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Abstract: Tilt measurements have been taken in the underground gallery at Talaya Seismological Station for almost
three decades, from March 1985 till 2014. Based on such data, deformation curves were constructed and analysed in
the frame of elastic and viscous-elastic models of the geological medium. From estimated annual deformation rates, it
became possible to reveal deformation cycles ranging from 3 to 18 years with amplitudes up to 5 arc-seconds (2-10-5).
For the bedrock in the Talaya stream valley, the elastic modulus was estimated at 20 GPa. In frame of the Kelvin visco-
elastic model, the apparent viscosity of the medium was estimated at 1019 Pa-sec by deformation delay curve for
1989-2014 epoch. Observed vertical rates were used to estimate the size of the studied area (from 0.1 km to 6.0 km).
The values estimated in our experimental investigation are used in a wide range of geophysical studies: modelling
tectonic, co-seismic and post-seismic processes.

Recent Geodynamics

Key words: tidal quartz tiltmeter, viscoelastic model of deformation, apparent rheological parameters, Baikal region.

Recommended by V.A. Sankov

For citation: Timofeev V.Yu., Masalsky O.K, Ardyukov D.G., Timofeev A.V. 2015. Local deformation and
rheological parameters by measurements in Talaya station gallery (Baikal region). Geodynamics & Tec-
tonophysics 6 (2), 241-253. d0i:10.5800/GT-2015-6-2-0179.

JIOKAJIbHOE IEGOPMHUPOBAHUE U PEOJIOTUYECKHE TAPAMETPBI
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AHHoTanua: Ha6uroleHHs HaKJIOHOB B LITOJIbHE celCMOCTaHLMU Tasnas BeAyTcs yKe OKOJIO Tpex AecATHIeTHH (c
MmapTa 1985 roza no Hacrosiee BpeMms). B paboTe npejcraB/ieHbl pe3yabTaThl U3MepeHHUi. [losydyeHHble rpaduku
xo/a AepopMalil aHAJIU3UPYIOTCA C UCNOJIb30BaHUEM YIPYTUX U YIPYrOBA3KUX MOJeseH reoJIorMiecKoi cpespbl.
OnpezesneHbl roZ0Bble CKOPOCTH eGOPMHUPOBaHUs, BbISIBJIEH ero UK/INYEeCKHUH XapaKTep ¢ nepuojaMu ot 3 jgo 18
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JIeT U aMIUIUTYJaMU o 5 cekyHJ Ayru (2-10-5). PasquyHbIMU MeTOAaMu ONpejeseH YIPYyTUil MOAyJ/b KOPeHHBIX
MopoJ, cjaararwuux AoauHy p. Tanol, ero BeauuuHa coctaBuia 20 I'Tla. C ucnosb3oBaHMEM KPUBOU 3aTyxaHus Je-
dopmanuu 3a nepuos 1989-2014 rr., B paMKax BS3KOynpyrou mozenu KenbBrHa noiydeHo 3HayeHUE 3P PeKTUBHOMU
BA3KOCTU cpeAbl 1019 [Ta-c. C mpuBJieyeHHEM AaHHBIX O CKOPOCTSIX BepTHKaJbHbIX JIBIXKEHUH NpoBeJieHa OlleHKa
06J1acTH, Ipe/iCTaBUTEJbHOM /sl MOoJIyYyeHHbIX TapaMeTpoB (oT 0.1 go 6.0 kM). IKcllepUMeHTaIbHO ONpe/ie/leHHble
napaMeTpbl MOTYT ObITb MCIIOJIb30BaHbl IPU MOJEIMPOBAaHUH TEKTOHUYECKUX, KOCeHCMUYeCKUX U MoCTceilicMuye-

CKHX IIPOLIECCOB.

Kawuesvie caosa: NPHUJIHNBHbIE KBaplLeBble HAKJIOHOMEPDI, BA3KOYyIIpyrue Moaeau ,ELe(l)OpMI/IpOBaHI/IH, 3(1)(l)eKTI/IBHbIe

peoJsioruyeckre napameTpsl, balikasibCKUM peruoH.

