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SUMMARY

This study treats the methods of monitoring defdioma based on repeatedly observed
geodetic networks with emphasis on modeling, psiogs and evaluation of geodetic
observations.

Local geodetic network is build around the saltyaehd is deployed for monitoring the
crustal movements in the region. Precise geodetgasnrements to determine in the
deformation, in the area of the Mirovo Salt Depamie made. Mathematical model for
combined, three-dimensional adjustment of classimatli GPS measurements for the
adjustment are used, for several epochs of measutemincluding: horizontal directions,
distances, height differences and GPS observatiamshe basis, of the estimated coordinates
and covariation matrices, velocities for the conpants are computed.

In the article are presented computation methodddtermining the deformation components
of spatially oriented triangles. A graphic analysiés been conducted, as well as a comparison
of the results. Presented are also diagrams omthie axes of deformation, as well as the
surfaces of the angular deformations. Conclusiaesdaawn about the of the deformation
processes, their possible stage at present.

The necessity of regular monitoring of the geodywasituation and surface subsidence are
discussed. Results of the analyses of the geologimhseismotectonic situation, assessment
of the surface subsidence, analyses of the seiggime variation are presented. The use of
these analyses and their possible applicationstifergeneral stability assessment of the
system are formulated.

PE3IOME

3a MOHMTOPHUHT Ha JBM)KCHHATA U IeOopMalMUTE HA 3eMHATa Kopa B pailoHa Ha MHPOBCKOTO
COJTHO HAXOJHMIIE € U3TpajieHa JOoKallHa reoje3ndyecka Mpexa. [Ipu obpaboTkara Ha JaHHU 32
HSKOJIKO €MOXHW W3MEpPBaHUsS € TPUIIOKEH MaTEeMaTHYeCKH MOJeNT 3a KOMOMHHPAHO
I/13paBHeHI/Ie Ha KJIACHUYCCKHU U GPSI/IBMepBaHI/ISI, KOUTO BKJIIOUBAT. XOpI/ISOHTaJ'IHI/I IIOCOKH,
I'BJDKWHH, TIPEBUIICHHS, acTpoHOMUYHHM asumytu u GPS naGmonenus. Ha ocHoBata Ha
HOJ'IyLIeHI/ITe OIICHKHN 3a KOOp,Z[I/IHaTI/ITC 148 KOBapI/IaI_[I/IOHHI/ITG ManI/IL[I/I ca H3YUCICHU
CKOPOCTHTE Ha MMPEMECTBAHE HA TOYKHUTE.

[IpencraBenn ca MeTOOM 3a ONpeAeisHe Ha KOMIIOHEHTUTe Ha jaedopMmarus Ha
MIPOCTPAHCTBEHO OPUEHTHPAHU TPUBI'bIHUIIU. OTNIpeiesieHn ca TJIaBHUTE OCH Ha faedopmarius,
KakTO W BIJIOBH, IUIOUIHM U cpsa3Bamm Aedopmanuu. HampaBeH e rpadudueH aHanus3 u
CpaBHEHHE Ha IOJYYCHHUTE DPE3YJITaTUTe W OOOCHOBKA HAa HEOOXOIUMOCTTA OT PEIOBHO
HpOCHGI[SIBaHG Ha TCOAUHAMHUYHUTEC HpOI_[eCI/I 3a KOHTpO.H Ha HOB’prHOCTHI/ITC ABUXXCHUA U
W3MEHEHHS.
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Study of Deformation and Movements on the Earth's @ist, of Technogenic
Character, Based on Repeated Geodetic Measurements

Mila ATANASOVA-ZLATAREVA, Bulgaria
1. INTRODUCTION

1.1 Provadiiska seismic zone

The Mirovo salt deposit is situated in NE Bulgaiide mine has being exploited since 1956.
Since 1980 several moderate earthquakes (M>4.@canared in this region. This work is in

connection with the observed higher seismic agtiveind probable manifestations of
technogenic seismicity in the region.

Provadiiska seismic zone is characterized by a hditation of weak earthquakes, whose
magnitude seldom exceeds 4.5.
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Figure 1 Epicenters of the weak earthquakes after 2006xkta the geology map 1:100,000
(Cheshitev et al., 1999). The black line delimitkd salt deposit body at 2000 m depth level
((Dimitrov D et al., 2013).

This concentration of earthquakes are due to ttezsection of several faults. Natuaround
the salt body, tensions arise from its movemethéoground and the stored energy is released
by weak earthquakes. An additional factor for iasiag the number of earthquakes over the
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last 30 years is the intensive exploitation of ¢la#t by leaching and the formation of large
underground chambers. For now there are no trengt®p the exploitation of salt. For better
study of developing processes are created locamseiand geodetic networks in the region
around the Provadia town.

