the columns on the

arsenic adsorption
Index Height of goethite-covered quartz
sand in the column, cm

18 | 27 | 40

Arsenic in inlet

solution, ug/ L 250

Flow rate, L/ 24 h 0.33

Applied bed

volumes per 24 h 94 6.3 325

Time of arsenic

breakthrough 13 21 30

concentration, days

Acolumn

exhaustion time, 16 25 34

days
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Fig. 2. Effect of the bed height of goethite-covered quartz sand in
the column on the arsenate adsorption (flow rate 0.33 L/ 24 h,
initial arsenic concentration 25 pg/ L, temperature 25-27°C)

That process led to the release of hydroxyl ion into the
solution which maintained the slightly alkaline pH of the column
effluents (8.32-8.40) for the largest bed height of goethite-
covered quartz sand (4.0 cm).

The effluents from the goethite-covered quartz sand with the
shortest bed height (1.8 cm) was with almost neutral (pH 7.62—
7.86) especially when the duration of column operation was
near its breakthrough time. It was evident that the decreasing
of effluent's pH was due to the deprotonation of near-surface
situated hydroxyl groups of goethite.

The arsenic adsorbed in the filter columns strongly
depended on the bed height (Table 3) — the adsorbed amount
steadily increased from 107.8 pg for 1.8 cm bed height to 258
pg for bed with 4.0 cm height, respectively. However, the
equilibrium arsenic content (geq) in the whole column was in a
narrow range. The efficiency of arsenic adsorption was the
highest (94.7%) for a bed with 4 cm height. The higher bed
height of goethite-covered quartz sand combined with a
constant flow rate of inlet spring water determined a smaller
value for bed volumes being treated per day. It meant, that the
treated solution remained longer in the filter column which
enhanced the contact and adsorption between the binding
sites of goethite-covered quartz sand and arsenate ions. For
that reason, the rate of adsorption zone movement in the



Journal of Mining and Geological Sciences, Volume 62, Number 1, 2019

Table 3. Parameters characterising the arsenic adsorption on
goethite-covered quartz sand under a continuous regime of
operation in dependence on the bed height

The relationship between the bed depth versus time of the
operation for the three isoremovals is depicted in Figure 3. It is
evident that these lines were almost parallel to each other and

Bed height, cm

Fig. 3. Bohart-Adams model for 6, 66, and 80% breakthrough at
different bed heights and constant inlet arsenic concentration
(25 pg/ L) and flow rate (0.33 I/ 24 h)

column steadily decreased from 0.071 to 0.0045 cm/ 24 h
when the bed height increased from 1.7 to 4.0 cm. However,
the determined equilibrium arsenic content (geq) Was quite
lower in comparison to the values determined by other
researchers (Kundu, Gupta, 2005). It is well-known that the
slightly alkaline pH of waters being treated as well as the
significantly higher concentrations of anions (sulphate,
hydrocarbonate, silicate, (Table 1) hinders the arsenate
adsorption (Genc-Fuhrman et al., 2005).

Data modelling about the arsenic adsorption from the operation
of the laboratory filter column was carried out by Bohart-Adams
mathematical model (Bohart, Adams, 1920) and bed depth
service time approach proposed by Hutchins (1973). The data
from each column operation was assessed by means of
determination of three different points of arsenic isoremoval
from the spring waters being freated, i.e. at 1.5, 10, and 20
pg/L breakthrough concentration in effluents (Table 4). So, for
each arsenic isoremoval percent, the Bohart-Adams model
was simplified to the equation

t=a.x+ b where a = slope’s line = No/Ci. V and b = intercept =
1/ KCi. In((Ci/ Ce) - 1).
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Index Height of goethite-covered quartz the horizontal distance between them was 0.12 cm (so-called
sand in the column, cm height of exchange zone). The results showed clearly that the
1.8 2.7 4.0 rate of arsenic adsorption under continuous way of operation
Veff, L 4.95 7.59 10.9 (Kea) and the adsorption capacity of goethite-covered quartz
Qlotal, UG 107.76 167.1 258 sand (No) decreased significantly at longer columns’ service
Miotal, g 123.75 189.75 2723 operation (Table 4). That trend was logical having in mind that
Gea, M/ G 359 371 377 the higher number of binding sites of sorbent have been
Efficiency of the arsenic 871 88.1 %7 already occupied at such conditions which determined the
adsorption, % higher breakthrough arsenic concentration in the effluents.
Adsorbent exhaustion
rate, kg/ L 0.0061 0.0059 0.0062 Table 4. Bohart-Adams model constants for the arsenic
Breakthrough capacity adsorption on goethite-covered quartz sand
(Qs0%), pg As/ g 3.7 3.76 3.66 Iso- Breakthrough No, K, Liug.h R2
adsorbent removal, | concentration g/ L
Rate of adsprption zone % ug/L
ng;r:/e;tllg the column 0.071 0.024 0.0045 6 235 3731 | -0.0011 0.9947
' 60 10.0 410.4 | 0.0001 0.9951
800 80 5.0 4342 | 0.0004 | 0.9930
< y=198x+ 118
5 R2=0,9951
§ Table 5. Comparison between the measured and predicted
5 600 breakthrough times (in hours) at 60% arsenic removal using
2 y= Zg?fé 235’4’33 Bohart-Adams model constants
= ' Index Height of the adsorption zone, cm
400 18 | 27 | 40
:.//y — 180x + 100 Flow rate: 0.33 L/24 h
2=0,9941 Measured 312 504 720
Predicted 474 650 910
200 T T )
18 2,7 4 The results included in Table 5 revealed that the values of
—0 (% (6% —m—80%

measured breakthrough time at 60% arsenic concentration
were 25% averagely lower than the values predicted by the
Bohart-Adams model. The main reason was probably the
insufficient bed height being used in those experiments. It is
shown that the model could be used roughly for designing
other column operation experiments over a range of flow rate
or arsenic concentration. There are other models too, i.e.
Thomas, Yoon-Nelson that could be used in modelling of the
data about the arsenate adsorption in a continuous regime of
operation.

Effect of the flow rate on the arsenate adsorption

The flow rate of a column operation has a crucial effect on
factors as volumes of water being treated and a residual
arsenic concentration lower than permissible concentration,
are needed to be combined at a pilot or industrial scale. In that
experiment, the arsenic inlet concentration and the bed height
were constant to all columns and only the flow rate of spring
waters being treated distinguished from one variant to other
(Table 6). The breakthrough curves are shown in Figure 3. The
applied flow rate varied between 0.131-0.33 L/24 h which
related to 3.7 to 9.4 bed volumes of spring waters treated per
day. That range of bed volumes meant that the residence time
which water spent into the filter column varied 2.5 times. So,
the arsenate ions and the binding sites of goethite-covered
quartz sand had different contact times to react with each
other.
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Table 6. Characteristics of the experiment about the effect of
flow rate on the arsenic adsorption

Table 7. Parameters characterising the arsenic adsorption on
goethite-covered quartz sand under a continuous regime of

. I/ /7‘""""”

0,6
o T
ol

4 6 8 10121416 18 20 22 24 26 30 32 34 36 38 40 42
Time, days
0.131L/24h

e ().33 L/ 24h il 0.221 L/ 240

Fig. 3. Breakthrough curves of arsenic for varying flow rates
(L/24 h) at a bed height of 1.8 cm and 25 pg/ L inlet concentration
of arsenic

As a result, the lower the flow rate was, the higher the
residence time of waters into the column was and arsenates
removed more efficiently by adsorption of goethite-covered
quartz sand. At higher flow rate, the arsenic left the column
before the equilibrium between the adsorbate and adsorbent
took place. For example, the time for arsenic breakthrough
concentration steadily increased from 13.4 to 36.7 days due to
the decreasing of the water’s flow rate (Table 7). The value of
rate constant of arsenate adsorption (K) increased gradually at
a higher flow rate of spring waters (Table 8). However, the
value of sorption capacity of goethite-covered quartz (No) sand
was higher at the lowest tested flow rate which was an
indication that the process of arsenate adsorption was rate-
dependent. For that reason, the equilibrium arsenic content
(Jeg) and maximum adsorption capacity (qo) of goethite-
covered quartz sand were 3.97 pg/g and 4.04 ug/g for 0.131
L/24 h. At all tested flow rates, the value for the maximum
adsorption capacity (qo), predicted by Adams- Bohart model,
was close to the experimentally determined values of the
equilibrium arsenic content (geq). However, we must keep in
mind that some review shows that the maximum adsorption
capacity determined by Adams-Bohart Model usually
underestimate the value in comparison to other models applied
to continuously operated experiments (Podder, Mjumder,
2018).
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Index Applied flow rate, L/24 h operation in dependence on the applied flow rate
033 | 0221 | 0.131 Index Applied flow rate, L/24 h
Arsenic in inlet 250 0.33 0.221 0.131
solution, g/ L ' Veff, L 4.95 5.08 5.1
Height ~of the Qotal, HY 108.61 11.72 119.03
adsorption  zone, 1.8 Miotal, 4g 131.25
cm Qeg, MO/ g 3.62 3.72 3.97
Volume of solutions Efficiency of the arsenic
being treated, L 530 adsorption, % 827 85.1 0.7
Applied bed Adsorbent exhaustion
volumes per 24 h 94 6.3 3.7 rate, kgl 0.0061 0.0059 | 0.00587
Time of operation Breakthrough
until 100 % arsenic 16 24 40 capacity (Qsox), Hg 3.56 3.65 3.90
breakthrough, days As/ g adsorbent
- Time for arsenic
Cel Ci breakthrough 134 20.6 36.7
concentration, days

Table 8. Bohart-Adams model constants for the arsenic
adsorption on goethite-covered quartz sand under a
continuous regime of operation in dependence on the applied
flow rate

Flow No, : Qeq, qo, R2
rate, | pg/L ' Ho/g | molg

L/24h Lkgh

033 | 2122 | 0.0936 3.62 369 | 0.9856
0221 | 21.74 | 0.0589 3.72 3.78 | 09326
0.131 | 23.23 | 0.0369 3.97 404 | 0.981

Although the experiments were carried out until 100% arsenic
breakthrough, the process of arsenic removal from the spring
water was very efficient. For example, at the highest tested
flow rate, 0.33 L/24h, the efficiency of arsenic removal was
higher than 82%.

Arsenate desorption from goethite-covered quartz sand
under a continuous regime of operation

The arsenate desorption from goethite-covered quartz
sand was carried out with phosphate containing water whose
concentration was three times higher than the arsenic
concentration in the waters being treated. The results
suggested that the arsenate adsorption on goethite-covered
quartz sand led to the formation of a covalent bond. For
example, the total amount of desorbed arsenic was 13.3 g,
when the desorption solution was with slightly alkaline pH,
which related to 11.2% of efficiency (Fig. 4). When the pH of
the above-mentioned desorption solution decreased to 5.00,
almost the same amount of arsenic desorbed from the sorbent.
If the pH decreased further to pH 3.00, additional 4.9 pg
arsenic desorbed just in a few cycles and the final percent of
desorption reached 13.0% (Fig. 5).

Arsenate desorbed most efficiently when the pH of the
desorbing solution increased above 8.5. In that case, the
percent of desorption reached 55.2% (Fig. 6). A ligand
exchange process between adsorbed arsenate and hydroxy!
anions was the mechanism and the decreasing pH of effluents
to values in the range 7.6-7.8 evidenced it. Further alkalisation
of desorption solution to 9.5-10.0 led to the release of 12.5 ug
additionally and the total arsenate desorption reached 65.8%.
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Fig. 4. Arsenic desorption from goethite-covered quartz sand by
HPO4? -spiked spring water in a continuous regime of operation
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Fig. 5. Arsenic desorption from goethite-covered quartz sand by
HPO.Z -spiked spring water at acidic pH in a continuous regime
of operation
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Fig. 6. Arsenic desorption from goethite-covered quartz sand by
HPO.Z-spiked spring water at alkaline pH in a continuous regime
of operation
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Conclusions

1. The equilibrium content of adsorbed arsenates on
goethite-covered quartz sand in a filter column, operated in
flow regime, was in the range of 3.5-3.9 pg/g. The bed height
of the adsorption zone and the applied flow rate had a crucial
effect on the efficiency of the pollutant removal.

2. There is a need to test other widely applied column
adsorption kinetic models such as Thomas, Yoon-Nelson, etc.,
to the experimental data to predict the arsenic breakthrough
curves and for estimating the column kinetic parameters.

3. The arsenate desorbed more efficiently under a
continuous regime of operation at alkaline in comparison to
acidic pH. It revealed that the ligand exchange mechanism
played the main role in sorption/ desorption process of
arsenate on/ from goethite-covered quartz sand.
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A MODEL OF THE CONDITIONS FOR SPONTANEOUS RELEASE OF BIOGAS FROM A
SANITARY LANDFILL IN SOUTHERN BULGARIA

Stefan Dimovski, Nikolay Stoyanov, Svetlana Bratkova

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; dimovski@mgu.bg

ABSTRACT. The conditions that lead to a spontaneous release of biogas are studied, as well as the reasons for the following self-ignition of the sanitary landfill
situated near the town of Haskovo, Southern Bulgaria. A geophysical survey was performed according to the method of electrical resistivity tomography (ERT) and a
two-dimensional geoelectrical model of the sanitary landfill was constructed in the area of the studied site. The geoelectrical model has been transformed into an
anthropogenic section of the work areas affected by the fire. The constructed section is in accordance with the applied technology for deposition of waste materials
and the geodetic measurements of their volume. A model for the conditions for accumulation, circulation, critical mass formation and biogas explosion has been
developed, presenting in detail the possible scenario for the occurrence and the progress of such incidents. Measures and principle schemes are proposed for limiting
the dangerous accumulation of biogas in the sanitary landfill.

Keywords: sanitary landfill, electrical resistivity tomography, biogas, self-ignition, ecology

MOJEN HA YCNOBUATA 3A CMOHTAHHO U3TUYAHE HA BUOIA3 OT AIENO 3A HEOMACHW (BMUTOBU) OTNAABLNU B
IOXXHA BBITAPUA

Cmecpan Jumoscku, Hukonaii CmosiHos, CeemnaHa bpamkosa

MurHo-eeonoxku yHusepcumem “Ca. Mear Puncku”, 1700 Cogpusi

PE3IOME. [poyyeHn ca ycnoBusTa 3a CMOHTaHHO M3TW4aHe Ha Guoras 1 MpUunHWTE 3a MOCNEABANOTO camo3ananBaHe Ha PErvioHanHoToO [eno 3a HeonacHM
(6uToBw) oTnambLy kpail rpag Xackoso, KOxHa Bbnrapus. MpoeeaeHo e reoduanyHo uacnepsare no metog ERT (Electrical Resistivity Tomography) v e cbctaBeH
ABYMEpEeH recenekTpuieH Mofen Ha CMETULLHOTO TAMO B paiioHa Ha npoyyBaHus obekT. [eoenekTpuiHNAT Mogen e TpaHchopMupaH B aHTPOMOreHeH paspes Ha
3acerHaTite ot noxapa paboTHW y4acTbLy, KOMTO € BanuaMpaH C npuraraHaTa TeXHONOrs 3a AenOH1paHe Ha OTNagbLy W reOAe3NYHNTE N3MEPBaHNS Ha TEXHNS
obem. PaspaboTeH e Mofien Ha ycroBusTa 3a HaTpyneaHe, LypKynauus, popMupaHe Ha KpUTUYHM KOMYeCTBa U B3pUBABaHe Ha Ouorasa, npeacTaBsly B AeTannm
Bb3MOXHWS CLiHapuil 33 Bb3HUKBaHE M NpOTUYaHe Ha MoA0BHW MHLMAEHTW. TPeanoxXeHn ca Mepku 1 NPUHLMNHA CXeMW 33 OrpaHUyaBaHe Ha B3PUBOONACHOTO
HaTpynBaHe Ha brora3 B CMETULLIHOTO TANO.

Kniouosu AyMU: fena 3a 6utoBM oTnagbuu, eJ'IeKTpOTOMOI'pa(bVIﬂ, Buoras, camo3anansaHe, ekonorus

Introduction saturated by landfill waters (leachate) are present at the landfill
bottom. Part of the leachate may penetrate through the clay
The subject of the presented study is the north-western screen and infiltrate into the geological base.

part of the Regional Sanitary Landfill of the municipalities of

Haskovo, Dimitrovgrad and Mineralni Bani, located near the

village of Garvanovo, where an incident related to spontaneous Geoelectrical model
leakage and self-ignition of biogas occurred (see Fig. 1).

The studied region is about 10000 m2. The terrain is flat Electrical resistivity methods have wide application in the
with a slight slope to the south-southeast. The geological base detailed mapping of the near-surface section. Their efficiency
is made up of volcanic rocks, which in their upper parts are is connected to the differentiation according to electrical
cracked and weathered to a different degree and in separate resistivity and is tied to the existing preconditions for presence
places are decomposed to clay. The rock massif is partially of ionic conductivity (Keller, Frischknecht, 1981; Grigorova,
overlaid by diluvial clays with small thickness (less than 1 m). Koprev, 2019). Electrical resistivity tomography was selected
According to the accepted technology, a shielding layer of for the performed surveys as it can be effectively applied for
compacted clay with a thickness of 0.5 m is applied to the obtaining a detailed picture of the geoelectrical differentiation in
bottom of the landfill. The waste depositions are spread over the near-surface section of landfill sites (Gyurov, Stoyanov,
certain work areas. The studied region includes two work areas 2004; Dimovski, Stoyanov, 2011). This method is based on the
- northern (a new one) and southern (an old one). The waste use of modern equipment, optimal measuring techniques, and
is defragmented and compressed in 20-30 cm thick seams computer processing of acquired data (Griffiths, Barker, 1993;
that are accumulated in layers with a working height of about Dimovski et al. 2007; Grigorova, Koprev, 2018).
1.8-2.0 m. These layers are covered (sealed) with separating The objectives of the performed ERT survey are
coats of clay. In the upper part of the landfill body the waste development of a geoelectrical model of the near-surface
depositions are slightly water-saturated. Zones completely section, determination of the thickness and degree of water-
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saturation of the landfilled waste, achievement of a qualitative
assessment regarding the conditions for the accumulation and
circulation of biogas in the work areas where the incident
occurred. The field measurements were accomplished a few
days after the incident.
The geoelectrical model is based on the determined by the
computer programme RES2DINV (Loke, 1999; 2001) electrical

resistivity distribution, as well as on the available information
for the geological section, the waste disposal technology and
the results of the performed systematic monitoring. The

composed scheme of the geoelectrical section in the studied
area is illustrated in Figure 2.