1. INTRODUCTION

In studies of recent movements, which are an inte-
gral part of geophysical monitoring of the Earth's crust,
recent deformation of the crust and mantle is described
by elastic, plastic, viscoelastic models and combina-
tions of such models. Obtaining field experimental re-
sults is essential for development of theoretical models
of recent shear and deformation fields. Variations of
such fields are determined for periods from a few days
to decades. In such studies, measurements by exten-
siometers and the horizontal pendulums installed in
special underground gallery is one of the common
methods. Upon analyses of strain variations in time, a
model showing deformation and rheology is selected,
and it becomes possible to reveal factors and forces
that influence the process of deformation. Interpreting
of the obtained data can be challenging due to the fact
that strain measurements are taken at the surface
of the Earth and may be distorted by local impacts.
Besides, there is an uncertainty of a total value of
accumulated strain. Actually, accumulated strain can be
estimated only at the qualitative level from neotectonic
reconstructions, knowledge of the stage of seismic ac-
tivation, and structural models of the region. Observed
periods of deformation are indications of current
regional activity; for instance, in the Baikal rift, i.e.
in the intracontinental area, representative earth-
quakes occur in periods of 3 to 150 years. Determina-
tion of rheological parameters of the geological me-
dium and estimation of deformation or strain rates are
major objectives of our studies. We study processes
on the data basis collected by long-term observations
using tidal quartz tiltmeters that were installed in
the underground gallery at Talaya Seismological
Station (TSS, 51.68°N, 103.65°E) in March 1985 and
ensure non-stop data recording. TSS situated near
the northern boundary separated of the south-western
part of the Baikal rift zone and the Siberian platform.
The Main Sayan fault, being the boundary between the
Siberian platform and the mobile area [Levi et al,, 1997;
Solonenko, 1993], is located a few kilometres to the
north. In this region, lateral inhomogeneities of the

crust and upper mantle cause deviatoric stresses of
35-40 MPa, according to calculations published in
[Kaban, Yunga, 2000], and such stress values are close
to maximum stresses estimated for the Baikal Rift.
Left-lateral shift motion takes place at the Main Sayan
fault. According to the available geological data and
tectonic models of south-western part of the Baikal rift
zone, horizontal displacement rates are from 0.8 to
2.0 mm per year, and displacements are mainly
directed to the east [San'kov et al., 1999, 2000; Calais et
al, 2002; Lukhnev et al, 2010; Timofeev et al, 2012,
2013].

2. QUARTZ TILTMETERS, CALIBRATION METHODS, AND
STRAIN RECORD

The first measurements of tidal and technogenic til-
ting were obtained in 1960s when a tiltmeter designed
by A.E. Ostrovsky was used; the tiltmeter mechanism
included steel springs [Ostrovsky, 1978]. A pilot quartz
tiltmeter NK-1 (Zo6llner suspension type) was designed
in 1973, manufactured and tested in 1974; it provided
for photoelectric recording, and a new calibration
method was proposed for calibration of the tiltmeter
[Bulanzhe et al, 1975]. Stations in Siberia used pilot
NK-1 units and sets of tools manufactured at the pilot
plant of the Siberian Branch and in the Institute of Ge-
ology and Geophysics SB. In the TSS gallery, quartz ho-
rizontal pendulums have been in use since March 1985
[Gridnev et al, 1990]. Analogue records of measure-
ments were collected from 1985 to 1998. Digital re-
cords are available since 1998. The tiltmeter is cali-
brated in laboratory conditions under the impact of
elastic force of a quartz spring, and regular calibration
checks are conducted on the permanent measurement
inside the TSS tunnel. In the laboratory conditions, the
calibration error amounts to 0.1 %. In situ conditions,
when operator approaches the tiltmeter installed in the
underground gallery (Fig. 1), an error may increase to a
few percent. Maintaining stable recording of metrologi-
cal parameters in time is challenging as measurements
are impacted by the following factors: the electric
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I Fig. 1. Calibration pulses at the background of tidal variations of slope (underground gallery, Talaya seismic station). Minute

interval of record.