The monitoring on the seismicity in the region exfprmed from the Local seismological
network of four constant and two temporary statiais equipped with modern broadband
digital sensors and acquisition systems. Weak seitynis observed on well-expressed and
well-known fault structures in the region. The mastive part is situated between the South
Moesian subequatorial fault and North Supbalkait.fdlne most of them are concentrated in
the central part of the Provadia valley which ivered by the Mirovo salt deposit body.
Significantly bigger number of earthquakes is m=liin the region of the salt body and in 1
km distance from it in South West direction. Thegméude of the earthquakes varied reaches
up to 3.1 as the depth of the earthquakes reacltkes. $he Fig 1. shows the seismological
and geological combined map (Dimitrov D et al., 201

1.2. Provadia geodynamic network

Control Network Densification Networkm

af

22 Network site Tectonic fauls

Figure 2 Provadia geodynamic network (Milev et. al., 1994)
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Geodynamic project, which attracting researchartsrests is the Mirovo salt deposit near
Provadia, NE Bulgaria, the above mentioned from fige aim is to examine how far
exploitation of rock-salt in connected to localsseic activity because recently earthquakes
occur here more frequently and with increasinggfite.

A network of 26 pillars and many leveling bench ksais designed and built-up especially to
monitor movement and deformations in the deposia arsing precise angular and distance
measurements, spiritleveling and GPS. Part of tharp was outside the central zone for
control the detailed over the salt body (Figure. @PS has been used to determine the
controlling sites, once per year but recently, raftaving proven useful, it is regularly
implemented far precise positioning of all the natwsites. (Milev et. al., 1994). The initial
observation is in 1990 from “Geoprecise engineérird.

Deformation measurements are an important paringineering survey. The main tasks in
deformation analysis are to describe crustal mowesneand the movements or the
displacements of objects, such as landslides, ibgsd For geological monitoring of the
deformations in the region of the Mirovo salt depase used most precise and contemporary
method for permanent monitoring of movemeunsing GPS technology is applied. Besides
precise GPS observations are carried out measuterérnhe horizontal directions, EDM
distances, heights and astronomical azimuths.

For evaluation of the natural and technogenic riskthe Mirovo salt deposit the data from
details geodesic monitoring of network of periotligach year) precise measurments in the
zone of Mirovo salt deposit are analyzed. Re-messare longitudes between 24 points (fig.
2) by laser telemeter of the Mekometer ME5000 fiwwhich guaranteed accuracy of the
measured distances of the order of (0,2mm + 0,2pamd with periodical GPS
measurements. Comparing the distances shows tveemovement between the location
points which are situated in close proximity to aiwbve the salt body. Thus for example
points 4 and 11 have been got nearer to one anfathéne time of one year with 89.1 mm,
points 4 and 10 — with 74.9 mm, points 11 and 8tk 2.7 mm.

2. Determining the velocities of the stations of geodyamic network Mirovo
Salt Deposit

Estimates of the coordinates of the points and tbaiare errors are obtained by combined
adjustment program Adjust [Milbert et al].

For basis point was selected station 3703, coraitie distant from the deformation zone.
On the basis of the adjustment of network by L&xpiares Method for every epoch are
received estimates of coordinates of points, tfiiian square errors and covariation matrices.
From these estimates are derived velocities opthiets and their mean square errors between
the four cycles (1994, 2000, 2004, 2007) using tda® presented in [Atanasova, 2003]. In
the table 2 are presented relative velocities hait mean square errors.

Table 2. Relativevelocities and their mean square errors betweeohsp@6-07
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No VX aVX Vy aVy Vv a
[mm/yr] | [mm/yr] | [mm/yr] | [mm/yr] | [mm/yr] [0]
1 4.73 0.5 -6.13 0.5 7.74 341.8431
2 1.30 0.5 -4.67 0.4 4.84 317.295p
3173 0.46 0.5 6.06 0.4 6.08 95.1125
4 12.13 0.4 14.06 0.4 18.57 54.6892
5 -0.43 0.4 3.63 0.4 3.65 106.980b
6 0.76 0.4 2.03 0.4 2.17 77.0456
7 -0.87 0.4 4.33 0.4 0.44 112.566p
8 -3.27 0.4 3.33 0.4 4.66 149.357
9 -1.70 0.4 11.89 0.5 11.13 109.7614
10 -6.92 0.4 -0.53 0.5 6.92 204.9110
11 -1.61 0.4 -13.58 0.5 13.59 292.4899
12 2.42 0.5 -6.83 0.5 7.24 321.5025
13 -2.57 0.4 5.11 0.5 5.70 129.6829
14 -3.57 0.4 14.53 0.4 14.96 115.32Q7
15 8.33 0.4 4.59 0.4 9.47 31.5211
16 12.53 0.4 -1.81 0.4 12.66 390.9191
17 15.50 0.5 -4.00 0.4 16.01 383.9219
18 11.16 0.4 -6.14 0.4 12.72 368.17Q7
19 9.26 0.4 1.23 0.4 9.34 408.1984
3698 6.13 0.4 -1.97 0.4 6.44 380.246D
3703 0 0 0 0 0 0
22 -0.27 0.4 -3.03 0.5 3.04 294.417\7
23 2.83 0.4 0.23 0.4 2.84 5.2309
24 5.20 0.4 -1.07 0.4 5.30 387.1198