REGIONAL SANITARY LANDFILL OF THE MUNICIPALITIES OF HASKOVO,
DIMITROVGRAD AND MINERALNI BANI - SCHEME OF THE WORK AREAS

—— __‘
T 3§ . {
e \ | 17

i B \‘ \ He ‘ - :‘
| 189 “
“u = 4
[ e
| \ - “ 140 ‘y
I | — J“tiorthern (new) \ —— {\
==———= | work area =" p
I L
\— \ | | - |
\ | seftignition| /- "
— area | |
\ o ' |
s T | 1
{ | | ‘
. - | - |
\ e \
s | |
| | w |
| —t— |
e P -
\ - B |
i | ‘v :\ —
| southerni(old) T |
'\ workarea |\ |
O o AN |
[ | | =
11 1 -
Lr e -l'" - \‘
\ . ‘
l— | B
| 1
‘\P - \
{ | e
T
- Survey Line
- Boundaries of the self-ignition area
l:l - Territory of the northern (new) work area
|:] - Territory of the southern (old) work area
- Gas Borehole Ne
VS-1 5
_ - Vertical Screen Ne
Fig. 1. Scheme of the studied region, illustrating the location of the survey line and the scope of the self-ignition incident
Site DTBO Garvanovo - Line 1
Iodel resistity with topagraphy
Elovation  1eration 3 RMS amor=16
x5 North mo w00 w0 o 100 South
264 i
262
260
258
256+
254
2852-

250
248

248

L1 - e o o s o e}
s00 780

100 150 00 250 500 100
Resistivy in ohm.m
Horizontal scale is 34 52 pixels per unit spa

pacing
Vertical exaggeration in mode| section display = 1.00
First electrode is located at 00 m.

Last electrode is located at 115.0 m

Fig. 2. Electrical resistivity distribution along the survey line

96

Unit Elactrode Spacing = 2.50 m



Journal of Mining and Geological Sciences, Volume 62, Number 1, 2019

Taking into account the specifics of the ionic conductivity
(Daniels, Alberty, 1966), the cross-section is differentiated in
seven electrical resistivity media, marking layers of different
origin and characteristics:

« The first electrical resistivity medium (Layer 1) is
characterised by relatively high values of the resistivity of the
studied section — in the range from 17.5 Qm to 22.5 Qm. It
covers the near-surface part of the section in the southern
half of the studied area. The thickness of this medium is
about 1-3 m, with high values referring to the most southern
end of the profile. It most probably maps the upper sealing
layer of sandy clays and the very poorly water-saturated to
dry part of the underlying last (topmost) layer of deposited
waste.

+ The second electrical resistivity medium (Layer 1a) has
lower values of the electrical resistivity than the first one -
from 12.5 Qm to 17.5 Qm. It covers the near-surface part of
the section in the northern half of the studied area. Its
thickness does not exceed 0.8-0.9 m. The second electrical
resistivity medium is likely to represent the top sealing layer
of clay over the last layer of deposited waste in the northern
part of the sanitary landfill.

+ The third electrical resistivity medium (Layer 2a) is typified
by average resistivity values of 10 Qm to 15 Qm and has a
thickness of about 2.0 m. It is likely to map the last (topmost)
layer of deposited waste, the underlying clay layer and the
uppermost parts of the waste deposited underneath. These
parts of the section are poorly saturated and with relatively
low density.

+ The fourth electrical resistivity medium (Layer 2b) has lower
resistivity values — in the range of 7.5 Qm to 10 Qm. It is
spread ubiquitously underneath the third electrical resistivity
medium and has a thickness of 1.7 m to 2.2 m. It is most
likely to outline the boundaries of the first layer of waste
deposited at the base of the sanitary landfill. This part of the
section is saturated with landfill waters (leachate) typified by

excessive total mineralisation and high electrical
conductivity.
North new work area

« The fifth electrical resistivity medium (Layer 3) is
characterised by the lowest resistivity values for the studied
section — from 5 Qm to 7.5 Qm. It denotes a layer-like body
with a thickness of about 1.5-2.0 m and more. Layer 3 maps
the clay barrier layer placed in the bottom of the landfill and
the upper part of the underlying geological section,
represented by highly weathered volcanic rocks,
decomposed to clay. This part of the studied section is water
saturated with the landfill leachate.
The sixth electrical resistivity medium (Layer 4) locates parts
of the subsurface section with a wide range of electrical
resistivity — from 7.5 Qm to 25 Om and has a thickness of
about 7-8 m. It outlines the upper part of the geological base
of the landfill, represented by marginally cracked and
weathered to a different degree volcanoes. The established
differentiation in the values of the electrical resistivity implies
that Layer 4 is partially contaminated by leachate emissions
penetrating beneath landfill bottom and infiltrating in depth.

« The seventh electrical resistivity medium (Layer 5) is
characterised by the highest resistivity values — from 25 Qm
to over 150 Qm. It most likely maps the relatively solid and
unaltered by secondary changes segments of the rock
massif. In the central part of the research area Layer 5 is
almost horizontal (with a barely visible slope to the south)
and is situated at a depth of about 15-16 m. At the start of
the survey line, on the northern border of the landfill and
beyond it to the north, it is located in the surface part of the
section, where there are also visible surface outcrops.

Model of the anthropogenic section

The model of the anthropogenic section is composed along
a line passing through the work areas affected by the fire. It is
based on the results of the geophysical survey and is
illustrated in Figure 3. Basically, it follows the geoelectrical
section and is validated with the applied waste disposal
technology and the performed regular geodetic measurements.

old work area South
S ———
— - - == =
1+)

Elevation, m
[e}]

25 35 45

55

65 75 85 95 105 115

Survey line, m

[ - sealing coats of copmact inert materials

[ - shielding layer of compacted clay at the bottom of the landfill

[ ] -waste depositions
[ ] - geological base (volcanic rocks)
- biogas velocity vectors

Fig. 3. Anthropogenic section of the sanitary landfill site along the survey line
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The composed model gives an idea of the environment in
which the critical accumulation of biogas has occurred, clarifies
the conditions for the emergence and development of gas-
transport processes and reveals the reasons of spontaneous
explosions and fires. It illustrates the spatial boundaries and
geometric characteristics of the differentiated layers and coats
in the northwestern part of the sanitary landfill in the so-
denoted northern (new) and southern (old) work areas.

Based on the presented in Figure 3 anthropogenic section,
the following summaries and conclusions can be made:

+ The geological base is covered by a compacted clay layer
about 50-60 cm thick.

+ The average thickness of the landfill body along the studied
line is about 5-6 m.

* In the new work area the section includes two layers of
waste with a total thickness of 4-5 m. Only in its most
northern part, where the geological base is elevated, only
one layer of waste is present with a thickness of 1-2 m.

+ The old work area in its northern half is composed of two
layers of waste and in the southern one - of three layers. The
total thickness of the landfill body increases from north to
south from 4-5 m up to more than 6-7 m.

* In both areas the waste layers are covered by a compact
coat of inert materials 20-30 cm thick. In some places, the
last sealing layer is unconsolidated, thinner (5-10 cm) or
missing. This feature is quite distinct at the boundary
between the old and the new work area as well as along the
northern periphery of the landfill.

+ The waste layers are practically encapsulated between the
coats of compacted inert materials. This presupposes that
the gas-transport in the landfill is predominantly in horizontal
direction and the vertical one is of subordinate importance.
In Figure 3 this aspect is illustrated schematically with the
velocity vectors of the landfill biogas migration.

+ Large amounts of biogas accumulate under high pressure in
the encapsulated wastes. This process is accelerating in
periods characterised by more rainfalls and higher
temperatures when the degradation processes are more
intense and the quantity of biogas formed is bigger.

+ Interlayer gas exchange and/or spontaneous leakage of gas
emissions into the atmosphere occur in areas with
unconsolidated, very thin or disintegrated coating layer (the
so-called "windows"). Through these "windows" it is possible
that atmospheric Oz can enter into the landfill, which in turn
leads to the formation of an explosive mixture with the landfill
biogas.

Conditions for biogas accumulation, circulation,
spontaneous leakage, formation of critical
quantities and self-ignition

Biogas gas is produced by the degradation of organic
waste (manure, sewage sludge, municipal solid waste) under
anaerobic conditions in a landfill. The various groups of
anaerobic microorganisms are involved in the whole biogas-
production process. The main steps are three: hydrolysis,
acetogenesis and methanogenesis (Wellinger et al., 2013).

The hydrolysis is a process of breakdown of organic
polymers (cellulose, hemicellulose, starch, proteins) into
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smaller compounds through the activity of bacterial produced

extracellular enzymes.

In the second step (acidogenesis), the resulting
intermediates with a low molecular weight (sugars, amino
acids) initially ferment to organic acids and alcohols. After
secondary fermentation the key products acetic acid
(CH3COOH), hydrogen (Hz) and carbon dioxide (COz2), sources
of carbon and energy for methanogenic bacteria, are
produced.

In the methanogenesis (the third step) methanogenic
bacteria convert the resulting products from the second phase
to biogas (methane and COz). Methanogenic bacteria and
acid-producing bacteria act in a symbiotical way.

The scheme of accumulation, circulation, formation of
critical quantities and self-ignition of the biogas according to
which the incident occurred is illustrated in Figure 4. Following
the general scheme presented, the processes passed under
the subsequent scenario:

1. The landfill biogas gradually accumulated in larger amounts
in the upper part of the landfil body in the areas
encapsulated by well-persistent layers of compacted inert
materials (Fig. 4-A).

2.In the old work area, the amount of biogas and the space it
occupies are much larger than these in the new work area.
The reasons for this are the bigger volume of disposed
waste, the better "encapsulation” and the possibility for
inflow of additional quantities of biogas from the southern
parts of the landfill.

3. At the same time, small amounts of biogas continuously flow
into the atmosphere through the so-called "windows" in the
near-surface "sealing” layer (Fig. 4-A). This process does
not pose a serious risk of self-ignition or explosion if there is
no accumulation of a critical amount of explosive mixture of
CHs, H2 and O2.

4. The degradation processes that have been going on for
many years cause the accumulation of larger and larger
quantities of landfill biogas in the encapsulated spaces,
which is accompanied by a significant increase in pressure
(Fig. 4-B).

5.An important fact is that, at the time of the incident, the
weather conditions were favorable for the formation of much
larger quantities of biogas. The amount of rainfall is one of
the highest in the last 5 years (50% higher than the average
for this period). The temperature is also among the
maximum recorded in the same period. The bigger amounts
of biogas and the high temperature released under these
conditions are responsible for a more rapid increase in the
concentration of flammable components (CHs and Hz) and
for raised pressure in the landfill.

6. The increased pressure forms more intense flows to the
surface and respectively amplifies the rate of gas emissions.
As a consequence, in the spontaneously leaking areas the
permeability increases, channels and larger gaps are formed
in depth. The opportunities for entry of atmospheric Oz into
the landfill body also greatly escalate.

7. The intermixing of biogas, characterised by high CHs and Hz
content, and atmospheric Oz resulted in the accumulation of
a critical quantity of explosive mixture in the surface area of
the sanitary landfill at the boundary between the old and the
new work area (Fig. 4-C). Most likely, when the process
reached its critical point self-ignition occurred.
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Fig. 4. Scheme of accumulation, circulation, formation of critical quantities and self-ignition of the biogas

Conclusions

The performed retrospective analysis of the conditions and
the reasons for the incident occurrence shows that the main
problem is connected to the accumulation of large quantities of
high-pressure biogas in the new part of the landfill.

The problem can be solved by building a sufficiently well-
developed system of faciliies (gas boreholes and vertical
screens) for collecting and removing biogas outside the landfill
body. For illustration, in Figure 5 a schematic solution for the
affected by the accident northwestern part of the sanitary
landfill is presented.

99

The solution includes the construction of two new gas
boreholes that have to be located in the central parts of the
work areas at a distance of 50-60 m apart. The newly built
boreholes will drain the biogas formed in the two work areas,
thus eliminating the possibility of its accumulation under high
pressure, the formation of critical quantities and subsequent
self-ignition. Vertical screens (four-beam pattern) can be
constructed around the boreholes in order to increase the
efficiency of the system.

The proposed approach toward resolving the problem is a
more moderate option, which makes a reasonable compromise
between the effectiveness of the measures and the financial
costs incurred for their completion.
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SEISMIC SOURCE COMPARISON FOR HIGH RESOLUTION DATA PROCESSING
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University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; bojurkageorgieva97@abv.bg

ABSTRACT. Nowadays, high resolution seismic processing is a key issue for achieving reasonable and reliable information for subsurface geology structure. The
importance of the seismic methods lies above all in the fact that the data produced by seismic work, if properly handled, yields an almost unique and unambiguous
interpretation. Seismic work is comprehensive and delicate process which depends on many factors and circumstances. On the first place, this is the type of source
used to produce seismic waves. A widely used method in the past is to explode dynamite charge in a hole. In the last 10 years, however, there has been a tendency
toward replacing explosive sources with some other environmentally less harmful seismic sources. The following work presents a comparison between two type of
source signal - Vibroseis and Dinoseis and shows potential advantages and drawbacks in both cases on real seismic data.

Keywords: seismic method, seismic data, sources of seismic signal

CPABHEHME HA CEU3MWYHWU OAHHU NONYYEHU OT PA3NUYHN U3TOYHULIU HA CUTHATIA
Bboxypka leopauesa
MurHo-eeonoxku yHusepcumem "Cs. Mear Puncku®, 1700 Cogpusi

PE3IOME. MoHacTosileM BUCOKOpa3peluaBalyata o6paboTka Ha CeuaMUyHM [laHHU e OCHOBa 3a MonyyaBaHeTo Ha MH(opMaums 3a AbNGOUNMHHUAT CTPOEX Ha
3emsTa. Mpy M3BLPLUBAHE HA KayecTBeHa cemsmuyHa oGpaboTka, MONMYYeHUTE CEU3MUYHM Paspesn HOCAT YHUKANHA WHGOPMAaLMs 3a CTPYKTYPHUST CTPOEX Ha
3eMHaTa kopa. 3a OCbLLECTBEBaHe Ha Taka MocTaBeHuTe Lieny obpaboTkaTa Ha JaHHUTE M3UCKkBa fja Ce B3emaT Moj BHUMaHue peanlia daktopu. OcHoBeH akTop
ce AiBABA M3BOPBT HA CUCTEMA 33 Cb3faBAHE Ha CEM3MMYHUS CUTHaM. 3a pa3nuka OT LUMPOKO W3NOM3BAHUST B MUHANOTO AMHAMMT MOCTAaBEH B COHAAXW, Ha
CbBPEMEHEH eTarn ronsMo pasnpocTpaHeHne UMaT HeuHBa3VBHUTE M3TOUHWLM. HacTosiwaTta paBoTa pasmexaa v cpaBHsBa npeauMcTaaTa W HefocTaTbLuTe Ha
/B OT HaW-NONYNAPHIATE HEMHBA3WBHI M3TOYHULM Ha CeN3MUYEH curHan — Bubpoceus u [luHocems.

Kniouosu AYMU: Cen3MnyeH meTo, CeUsMUYH aHHW, USTOYHULW Ha CEU3MUYEH CUrHan

Introduction on several factors, including geophysical objectives, cost and
environment constraints.
The main purpose in seismic work is the correct illustration
of geology in the study area. Seismic processing is a delicate

process so even small variations can have a significant impact, Land seismic survey
hiding the real signature of the signal or introducing artifacts.
Nowadays, technology has gone a long way and the Seismic data acquisition requires an energy source, a
processing of seismic data obtained even in the middle of the receiver, and a recording system. In seismic exploration
last century is not difficult. In the era of state-of-the-art surveys, source—receiver distance is small compared to the
technology, it is possible to achieve high resolution seismic target depth. This means that a small part of the down-going
models which in turn leads to an increase in the potential of the energy is reflected on geological layer boundaries. The main
subsequent interpretation of the processed data. In recent fraction of the energy is transmitted and travels deeper where
decades there has been a rapid development in the technical reflections occur at the next layer boundary and so on. This
industry and sources for generating seismic waves. method results in a good vertical and horizontal structural
The present work aims to examine and compare the resolution of the subsurface (Hubscher, Gohlb, 2014).
advantages and drawbacks of two of the most popular land According to Jeffryes (2006) seismic surveying is when a
sources of seismic signal — Dinoseis and Vibroseis. Recent source of seismic energy is caused to produce seismic energy
advance in source technology is further improving the data that propagates downward through the Earth. The downwardly-
quality by putting more seismic energy into the earth at wider propagating seismic energy is reflected by one or more
range of frequencies. The ideal source for seismic exploration geological structures within the earth that act as partial
is an impulsive source that concentrates its energy at a point in reflectors of seismic energy (Fig. 1). The reflected seismic
space and releases it instantaneously. In practice, however, energy is detected by one or more receivers. It is possible to
sources have finite spatial size and emit signals over a finite obtain information about the geological structure of the earth
period, producing broadened wavelets that add complexity to from seismic energy that undergoes reflection within the earth
the processing. The choice which source to be used depends and is subsequently acquired at the receivers.
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Fig. 1. Seismic land acquisition

In practice, a seismic surveying arrangement comprises of
an array of sources of seismic energy. This is essential
because it has to generate sufficient energy to illuminate
structures deep within the earth and a single seismic source
generally cannot do this.