| Puc. 1. Kanm6posounsle cBurn Ha GpoHe IPHUIMBHBIX BapHaLMii HAK/IOHA (IITOMBHS ceficMocTaHIMK «Tasas»).

power network of the seismic station is unstable, ele-
ments of the photo-electric sensor need to be periodi-
cally replaced, voltage may vary, it may be needed to
disconnect the tiltmeter when seismological and geo-
physical equipment is in service operation. Such factors
cause gaps in records and disturb stabilization of
temperatures inside the TSS tunnel (+1°+1°C).

At Talaya Seismological Station, the tiltmeters were
calibrated with the use of a quartz-spring micrometer
or an electromagnetic calibration device [Gridnev,
Timofeev, 1990]. For example, calibration for the period

from 29 September 1999 to 01 October 1999 was
done by shifting with a quartz spring, as shown in
Figure 1. Figure 2 shows examples of tiltmeter calibra-
tion and attenuation of natural oscillations of the pen-
dulum after shifting. The tiltmeter base ranges from
300 to 100 millimetres. Measurements are conducted
on a pedestal (0.7 m x 1.4 m) mounted on the bedrock.
The horizontal pendulums were installed in two azi-
muths, N-S and E-W. Examples of digital records of til-
ting for every component are shown in Figures 3 and 4.
Tidal tilt amplitudes amounted to 0.03 arc-seconds.
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I Fig. 2. Calibration pulses and inclinometer pendulum attenuation. A typical own period ranged from 8 to 18 seconds. Plotted

time from 05 sec-56 m-07 h to 32 sec-12 m-08 h, 04 May 2000.

Puc. 2. Kaiu6poBoYHbIH CABUT U 3aTyxaHHe MasTHHUKA HakJoHOMepa. O6bIYHO COGCTBEHHBIN MEPUO/J, COCTaBJAI OT 8 70
16 cekyna. Bpems Ha rpaduke c 05 c-56 MuH-07 4y o 32 c-12 MuH-08 4 4 masg 2000 r.



V.Yu. Timofeev: Local deformation and rheological parameters...

50000

49500 A

49000 W/J"W

48500 R{WWUQ/\/\ﬁ LAV |

T M
42000 f‘/\r’\j{l.«f’].ﬂ a |

47500

47000

45500

45000

30303030303020303030303030303030302303030203030303030303030303030230303023030303030303023030230
034582246 1034582246 1034582246 1034582246103458 22461034 5822461034 58 22 4610 34 58 2246 1034 58 22 46
05221500022013080017 1M 0421150802191206 23171003 211408011812 052316 0902 201407 001811 05221508 02
2V 27282930303101020203040405060707080909 1011121213 141515161717 1819202021 222332324 25252627 28
1212121212 12120101 010101010701 0101010101 070101 010101010101 01010101010107010101010101010101
999999999992 29000000 00000000 000000000000 000000 000000000000 00000000 00000000000000 0000000000

I Fig. 3. Tidal variations and systematic tilt run (E-W) from 27 December 1999 to 28 January 2000.

I Puc. 3. [IpuMBHbIe BapUallUH U CHCTEMaTUYECKUH X01 HakIoHa (B-3) 3a mepuox 27.12.1999 r. - 28.01.2000 .

|-||f__ a5 - ] 1 file for 570242 bytes aooz 1 —
N L = Fmt ymdhn=1 HEADER » Mot DAS
04 0Oct 73 18 uln 1 chan & &0 sec
yl: <0 .0 Mot Cal.
STATION 9105 — pOAS 012

41500

41000

40500
g 40000
=
=1

o , WA i

ady N % V\’
ALY VA
oy M '\J
28500
20 Sep 02 Oct o4 Oct 0 Dt o2 Oct 10 DOct 12 DOct

w1 L 28 Sep 2007 17:34:00 Time 12 Oct 2007 02:21:00 — NT

Enter a filemame for GIF export: nkl.aif

Fig. 4. Tidal variations and systematic tilt run (N-S) from 28 September 2007 to 12 October 2007. Tilt azimuth East-West.
Time counters across 3 minutes. Tilt at East (1 sec.arc = 4000).