Geodetic network located the area of the salt badystantly alters its configuration and
position of the points, as the area is exposedatwowns anthropogenic, tectonic, seismic
attracting acting mixed with different intensity.

Displayed horizontal displacement speeds give aa @f the nature and direction of motion
of the points. The values of horizontal velocityctes are shown graphically in Figure 3.
This diagram clearly shows a tendency to move tems to the center of the salt body
established by [Valev G., 2000]
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Figure 3 Relative velocities in the region of Mirovo sa#jbt

Seasonal movements are observed being registergd) agoore than the 20 years permanent
measurements. On the basis of these observationtdusidn might be drawn that probably
the observed seismicity in the Rrovadia regiomuced seismicity resulting from intense
exploitation of salt mining in the near by (3-4 kMirovo salt deposit.

Stations 4,11,14,16,17,18 are that which showsmax velocities from 12.6-18.5 mm/year
direction and maximum significant subsidence folinpdl3 with velocities of — 24.3
mm/year.(fig 4)
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Figure 4. Change of vertical position of the points of thevRdia network between epochs
(1994, 2000, 2004 and 2007). Subsidence

3. Calculating the components of the deformation in th region of Mirovo
salt deposit

This is considered a possibility to study the defation processes through the use of
measured parameters — spatial chords based ontgeow®surements carried out based on
the theory of deformations and Finite Element Mdt{BEM). Used the results of GPS-
measurements for the epochs 1994, 2000, 2004 abid @® basis of which the calculated
spatial chords (Table 2) between the points colvernbain tectonic structures in the area of
experimental geodynamic area.

Calculated are the components of deformation irréigeon of Mirovo salt depot using results
periodic measurements. The basis for calculatiamsesd famous formula [Toshev B. 1967],
giving relationships between the components of eddion tensor and linear deformation of
a section of a deformation environment.

For each of the triangles is composed and detedrsgstem of three equations as a result of
which received tensor components of a "pure” dedfion.Calculated are the major axes of
relative deformation to the median’s center of thangle (table 2) All these elements
characterizing the deformation processes, reducethd plane of the respective triangle.
Graphical presentation of the major axes of deftionayiven in Figure 5.

Table2 Deformations calculated by the method of "finitereénts” between epochs 94-00
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Relative deformation at Major axes of relative
Ttriangle the distances deformation
[*e™] [*e™]
A | B | C AB | AC | BC a | b |alfalg]
1 23 24 1.61 -0.18 -0.46 3.36 -0.52 197.64
1 2 7 -1.65 0.2 -4.11 0.25 -6.1 183.46
1 6 7 -0.95 0.2 0.19 0.37 -2.33 172.97
1 7 10 0.2 2.74 2.3 3.22 -16.75 163.26
1 2 10 -1.65 2.74 -3.83 6.77 -4.18 14.68
1 3703 5 -0.67 0.29 0.38 5.61 -0.84 138.95
1 11 12 -1.47 -2.13 7.41 14.15 -2.14 54.8
2 10 11 -3.83 7.49 -15.43 9.29 -15.44 51.28
2 7 10 -4.11 -3.83 2.3 19.15 -4.45 13.59
4 9 14 -10.69 -9.33 -6.7 -4.63 -10.7, 67.08
4 9 13 -10.69 -48.14 -1.96 -1.79 -48.6]7 135.98
4 14 15 -9.33 8.55 -7.29 8.55 -14.96 68.1Q
4 15 16 8.55 6.67 -8.46 10.01] -13.2p 52.17
4 16 17 6.67 -38.7 -7.14 6.71 -38.97 29.24
4 13 17 -48.14 -38.7 -38.04 -36.84 -50.79 157.89
5 6 7 1.77 -2.99 0.19 1.78 -3.01 195.85
8 9 10 1.4 -10.22 -15.18 2.59 -15.2p 176.66
8 7 10 -1.95 -10.22 2.3 6.93 -15.78 179.37
8 5 7 3.85 -1.95 -2.99 3.84 -4.81 161.45
8 5 3173 3.82 3.73 -2.42 8.17 -2.42 114
8 9 3173 1.4 3.73 7.65 7.65 0.11 120.47
9 10 13 -15.18 -1.96 -10.88 -0.09 -16.4p 161.92
10 11 13 -15.43 -10.88 -27.35 -7.62 -27.44 19566
11 12 18 7.41 -15.37 -6.26 7.95 -16.25 108.74
11 13 17 -27.35 -26.29 -38.04 -25.54 -38.34 66.98
11 17 18 -26.29 -15.37 2.49 4.69 -27.3 162.77
16 17 19 -7.14 -9.75 3.35 3.39 -14.75 11.2
17 18 19 2.49 3.35 -10.71 8.47 -16.59 178.86
14 15 3173 -7.29 8.41 -3.23 25.4 -7.29 107.13
22 18 19 1.63 2.23 -10.71 2.25 -12.44  168.48
22 2 18 -1.09 1.63 -4.1 4.04 -4.1 144.99
3703 5 6 0.38 -0.26 1.77 5.39 -0.54 142.03
3703 3173 5 1.43 0.38 -2.42 3.01 -2.43 116.779
3703 3698 22 0.16 -0.03 -0.34 0.18 -0.44 180.12
3703 3173 15 1.43 2.8 -3.23 2.8 -4.29 109.45
3703 3698 3173 0.16 1.43 -0.62 1.84 -0.63 10729
3703 1 24 -0.67 -0.12 -0.18 0.62 -0.87 170.25
3173 9 14 7.65 8.41 -6.7 9.54 -7.54 141.78
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Figure 5 .Main axes of relative deformation to the mediar@ster of the triangles
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Table 3 Deformations (shear, angular aarda) between epochs 00-07