Characteristics of seismic signal received from
Dinoseis land seismic source

Since the beginning of seismic exploration the most
popular impulse source for land acquisitions is dynamite,
because it produces great quantities of energy. Other impulse
source, which uses air and gas guns to produce energy is
Dinoseis (Fig. 2). This energy source, largely used in the past,
produces sufficient results in good seismic conditions, but is
questionable in areas of poor response. The energy here is
created by exploding a mixture of oxygen and propane gases,
mostly, contained in a confined chamber, the bottom of which
is a moveable plate resting on the ground surface. This way
the designed chamber is attached to the bottom of a heavy
vehicle to increase coupling its plate with ground surface.

Fig. 2. Dinoseis truck

When detonating the gas mixture, a sudden pressure
impact occurs, which is transmitted through the base-plate to
the ground surface (Alsadi, 2017).

Dinoseis generates relatively weak seismic energy,
developing strong surface waves, and producing low-frequency
seismic pulses. The method is rarely applied these days, but
there are seismic sections acquired by Dinoseis and
reprocessed nowadays. This makes it necessary to compare
this energy source with the modern Vibroseis source. Defining
the similarities and the differences between the shapes of the
signal can help geoscience engineers to tie the lines received
with both seismic sources when reading previously collected
data or reprocessed one.
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Characteristics of seismic signal received from
Vibroseis land seismic source

Seismic sources are mainly divided into two groups -
impulse and non-impulse sources of energy. However, the
current dominant non-impulse energy source for land seismic
exploration is a seismic vibrator. The use of such a vibrator is
generally identified by the trademark Vibroseis. In Vibroseis
survey, specially designed vehicles lift their weight onto a large
plate, in contact with the ground, which is then vibrated over a
period of time, with sweep of frequencies (Fig. 3). Seismic
vibrators are the predominant source used in land acquisition
(Grigorova, 2016).

Fig. 3. Vibroseis truck

The vibrator is a surface source that emits seismic waves
by forcing vibrations of the vibrator baseplate which is kept in
tight contact with the earth through a pulldown weight. The
driving force applied to the plate is supplied either by a
hydraulic system, which is the most common system in use, or
an electrodynamic system. Nowadays driving force can be
managed also by magnetic levitation which is a new
development in the field of seismic vibrator technology. The
plate can vibrate in different directions: P-wave vibrators
(where the motion of the plate is in the vertical direction) as
well as S wave vibrators (vibrating in the horizontal direction).

There are many advantages using vibrators for seismic
acquisition:

e The frequencies can be controlled easily;

¢ Real time monitoring and adjustment of the vibrations to
the ground;

o This technique can be used both in urban areas and in
environmentally sensitive areas, such as sand dunes or
arctic snowpack;

Of course, this technique has also several drawbacks:

o |t sfil has areas of limited access like swamps,
mountains and coastal areas;

e The input signal is not impulsive, so additional
processing and filtration is required to extract
interpretable data;

e A recorded trace is correlated with a reference trace to
extract the reflected signal.

One of the most important characteristic of the Vibroseis
method is the limitation of the bandwidth of the source. Thus,
the Vibroseis technique allows us to generate only those
frequencies we actually need, whereas with an impulsive
source like dynamite, some of the frequencies generated by
the blast are ignored during the seismic acquisition (Levi,
2015).
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Real data comparison between Vibroseis and
Dinoseis

According to Grigorova (2016) in reflection seismology
seismic data are usually contaminated with noise, which refers
to any unwanted features in the data. One of the most
important criteria for data quality is visibility of primary
reflections, often quantified as signal-to-noise ratio. In seismic
processing we usually manipulate our measured data, so that
we can obtain an accurate image of the subsurface. One of the
key components of seismic processing is determining which
part of the recorded energy is noise and removing it from the
data.

Results after pre-processing of Dinoseis and Vibroseis
seismic data are presented in this paper. On shot records
filtration techniques are demonstrated and different kind of
signal behaviour is observed.

In Figure 4 is shown Dinoseis shot record before filtration
procedures and its corresponding spectrum. In the case of the
surface impact sources such as Dinoseis, the pulse is
predominantly low frequency, due mainly to the coupling effect
between the impact pad and the surface.
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Fig. 4. Seismic shot (A) and its corresponding frequency spectre
(B), received by Dinoseis seismic source

On the record low frequency noise can be noticed, which
makes it difficult to analyse the real reflection data. Removal
of the noise is a key component in preparing the data for
velocity analysis and next imaging techniques. Effective noise
removal, which preserves the original amplitude and phase
characteristics of the data, provides the opportunity for
advanced attribute work and inversion for better understanding
of the reservoir (Dingus, 2011).

Looking at the spectra of these data, i.e., by transforming
the time axis to a frequency axis using the Fourier
transformation, different arrivals will give different peaks in the
Fourier spectra. What we achieve is that we can analyse and
interpret different frequencies in terms of different events.
Moreover, we can start thinking about using the Fourier-
transformed data for filtering purposes, i.e. removing certain
frequency bands with the aim to remove undesired signal, like,
e.g. cultural noise (Drijkoningen, 2019). It produces a
characteristic 50 or 60 HZ sinusoidal noise on traces that can
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be measured. Its amplitude is relatively constant with recorded
time, whereas the seismic data amplitudes decay with time.
Notch filters are used to attenuate this type of noise and were
often applied in the recording of the data. The notch filter is
applied here and it attenuates all recorded data at a given
frequency.

The same Dinoseis seismic shot is presented filtered in
Figure 5. According to Dingus (2011) properly addressing the
noise and then its removal provides the opportunity to track
amplitude anomalies and stratigraphic objectives with
confidence.
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Fig. 5. Seismic shot (A) and its corresponding frequency spectre
(B), received by Dinoseis seismic source after noise attenuation

Significantly better real reflection data in comparison with
the same shot before filtration in the time range of 700-1400ms
can be noticed after filtration procedures (Fig.6).

Another seismic shot but recorded using Vibroseis as a
source signal is presented on Figure 6. Although it is received
with generally modern technology row data still consist of
relatively much ambient noise. Surface waves and ground rolls
waves have strong energy and reflection data can hardly be
observed in the upper time of the section.
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Fig. 6. Seismic shot (A) and its corresponding frequency spectre
(B), received by Vibroseis seismic source before noise
attenuation



Journal of Mining and Geological Sciences, Volume 62, Number 1, 2019

In frequency domain notch filter is applied during the field
works, but the spectrum is presented of predominantly low
frequencies. According to Wardell (1970) frequency spectrum
from surface sources, which influences the reflection quality,
may not have sufficient high frequency energy where very high
resolution is required.

After application of several filtration procedures and
whitening of the spectrum, the frequency domain becomes
broadband and respectively the shot data become more
readable. Applying spectral whitening improves the resolution
and appearance of seismic data and it is crucial to correct the
frequency attenuation.

In Figure 7 it is obvious that better signal-to-noise ratio is
achieved, which leads to more confident determination of real
reflection data.

Time (ms)

Fig. 7. Seismic shot (A) and its corresponding frequency spectre
(B), received by Vibroseis seismic source after noise attenuation

Conclusions

In conclusion, both sources are capable of giving
satisfactory seismic data in conditions suited to their use. The
real goal for pre-processing of seismic data is to minimise all
artefacts that are not part of the seismic signal, such as noise,
multiple and acquisition irregularities. There are many areas
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which are now being re-evaluated. Many of these areas are
being recorded using Dinoseis as seismic source, so they
require special consideration in processing. In these areas,
proper noise attenuation that maintains the amplitude and
phase characteristics of the primary signal is a key issue.
Proper seismic pre-processing gives the opportunity to extract
the maximum benefit of seismic data. In such a way pre-
processed data meets the exploration and development targets
by providing quality information for pre-stack imaging
techniques, and appropriate data for such reservoir
characterisation techniques as rock properties, attribute
analysis and inversion.
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ABSTRACT. In seismic processing multiples are events commonly seen in marine surveys, but they are also present in land seismic works. Multiples can be
assumed as energy that has been reflected more than once. It is common knowledge in seismic processing that the whole energy that has to be recorded has a
single upward reflection beneath the surface. In fact, the acoustic energy could experience two or more upward reflections before being recorded. The presence of
multiple reflections in the section can lead to incorrect forward processing of the data and hence interpretation of the subsurface geology structure. For this reason,
when detected this kind of seismic energy has to be removed from the processed data. Attenuation is often made by set of procedures specifically aimed at multiples
suppression. In the following work the mechanism of multiples detection and some popular techniques for multiples suppression are described.

Keywords: seismic method, seismic multiples, multiple suppression.

nonynaAPHU TEXHUKU 3A ®UNTPALUA HA KPATHU BbJTHU
Mas pueoposa
Munro-eeonoxku yHusepcumem “Ca. Uear Puncku®, 1700 Cogpusi

PE3IOME. B ceu3mmyHuTe Mpoy4BaHWs, rMaBHO B MOpEeTaTa M OKeaHWTe, €AHU OT Hal-4ecTo CPEeLLaHuTe HeraTWBHW eDEKTM BBPXY 3anucuTe ce AbkaT Ha
HanMuMeTo Ha KpaTHW BbITHM B TAX. B ceMaMmyH1Te n3cneaBaHus ce cuuTa, Ye LsnaTta eHeprisi, KosiTo ce nosyyaBa kaTo CurHan uMa camo efjHO OTpaXeHue OT nog-
NMOBBLPXHOCTEH Coit. Ha npakTuka obaye akycTUYHUTE BbIIHU MOraT Aa CE OTPa3sT HAKOMKO MbTY Mog MOBBLPXHOCTTA, NPOMEHSIAKYA NOCOKATa CY Ha ABUKEHNE, KOETO
BOAVW [0 NOsIBaTa Ha Taka HapeveHUTe KpaTHW BbHU. KpaTHUTE BbHW Ce CYuTaT 3a LuyM W Mo Tasu npuduHa Tpsibea fa 6baaT npeMaxHaTv OT CeU3MUYHUTE AaHHW,
33 Aa ce u3berHaT no-HaTaTbLUHKM rpeLku B 0bpaboTkata M MHTepnpeTauusTa Ha JaHHUTe. ToBa Ce M3BBPLLBA YPe3 CrieLmanHn npoLesypu, KOMTO Ca Haco4eHu
cnewymarnHo KbM NOTUCKAHETO 1 MPEMAXBAHETO Ha KpaTHU OTPaXKEHUsI.

Kniouosu AYMU: CENU3MNYHN METOON, KPaTHU BbIIHK, CbMJ'ITpaLlMﬂ Ha KpaTHW BbIHU.

Introduction this velocity allows the moveout corrected primary reflections
to become horizontal. In this way stacking velocities correct for
Multiple reflections in reflection seismograms are assumed ~ the moveout of the primary reflections and not for the mutiples.
as unwanted noise that often seriously harms correct imaging S0, the difference in moveout makes it possible to flatten the
of the subsurface geology. To achieve accurate interpretation primary reflections while leaving the multiples under-corrected
of subsurface seismic images, it is necessary this images to be with a moveout approximately parabolic (Hampson, 1986).
of good quality and also to correspond to the energy from the According to Basak et al. (2012) conventional processing
primary reflections. Multiple reflections, energy that has been ~ Methods have limited approaches to achieve a separation of
reflected at more than one interface, are particularly a problem signal and noise in t-x domain. By transforming the data from
for seismic interpretation since they can be easily mistaken as the t-x domain to other domains such as the frequency-
primary reflections. For this reason, multiple suppression wavenumber (f-k) domain or the time-slowness (-p) domain,
techniques remain an integral part of almost every marine those noises can be separated more effectively from the
processing flow. meaningful signal to produce the best subsurface precise
Described by Alvarez (2003) primary reflections in a ~ images minimising artefacts.

common midpoint gather can be presented like a hyperbolic . .
moveout as a function of offset. The equation of the hyperbolic Commonly used multiple suppression

move-out is: techniques
o, a2 Removing multiples and reverberations from reflection
ty= [t§+—= (1) , : :
Vs seismograms has been a longstanding problem of exploration

geophysics. Multiple reflections often destructively interfere
where tc corresponds to the arrival time of the reflection at with the primary ones making interpretation almost impossible.
offset x, to corresponds to the arrival time at zero offset and Vs The methods generally used to suppress multiples can be
is the NMO-stacking velocity. Stacking velocity is the one that placed in three basic categories (Xiao et al., 2003):
best fits the move-out of the hyperbola and if correctly chosen,
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o Methods based on a difference in spatial behaviour of
multiple and primary reflections;

e Methods based on periodicity and predictability of the
multiples.

o Wave field predication and subtraction methods that use
recorded data or models to predict multiples and then
subtract them from the original data.

Methods in the first category exploit the fact that multiples
have travelled along a different path in the subsurface, so
primaries and multiples show different moveout behaviour
(Grigorova, 2013). These filtering techniques can be applied in
the pre-stack domain, e.g. by differentiation on the moveout
(NMO) in the mid-point offset domain, or in the post-stack
domain, by the difference in dips between primaries and
multiples.

One of the most useful and effective way to suppress
multiples is stacking normal move-out (NMO) corrected
seismic gathers (Foster, Mosher, 1992). A weak point of
moveout algorithms is that they are less effective in the
situation of complex wavefields e.g., non-hyperbolic
wavefronts. Moreover, these algorithms start to fail when the
moveouts of primaries and multiples approach each other e.g.,
with reflections from deep targets. According to Berkhout and
Verschuur (2006) successful moveout-based methods use the
Radon transform.

The second group of methods include deconvolution.
Deconvolution methods use periodicity to suppress multiples.
The periodicity of the multiples is exploited to design a filter
that removes the predictable part of the wavelet (multiples),
leaving only its non-predictable part (signal). Deconvolution
methods overall include predictive deconvolution, adaptive
deconvolution and multichannel deconvolution. So, predictive
deconvolution can be used to remove multiple energy from the
seismic data by predicting and suppressing the multiple
reflection series. A successful predictive deconvolution can
remove the complete multiple energy from the seismic data.
Generally speaking, periodic assumption is valid only at zero
offset in the t-x domain and when the interfaces generating
multiples are horizontal or have minor lateral variations. Even
though, deconvolution methods still can be used when
insignificant deformations of the interface or layer generating
multiples are observed.

The third group of methods, wavefield prediction and
subtraction, are based on the wave equation. These methods
use recorded data to predict multiples by wave extrapolation
and inversion procedures. The aim is to obtain multiple—free
data by subtracting the predicted multiples, e.g. creating
subsurface model. In this way all multiples generated by any
system of reflectors can be suppressed theoretically, no matter
how complicated it is. These methods assume that the medium
between primaries and multiples is almost homogeneous. That
group of methods are powerful because of their ability to
suppress multiples that interfere with primaries without
coincidentally attenuating the primaries. Wavefield prediction
and subtraction methods have proved themselves as original
and are among the most promising methods for multiple
suppression, but they are limited by data acquisition and
processing more than other methods (Verschuur et al., 1992).

In the following research real seismic data has been
tested, using Radon filtration, deconvolution in 7-p domain and
surface-relative wave equation multiple rejection methods
(SRWEMR).
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Radon transform for multiple attenuation

Radon filtering is able to separate the primary and multiple
energy in 1-p domain because of their different moveout
velocities. A velocity function is estimated and used to flatten
the primaries on common midpoint gathers (Fig. 1). The
moveout-corrected gathers are then transformed to the Radon
domain. After the transformation the flattened hyperbolic
primaries in time-offset domain (t-x) are presented as points in
1-p domain where the multiples are separated from the
primaries. In practice this process differs from the theory.
Because the transforms produce distortions, the multiples are
estimated in Radon domain, transformed back to the t-x
domain, and then subtracted from the original data, leaving
only the primary data (Berndt, Moore, 1999).
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Fig. 1. Radon transform on synthetic data

The primaries are computed by subtracting the multiples
from the original data in this domain. This method was first
introduced with the name ‘“inverse velocity stacking”
(Hampson, 1986).

In Figure 2 Radon filter is effectively applied for attenuating
the multiple reflections on real dataset.

Fig. 2. Velocity analysis before (A) and after (B) applying Radon
filter

On the figure is shown velocity gather before (A) and after
(B) applying Radon filtration. It can be observed that velocity
events in the range 2000-2500 ms are caused by first water
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bottom multiple. After applying filtration, the first water bottom
multiple is being effected and more confident velocity picking
can be applied.

A comparison of stack data obtained before (A) and after
(B) Radon filter is shown in Figure 3. The image obtained after
the application of Radon filter is helpful in carrying out correct
imaging of the data and for achieving more accurate geological
interpretation.

Fig. 3. Part of stack data before (A) and after (B) Radon filter

Radon filter provides a high degree of multiple attenuation,
especially on long period multiples found in deep water. It
works similarly well in all areas, but experiences difficulties
when the moveout differential decreases under 30ms from
near trace to far trace, such as with peg-leg multiples.

Deconvolution techniques in the tau-p domain

Deconvolution in the 1-p domain can be classified as
multiple attenuation techniques that rely on the periodicity of
the multiple wavefield. Multiples are periodic in the 1-p domain,
and predictive deconvolution applied in the 1-p domain can be
successfully used to suppress them. According to Brooymans
et al. (2013) perfect periodicity in the time-space domain
occurs only for plane wave propagation, so the best alternative
is to compute the 1-p transform of common shot point or
common midpoint gathers, which simulates plane waves. By
transforming data into the 1-p domain, multiples can be forced
to behave like periodic events for all values of p and effectively
attenuated with predictive deconvolution. This technique is
particularly effective in shallow water areas where muting in
the 1-p domain can be accompanied with linear noise
attenuation.