I Puc. 4. [IpuvBHbIe BapUalUu U CUCTeMaTHYecKul xo1 HakioHa (C-10) 3a nepuoj 28.09.2007 r. - 12.10.2007 r.



Tilt records in analogue and digital formats were
analysed at the IPGG SB RAS, and the Royal Observato-
ry of Belgium [Timofeev et al, 2000, 2008]. Then tidal
parameters, i.e. amplitude and phase-lag factors, were
compared with models of tidal deformations of the
Earth. A good correlation was revealed with the
DDW99 tidal model (static part) and SCW80 tidal
ocean model (dynamic part) [Schiwiderski, 1983;
Dehant et al, 1999; Ducarme et al, 2008]. Deviations
from the global tidal tilt model amounted to 7 % for
amplitudes (E-W) and +9° for phases (N-S), which can
be explained by the effect of the geological structure
of the Main Sayan fault. This fault is located 3 km to
the north of Talaya Station and strikes sub-latitude the
region where the station is located.

3. SHORT-PERIOD VARIATIONS AND EFFECTIVE
ELASTIC MODULI

Based on measurements of short-period variations
associated with atmospheric pressure drops, we calcu-
lated effective elastic moduli of rocks in situ [Gridney,
Timofeev, 1989a, 1989b]. Variations were recorded in
periods from a few minutes to hours in case of rapid air
pressure variation. A simple Young modulus (E)
ratio was used for interpretation:

E = AP/ As, (1)

where AP is an atmospheric pressure drop; Ae is a
corresponding variation of vertical strain.

The first data were received using a vertical quartz
extensometer, quartz tiltmeters and a quartz micro-
barograph [Gridnev, 1975]. Calculations based on re-
cords by the vertical strain meter yielded an effective
elastic modulus of the rocks which is quite low,
E=4.7-10° Pa. In this case, significant impacts of cavity
effects should be noted as such effects are maximum
when the tool is installed (in a vertical or horizontal
position) across the tunnel. According to calculations
reported in [Harrison, 1976; Blair, 1977], horizontal
strain is variable:

e wn = (3ex + 0.5eyy), (2)

where e and eyy are horizontal strain values for the
homogeneous medium.

A similar reduction of the modulus value is due to
the strain value as follows:

€ zzn = 3€4. (3)

The effect of the triple increase of the tidal ampli-
tude of vertical strain was also revealed in Osakayama
(Japan), an old tunnel where vertical strain meters
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were installed [Ozawa, 1967, 1974; Melchior, 1982]. The
effect disappears when a vertical strain meter is in-
stalled in the tunnel in a specially drilled hole.

In case of short-period pressure variations (half a
minute, less than 1 hour), it is possible to determine
the effective modulus from records by tidal tiltmeters.
In such cases, the following ratio is used:

Eer = (24P In1y )/ (mAyy), (4)

where: AP, AP, is a load; r; is a distance between tilt
and load measurement points (in case of rapid varia-
tions, frontage orthogonally to isolines) normalized to
the tiltmeter base; Ay; is a tilt balance in the azimuth,
orthogonal to the atmospheric front, i-th individual
determination.

Our experiments show that the accuracy in this case
is low because of difficulties in determining the posi-
tion of the atmospheric front and challenges related to
local mapping of pressure isolines in case of rapid vari-
ations (errors from 50 to 100 %). The effective modu-
lus calculated from the tilt measurements is much
closer to that estimated from petrophysical data,
E=1.5-1010 Pa.