Ttriangle Deformations
A B C shear [f 8_5] angular [f e_5] area [* 8_5]
1 23 24 -1.66 -0.68 1.48
1 2 7 -3.44 -1.01 -2.63
1 6 7 -1.3 0.71 -0.02
1 7 10 -4.72 -8.47 -6.43
1 2 10 -5.56 2.95 1.54
1 3703 5 0.45 -3.41 2.99
1 11 12 0.63 9.98 7.27
2 10 11 0.15 13.51 -3.07
2 7 10 -11.32 5.38 7.52
4 9 14 1.66 0.45 -10.69
4 9 13 8.67 -25.48 -30.79
4 14 15 7.5 10.64 -4.08
4 15 16 2.74 9.25 -0.32
4 16 17 -15.67 18.07 -19.02
4 13 17 -3.38 -10.51 -50
5 6 7 -3.25 -0.48 -1.59
8 9 10 -7.89 -6.62 -7.07
8 7 10 -10.48 -6.91 -4.78
8 5 7 -3.02 -4.15 -0.88
8 5 3173 3.64 -2.07 2.84
8 9 3173 2.54 -2.66 3.94
9 10 13 -5.25 -7.05 -8.93
10 11 13 -11.39 -0.42 -17.89
11 12 18 11.72 -2.59 -3.5
11 13 17 3.71 5.54 -34.02
11 17 18 -9.36 -15.88 -12.04
14 15 3173 20.22 -1.7 10.98
16 17 19 -9.27 2.82 -8.88
17 18 19 -11.1 -11.13 7.1
22 18 19 -3.64 -10.1 -7.22
22 2 18 1.6 -3.84 0.59
23 24 25 -0.22 -0.22 -0.02
3703 3173 15 4.64 -0.44 -2.12
3703 3698 3173 1.26 -0.42 0.64
3703 1 24 -0.32 -0.73 0.3
3703 5 6 1.08 -3.4 2.64
3703 3173 5 1.78 -2.11 1.18
3703 3698 22 0.06 0.55 0.76
3173 9 14 3.71 -10.05 -1.39
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6. CONCLUSION

The results are compared with multi-year repeatsdlts from geodetic measurements of the
Mirovo geodynamic network.

The results of study showed, that have activitytenEarth's crust in the area and confirmed,
that the methods are appropriate for determinirgy tdchnogenic movements of the earth
crust.There have been several major conclusionsitattee nature of the deformation
processes and the possible stage of their develadpme

The results form the geodetic monitoring of theodafation in the Mirovo salt deposit region
allow for the conclusion to be made that in andvalithe exploitation area of the salt deposit
take place significant local deformations of thetleasurface. These deformation processes
could be explained with concentration of the epieenof different in strength earthquakes in
the region. The question stays open whether localements and the induced anthropogenic
regional seismicity to lead to activation of seigimoic faults which could lead to earthquake
with higher intensities. For clarifying this issug needed new profound and complex
estimates and that is the need for a modern irgefion of the results using the geological
and seismological data research.

| am grateful to "Geoprecise Engineering" Ltd fardky providing the data for geodynamic
network Provadia. Based on their measurementsesadrch | made this studies and article.
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