This 1-p processing can be applied to remove unwanted
noise from meaningful reflection signals and for more truthfully
determining the stacking velocity function. In Figure 4 velocity
semblance after applying 1-p deconvolution allows more
adequate and reliable conclusions about stacking velocity to be
made. It is clearly obvious how first water bottom multiple is
affected of applying the procedure.
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Fig. 4. Velocity analysis before (A) and after (B) applying 1-p
deconvolution

According to Xiao et al. (2003) in shallow water, where the
water bottom is very flat and peg—leg multiples are the main
problem, T-p deconvolution can be very effective. On the other
hand, deconvolution methods are less effective in deep water
where the period of the multiples is longer, relative to the
length of the record. One possible reason can be the lack of
enough multiples in the record length to satisfy the periodic
requirements. Another problem is that long—period multiples
require long operators. Since primaries can be periodic over
long time windows, long operators have the potential to
suppress primaries as well as multiples.

In principle, periodic assumption is valid only at zero offset
in the time-space domain, so pre-stack deconvolution has
limited use as a multiple suppression technique.

In Figure 5 is demonstrated stack data with clearly defined
water bottom multiple. This seismic section confirms the rule
for effectiveness of 1-p deconvolution in shallow waters.

Very often multiple attenuation techniques modify the
whole dataset and produced artefacts on the section. As
Stewart et al. (2007) mentioned as a drawback of T-p
deconvolution, is that the entire ensemble passes through the
transform. As a consequence, transform artefacts may be
embedded in the data. Many multiple attenuation techniques
model the multiple reflections and subtract them from the
original data. This helps minimise process-induced artefact. It
becomes clear that there is no single multiple attenuation
technique suitable for all datasets.
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Fig. 5. Part of stack data before (A) and after (B) applying 1-p
deconvolution

Wavefield prediction and subtraction technique -
surface-relative wave equation multiple rejection
(SRWEMR)

Wavefield prediction and subtraction methods are among
the most promising methods of multiple suppression. These
methods use wave equation and recorded data to predict
multiples in the section. As Xiao et al. (2003) pointed out wave
extrapolation and inversion procedures are designed to
subtract the predicted multiples from the original data and to
produce multiple — free data. The biggest advantage of these
methods over other multiple attenuation methods is their ability
to suppress all multiples, especially the multiples that have
stacking velocities close to the primary reflections without
attenuating the primaries.

Prediction and subtraction techniques for multiple
attenuation have also another advantage over the other
multiple subtraction methods - these methods are suitable for
prestack analysis and particularly for amplitude— versus—offset
analysis, because they do not transform the input signal.

In Figure 6 is presented the result of application of surface-
relative wave equation multiple rejection method (SRWEMR)
before (A) and after (B) filtration. The technique proved itself as
the most promising amongst the tested methods in this
research. Multiple reflections generated by the water bottom
are predicted by a combination of wave extrapolation through
the water layer and estimation of the water bottom reflectivity,
then the predicted wave field is subtracted from the original
data.

This method can be used successfully to attenuate the
long period multiple reflection, because the attenuation is
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based on wave equation inversion. As stated by Wiggins
(1988) multiple reflections that are generated by the water
bottom in marine seismic data can be predicted by a
combination of numerical wave extrapolation through the water
layer and estimation of the water bottom reflectivity. Therefore,
inversion of wave equation and seismic wave amplitude
observed are used to get the water bottom reflectivity which is
then used to design the prediction filter to eliminate the multiple
reflections.

Fig. 6. Part of stack data before (A) and after (B) surface-relative
wave equation multiple rejection

According to Erlangga (2015) the SRWEMR method does
not depend on the moveout difference to attenuate the long
period multiple reflection. So, the SRWEMR method can be
applied to the seismic data which has even small moveout
difference.

Conclusion

Over the years, many multiple attenuation techniques have
been tested. Most of them proved to be effective in certain
physical-geological conditions. It is essential a proper multiple
suppression approach to be chosen depending on the type of
multiples, data acquisition and processing flow.

Multiple attenuation not only makes interpretation easier by
highlighting the primaries, but also improves the resolution of
the primaries by allowing a better selection of the primary
stacking velocities. A careful examination of stacking velocity
leads to more confident and adequate seismic section, which is
the main goal in the process of seismic investigations. These
are just few key issues multiple suppression methods to be
recognized as an integral part of almost every marine
processing flow.
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IMPLEMENTATION OF AN ENERGY SEPARATION DEVICE BASED ON THE HARTMANN-
SPRENGER EFFECT IN A PRESSURE REDUCTION UNIT OF A GAS DISTRIBUTION
STATION

Alyona S. Dmitrieva, Artyom E. Belousov, Andrey M. Shipachev

Saint Petersburg Mining University, 199106 Saint Petersburg; alena_dmitrievad7@rambler.ru

ABSTRACT. Energy efficient management of main pipeline transportation and distribution of natural gas is one of the priorities of sustainable development and cost
optimisation in the gas industry. The study is devoted to solving the problems of energy and resource saving by introducing an energy-separation device based on the
Hartmann-Sprenger resonance effect into the gas distribution station (GDS) pressure reduction unit. When the gas pressure is reduced at the GDS, due to the Joule-
Thomson effect and the work done by the gas, a significant drop in its temperature occurs. To prevent a drop in temperature and the possible formation of hydrates,
special measures are applied. All of them require significant investments and resource costs (gas for combustion, electricity, and methanol). Introduction of energy-
separating devices to the reduction unit is a rational solution that will allow to carry out the general or partial gas heating by utilising the energy of its pressure. There
are many types of energy-separating devices based on different effects. Among them are: Ranque-Hilsch vortex tubes, ejection with a negative ejection coefficient, an
energy separation device with a phase transition, pulsation tubes, energy separation in gas flows in the flow around various obstacles and in a free flowing stream of
gas. Using the analysis of existing methods of energy separation and numerical simulation, justification of the effectiveness of the energy separation device of the
resonant type is given. Hartmann-Sprenger effect is based on the principle of aerodynamic resonance and thermal energy separation in the case of non-linear gas
oscillations in a pipe plugged from one end. An energy-separation device has been developed with a non-fire gas preheating to provide a predetermined temperature
at the outlet of the gas distribution station and a waming of possible hydrate formation at the station pipelines. The proposed technology will make it possible to
partially or completely exclude the generation of thermal energy at the gas distribution station by gas combustion.

Keywords: Natural gas, gas pipeline, energy saving, energy separation, Hartmann-Sprenger effect, pressure reduction, gas distribution station

BBLBEXIOAHE HA YCTPOWCTBO 3A OTAENAHE HA EHEPIUATA, OCHOBAHO HA EQEKTA HA HARTMAN-SPRENGER, B
PEOYKTOPA HA TA3OPA3NPEAENUTENHA CTAHLUKA

Anena C. [mumpuesa, Apmbom E. Benoycos, Audpeu M. Llunayes

CaHkmnemepbypacku MuHeH yHusepcumem, 199106 CaHkm lNemepbype

PE3IOME. EHepruiiHo etheKTMBHOTO YnpaBlieHue Ha MarucTpanHu TpbGonpoBoav W pa3npeseneHueTo Ha MpUpOAeH a3 e eauH OT MPUOPUTETUTE 3a YCTOUMBO
pa3BUTME W ONTUMU3MPAHE Ha Pa3XOAuTe B ra3oBaTa MPOMMLLNEHOCT. [oKNaabT € NOCBETEH Ha pellaBaHe Ha NMpobnemMuTe 3a CnecTsBaHe Ha eHeprusi  pecypcu
upe3 BbBEX[IaHe Ha YCTPOIICTBO 3a OTAENsHe HA EHeprisATa, OCHOBAHO Ha Pe3oHaHCHMs edekT Ha Hartmann-Sprenger, B pefiykTopa Ha rasopasnpegenurenHara
cTaHuusl. KoraTo HansiraHeTo Ha ra3a ce NMoHWx B ra3opasnpesenutenHara cTaHuus nopaau edekta Ha [xoyn-ToMcbH 1 paGoTaTa, M3BbPLUEHA OT rasa, HacTbBa
3HauMTENEH cnaj B TemnepaTtypata My. Manon3Bsat ce crieuvantu Mepkv 3a NMpefoTBpaTsBaHe Ha Criaja Ha TemnepaTtypata. Bcuuku Te M3uCKBAT 3HAUUTENHU
WHBECTULMM W PA3XOA Ha Pecypcu (ra3 3a ropeHe, enexkTpUYecTBO, METaHOM). VIHCTanupaHeTo Ha yCTpoiiCTBa 3a OTAENsHE Ha eHeprusTa B pefyktopa e
paLyoHaIHO peLLeHIe, KOETO Lue Mo3sonk o6LLO UMK YACTUYHO 3arpsiBaHe Ha rasa Ype3 U3NonaBaHe Ha eHeprusiTa OT HansraHeTo My. ChLUecTByBaT MHOTO BIAOBE
YCTPOWCTBa 3a OTAENsHE Ha eHeprusl, 0CHOBAHW Ha paanuyHu ecekTn. Cpepd Tsx ca: BUXposn TpbGu Ranque-Hilsch, uaxebpnsHe ¢ oTpuLaTeneH koeduUMeHT Ha
W3TnacksaHe, yCTPOMCTBO 3a OTAENSHe Ha eHepriaTa ¢ hasos NPexop, NYNcaLvoHHN TPbOW, eHEPIUHO pa3fensiHe Ha ra3oBUTE NOTOLM NpW NPEMUHABaHe Nokpaii
pa3nuyHW NPensTCTBUS U B CBOBOAHO Tevall rasoB noTok. Ha 6asaTa Ha aHanuaa Ha CbLLECTBYBALLMTE METOAN 3a OTAENSHE Ha eHeprusiTa U Y1cneHaTa CUMynaLus
€ JafeHa 060CHOBKa 33 e(heKTBHOCTTa Ha paboTaTta Ha YCTPOICTBO OT PE30HAHCEH TUN 3a OTAENAHE Ha eHepruaTa. MPUHLMIBLT Ha OTAeNsHE Ha aePOANHAMUYHIS
PE30HAHC W TOMNUHHATA EeHeprusl Mpu HenuHelHW KoneGaHus Ha ra3 B TpbGa, BKMYeHa B eduHUs Kpaid, e B OcHoBaTa Ha edekta Ha Hartmann-Sprenger.
PaspaGoTeH e TepmoakyCTyeH ra3oB MOArpeBaTen 3a MoAAbpXaHe Ha 3ajadeHata TemnepaTtypa Ha W3xofa Ha rasopasnpefenuTenHata CTaHuus
npesoTBpaTsBaHe Ha Bb3MOXHO 0Gpa3yBaHe Ha XuapaT B TpbOONPOBOAWTE Ha CTaHuusTa. MpeanoxeHaTa TeXHONOMMS Le NO3BOMM YaCTUYHO UMM HammbIHO fa ce
W3KIKYM FeHEPUPAHETO Ha TOMNUHHA EHEPrIAsi OT rasopa3npeaenuTenHaTa CTaHLuUs Ypes uarapsiHe Ha ras.

KntouoBu gymu: NpupoaeH ras, rasonpoBof, eHeprocnecTsiBaHe, OTAeNsHe Ha eHeprus, ebekT Ha Hartmann-Sprenger, peayKuusl, rasopasnpeaenurenHa cTaHuus

Introduction efficiency of production processes (Gazprom PJSC, 2011;
2016).

Energy efficient management of main pipeline One of the most important problems in the operation of gas
transportation and distribution of natural gas is one of the  Pipelines is the formation of gas hydrates. In the process of
priorities of sustainable development and cost optimisation in ~ reducing the gas pressure on the GDS, due to the Joule-
the gas industry. At present, Gazprom's gas transmission Thompson effect, a significant drop in the gas temperature
companies pay serious attention to the problems of rational occurs. This leads to the formation of condensate in the form of
use of natural gas for their own technological needs, observing gas hydrates, a solid snow-like mass that can accumulate
the conditions for ensuring industrial safety and optimal control ~ inside the gas pipelines, reducing their flow cross-section, and
of the gas transmission system, and improving the energy affect the efficiency of the valves (Kitaev, 2011). Most often,

the blockage of the pipeline can occur in the winter period due
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to the significant cooling of the gas flow moving in the pipeline.
As a result, an emergency stop of the pipeline operation may
occur. The costs of oil and gas companies to prevent and
eliminate gas hydrate plugs constitute a significant part of the
cost of transport and distribution of gas.

The paper presents the topical problem of resource and
energy saving in the system of transport and distribution of
natural gas and a method is proposed for its solution based on
the introduction of an energy separation device (ESD) at the
reduction unit of gas distribution station.

The traditional methods for reducing hydrate formation in
the GDS include: general or partial heating of the gas, local
heating of the regulator housing, and the introduction of
methanol into the gas pipeline. All of them require either
significant investment or resource costs: gas for combustion,
electricity for local heating, methanol.

In order to minimise the transportation costs of gas, the
urgent task is to develop new ways to carry out gas heating
during the reduction, taking into account energy saving
requirements.

One of the solutions is the introduction of alternative
sources that use the energy of wind, water, sun, etc. However,
the effectiveness of these methods strongly depends on the
climatic conditions.

To prevent frosting of gas equipment and gas preheating,
the introduction of a machine-free power separation unit is
proposed. The term “energy separation” or “machine-free
energy separation” means the redistribution of total enthalpy
(stagnation temperature) in a gas stream without external work
and without heat exchange with the environment.

The reasons for the energy flow separation may be
different. In some cases, these are vortex flows, in others —
pressure pulsations and shock waves. These effects form the
basis of devices for the energy separation of gases.

Analysis of existing methods of energy
separation

Energy separation is the process of the emergence of “hot”
and “cold” regions in a gas flow without the supply/removal of
energy from outside. The implementation of this process is
possible in special devices without a machine power
separation. Due to its geometry, these devices allow the
redistribution of thermal energy of the gas flow, utilising its
pressure (Gurin, 2008).

There are many types of energy-separating devices (ESD)
based on different effects. Among them are: Ranque-Hilsch
vortex tubes, ejection with a negative ejection coefficient, an
energy separation device with a phase transition, pulsation
tubes, energy separation in gas flows in the flow around
various obstacles and in a free flowing stream of gas.

ESD are multifunctional: with different designs it is possible
to obtain both ultra-low and ultra-high temperatures. A
distinctive feature of these devices is their simplicity, the
absence of moving parts, low inertia, low weight and reliability
of structures (Parfenov, 2018).

With regard to the working conditions of the GDS, the
following methods of energy separation can be distinguished:
temperature stratification in supersonic flow; the vortex effect
of the Ranque-Hilsch; Hartmann-Sprenger effect (H-S).

1M

Based on the first method, the author (Popovich, 2016)
developed an energy separation device in the main pipeline for
organising a supersonic flow in an internal or external channel
(Fig. 1). Its principle of operation is the following: high-pressure
gas is divided into two parts, one of the streams accelerates in
a Laval nozzle to supersonic speeds, and the other — subsonic
high-pressure flow — is directed through the inner pipe. For a
supersonic flow, the stagnation temperature diagram is
redistributed. For a subsonic flow, the wall temperature is
almost equal to the stagnation temperature. As a result of
interaction through the heat-conducting wall in the energy-
separation device, the supersonic flow is heated, and the
subsonic is cooled using a gas with a Prandtl number less than
one. If the Prandtl number of the working substance is greater
than unity, the effect is reversed — the supersonic flow is
cooled and the subsonic flow is heated up.

Fig. 1. The energy-separation device in the pipeline during the
organisation of a supersonic flow in the internal channel

The disadvantages of this technology are: the need to
maintain a supersonic gas flow rate; cooled subsonic flow is
sent back to the gas pipeline.

The main principle of the vortex effect is the separation of
gas when twisting in a cylindrical or conical chamber into two
fractions. At the periphery of the chamber, a swirling flow is
formed with a higher temperature, and in the centre - a
swirling cooled flow, and rotation in the centre occurs in a
different direction than at the periphery.

On the basis of the vortex effect, a device is known, the
gas pressure regulator RDU-T with a heat generator, produced
by PJSC “Plant Staroruspribor”. Energy separation occurs due
to the presence of the Ranque-Hilsch vortex tube (VT). The
cold component is removed and discharged into the rear flange
of the regulator, which helps to heat the heat generator to a
temperature of +40-50°C for 6-8 minutes. The heating
temperature of the heat generator is sufficient to prevent
frosting of the valve.

It was experimentally established that the preheating of the
inlet gas due to the hot wall of the VT allows the gas
temperature to rise before entering the vortex tube by 3-5°C
(Gurin, 2008.). The tests of the developed device showed that
in the design mode with absolute inlet pressure P=0.4 MPa
and pressure decrease of natural gas to absolute pressure of
1.003 MPa, the heated air at the outlet of the HT (when mixing
cold and hot streams) at the maximum flow rate is 5.5°C, with
a minimum flow rate of 2.7°C (about 10% of the maximum
value). The tests of the developed device showed that in the
design mode with absolute inlet pressure P=0.4 MPa and
pressure decrease of natural gas to absolute pressure of 1.003
MPa, the temperature of heating the air at the outlet of the HT
(when mixing cold and hot streams) at maximum flow rate is



Journal of Mining and Geological Sciences, Volume 62, Number 1, 2019

5.5°C. The amount of heating of natural gas in the design
mode is equal to 2.0°C and 1.0°C for maximum and minimum
flow. Despite such an advantage as the possibility of carrying
out several processes at the same time (cooling, heating,
phase separation), this device has low energy efficiency.

The principle of aerodynamic resonance and thermal
energy separation in nonlinear oscillations of a gas in a dead-
end pipe is the basis of the Hartmann-Sprenger energy
separation effect (Fig. 2).

Fig. 2. The flow of gas inside the dead-end cavity

The Hartmann-Sprenger (H-S) effect is the following:
breaks in the jet of high-speed gas flow at the entrance to the
dead-end cavity cause pressure pulsations, the waves of which
propagate in the direction of a dead end, reflect and move in
the opposite direction, entering with subsequent waves in
resonance with a sharp temperature rise. Inside the dead-end
tube it is possible to create temperatures up to several hundred
degrees. At the same time, the gas flow loses energy and
comes cooled to the exit of the installation.

The H-S effect was not previously considered as a way to
preheat the gas at the GDS. The following applications are
known: in aircraft industry, as a heating element of the anti-
icing system in the air intake of the aircraft; gasdynamic igniter
for sparkless burning of combustible gases; a device for
pulsating impact on the bottom hole formation zone; rotary
wave cryogenerator for low-tonnage production of liquefied
natural gas.