Based on petrophysical studies of core samples
(Archean marble from Well 1608 located 100 m
from the tunnel entrance in the TSS territory) (Fig. 5),
the following values were estimated: density
p=2.87-103 kg/ms3; seismic velocity Vp =
= \/(?\+ 2w /p = \/(K +4/3w)/p = 4.16km/sec, ve-
locity Vs = m = 2.62 km/sec; and ratio Vs/Vp =
= 0.63. Core studies were conducted at IPGG SB RAS.

The obtained values are as follows: for Poisson
ratio, v=0.17; for bulk modulus, K=2.34:1010 Pa; for
shear modulus, u = G = E/[2(1 +v)] =1.97 - 10'° Pa
From ratio K = E/[3(1 — 2v)], Young modulus is E=
=4.63-1010 Pa, and Lamé parameter is

o 2v6 E,
T1-2v (1+v)(1-2v)

A =1.01-10° pa.

The most effective reference to short-period strain
variations was demonstrated in the study of co-seismic
deformations near earthquake locations. When an
earthquake (M=5.5-5.7, 51.71°N, 102.70°E) took place
on 29 June 1995, it was for the first time when a tilt
change was recorded at a distance of 67 km to the west
of the station. The anomalous tilt amounted to 0.25
microradian (extension, +2.5:10-7) at azimuth 124°N,
which correlates with the solution of the earthquake
mechanism [Melnikova, Radziminovich, 1998]. The
most striking example is the Kultuk earthquake of
27 August 2008 (M=6.5, 51.61°N, 104.07°E) which
occurred at a distance of 25 km from the station
[Melnikova et al., 2009], when extension of +1:10-¢ was



V.Yu. Timofeev: Local deformation and rheological parameters...

Fig. 5. Geological map and mining plan, underground gallery No. 9, Talaya seismic station. Scheme and cross section of the
tunnels, Talaya seismic station.

The circle shows the location of Well 120; tilt meters were installed in the gangway, 50 m from the entrance; rod- and laser deformation
meters were installed in distant gangways. 1 - alluvial deposits; 2 - marble; 3 - amphibole-piroxene crystalline schist; 4 - crystalline
schist and skapolite-amphibole-diopside gneiss; 5 - garnet-biotite gneiss; 6 - garnet-pegmatite; 7 - shaft tunnels; 8 - quarries; 9 - tren-
ches.

Puc. 5. F'eostoruvyeckasi KapTa U COBMELIEHHBIN MIJIaH TOPHBIX BIPABOTOK, MITOJNbHS N2 9 celicMocTanuuu «Tanasa». Cxema u
paspesbl ITOJBHY ceicMOoCcTaHIMU «Tanas».

KpyxkoM o603HauyeHa 120-MeTpoBasi CKBOXKHMHA, HAKJIOHOMEDBI YCTAaHOBJIEHHI B IITpeKe, B 50 MeTpax oT BxoAa, AedopMorpadsl LITaH-
roBbl€ U JIa3epHBIE, PACIOJIOKEHBI B JAIbHUX LITPeKax. I - a/UIl0BUa/IbHbIE OTJIOXKEHHS; 2 — MPaMOpbl; 3 - KPUCTaLJI0CIaHLbl aM$u6oI-
MUPOKCEHOBBIE; 4 — KPUCTAJIOCTAHLBI U THEHChI CKANOIUT-aMbUO0II-AUOIICUI0BbIE; 5 — THEHChI I'PaHaT-GUOTUTOBBIE; 6 — TPAHUT-TET-

MaTUThI; 7 — IUTOJIbHY; 8 — Kapbephbl, 9 — KaHaBBI.

registered [Boiko et al, 2012]. This result is in good
agreement with the model making by seismological
data of the Baikal Branch GS SB RAS, Irkutsk.

4. LONG-TERM TILT VARIATIONS AND LOCAL RHEOLOGY

We consider long-term tilt variations by individual
components of the tilt vector (N-S and E-W, Fig. 6 and
7). Dates of strong regional earthquakes are marked by
changes in directions and rates of tilting at the curve.
Arrows show dates of strong regional earthquakes as
follows: 13 May 1989 (M=5.9, 50.2°N, 105.5°E), 27 De-
cember 1991 (M=6.5-7.0, 50.98°N, 98.08°E), 29 June

1995 (M=5.5-5.7, 51.71°N, 102.70°E), 25 February
1999 (M = 5.7-6.0, 51.63°N, 104.89°E), and 27 August
2008 (M=6.3,51.61°N, 104.07°E).

Tilting runs manifest strain recurrence from 3 to 18
years (Fig. 6, 7, 8, and 9). In the vector diagram, this is
reflected in the time period from 1985 to 2003 (Fig. 8).
The average annual strain rate in some periods is vari-
able from 0.05 second of arc to 2 second of arc per year
(10-8+10-6), and such values are consistent with data
obtained by space geodesy techniques in this region
[San'kov et al, 1999; Lukhnev et al, 2010, Timofeev et
al, 1994, 1999, 2012].

Tilting as local deformation of the geological medi-
um can be caused by stress variations due to seismic
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North
sec.arc

I Fig. 6. Tilt variations at N-S azimuth (1 arc-second = 4.8-10-¢). Observations from March 1985 to April 2014. Arrows show

time of strong regional earthquakes.

Puc. 6. Bapuaiuu HaKkJIoHa B a3UMyTe CeBep-1oT B ceKyHAax AyrH (1 cekyHzaa ayru = 4.8-10-6). [lepuoj Habr0AeHUH ¢ Map-
Ta 1985 r. mo anpesb 2014 r. CTpesikaMy OKa3aHbl MOMEHTHI CUJIbHBIX peTMOHA/bHBIX 3eMJIETPSCEHUH.

activity in the region. In the vector diagram (Fig. 9), all
the registered events are shown: M>3 at a distance of
50 km (L), M>4.5 at 50 km < L < 100 km, and M>5 at
100 km < L < 200 km. At the start period the tilt curve
shows that northward motion when a strong earth-
quake occurred to the south of the station on 13 May
1989 (M=5.9, 50.2°N, 105.5°E). It was followed by
strong aftershocks that occurred within a few months.
In the area where in 13 May 1989 earthquake took

10

place, several strong events were recorded in the past:
M=5.6 on 10 May 1929, M=6.5 on 06 February 1957,
and M=5.1 on 01 March 1987.

After the earthquake, the stress state changed. The
measurements had lasted for ten years before the next
group of strong earthquakes (M>5) was registered to
the west and east of the station. The first strong event
occurred on 29 June 1995 (M=5.5), and the second on
25 February 1999 (M=5.8). For 50 km zone around the

East,
sec.arc

F - - - v v v v v v v v e o~

2001.06

I Fig. 7. Tilt variations at E-W azimuth (arc-second) from March 1985 to April 2014.

I Puc. 7. Bapuanuu Hak/JIoHa B a3MMYTe BOCTOK-3ana/l B cekyHaax ayru (03.1985 . - 04.2014 r.).
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Puc. 8. BekTopHas [uarpaMma Xo/ila HakJIoHa B CeKyHAax Ayru 3a nepuoj 1985-2003 rr., mocTpoeHHas Mo eXXeMeCTUHbIM
JlaHHBIM, I0Ka3aHbl IHBAPCKHE AAThl KAXKJ0TO0 roja.
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neighbouring earthquakes (magnitude and distance, km).

Puc. 9. BekTopHas AuarpaMMa xo/ia HaKJIOHA B CEKYHAaX AyTU. [paduK NOCTpoeH 1Mo exxeMecIYHbIM JaHHBIM. BpeMs (sH-

Bapb KaX/,0ro rojia) nokasaHo B paMke. CTpesJIkaMU OTMeuyeHbl MOMEHThI GJIM3KUX 3eMJIeTpsICeHUH (MarHUTYyAa U paccTos-
HUe B KUJIOMeTpax).
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Fig. 10. Tilt variations at -33°NE azimuth (arc-second). Observations from March 1985 to April 2014. Theoretical calcula-
tions of shear deformation release (arc-second) are plotted: W(t)=[11-e(-t/D-2].