The following advantages of the effect H-S can be
identified: a simple theoretical description of the physical
meaning of the effect; shared hot and cold streams do not
come in direct contact and are separated by a wall; ease of
obtaining high temperatures: in certain situations, the actual
overheating temperature can reach values of ~ 500-1500 K.

In the gas transportation system, the H-S effect was
considered only as negative. In (Parfenov, 2018), cases of
heating of individual elements of the block valve station during
the filling of the sections of the gas pipeline with melting of
outer insulation, emitting acrid smoke and loss of tightness of
the shut-off and control valves were considered.

Thus, the analysis of the devices proves the limited
effectiveness and application of the effect of temperature
stratification in supersonic flow and the vortex effect of Ranka-
Hilsch for heating the gas in the GDS.

Justification of the efficiency of energy
separation on the Hartmann-Sprenger effect by
numerical simulation in ANSYS FLUENT

The simulation of the effect of resonant energy separation
is a complex mathematical problem that requires large
computing resources and time. In this paper, a simplified 2D
model is proposed to provide a qualitative representation of
energy separation processes in a dead-end cavity.

The description of the gas movement under arbitrary
conditions is made using the Navier-Stokes equations. For the
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solution, numerical methods implemented in various software
products are used. In this paper, the ANSYS FLUENT package
is used to solve this problem. It is applicable for solving various
problems of gas dynamics.

The turbulent flow is characterised by the presence of
vortex structures. Special models of turbulence are used to
solve practical problems in order to reduce the calculation time.
RANS models (Reynolds Averaged Navier-Stokes) are most
prevalent today. In these models, the following approach is
used: for all desired parameters (velocity, pressure,
temperature, etc.), the value is represented as two terms —
the averaged and the pulsation value (Savchenkov, 2013;
Voronin, 2014).
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Fig. 3. The scheme of the resonant tube: 1, gas inlet; 2, nozzle; 3,
exit from the high-speed flow nozzle; 4, resonant tube

Modelling is carried out in the software package ANSYS
FLUENT. Air is accepted as a gas mixture and is described by
the Redlich-Kwong real gas law. At the entrance to the nozzle,
the speed is set at 15 m/s and the temperature is 300 K. The
outlet pressure is set to 0 Pa. To determine the initial
conditions, the problem is solved in a stationary formulation.
For this purpose, the Menter turbulence model is chosen —
shear stress transfer SST. The calculation is based on the
DES-model of turbulence with a time step of 1:10-5 s. The
pulsation effects are stabilised in 0.2 s. Visualisation of the
simulation results is presented in Figure 4.

[m sh-1]

Fig. 4. Speed contours in the case of a steady-state oscillatory
process

In the case of oscillation due to flow interruptions at the
entrance to the dead-end cavity without using artificial
pulsators (for example, pistons), the frequency of pressure
oscillations will depend only on the cavity length (/7) and the
speed of sound in the medium (c) and will be f =c/2Ir. The
frequency in the process of resonance is half as much,
because the wave changes sign when reflected from the open
end, and the rarefaction wave passes through the pipe instead
of the reflected shock wave. Therefore, the theoretical
frequency of oscillations in resonance is equal to:

= C
T


http://universal_ru_en.academic.ru/66569/block_valve_station
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The resonant frequency of pressure oscillations is within
the range feac=150+160 Hz. According to the formula (1), the
theoretical frequency of pulsations in resonance is (the speed
of sound in the air is 340 m/s):

fo 340

theor
4

=142 Hz

The deviation of the received frequency from the
theoretical frequency is 5.9-12.9%, which is within the normal
range. The range of amplitudes of pressure pulsations at the
bottom of the cavity is 3070 kPa.

As a result of the simulation, we obtain the graphs of the
pressure and temperature pulsations in the dead-end cavity
(Figs 5, 6). In the first approximation, we assume that the
temperature growth rate at the bottom of the dead-end cavity is
described by a linear function (Fig. 7).

Title

Pressure (7]

“W“‘u’ﬂ" JW“‘MM\ ” " ]H 1’ | l,h

Fig. 5. Pulsations of pressure in the dead-end cavity for the time
interval t= 0+-0.55 s

Fig. 6. Pulsations of temperature in the dead-end cavity for the
time interval t= 00.55 s
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Fig. 7. The scheme for calculating the temperature growth rate at
the bottom of the dead-end cavity

The temperature growth rate at the bottom of the dead-end
cavity is:

337-300

=105,7 K/s.
,55-0,2

an(p)=

The temperature growth rate at the bottom of the dead-end
cavity is 105.7 K/s. The calculation is made without taking into
account the thermophysical properties of the wall material
(without heat loss through the wall), therefore, the value of the
final heating temperature is not considered.

Conclusion

A search study of existing devices without a machine
power separation has been made. A wide range of their
varieties is presented. The description of physical processes in
ESD is given.

A numerical model has been developed that describes the
processes of energy separation in a resonant tube.

Further research is aimed at applying the developed
numerical model for more complex structures taking into
account spatial phenomena (3D model) and physical
properties of the resonator walls, comparing the results of
numerical calculations with laboratory tests.
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METHODICAL APPROACH FOR DETERMINING PETROPHYSICAL PARAMETERS USING
THE VINCI 3.28 HELIUM POROSIMETER

Nikolay Hristov, Efrosima Zaneva-Dobranova
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ABSTRACT. The present study aims to review current methodological approaches for the laboratory determination of reservoir parameters of reservoir rocks using
the helium porosimeter (HeP-E) of the French company Vinci Technologies. The variations in the technological solutions of the measurement methods are
considered, as well as the qualitative and quantitative representation of the results. A methodology is offered for determining petrophysical parameters (porosity and
permeability) using the Vinci 3.28 helium porosimeter which the Laboratory in the Physics of the Stratum at the University of Mining and Geology “St. Ivan Rilski” is
equipped with. In the final part of the study, the advantages of the helium porosimeter are substantiated both in terms of the expediency and versatility of the research
process and with respect to the presentation and reliability of the results obtained.

Keywords: porosity, permeability, laboratory assessment

METOOWYEH Noaxod 3A ONPEAQENAHE HA NETPO®U3UYHM NAPAMETPU C MOMOLLITA HA XENUEB NOPO3UMETBP
TWUN VINCI 3.28

Hukonaii Xpucmoe, Ehppocuma 3aHesa-fJobpaHosa

MurHo-eeonoxku yHusepcumem “Ca. Mear Puncku”, 1700 Cogpusi

PE3IOME. HacrosiaTa pa3paboTka uma 3a Lien npernes Ha CbBpeMeHHUTE METOAMYHY NOAXOAN 3a NabopaTopHOTO onpeaensHe Ha pe3epBoapHUTe napameTpu Ha
CKanu-KoMeKTopy Ype3 usnonasaHe Ha xenues nopoumetbp (HeP-E) Ha dpeHckata dupma Vinci Technologies. Pasrnenann ca Bapuauummnte B TEXHONOTMYHUTE
peLleHNst Ha METOAMTE Ha W3MepBaHe, KaKTo M KayeCTBEHOTO W KONMWYECTBEHOTO MpeAcTaBsHe Ha pesyntatute. [peanoxeHa e MeToauka 3a OnpepensHe Ha
neTpogM3NYHN napameTpyn (MOPECTOCT W MPOHULLAEMOCT) Ype3 13NOoN3BaHe Ha xenues noposumeTsp Tin Vinci 3.28, ¢ koiTo e obopyasaHa nabopatopusita no
®usnka Ha nnacTa kbM MIY ,Cs. MBaH Puncku”. B 3akntountenHata yact Ha paspaboTkata ca 060CHOBaHM MpeaumcTBaTa Ha XENUEBHsl NOPO3MMETBLP KaKTo Mo
OTHOLLEHWE eKCneaUTMBHOCTTA W YHWUBEPCANHOCTTa Ha M3CnefoBaTeNckus NpoLec, Taka W Mo OTHOLIEHME Ha HauuHa Ha MpeAcTaBsHE W AOCTOBEPHOCTTA Ha
nony4YeHnTe pesynTaTtu.

KntouoBM AyMM: NOPECTOCT, NPOHULIAEMOCT, NaBopaTopHa oLeHKa

Introduction modernising the laboratory equipment and introducing

contemporary analytical systems to determine important

Anumberofimportant issues in the geo]ogyofo” and gas, quantitative parameters of reservoir and fluid Systems

in the prospecting, exploration, and development of (Zaneva-Dobranova, 2017; Zaneva-Dobranova et. al., 2017;
hydrocarbon ~ fields, in the assessment of the 2019).

resources/deposits of hydrocarbons in various categories, as ) )
well as in determining the output technological indicators for Theoretical framework and equipment
their development, are related to the study of the petrophysical

properties of reservoir rocks. The purpose of this study is to Theoretical framework
review the current methodological approaches for the The most important physical properties that characterise
laboratory determination of reservoir parameters of reservoir the ability of rocks to contain fluids and to release them under
rocks using a helium porosimeter (HeP-E) of the French certain conditions are their capacity and permeability. Various
company Vinci Technologies, type Vinci 3.28 (Fig. 1), with groups of methods exist: geophysical, hydrodynamic,
which the Laboratory of the Physics of the Stratum at the petrographic, etc. Laboratory methods are also important. In
University of Mining and Geology “St. Ivan Rilski” is equipped. carrying out the experiment, the following ones were essential
The equipment was partially funded by a project from the for obtaining the correct results: the technological solutions to
Research Fund. the measurement methods; the qualitative and quantitative
As a leading laboratory at the University of Mining and presentation of the results; the preliminary preparation of the
Geology “St. Ivan Rilski”, it provides fluid and rock analysis sample studied; the genesis of the capacity and filter spaces;
services for the purposes of petroleum engineering. The the laboratory equipment; the role of deformation effects; the
methodological basis for the training of students in various skill of the laboratory assistant, etc.

courses of study has also been developed. Researchers
ensure the functioning of the laboratory and strive for
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Fig. 1. General view of the Vinci 3.28 helium porosimeter

The classical laboratory methods applied in practice were
developed in the middle of the 20t century and are associated
with the works of Kobranova and Leparskaya (1957), Kalinko
(1963), Hanin (1969), Balinov and Troshanov (1968), Goroyan
(1971), Balinov et al. (1972), Archer and Wall (1986), Dake
(1994), etc. Recently, due to the need to apply specific
methods and approaches, research activities have been
focused on the study of rocks with unconventional reservoir
properties (Zaneva-Dobranova, Georgiev, 2016). Along with
that, traditional laboratory methods have been refined and
laboratory equipment is being upgraded. A number of leading
laboratories throughout the world are examples in this respect:
the American Core Laboratories, Inc., the Russian GC Agrosi
Ltd., CORETEST SERVICE Ltd. in Tyumen, etc., acting as
service providers for the analysis of rock and fluid material for
the needs of the petroleum industry.

The helium porosimeter allows to determine the size of the
grains and pores in the test specimen due to the isothermal
expansion of helium, and then the density and effective
capacity are determined. The results of the tests, using a
helium porosimeter, are characterised by correctness of
measurement, high accuracy (precision), and negligible
random error of the results obtained in repeating conditions
(Ahmed, Mehan, 2016; Twardowski et al., 2004).

In its essence, the methodology of this type of porosimeter
does not differ significantly from the classical ones that study
the reservoir properties of rocks. It is based on fundamental
achievements and the laws of the physics of the oil stratum,
the hydro- and thermodynamics, etc. At the heart of the
principle of operation of the Vinci 3.28 helium porosimeter is
the Boyle-Mariotte law. It can be used to calculate the volume
of the grains and pores based on two consecutive pressure
measurements and on the helium mass data. The analytical
expression includes the initial and the measured (final)
pressure, volume and temperature.

Pref * ref _ Pexp * Vexp

Tre f Texp

where:
P, is the reference (initial) pressure;
Vyer is the reference (initial) volume;
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T,y is the reference (initial) temperature;
P.p is the measured (final) pressure;
Vexp is the measured (final) volume;

T,p is the measured (final) temperature.

During the series of tests, it is assumed that the
temperature is kept constant, therefore:

Texp = ref
Pref * Viyer = Pexp * Vexp

The Vinci 3.28 helium porosimeter equipment and the test
sequence

What is different in the design, in comparison with the
mercury porosimeter, is the ability to comprehensively study
various characteristics, to automate the process, and to
shorten the duration of the experimental work. The helium
porosimeter used is significantly safer and the results obtained
are commensurate with those of the mercury porosimeter. The
storage conditions of the reagent used (helium) do not require
special equipment of the laboratory and thus the risk of
performing measurements is reduced.

The porosimeter has the following structure which is
schematically shown in Figure 2.
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Disc /7

&
A ? vor | vo2
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Gas inlet(@——>4<}— D<G—1L 4 Tank |f——=——]Vent
Regulator | Expand A
0-200 psig

©)
Matrix cup

Fig. 2. Structure of the Vinci 3.28 helium porosimeter

Description (from left to right):

e Gas inlet - saturating agent — helium gas (a bottle with
a pressure regulator and a shut-off mechanism);

o Discharge line;

o Regulator — primary pressure regulator (200 bar);

o Rupture disk — gas temperature control and regulation
system;

e V01 -functional valve;

e PTO01 - main electronic block with a computer output
and a digital pressure gauge on the front panel;

e Tank - helium tank;

e V02 - distributing cock with positions for sample
saturation and specimen ventilation;

o Discharge line;

e Matrix cup — saturation group - a system of an
encapsulated core holder and a core holder attachment
mechanism.

The developed methodology of the research process
includes several important elements (Fig. 3).

The primary material is received in the laboratory and
some procedures are performed that are related to its
photographing and the attachment of a unique identifier. The
primary material produces test specimens which are cleaned,
dried to a constant weight and the corresponding sequential
research identifier is attached. The next step in the process is
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to carry out quality control of the specimen, monitoring its
integrity as required. The specimen prepared is photographed.
The following are important elements of the research
process:
o the size of the samples tested;
o the calibration of the instrument.

Test material is received

y
Photographing

y
A unique identifier is attached

.

Test specimens are produced

Quality control of the specimen and
photographing

v

Calibration of the instrument

v

Inserting the specimen into the core holder and
adding the necessary reference washer

.

Performing the research, result reading,
software input

v

Control of the results obtained

Unreliable results

v
laboratory database

Data storage in the

v
Preparation of the minutes of the research

Fig. 3. Schematic presentation of the research sequence

To ensure greater reliability of the test, the sample size rule
(the ratio of specimen height to specimen diameter) should be
observed. The above should be 2:1. The core holder has a
fixed diameter of 38.5 mm (1.5 inches); therefore, the optimum
specimen height should be 76.2 mm (3 inches). If specimens
of this height cannot be prepared from the test material, the
height may be reduced to 38.5 mm (1.5 inches), i.e. to the ratio
of 1:1, without significantly affecting the measurement results.
The height of the specimen in the core holder (up to 76.2 mm)
is supplemented by a set of 6 washers supplied with the
apparatus. These are reference metal washers (Fig. 4),
calibrated by the manufacturer, with a definite thickness and
volume, depending on the need to adjust the height of the test
specimen. When inserting any of the washers into the core
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holder, its factory number is input in the software product with
the helium porosimeter. This is done in order to automatically
read and correct the imperfection of the test core and,
accordingly, the measurement result.

Fig. 4. Reference washers for the Vinci 3.28 helium porosimeter

The calibration of the instrument is based on the Boyle-
Mariotte law on the volume constancy in an isothermal process
(Fig. 5).
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Fig. 5. Calibration curve of the helium porosimeter

It is a sine qua non that before each series of
measurements, the apparatus must be properly calibrated.
Technologically, this procedure in the helium porosimeter has
been considerably simplified to avoid technological errors on
the part of the operator. The six available washers are
sequentially inserted into the core holder and volume and
pressure measurements are carried out.

Once the volume has been established, an indication is
made in the apparatus software of the particular washer being
used at the time of measurement, and the computer
automatically determines the Pref/Pexp ratio. The variation
range should be between 1.3 and 5 depending on the installed
calibration washer.

Another essential part of the preliminary preparation is
checking for leaks from the apparatus. In case the pressure
constantly changes, the system automatically signals for
helium leakage. This requires a thorough check of the
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connections in the system and the elimination of the problem
before resuming the measurements.

Through these two preliminary procedures, the
manufacturer guarantees the relevance and reliability of the
results obtained during the measurement. The instrument
calibration procedure is carried out on a daily basis, prior to
commencing laboratory work and measurements, and lasts for
about 30-40 minutes.

Following the instrument calibration procedure, the steps
outlined in the schematic diagram of the research sequence
are performed: inserting the sample, adding the necessary
reference washer, and starting the test. The gas initially fills the
reference tank and then saturates the sample. Usually, the
time to stabilise the saturation pressure is in the range of 3—10
min. This stage is controlled by the operator. Depending on the
lithological composition of the rock studied, with denser rocks,
the stabilisation interval can be lengthened up to 20 min. If
stabilisation is not achieved, the study should be repeated by
adjusting the gas temperature or checking for helium leaks.

After the saturation is completed, the measurement results
are input into the instrument software. The results obtained are
controlled. In case they deviate significantly and/or the
pressure ratios are not observed, the measurement procedure
is repeated. If the results are satisfactory, they are stored in a
database. An individual measurement report is prepared in
accordance with a report form of the laboratory.

The main results include: porosity, permeability, volume
and mineral density of the rock.