Puc. 10. Bapuanuu Hak/1oHa B asumyTe -33 °N B cekyHax ayru. [lepuoy HabaoaeHui ¢ mapta 1985 roga no anpesb 2014
roja. [IpuBe/ieH TeopeTUYECKUH rpadUK pa3rpy3Ku CABUTOBOH AedopManuu B ceKyHaax ayru: W(t)=[11-e(-t/D-2].

station, it is possible to distinguish two periods: the
first period until 1990 (weak earthquakes, M=3.5+4.0;
one or two events per year), and the second period
from 1990 to 1994 (no earthquakes) (Fig. 9).

Continuous tilt underground sites measurements al-
low us to estimate both elastic and viscous parameters
of the geological medium. Structural rock mass ele-
ments are known to have rheological properties, i.e.
they can be deformed with time under constant loading
or release stresses in case of constant deformation. In
simulations, equations of state generally include elastic
and viscous elements. The number of such elements
and their combinations (serial, parallel) are deter-
mined by the available experimental data. Definitely,
the basic model envisages elastic deformation (Hooke
body). As shown above, the elastic response is clearly
manifested in case of rapid pressure changes and near-
by strong earthquakes (co-seismic effect). Data on
long-term variations of strain provide for estimation of
effective viscous parameters, and the simplest viscoe-
lastic models consisting of two elements are analysed
as follows:

Maxwell body ¢ = 6/pu+0/n,€ =0c'/u+c/n (5)
and

Kelvinbodyo=1n-:-£€4+p-g0=n¢+ e, (6)

where ¢ and ¢ are tangential stresses and strain; p is
shear modulus; n is viscosity; € is differentiation of
strain in time, t. The deviatoric form of (5) and (6) is
due to the fact that viscous deformation does not
change the volume.

Based on the experimental results concerning shear
deformation progress / tilting and the simple concepts
of stress changes from 1985 to 1989 ¢ # 0 and later on
o = 0, we use the Kelvin model and consider the strain
attenuation curve at azimuth -33°N in the main gang-
way of the shaft tunnels; this direction is orthogonal to
the Talaya stream valley, where in a zone of fracturing
is revealed [Timofeev et al, 2012], and to the Main
Sayan fault located a few kilometres to the north of
the station (Fig. 10). There is an approximate correla-
tion between the notion of the zero component at
azimuth -33°N and principal strain orientations in the
given period according to strain data obtained by
rod- and laser measurement systems.

The rheological equation for a solid Kelvin body is
obtained from a simple algebraic combination of equa-
tions for a solid Hooke and a Newtonian fluid. For
strain, it can be written as follows:

e (t) = e, - exp(—t/T) [e, + 0.5n [ P, - exp(t/T)dt], (7)

where e is deformation at time t; e, is initial defor-
mation; P, is instant stress; n is viscosity; t is time;
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Puc. 11. Gangway located 50 m from the entrance to the
shaft tunnel.

Quartz tidal slope meters installed on the pedestal (April 2014).
In the zone of intrusion, the shaft tunnel walls are composed of
crystalline schist and skapolite-amphibole-diopside gneiss. See
zoomed-in photos of points marked by arrows in Fig. 12 and 13.

Puc. 11. llITpek B 50 MeTpax OT Bx0/Ja B LUTOJIbHIO.

KBap1ieBble NpUIMBHbIE HAKJIOHOMEPHI Ha NIOCTaMeHTe (amnpesb
2014 ropa). Mopoapl, cnararmliiye CTEHbl IITOJIbHU B 30HE HH-
TPY3UU — KPUCTAJIOCTAHLBI U THEMChI cKanouT-aM$r601-A10-
NICUTOBbIE. YBeJWYEHHOEe U300paKeHUEe TOYeK, YKa3aHHbIX
CTpeJIKaMy, N0Ka3aHo Ha puc. 12 u 13.

T =n/p is time constant or lag time for rigid-viscous
movement; u is shear module.

In case of permanent stress
P, = const, and equation (6) is as follows:

e= ZP—:S + (eo - ZP—:S) - exp (%) (8)

After 1989, P, = 0:

(1985-1989),

e=-¢e, exp(—t/T). 9)

A value of viscosity, n; is determined from the strain
attenuation curve and equation (9) as follows:

Y =[11-eC4/D - 2], (10)
where ¥(t) is deformation (tilt of the ground surface
at azimuth -33°N).

Figure 10 shows attenuation in case of recalcula-
tions of variations for azimuth -33°Nin the N-S and
E-W directions, and the curve based on experimental

data covering 30 years of observations at Talaya Seis-
mological Station. In our analysis of these data, time

constant, T is 10 years. For u; = 20GPa, the effective
viscosity of the crustal material, g amounts to 6.3-1018
Pa-sec.

Based on the available measurement data, it is pos-
sible to estimate an additional local stress of the crust
from the maximum tilt value:

Ozx = Us " €. (11)

For e = 5x4.8-107° and u, = 20GPa, the variable
portion of the tectonic crustal stress, g,, amounts to
5 bar (0.5 MPa).

Estimating the size of the area being representative
for tilt observations is complicated due to the following
factors: in the area of Talaya Seismic Station, the
terrain is strongly dissected; a zone of fracturing
strikes along the Talaya stream valley; the Main Sayan
fault zone is located 3 km to the north of the station.
Based on the recorded tilt variations (from 0.1 to 3
arc-seconds per year) and velocities of vertical
movements (according to space geodesy techniques,
1-3 mm per year) [Timofeev et al, 2013], the size of
the zone can be estimated from the following ratio of
the annual tilt rate:

AY = Ah/1, (12)
where 1 is size of deformation area; Ah is velocity of
vertical movements.

For different rate, the estimated size of the defor-
mation zone varies from 100 m to 6 km.

Fig. 12. Crystalline schist and gneiss in the shaft tunnel
wall.

Puc. 12. [TopoAsl, ciararwlijye CTeHy IITOJbHU, — KPUCTAJ-
JIOC/TIaHLbI ¥ THEHCHI.



I Fig. 13. Large mica inclusions in the shaft tunnel wall.

Puc. 13. Ilopojpl, caaramwijyde CTeHbl WITOJbHU, — KpyH-
Hbl€ BKJIIOUEHHS CJII0/IbI.

5. CONCLUSION

Determining the rheological parameters of rocks in
situ is discussed. In the shaft tunnel of Talaya Seismo-
logical Station, it is possible to measure deformations
from 0.1 nanostrain level (1 nanostrain = 10-°). How-
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ever, cavity and thermal effects can distort the ob-
tained parameters. Such effects should be taken into
account during developing observation in well or in
tunnel. The petrophysical studies of the core samples
yielded elastic parameters of the bedrocks in the
Talaya stream valley (Archean marble) as follows:
u=G=2-101° Pa for the shear modulus, and v=0.17 for
the Poisson ratio. The tilt measurement database co-
vering 30 year period provided for strainattenuation
analyses. Using the viscoelastic Kelvin model and the
experimental curve, we estimated the apparent visco-
sity of rocks in the shaft tunnel: ns~101° Pa-sec.

In our experiments, the obtained parameters are
representative for the area ranging from 0.1 km to
6.0 km, i.e. may be valid to the underground gallery, the
Talaya stream valley and the Main Sayan fault zone. In
the shaft tunnel, viscoelastic behaviour of the rocks
may be outcome of their composition and fine struc-
ture (see Fig. 5, 11, 12 and 13). In the Talaya stream
valley and the Main Sayan fault zone, viscoelastic be-
haviour may be caused by the impact of the linear frac-
turing zone (striking along the valley and along the
fault strike) which is characterized by high water-cut.
The reported rheological parameters of the geological
medium can be useful for modelling of tectonic, co-
seismic and post-seismic effects.
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Project No. 4.1, and RAS Project No. ONZ 6-2.
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