Conclusion

The methodical approach considered is versatile and offers
expeditiousness of the research process and reliability of the
obtained results. Thus, it can be applied both in research work
and in the training of students and Ph.D. students in the
petroleum field. The methodology and equipment have been
implemented in the laboratory of “Physics of the Qil and Gas
Stratum” at the University of Mining and Geology “St. Ivan
Rilski”.
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OPERATIONAL CONTROL AND MANAGEMENT OF DRILLING PARAMETERS AS THE
KEY TO EFFICIENT DIRECTIONAL AND EXTENDED REACH DRILLING

Vyacheslav Kadochnikov

Saint Petersburg Mining University, 199106 Saint Petersburg; kadochnikov93@gmail.com

ABSTRACT. Every year the volumes of drilling wells with complex trajectories increase, and vertical wells are successfully occupied by directional wells with large
waste from the vertical ones (extended reach drilling). Several sections with changes in the zenith and azimuth angles have difficult trajectories. The drill string in the
well is in a complex stress-deformed state, as a result, tool landing and tightening occur, as well as the risk of loss of its elements’ strength. It should be noted that a
change in the geometry of the drill string in the presence of critical trajectory angles determines the slurry (formation of a slurry pad) and the change in the equivalent
circulating density (ECD). The paper substantiates the necessity of operational control and management of drilling parameters in order to prevent emergencies in the
well, especially while drilling in a narrow range of absorption and fracturing pressures. The results of a multifactor computational experiment are presented: the
dependence of the hydrodynamic pressure in the well on the consumption of the cleaning agent and on the rate of penetration. The principle of determining the actual
axial load on the bit and the algorithm for the operational control and management of the drilling parameters are presented: axial load on the bit, rotational speed of
the drilling tool, cleaning agent flow, rate of penetration.

Keywords: drilling parameters, operational control, equivalent circulation density (ECD), well flushing, axial load on bit, extended reach drilling (ERD)

ONEPATUBEH KOHTPOI U YNPABNEHUE HA NAPAMETPUTE HA COHOMPAHE KATO CPEACTBO 3A E®EKTUBHO
HACOYEHO U PA3LLUMPEHO BEPTUKANNHO COHOWUPAHE

Bsauecnae KadoyHukos

CaHkmnemepbypacku MuHeH yHusepcumem, 199106 Caqkm lNemepbypa

PE3IOME. Bcsika rogvHa 06emuTe Ha COHA@XM CbC CMOXKHM TPAEKTOPUM Ce YBENu4YaBar, a BepTUKaNHUTE COHAAXM YCMELHO Ce 3aMEHSIT OT HACOYEHW COHLAXU C
roneMu oTnagbLy OT BEepTUKANHUTE COHAAXM (COHAMPAHE C pa3lwmpeH 06xBar). TpyAHUTE TPaeKTOpUM ChabpXKaT HSKOMKO CEKLMM C MPOMEHN B BIIUTE Ha 3eHUTa
asumyTa. COHOAXHWUST KOMMMEKT € B CIOXHO, AeOPMMUPAHO OT HaNPEXEHNETO, CbCTOSIHWE, B PE3YNTaT Ha KOETO WHCTPYMEHTBT Ce Npu3emsiBa U 3atsra, KakTo u
“Ma puck oT 3arybBaHe Ha 3apaBuHaTa Ha enemeHTuTe My. TpsibBa ga ce oT6enexu, Ye NPOMsHA B reOMeTpUsTa Ha COHAAXHWS KOMMMEKT, NPy Hann4meTo Ha
KPUTUYHW BTN Ha TpaekTopusiTa, OMpeaens CoHAaXHUS pasTeop (00pasyBaHe Ha LnamoBa MOAMNOXKKA) U MpOMsHATA B eKBUBANIEHTHATA LMpKynMpalla nimbTHOCT
(ELIM). OoknapgbT obocHoBaBa HeOBXOAMMOCTTA OT OMEpaTWBEH KOHTPON M YMpaBrneHWe Ha nmapameTpuTe Ha COHAaxXa C Len npefoTBpaTABaHe Ha aBapuitHi
CUTyaLumn B Hero, 0COBEHO NPpW COHAMPAHEe B MasTbk AnanasoH Ha abcopOLUMOHHO 1 paspyluMTenHo HansraHe. MpencraBeHu ca pesyntatute 0T MHOTOGaKTOPHS
W34NCTIUTENEH EKCMIEPUMEHT: 3aBUCMMOCTTa Ha XMOPOAMHAMWYHOTO HansiraHe B KnafeHeua OT KOHCyMalLusiTa Ha MpOMMBKAaTa W OT CKOPOCTTa Ha MPOHWUKBaHe.
lMpencTaBeHn ca NPUHLMMBLT 3a ONpeAensHe Ha LeCTBUTENHOTO OCOBO HAaTOBapBaHe BbPXy KOpOHaTa W anropuTbMbT 3a OnepaTMBEH KOHTPON W yNpaBneHue Ha
napameTpuTE Ha COHAMpaHe: OCOBO HATOBapBaHe BbpXy KOPOHAaTa, CKOPOCT Ha BbpTEHE Ha COHAAXHUS WHCTPYMEHT, AEOWT Ha MpOMMBKAaTa, CKOPOCT Ha
NPOHWKBaHE.

KnioyoBn Aymu: napameTpu Ha COHOMpaHeTO, ONEepaTUBEH KOHTPON, eKBUBANEHTHa LMpkynauuoHHa nmbTHocT (ELIM), npomuBaHe Ha coHpaxuTe, 0CEBO
HaToBapBaHe BbpXY KOpOHaTa, pasLuMpeHo BepTukanHo coHaupare (PBC)

Introduction Significance of equivalent circulation density’s
control
The reliability and the highest productivity of the equipment
in the well is achieved by monitoring and managing the basic Today, in driling complex intervals in directional drilling,
drilling parameters, including the axial load on the bit, the tool's rotary-steerable systems (RSS) are widespread. These
speed rotation and the mud flow rate. Analysis of directional systems allow to post the well profile closest to the design
wells driling data showed that the driling of complex (smoother, with minimal waviness and helicity), and also
trajectories (wells with a deviation from the vertical of more significantly reduce the likelihood of tool sticking due to the
than 3000 m) is accompanied by a 25 to 30% likelihood of tool high penetration rate with a constant rotation of the drill string
puffs and landings. These complications are caused by the (Dvoynikov et al., 2017). However, it is impossible to
uncontrollable nature of the drill string’s stress-deformed state completely solve the problem of differential sticking using only
when an axial load is applied to the rock-breaking tool. This, the RSS. The main cause of this type of complications is the
taking into account the hydrodynamics of flushing of wells, uncontrollability of the pressure in the annulus, which is
leads to the twists-off and breaks of the drill string elements, determined by the equivalent circulating density (ECD) of the
differential sticking and kick. mud. Downhole pressure is determined by the hydrostatic and

hydrodynamic pressure during circulation in the annulus,
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and/or the impulse pressures created by the movement of
pipes in the well. The ECD consists of the equivalent static
density (ESD) and the equivalent dynamic density (EDD) of the
mud (1-4):

PEcD = PEsp T PeDD €Y)
Pbot APbot

— _bot 2
PEcD g H + g H (2)
AP, . = )LUZ'ML 3)

bot D — d

v-D-

Re = # 4)

where pgsp and pgpp — equivalent static and dynamic
densities, respectively, kg/m3; P,,. — bottom-hole pressure,
MPa; AP, — pressure loss in the annular space, MPa; g -
acceleration of gravity, m/s?; H — vertical depth, m; A —
hydraulic resistance coefficient; v — mud flow rate m/s; pyua —
mud density, kg/m3; D — borehole diameter, m; d — bottom-
hole assembly diameter, m; L — well length, m; Re - Reynolds
criterion; u - plastic viscosity, Pa-s (Makovey, 1986).

In fact, EDD, which depends on the hydraulic friction, is the
mud density in the annular space and increases as the number
of particles of drilled-cuttings in the annulus increases. This
leads to a change in the density of the drilling fluid, and as a
result, its rheological properties.

The problems of pressure regulation in the well are directly
connected to the ECD, which is significantly higher in wells
with large zenith angles and extended reach wells. The change
in the ECD depending on the change in the wellbore length is
considered (Fig. 1, Table 1).

Om
borehole Ne X2
2000 m K]
3000 m 4000 m
3000 m AN
borehole Ne X1
Fig. 1. ECD comparison in wells X1 and X2
Table 1. Input data
Parameter Unit Value
Mud density kg/m3 1200
Diameter of a bit mm 220
Diameter of BHA mm 120
Hydraulic resistance coefficient - 0.02
Flow rate m/s 1.2
Length of well X1 m 3000
Vertical depth of well X1 m 3000
Length of well X2 m 4000
Vertical depth of well X2 m 2000

The results showed that the ECD in well No. X1 is 1218
kg/m3, and in well No. X2, 1235 kg/m?. The ECD difference
was 17 kg/m3. It can be said that, the increasing of the well
length along the trunk by 1000 m, while decreasing the vertical
component by the same amount, leads to an increase in the
ECD by 50% due to changes in the hydrodynamic
environment. However, Figure 1 does not show changes in
ECD associated with the complexity of interpreting processes
at the bottom of a well like accumulation of drilled-cuttings,
changes in pressure as a result of pipe movement (swab
Isurge).

To measure ECD and solve the difficulties associated with
determining the pressure in the bottom-hole zone, an APWD
(annular pressure while drilling) sensor is installed in the
bottom-hole assembly (BHA), which provides the driller with
real-time pressure information. However, it does not show
reliable ECD values, as it is installed in the MWD
measurement module (measurement while drilling), above the
stabilizer located at least 10-20 m from the bit (Fig. 2). lts
distance from the bit may underestimate the value of the ECD,
while at the bottom of the hole the actual value may be
significantly higher than that measured by the sensor.

The disadvantages of this measuring device include:

« The APDW sensor is not a reliable indicator of well
cleaning during ERD;

+ The APDW sensor detects ECD with a small amount of
suspended drilled-cuttings;

« The APDW sensor does not detect a layer of drilled-

Fig. 2. APWD Sensor position in BHA

It is especially important for the driller to know the reliable
value of the ECD and quickly regulate it at the bottom-hole not
only during the drilling process, but also during tripping. The
traditional method of drilling involves stopping the circulation,
and the prolonged absence of circulation at the bottom-hole
entails sticking of particles of drilled-cuttings onto the BHA
elements and leads to sticking. Abrupt changes in ECD with a
narrow range of mud density’s acceptable values can lead to
mud absorption or, conversely, to the manifestation of
formation fluid, which would result in hydraulic fracturing or
kick, respectively (Dolgopol'skiy, 2014; Cunningham et al.,
2014).

It should be noted that the rate of penetration (ROP) is one
of the main factors in determining and controlling ECD. This is
because, the faster the rock destruction process, the bigger the
amount of drilled-cuttings formed per unit time. Since the
mechanical drilling speed is a function of tool rotational speed
and axial load on the bit (5), determining the optimal drilling
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parameters is the primary task for an efficient and trouble-free
well construction process.
ROP = f(G;n) Q)
where ROP - rate of penetration, m/; G — axial load on the
bit, t; n — tool frequency, rpm.

Control of equivalent circulation density

To determine the reliable value of EDS, a mathematical
simulation of the flow of drilling in an inclined well was
performed. To conduct a multifactor computational experiment,
the drilling process of a J-shaped profile was modelled. The
input data and the scheme are presented in Table 2 and in
Figure 3.

Table 2. Input data

Parameter Unit Value
construction
Measured depth (MD) m 3000
Length of vertical section m 1500
Radius of curvature m 300
Length of slope part m 1200
Angle of slope part degree 45
tool
Length of drill pipes m 2920
Length of BHA m 80
Diameter of drill pipes mm 127
Diameter of BHA mm 152
Diameter of bit mm 216
mud
Density kg/m3 1050
Plastic Viscosity mPa-s 30
other
Rock density kg/m3 2100
Diameter of particles mm 3
ROP m/h 50
Fracturing pressure (over static) MPa 2

Fig. 3. Well profile and scheme of BHA

As a result of a multifactor computational experiment in the
mathematical environment MathCad (Kudryavcev, 2005) the
dependence (Fig. 4) of the change in the hydrodynamic

120

pressure in the well on the mud flow was obtained at constant

ROP — 50 m/h.
10,00

o
o
o

o
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(=]
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Hydrodynamic pressure, Mpa

Fracturing
pressure
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Mud flow rate, 10° I/s

0,08 0,1

Fig. 4. The dependence of the hydrodynamic pressure (over the
static) on the mud flow rate

This model takes into account the trajectory of the well, the
sedimentation rate of the particles of the cuttings, the
rheological properties of the cleaning agent, the ROP and the
pressure due to hydraulic friction.

This dependence reflects the change in pressure with
increasing flow rate of the cleaning agent from 9 I/s to 100 I/s
and with the available upper limit of the hydraulic fracturing
pressure at 2 MPa (over hydrostatics). The optimum flow rate
at which the pressure drop is minimal, which is very important
with a narrow window of absorption and fracturing pressures,
ranges between 19-22 I/s.

When calculating the well pressure, pressure loss due to
hydraulic friction and additional pressure caused by an
increase in mud density due to drilled-cuttings accumulation
were taken into account. To calculate the density of drilling
mud with particles of drilled-cuttings at different intervals of the
projected profile, the Moore correlation was adapted (Fig. 5).
Preston Moore proposed a technique for calculating the sliding
velocity of particles, taking into account the non-Newtonian
behaviour of the drilling fluid, using the equation of the drag
coefficient and the Reynolds number equation for spherical
bodies during the deposition of particles through a non-
Newtonian fluid (Sample, Bourgoyne, 1977).
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Fig. 5. Part of the software algorithm (Mathcad) for calculating
the sedimentation rate of sludge particles
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If we reconstruct the resulting graph of pressure change
versus flow rate and obtain the dependence of the EDS
change on the flow rate, then at a constant mechanical speed
and a selected flow range of 19-22 I/s (when the pressure drop
is minimal), the increase to the ECD value is 47 kg/m3. The
obtained dependence is similar to the graph of the drilled-
cuttings transportation model (Fig. 6) presented in the article
“Using downhole annular pressure measurements to improve
drilling performance” (Aldred, 1998).

b) b)

ECD = 88,6 kg/m’

0 002 004 006 008 010 : :
Mud flow rate, 10° Us low rate flow ————» high rate flow

Fig. 6. The dependence of the ECD from the mud flow rate: a)
received model; b) Schlumberger model

In Figure 6, it can be noticed that at low flow rates, drilled-
cuttings can be deposited from the suspended state on the
bottom wall of the wellbore, forming a slurry bed. The reduction
of the annular space entails an increase in the ECD. With
increasing mud flow, the particles of the drilled-cuttings begin
to roll along the wellbore, destroying the cutting bed. Due to
the partial destruction of the precipitated drilled-cuttings, the
annular gap increases and the ECD begins to decrease. As the
flow rate increases, most of the drilled-cuttings are transported
along the bottom wall of the wellbore, with some particles
being weighed in the fluid flow over the cutting bed
(asymmetric suspension), which leads to an increase in ECD.
At higher mud flow rates, pressure losses are significant due to
viscous friction forces, and the drilled-cuttings are completely
transferred to the fast-moving fluid (symmetrical suspension)
(Walt, 1998).

Considering the drilling experience of Schlumberger, the
similarity of the drilled-cuttings transportation model graphics
and the dependence of pressure change with increasing
cleaning agent consumption justifies the reliability of the model.

Figure 7 shows the graphs of pressure as a function of
drilling fluid flow at various ROP. In accordance with the
developed model, at a drilling rate of 15 m/h, the optimal mud
flow rate (at which the pressure drop is minimal) is in the range
of 13-18 I/s, at 30 m/h — 16-19 I/s and at 50 m/h — 19-22 I/s.
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Fig. 7. Optimal mud flow rate (pressure drop is minimal) at
various ROP

In the course of the simulation, the dependence of
pressure on the ROP, with a constant value of the mud flow
rate (Fig. 8), was determined. It can be seen from the graphs
that only at low flow rates — 10 I/s, tg a =1 (a = 45°), which
corresponds to a high intensity of pressure, increases with
increasing the ROP.
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Fig. 8. The dependence of hydrodynamic pressure on ROP
constant mud flow rate

An increase in the drilling mud consumption results in a
decrease in fan a and the graph will take a flatter form. Hence,
we can conclude that with increasing flow rate, the ROP has a
far lesser effect on the pressure drop in the well. Further, the
ROP completely loses its meaning, due to incompatibility with
the drilling conditions, and the function takes the form (6):

P = f(ROP) — const (6)

The resulting hydraulic model allows you to control the
ECD in the bottom-hole zone by determining the optimal flow
rate of the drilling fluid. However, for trouble-free well
construction, in addition to effective flushing, it is also
necessary to regulate the axial load on the bit and the
rotational speed of the drill string.

Control of axial load on the bit

Analysis of practical data from drilling wells with a complex
profile showed that the actual axial load on the bit differs
significantly from the load measured at the geotechnical well
testing (GWT) station. As a result, when drilling wells, the rate
of penetration decreases, and the wellbore is formed with large
cavities and grooves that impede the advancement of the BHA.
Also, the intensity of the curvature and the radius of the build-
up/drop off sections does not correspond to the permissible
strength characteristics of the drill pipe. It is practically
impossible to drill such areas using, for example, a hydraulic
downhole drilling motor (DDM). This is primarily due to the
large friction between the drill string and rocks. As a
technological method of improving the efficiency of drilling with
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DDM, while drilling oblique-rectilinear sections of the well, the
drillers use the simultaneous periodic or constant rotation of
the drill string with a rotor or with a top drive. Drillers call this
method combined. Its use allows drilling wells of various
depths with different types of profiles, a wide range of changes
in the type and properties of drilling fluids, driling mode
parameters, as well as using different designs and sizes of
rock-cutting tools (Dvoynikov et al., 2018).

The most effective technical solution of the problem aimed
at improving the quality of the implementation of the project
well trajectories and controlling the actual load on the bit is the
use of displacement of the drill string relative to the axis of the
well, the moment of resistance to friction of the drill string
against the borehole wall, taking into account the loss of
stability, as well as the tool rigidity when changing its stress-
deformed state in the calculations of parameters.

The axial load on the GWT station is determined only by
the change (loss) of the weight on the rig hook in terms of
hydraulic weight indicator (7):
Gowr = Ghook— Gpit 7
where Gpoor — drill string weight on hook, N; G,;; — load on
the bit, N.

Moreover, the actual axial load on the bit, taking into
account the stress-strain state of the drill string, is determined
by the formula (8) (Dvoynikov et al., 2018):

(Myy, — My;) - ROP
w'ntD-a

8)

Gfact = Gewr —

where M,.,, — moment on rotor in DDM operating mode, N-m;
M,.; — moment on rotor in DDM idle mode, N'm; D — borehole
diameter, m; ROP - rate of penetration (mechanical drilling
speed), m/s; w - the frequency of drill string rotation relative to
the borehole wall, rad/s; a - displacement indicator (movement
of drill string along the well axis), m.

1.[4_/:2

t

a

)

Where f — the gap between drill string and wall of the well, m;
t — pipe helix pitch with respect to the well axis in 27, m.

4m - El
GGWT

where E — Young’'s modulus, Pa; I - drill string’s polar moment
of inertia, m.

The implementation was carried out using the example of
drilling a section for stabilising the zenith angle using drill pipes
with a diameter of 127 mm and a bit with a diameter of 215
mm. The ROP varied in the range from 20 to 28 m/h.
Immediately before drilling, the following parameters were
calculated: the rotational speed of the drill string; moments on

(10)
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the rotor in idle and operating modes of the DDM;
displacement rate and the helix pitch of the drill string with
respect to the well axis over 21 (Dvoynikov, 2018).

The difference of the moments on the rotor when the DDM
operates in the idle mode and the operating mode is 5 kN'm,
with measured Mrb= 5 kN-m, Mrw = 10 kN-m. The drill string’s
rotational speed relative to the borehole wall varies from 5.3 to
14.1 rad/s (with rotation from 30 to 80 rpm). The displacement
of drill string with respect to the borehole axis a is 3.48-103 m.
The helix pitch of the drill string with respect to the well axis is
54.2 m. The axial load on the bit according to the GWT station
is 10 kN.

Analysis of the results showed that the value of the actual
load on the bit does not coincide with the value of the load on
the bit at the GWT station (Fig. 9).

With a drill string’s rotational speed of 5.1 rad/s (30 rpm)
the load on the bit does not reach amounts to 7.8 kN. With
increasing RPM to 14.1 rad/s (80 rpm) the load on the bit
increases and is 9.2 kN (Dvoynikov et al., 2018).
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Fig. 9. Determination of the actual axial load on the bit

Algorithm of drilling parameters operational
control

Knowing the axial load on the bit and the mechanical
drilling rate, according to the data of the GWT station, the
actual axial load reaching the bottom (with the available
rotational speed of the drill string) is calculated using the
formula (8).

The value of the mechanical speed, taking into account a
certain actual load on the bit, is used when calculating the
hydraulic programme, which allows controlling the ECD,
maintaining the optimal mud flow rate. The algorithm of the
programme is presented in Figure10.

In case of incompatibility of the drilling conditions, when
there is likelihood of a hydraulic fracturing or kick, it is
necessary to reduce (increase) the mechanical drilling speed,
and the axial load reaching the bottomhole is achieved by
adjusting the rotational speed of the drill string.
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if yes

: 4

EFFICIENT AND Absence

TROUBLE-FREE [€— (reduced probability)
DRILLING of stickings, kicks, fracs

Fig. 10. Algorithm of operational control and management of
drilling parameters

Conclusion

The resulting EDS control model takes into account well
trajectory, sedimentation rate of particles of drilled-cuttings,
mud rheological properties, ROP, pressure loss due to
hydraulic friction and additional pressure caused by an
increase in mud density due to cuttings accumulation. The
similarity of the hydraulic model with the Schlumberger drilled-
cuttings transport model justifies the correctness of the model.

However, for trouble-free drilling, it's necessary to regulate
the axial load on the bit and the rotation frequency of drill
string, in addition to effective flushing. This is achieved through
the implementation of the method of controlling the axial load
on the bit. The distinctive feature of the method involves the
use of parameters like displacement indicator, moment of
friction resistance and tool rigidity in the calculations.

The algorithm presented in the paper is a scheme for
operational selection of optimal driling parameters. This
scheme is simplified and requires input of more factors.

The implementation of operational control and monitoring
of the actual load on the bit, taking into account the rotational

speed of the drill string, with insufficient speed and quality of
signal transmission through the hydraulic communication
channel from the telemetry system, allows us to predict ROP,
to regulate the ECD, and also it preserves the reservoir
properties and prevents problems in the well.
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FEATURES OF SEASON RESTRICTED ROADS’ DESIGNING IN AREAS OF MINING
FACTORIES UNDER CONSTRUCTION
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ABSTRACT. The article focuses on the question of season restricted roads’ studying. In difficult geological, hydrological and climatic conditions of northern countries,
such as Russia, Finland, Sweden, Norway, Canada, USA (Alaska), the basis of transport infrastructure is season restricted roads. The problem of season restricted
roads’ designing is still unresolved, which makes it difficult to maintain and operate such sites. The aim of research is advanced technology of season restricted roads’
designing for their further title registration. This technology gives opportunity of first-ever defining possible changes of roads’ boundaries by results of field
measurements of physical and mechanical soil properties. The technology is developed with the application of similar stationary sites’ rules, and also takes into
account features of season restricted roads’ existence in space and time. The main research objectives are: economic importance definition of season restricted
roads; uncovering geographical and climatic conditions, providing possibility of road’s functioning; reviewing the methodological approach of their accounting and
systematisation. The research is carried out on the basis of information about the location of season restricted road’s baselines, and also using the results of
monitoring studies of highway service’s department. To identify the possible location of roads a buffer zone’s model is presented.

Keywords: mining regions, transport infrastructure, season restricted roads

XAPAKTEPUCTUKU HA NPOEKTUPAHE HA CE3OHHW MbTULLA B PAUOHU, KbJETO CE U3rPAXOAT MUHHM
NPEANPUATUA

Mapuxa PomaHeHKo

CaHkmnemepbypacku MuHeH yHusepcumem, 199106 Cankm lNemepbype

PE3IOME. CratusTa ce dokycupa BbpXy 13y4aBaHEeTO Ha CE30HHM MbTULLA. B CIOXHM reonoxKu, XaponoXKi U KMMMAaTUYHI YCIIOBUS B CEBEPHUTE CTPAHK, KaTo
Pycus, ®unnanavs, Lseuuws, Hopeerus, Kawapa, CALL| (Anscka), ocHOBaTa Ha TpaHCmopTHaTa MHKpacTpyKTypa ca Ce3oHHuTe mbTvwa. [pobnemst c
NPOEKTUPaHETO Ha CE30HHM MbTULLA BCe OLUe He e PeLLEeH, KOeTO 3aTpyaHsBa NOAAbPXaHETO M ekcnnoaTaunsTa Ha Takvsa obektu. LienTa Ha u3cneasanusTa e
YCbBBPLUEHCTBAHA TEXHOMOTAA 33 CE30HHO OTpaHM4eHN MbTULA, NpefHa3Ha4YeHn 3a Mo-HaTaTblUHATA UM pervucTpauus. Tasn TEXHONMOTUS [aBa Bb3MOXHOCT 3a
MbPBOHAYanHo onpeaensHe Ha Bb3MOXHUTE NPOMEHU Ha rPaHNLMTE Ha MbTULATa Ype3 pe3ynTaTi OT MoNeBu U3MepBaHNs Ha (MNYHN N MeXaHWYHWN CBOMCTBA Ha
nousata. TexHonorsTa € pa3paboTeHa ¢ npunaraHeTo Ha npasuna Ha NogobHN HenoaBYKHM 0OEKTU M CLLO Taka OT4MTa 0COBEHOCTUTE Ha CbLLECTBYBAHETO Ha
CE30HHM MbTULLA B MPOCTPAHCTBOTO 1 BpemMeTo. OCHOBHUTE LieNM Ha Hay4HUTE M3CTeABaHNS Ca: OnpeaensiHe Ha MKOHOMUYECKO 3HaYEHME Ha CE30HHUTE MbTULLa;
pa3kpuBaHe Ha reorpadickv M KNMUMaTU4YHK YCIOBUS, OCUTYpAiBALLM Bb3MOXHOCT 33 (DYHKLMOHWPaHe Ha MbTS; Npernes Ha MeTO[ONOrMYHMS NOAXOA Ha TAXHaTa
OTYETHOCT W cUCTeMaTM3aLms. V3cneaBaHeTo Ce M3BLPLUBA Bb3 OCHOBA Ha MH(OPMALMA 33 M3XOJHOTO MECTOMONMOXEHME HA CE30HHWTE MbTULA, KaKTO M
pesynTaTuTe OT MOHUTOPUHIOBUTE MPOYYBaHUS Ha OTAeNna 3a 0bCnyxBaHe Ha MarucTpanv. 3a uaeHTUPULMPaHe Ha Bb3MOXHOTO MECTOMONOXEHME Ha MbTuLaTa e
npeacTaBeH MoaensT Ha ychepHaTa 3oHa.

Knto4oBu gymu: MUHHO-[OGMBHM paiioHn, TpaHCTIOPTHa MHAPACTPYKTYpa, Ce30HHN MbTULLA

Introduction certain direction which location changes every season. On the
other hand, they have features of real estate items as they are

Transport infrastructure is one of the most important inseparably linked to the ground surface, and their movement
elements on which development of the economic conditions of ~ Without disproportionate damage to appointment is impossible.
mining regions directly depends. Therefore, the most important In both cases season restricted roads require immediate
problem of such areas is to provide all conditions for strategic decisions concerning their construction and operation
successful roads designing, their construction and operation. (Navratil, Frank, 2008).

Environmental features (climate, relief, soil properties) Today the question of territory planning while designing
define roads’ classification depending on the functioning mode: such sites in difficult geological and climatic conditions is one
constant and season restricted. Season restricted roads with of the most difficult in the field of civil engineering, geodesy
the base of snow, ice and frozen soil function only from and land management.

October to March. They are common for many countries which
have difficulties in the access to their northern regions:
Canada, Finland, Estonia, Iceland, Norway, Russia, Sweden Main exposition
and USA (Nassiri et al., 2015).

Both kinds of roads (constant and season restricted) are Easement areas of any road consist of land plots that
complex engineering constructions in the form of linear objects. determine location of the site’s structural elements and road
On the one hand, season restricted roads represent the way of constructions. In other words, easement area represents the
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borders of transport road. Formation of land plots under roads’
construction includes not only land management works, but
also actions, the result of which is creation of the site with new
legal status (Kostyrchenko et al., 2016). The main difficulty is
allocation of land plots for season restricted roads, because of
their changing location during the seasons of the year.

The aim of research

The isolated regions of Northern countries are hard-to-
reach areas with poorly developed infrastructure. In difficult
geological, hydrological and climatic conditions of northern
regions the basis of transport infrastructure are season
restricted roads (Yukari et al., 2017). The extent of seasonal
roads of such territories is comparable to federal highways as
development, arrangement and operation of mineral deposits
demand delivery of large-size loads and the equipment.

The aim of research involves advanced technology of
designing work’s development for seasonal roads’ registration.
This technology gives opportunity of first-ever defining possible
changes of seasonal roads’ boundaries by results of field
measurements of physical and mechanical soil properties.
Basic research tasks: to define specifics of season restricted
roads as real estate items; to expose the need of registration of
research sites taking into account distribution of their structure
in time; to rank the factors defining physical and mechanical
soil properties according to the extent of their influence on
season restricted roads’ location; to develop regression model
of easement area’s width depending on the extent of influence
of indicated factors; to develop the technology of spatial basis’
construction allowing to solve problem of season restricted
roads’ registration in view of their changing location.

Main thesis of the research

The research is carried out on the basis of information
about the location of the season restricted roads’ baselines,
and also using the results of the monitoring studies of highway
service's department. From the point of view of legal systems,
the formation of land plots for such highways as typical linear
sites is wrong. The algorithm for designing works of the object
of seasonal operation has to consider distribution in space and
time of a number of indicators which define location of such
sites (Fig. 1).

As a result it is possible to note a divergence of lines that is
connected with the site’s specifics of seasonal existence. It can
be explained with the changing location of a site depending on
climatic conditions, topographic features, hydrogeological
characteristics of the territory (Pavlov, 2010).

The creation of the image of the average line was carried
out by the method of perpendiculars on points whose location
is determined by extreme seasonal lines. It is necessary to
obtain the first indicator — deviation of each line, from the
drawn average line.

Knowledge of position of the average line in the presence
of communication of indicators of certain physical
characteristics with coordinates of each point can be used for
forecasting the position of border lines in the set buffer zone.
Each point corresponds to certain results of the studied
indicators.
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Fig. 1. The winter highways’ lines with reference to the
cartographic image of metric scale 1:200 000 and to the cadastral
plan of the territory: the red colour indicates the line of 2016-
2017 years, purple - 2011-2012, blue - 2007-2008, yellow -
middle line

Field research on values of the indicators have been
received by a testing laboratory of the State Highway Service
in November 2007, 2011 and 2016. We need to determine
them by carrying out an analytical research of each lines’
groups with a binding to the values of their deviation. So far,
the distribution of indicators of zones is only an assumption, its
scientific justification is possible by a clustering method. Each
point of three seasonal lines is characterised by the following
signs:

- frozen ground depth, cm;

- snow density, g/cm?;

- time of soil freezing at the average air temperature: -
10°C, hours.

These observations need to be broken into “k” number
clusters. Parameters should be considered with average line
and should be spread out in clusters (groups). The main aim of
statistical research is to find out dependence between
deviations on points of lines of different seasons and physical
parameters. For future clustering it is offered to establish the
following zones:

- zone of maximum divergence;

- zone of average divergence;

- zone of minimum divergence.

The term “divergence” offers to designate distance
between points of extreme axes regardless of a season
(Skvortsov et al., 2005). The result of research for lines of the
highway for the season 2011-2012 is set as an example. It is
obvious that such research has been conducted for each of the
seasonal lines (Fig. 2).
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Fig. 2. Result of carrying out of analysis for the roads’ seasonal baselines according to 2011-2017 years

The distribution of indicators’ values is uneven. Certain
groups and classes are obviously allocated. The following
conclusions can be made: with the increase of the frozen
ground depth, the divergence of lines also increases. As the
snow density decreases, the divergence of lines increases.
The maximum divergence of lines is in the zones, which have
minimum time of soil freezing. Thus, the revealed dependence
is logical and can be used for subsequent clustering of the
indicators.

The result of cluster analysis is clear division of zones of
divergence into three groups. Having information about the
coordinates of points for each zone, it is possible to indicate
them on the territory (Fig. 3).

The initial stage of the work is the construction of an exact
image of the winter highway's baseline by seasons using
geodetic survey data. As a result, we can note the divergence
of the axes, which is related to the specificity of the site of
seasonal function.

Then the middle line, built up by offset method due to the
points of seasonal baselines, is determined. It is necessary to
obtain the first indicator — the deflection of each baseline from
the central one. Using the value of such deflection (with
reference to other investigated indicators), it will be possible to
explain and predict the location of the site in the future season.

Achieved major results

Knowledge of the position of the central baseline in
accordance to these physical indicators can be used to predict
the position of the winter highway for the next season.
Therefore, an analytical study was carried out for each of the
seasonal axes (on the slide as an example for one of them), as
a result of which groups were identified. The result of the
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cluster analysis was a clear division of the zones of divergence
into three groups. Having information about the coordinates of
points for each zone, they can be indicated on the territory.

Fig. 3. The terntory zones of lines’ divergence

1, zone of the maximum divergence (marked with pink color); 2, zone
of the average divergence (marked with orange color); 3, zone of the
minimum divergence (marked with green color)
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In addition, the location of the seasonal function site is
affected not only by climatic and hydrological, but also by
geological factors. That's why we need to take into account the
natural features of the territory for cadastral work. All the
stages of research are the framework for the algorithm of work
for winter highway's cadastral registration. The algorithm is
sustainable and requires knowledge of the distribution of a
number of indicators in space and time.

Conclusion

The practical importance of research consists in the
advanced algorithm of designing and land planning works of
constant and seasonal highways. All presented milestones for
the study are framework for such algorithm implementation,
which requires knowledge of distribution in space and time of a
number of indicators which define existence of such sites. It
confirms the need of natural indicators” accounting. They can
be designed only with the use of knowledge of laws of
statement of similar stationary sites and taking into account
features of existence in space and time.

Besides, another result of research is the creation of the
buffer zone that defines borders of possible site’s location for
future seasons. The established zone will allow to keep
account of such sites, and, secondly, will allow to avoid
overlapping (most often, with forested land, royalty-based
lands, and sometimes territories of Arctic Indigenous Peoples),
the legal disagreements and other local questions caused by
features of use and development of the territory.
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DEVELOPMENT OF CEMENT STONE WITH ENHANCED STRENGTH PROPERTIES
Daria Zimina, Michail Dvoinikov

Saint Petersburg Mining University, 199106 Saint Petersburg; ziminadar@yandex.ru

ABSTRACT. Itis shown that cementing in conditions of permafrost is a complicated technical problem requiring the use of special technical means and technological
methods. Well cementing experience in difficult conditions demonstrates that the use of traditional Portland cement clinker-based materials does not provide high
quality well casing. The analysis of the main complications arising during well cementing at low temperature is presented. Quick-hardening and non-shrinking cements
that form a strong stone and have high adhesion to casing pipes are necessary for high-quality cementing in difficult geological condition. The aim of the research was
to study the additives that increase the strength of the cement stone. One such additive is silica fume, which is formed by cleaning the ore-thermal furnaces at
metallurgical plants. The microsilica’s properties improve concrete characteristics such as strength, wear hardness and frost resistance. The use of waste
metallurgical production also makes the composition more environmentally friendly and reduces its cost.

Keywords: permafrost, microsilica, well cementing, strength properties

PA3PABOTBAHE HA LMMEHTEH KAMBK C YBEJTMMEHU AKOCTHU CBOWCTBA
Hapusi 3umuxa, Muxaun [eoliHukoe
CaHkmnemepbypacku MuHeH yHusepcumem, 199106 Cankm lNemepbype

PE3IOME. Moka3aHo e, Ye LIMMEHTUPAHETO B YCIOBUSTA Ha BEYHO 3aMPb3Hay NOYBY € CHIOKEH TEXHUYECKM NPpoGnem, KOMTO U3MCKBA U3MOM3BaHETO Ha crieuuantm
TEXHUYECKM CPELCTBA M TEXHONOTMYHN MeToau. ONUTBT NPU LMMEHTUPaHe Ha COHaXM MpU TEXKW YCHOBWS NMOKa3Ba, Ye U3NOM3BaHETO Ha TpaanuLuoHeH MopTnaxg
LMMEHT Ha Ga3aTa Ha KIMHKEp He OcurypsiBa BUCOKOKAYECTBEH LMMEHTOB NOSIC HA COHAaxa. MpeAcTaBeH e aHanu3 Ha OCHOBHUTE YCTOXHEHMS, Bb3HUKBALLM MU
LIMMEHTMPaHETO Ha COHAaXa Npu HICka TemnepaTypa. 3a BUCOKOKA4YEeCTBEHO LMMEHTUPaHe B TPYAHW reonoxkM YCroBus ca Heobxoaummu 6bp3o BTBbPASBALLM CE U
He-CBMBALLYM CE LMMEHTH, kouTo 06pa3yBaT 3ApaB KaMbK U UMaT BUCOKA aaxeanst kbM obcapnuTe Tpbbu. Lienta Ha paGotata e ga ce uscneasat [oGaBku, KOUTO
YBENM4aBaT SKOCTTa Ha LIMMEHTOBMS KaMbK. EfHA OT Tean J00aBkM € CUNMLMEBMST auM, KOWTO ce obpasyBa Ype3 MoYMCTBAHE Ha PYAHO-TEPMUYHWTE MEL Ha
MeTanypriuyHuTe npeanpusTus. CBoicTBaTa Ha MUKpOCUIMKATa NofoOpSIBAT XapakTepUCTUKUTE HA GETOHA KaTo SIKOCT, M3HOCBAHE W YCTOMYMBOCT Ha 3aMpb3BaHe.
V3non3saHeTo Ha OTNaAbuHa MeTanypruyHa NpoAyKLMs CbLyo NPpaBy CbCTaBa My NO-EKOMOMMYHO YUCT M HamarnsiBa LieHaTa My.

KniouoBu AYMU: BE4HO 3aMpb3BaHe, MUKPOCKITUKA, p,06pe UMMeHTUpaLLu, AKOCTHA CBOWCTBA

Introduction territory and 47% of Russia’s territory. The discoveries of large
gas and gas condensate fields: Medvezhye, Urengoyskoye,
All cementing methods have one goal - to displace the Yamburgskoye, Kharasaveyskoye, ~Bovanenkovskoe and
cement S|urry from the well annulus and raise it to a others in the north of the West Siberian Lowland attracted
predetermined height. As a result, the possibility of movement great attention to the study of the permafrost conditions in the
of any liquid or gas from one layer to another through the region. . . .
annular space is prevented and the unstable, prone to The presence of permafrost in the geological section and
collapses and scree rocks, are strengthened; the poor quality of well casing can cause serious problems
The importance of h|gh-qua||ty Cementing is due to the fact Ieading to such Complications as inter-CO'Umr.] ﬂOWS,. thaWing of
that this is the final stage of well construction. Therefore, frozen rocks, low cement top, collapse of casing during reverse
failures in its implementation can minimise the expected effect, freezing, etc. In the permafrost interval a cement stone in the
cause an incorrect assessment of the prospect of explored annulus of the well is formed with simultaneous exposure to a
areas, etc. The process of cementing wells (which is an negative temperature — from the side of the borehole wall and
irreversible operation), their repair and restoration are positive — from the side of the casing string. A small amount of
associated with significant costs and time. setting of cement stone, in addition to the presence of frozen
Permafrost rocks are widespread throughout the world, rocks, is also due to the deformation of shrinkage during
occurring on all continents with the exception of Australia. In cement hardening. Sufficient operational reliability of well
the northern hemisphere, the northern parts of Eurasia and cementing in such conditions predetermines the use of special
North America are covered with permafrost. In Europe, cement mixtures (Kozlov, Shepherds, 2014; Samsonenko et
permafrost is found in certain mountainous regions of the al., 2014).
Caucasus, the Alps, Norway, the Kola Peninsula, and the Polar In the studies devoted to this topic little attention was paid
Urals. to the joint development of a non-shrinking cement mixture and
Permafrost is currently about 25% of the total land area of ~ the analysis of the dependence of porosity and permeability on
the world, including 75% of Alaska’s territory, 63% of Canada’s the difference of thermal fields in the well, taking into account
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the additives introduced into the composition of the solution. In
general, the problem of insufficient tightness of wells in the
permafrost zone remains relevant, in accordance with which
there is a need to develop effective compositions of
sedimentation-resistant cement slurries that ensure trouble-
free flow of frost-resistant processes in frozen rocks
(Kozhevnikov et al., 2014).

The main task of the development of cement compositions
for cementing wells in the interval of permafrost is to ensure
their setting in a short time before freezing at a rapid rate of
cement strength.

Hypothesis of the study

Analysis of theoretical studies in the field of hydration
processes of hardening of mineral binders of chemical and
morphological composition of minerals allowed recommending
microsilica as the main additive to cement, as a component
that increases the strength of cement stone (Ovchinnikov et
al., 2013).

Currently, the great scientific and practical interest of
researchers is associated with the possibility of using
microsilica in various industries, since most metallurgical
enterprises store the microsilica obtained on special dumps. In
this regard, there are significant economic losses associated,
firstly, with the cost of storing and storing waste, and, secondly,
with lost profit from their industrial use. The utilisation and use
of dust waste from silicon production (microsilica) should be
considered as an important direction in saving material
resources and improving the environmental safety of adjacent
territories.

At present, it is known that microsilica is widely used
mainly in the production of concrete for the manufacture of
very strong mixtures for the production of durable cement
stone. Practical use has shown that 1 kg of silica fume
provides the same strength as 5 kg of ordinary Portland
cement. The high properties of silica fume improve such
characteristics of the stone as compressive and flexural
strength, adhesion, wear resistance, frost and chemical
resistance and significantly reduce the permeability and
porosity of the cement stone. "The data are published by
Munkhtuvshin, Balabanov and Putsenko (2017), as well as by
Butakova et al. (2017)".

In the process of production of metallic silicon, as a rule,
two types of products are obtained:

— metallic silicon (with a purity of at least 98%, used in
aluminum, chemical and other industries);

— silicon dust (ultrafine material obtained in the gas
cleaning process of ore-thermal furnaces).

According to European and American standards for the
use of microsilica (EK 13263 and ASTM C 1240), the silica
content (SiOz) in microsilica should be at least 85%. From the
table (Table 1) it can be seen that the largest mass fraction is
SiOz (at least 98%).

Microsilica is a highly active pozzolan additive to cement
with fine grain size distribution, and when it interacts with
cement mortar, conditions are created for the conversion of
fragile calcium hydroxide (formed by mixing cement mixture
with water and hydrating clinker material) into crystalline
calcium silicate hydrate, which creates conditions for
increasing the strength of cement stone, and microspheres fill
the space that is released by water. Accordingly, the density of
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the composition increases, which in turn also increases its
strength, and hence, its durability.

Table 1. The chemical composition of the nanostructure
concentrate based on silicon dioxide

. Sublsltange Mass fraction, %
identification
SiO. no less than 98.0
Ca0 no more than 0.3
MgO no more than 0.3
Fe20s3 no more than 0.1
Na20 no more than 0.1
Al203 no more than 0.3
K20 no more than 0.3

Microsilicates are conglomerates of solid particles, ranging
in size from submicron to several tens of microns with complex
chemical and phase composition. A photograph giving an idea
of the diversity of the grain size distribution of silicon dust is
presented in Figure 1.

Fig. 1. Silicon dioxide nanostructures under the microscope

It should be noted that at present there are quite a few
wells in which the permafrost interval is fixed by conventional
pipes cemented by traditional cementing Portland cements.
Therefore, for these conditions, it is important to estimate the
probability of thawing of the near-wellbore zone during the
operation of a well. This will solve the problem of reducing the
intensity of thermal interaction in the "well-soil" system and
substantiate the requirements for cement materials for
securing wells in these conditions.

There is a vertical well passing through the permafrost. As
a result of heat exchange between the fluid moving in the well
and the frozen ground, it thaws.

We make the following assumptions: the rocks are uniform
and isotropic; the density of the frozen rock is equal to the
melted density; heat is transferred only by heat conduction;
during the movement of the phase transition front in the
permafrost, there is no mass transfer of liquid fluids.

The use of plugging materials with low thermal conductivity
still leads to thawing of the near-wellbore zone of permafrost.
The only question is the timing of the soil thawing around the
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well and the time when it loses stability. Therefore, the
development of cement materials with low thermal conductivity
or the use of other thermal insulation materials and
technologies continue to be relevant.

In this case, another important factor affecting the strength
of a cement stone is its porosity. With an increase in the total
porosity of cement stone from 10 to 60%, its strength is very
significantly reduced. Of all the types of pores, capillary and
also pores containing trapped air have the greatest effect on
porosity. With an increase in the number of such pores, the
strength of the cement stone decreases. Finally, with the same
degree of hydration and porosity, the strength of the cement
stone depends on the nature of crystallisation of the hydrates
as a filling (calcification) of large pores.

The studies were carried out with the help of computer
microtomography - this is a reconstruction of three-dimensional
models of x-ray images.

Methods

In accordance with the goal and objectives, the work
included theoretical and experimental research. Cement
samples were prepared in accordance with test standards.
First, the dry components of the composition were mixed
(Portland cement grouting PCT 1-50, silica fume). The
remaining components (amendment agent, stabiliser,
plasticiser, and calcium oxide) were included in the mixing
fluid. Then they were mixed in a paddle mixer with a rotation
speed of 1500£100 rpm within 3 min. The water-cement ratio
(W/C) for all samples was 0.5.

Low and negative temperatures slow down the setting of
the cement stone, which increases the time of setting in the
winter period of well construction. In this case, it is advisable to
use additives that accelerate the setting. Under standard well
conditions, at normal temperatures, the CaCl. electrolyte
serves as a set accelerator. Calcium chloride is also often used
in drilling at low temperatures; however, if the accelerator is
used excessively in negative temperatures, thawing of frozen
rocks during its exothermic reaction may be caused. When
using 4% CaClz solution, the solution has a high heat release
rate at the beginning of the mixing (during hydration) with a
minimum amount of heat generated in general.

In further studies, a 4% calcium chloride solution was used
as a mixing fluid.

In addition to measuring the main properties of cement
mortar, such as water-cement ratio, water separation,
spreading, density, thickening time, setting time, expansion
ability, adhesive strength of cement with metal, rheological
properties, sedimentation stability, and permeability, significant
attention was paid to measuring the strength characteristics

The temporary resistance to bending, compression and
less tearing are characterised by the strength of the cement
stone. Cement stone strength is variable. Usually at the
beginning of hardening, it quickly increases, and then gradually
stabilises, and after a while it begins to decrease. Strength is
determined by the destruction of samples on a hydraulic press.

Compressive strength is determined by the destruction of
samples on a hydraulic press. The prism size is 4x4x4 cm.
Flexural strength is determined by the destruction of prism
specimens on a tensile machine. The dimensions of the prisms
are 4x4x16 cm.
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To determine the compressive strength, samples are first
made (cement mortar is poured into moulds of appropriate
sizes, which are made of steel or plastic). At least 3 samples
are made (from one batch), they are kept under the same
conditions and the same amount of time. After 2442 hours, the
samples are freed from the moulds and subjected to testing on
a hydraulic press. The strength is taken as the average of
three dimensions. The loading rate should be no more than 2
MPa per 1 s when tested in compression.

To determine the bending strength, samples (Fig. 2) are
also made (the preparation procedure is the same as for
compression images). It was established that the final strength
characteristics of the cement stone are acquired after 28 days
of hardening. But after 2 days the strength of the cement stone
is able to reach 90% or more of the maximum. Therefore,
operational strength assessment is given after 2 days of
hardening.

Fig. 2. Samples of cement stone under the influence of different
temperatures

In this work, the samples were made and placed for a
period of strength set-up (1 day) in a refrigeration chamber at
temperatures of -5°C and -15°C. Further, to study the
difference in the formation of cement stone with the same and
different effects of thermal fields, the samples were placed in
the refrigeration chamber simultaneously with the installation of
the heating element (with a temperature of about 50-60°C) on
the upper surface of the sample and were also left at rest for 1
day. The installation was filled with foam for thermal insulation
of samples (Fig. 3).

Since the phase transformations of the components of the
cement stone should be accompanied by its destruction, it is
logical to assume that these changes will directly affect the
structure of the pore space of the samples. In this regard, in
accordance with the methodology described by Dvoynikov
(2017), studies were carried out to assess changes in the
structure of the pore space of samples obtained from cement
slurry, which were stored at temperatures of -15, 5, 20°C at 2
and 28 days.

Studies were conducted at temperatures of 20, -5 and -15
°C with simultaneous exposure of the thermal field to the
sample (heating element consisting of metal plates) and cold
field (the sample was placed at negative temperatures). The
time to build strength in specified modelled conditions is 2 day.
Then the samples were tested for flexural strength and
compression. The broken parts of the samples were checked
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on a microtomograph. Open, closed and total porosity, and the
results of the study were divided into two “parts” — the upper
side of the heat and the lower side of the cold.

Fig. 3. Samples of cement paste in the form

Results

The table below (Table 2) presents the results of the
measurement of the flexural and compressive strengths based
on the average maximum value of the three samples in each
experiment.

The table compares the samples prepared without the
addition of microsilica and with a 10% addition to the dry mix.
Samples were tested both at normal and at negative
temperatures

Table 2. The results of the study of strength characteristics of
cement stone

Temperature
Standard Using
composition microsilica
Max amountof ~ (normal/negative) (normal/negative)
strength
Compressive 10.2/8.0 19.1143
(2 days)
Bending
(7 days) 22.8/15.3 30.2/21.2
Compressive
(2 days) 3.8/1.1 4.7/3.5
Bending
(7 days) 9.4/3.5 12.6/5.5

According to the obtained results, it can be concluded that
the addition of silicon production wastes to the cement slurry,
together with the use of calcium chloride, was theoretically
supposed to positively affect the properties of the cement
stone and improve such indicators as strength, frost
resistance, and permeability, provided that the cement content
is low.

On the basis of the results in the table, we can build a
graph of dependence of the amount of microsilica injected and
the indicators of the strength of cement stone. The optimal
percentage of microsilica is 10% of the dry mixture of the
composition (Fig. 4).
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Fig. 4. Dependence of the influence of the amount of microsilica
on the strength characteristics of cement stone

The analysis of the samples’ porosity shows that the total
porosity has solidified for 2 days at normal temperatures and
practically remains constant. For samples formed at lower
temperatures, the total porosity is slightly lower. This is
explained by the phase composition of the hardening products.
Indeed, the cement stone obtained at these temperatures is
mainly represented by hydroaluminates and calcium
hydrocarboaluminates, the surface of which is blocked by the
gel-like mass of partially reacted calcium hydrosilicates.
Therefore, the fusion of these aggregates leads to the
formation of a structure with a small pore volume and smaller
size.

The confirmation is the data on the change in the integral
porosity. It is noted that with increasing temperature there is an
increase in pore sizes, and an increase in subcapillary pores
(usually the cause of destruction processes) is not observed.

For samples hardened for 28 days, an increase in total
porosity with increasing ambient temperature was observed.

However, for samples obtained and stored at the same
temperature, the change in total porosity does not occur. Only
redistribution of pores occurs, together with an increase in the
volume of smaller pores. The result obtained is explained by
the formation of the structure of the cement stone, mainly
calcium hydrosilicates, which have a large specific surface,
naturally a greater number of accretion contacts, and therefore
a lower porosity. The redistribution of pores is caused by
ongoing hydration processes. And since there is a reduction in
size and there is no change in the total porosity, the results
serve as another confirmation of heat resistance in the
considered temperature range of stone formed from cement
slurry using microspheres.

The results obtained by changing the pore structure at a
temperature of -5°C for two days are quite interesting.
Apparently, in this case, there are broken bonds between
hydrosilicate compounds of high basicity. Since at these
temperatures the solubility of the silica component is
sufficiently small, the resulting low-base hydrosilicates do not
have time to compensate for the negative effects of the phase
transformations of the highly basic calcium silicate silicates.

For a stone made of cement-based Portland cement,
without silica additives, in the study of its physical and
mechanical properties a sharp drop in strength was found at
temperatures of -5 and -15°C of the environment. The sample
is marked by cracks. Therefore, they have not been subjected
to research on changes in the pore structure.
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Below (Fig. 5) a histogram is presented based on the
generalised porosity data of cement stone samples.

Cement Stone Porosity
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Fig. 5. Cement stone porosity

The heat side is red, the cold one is blue, respectively. As
can be seen from the histogram, both open and closed (as well
as total) porosity is more observed in the cold region of the
sample, that is, from the frozen rocks in the well. In this regard,
we can conclude that additional insulation material or
technology is necessary to be added.

Conclusions

Based on the data obtained, we can draw the following
conclusions: the material cracks when more than 15% of
microsilica is added to the composition, so the further studies
are not expedient. Adding 10% of microsilica to the solution
increases the strength of the cement stone. By using it as a
tempering fluid, the strength of 4% CaClz solution is increased
at negative and low temperatures. On the basis of the
researches performed, it is possible to recommend the addition
of calcium chloride to the composition of the cement mortar
together with microsilica in order to increase the strength
characteristics.

By analysing the data on the results of porosity studies, we
can also conclude that at low and negative temperatures the
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number of pores increases, that is, an additional heating
element is needed in the well.
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