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Abstract: The seismic activity of the region is analysed on the 
basis of recent microseismic observations. The significant diffe­
rence in the mean annual frequencies distribution to macroseismic 
observations as well as the shallow depth explain to an induced 
character of the reeeit mieroaetivity in the vic inity of the 
open-pit mines. In the energy-time history of the last 20 years 
three phases characterized by a constant and gradual energy 
release can be distinguished. Together with an increasing trend 
of b-value a f avourable state with regard to seismic risk may be 
assumed. 
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1. INTRODUCTION 

The area under study is situated in the Northwest Bohemian 
brown-coal district (approximately within 50.5 - 50.7° N and 13.4 
-13.8° E) on the boundary of the North Bohemian Basin to the Ore 
Mountains crystalline anticlinorium . 

In spite of a seismotectonic mobility of the region in the 
past the recent macroseismic activity is very low; there had been 
no macroseismic observations since 1910. However, a microseismic 
acti �.li ty is traceable by means of recordings of local seis!nic 
station s . 

The stability of high steep slopes is decreased by stripping 
a 150 ln thick overburden of the brown-coal seam in the basin 
close by the foothills . Considering the extensive min ing exploi­
tation one cannot exelude tr iggering landslides ar rockfalls in 
cas e af occurrenee af maderate loeal earthquake. 

To investigate relationships between macro- and microseismi­
city and mining operations with regard to a possible risk factor 
a systematic observation of current seismic activity is of highly 
interest. 

Two loeal stČltions were put in operation in the central part 
of the region in 1982 (Vysoka Pec VPC) and 1990 (Hora Svate Kate-
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riny HSK). The first and second analysis or "Cne results af 3 ano 
6 y: �ea:cs �f r!e�"st;j:�ement��Í'1,e':·:�!:lUb2· i sh�,� �r� rrc�:{�s ei� r��:"':'-,�',: :�: anCi .LODYAS, r.� T1..�� . ... _J9 2 • •  , v�·Je·, ,_.c, .. �.re_-,-a.Q�e """1,: a . .  _�_1 1 ':J ,.c ,.,�: 
analysis cf selsmlclt:.y was only 90ss1ble by means or comp12t:.2 ano 
hornogenous record.ings o-z the :ti.ear'=by b.igi11j? sens:L"ti v-s st2:1ndard 
s-c.ation at Berggie.6htibel (BR.G). By reil1'terpre·tation of c� 20 ye.3.:r:s 
time interval a data set of 3100 night-time events in the vicini­
ty of ·t�n.e open--.pi t mines wi th lOCcl rnaq:ni t:u.ó_e.s l'Jet�'ieen 1" 2 aTld 
3.1 had been detected. 

The new results ccncerning magnitude-frequency relationship 
anO. t:i.me vi3.riatlons of tect.onic st.ress release Emd b-v8.J.1.1e al::-e 
dis-cussed in. t.his pap;:::!"" I.lC, i.s élT! 2a.Sy �la.y t.�" anal�"se the. cr:.a .. ·· 

r-��ar oF a m'�-O��·��il� -�tl··l�V �,� 'che relarl n r �h,n �o m· 1. n ' ng' 
Cl.--.- .... __ • 

_ _ __ -__ .l.. :::::OC.'_.J"�. � 0.\...00 v '- .l. 
I 

_ • .i........ .i._,- - - \.... � ---- .1 >:>i_ ...... ..i::-" ..... ..� _. __ .... �� 

operatlons cnly by Tl"!2ans of 3. slngle nea.r-!:Jy standa.rci Sel.SInJ..C 
station. 

� .  DATA PROCESSING 

Macroseismic observations 

depth be-b'ieen 6 and 9 km anO. 
6.50 MSK-64 are available in 
et a1. 1987). According to the 
Massif 

cf 44 shallcw earthq1.1akes with 
epicentral intensities from 3 c to 
the period 1784· .. 1910 (PROCHl.>,.ZXOV):\ 
relaticn valid for t.he Bohemian 

:t1 = 0.63*I+0.5 (1) 
magnitude M was calculated for the epicentral intensity I af the 
separate earthquakes. 
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Fig. 1. Epicentres af microevents recorded by b;o ar more sta·ti­
ons since 1982. 
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A first selection ln microseismic data processing was based 
o:n. 'f:'eCoL·d.� o::: 10c21 G��:a-l.:i()n VPC anO. blast.s list of rninlng autho·� 
rities. To discriminate between the Iaea! tectcnic and man-made 

��i��,�� ����t�s ,����r 1�:��S1�Z��lt�p:���rOl��c��e�h:t �lir�:��ce( fI�'fl��;8 a;� 
forbidden, were accepted as natural and tectonic orig!n. The 
detec�ed tectonic avents wera analysed by records of neighbouring 

���;��a!Či�t��l�O��t �e ���r�:;i:�'����;'i2':�h�OS2Sl;�: onl(�T�i�Tc�t���§'�� 
Ths most lccalisations were made only with recardings af 100a1 
st:&.':CiOl'1 �lPC ano t11E! nearest regicnal st-atioTI BRG � l\.rnbi.gucus epi-­
centres of the BO lccalised tectonic events are shown in Fig.l by 
single squares and triangels, respectively. In case of localisa-
1.:ion by r�1ore than tví() stations ep icent:res are (iel'1oted JJy trio.n� 
g�:;Js 'dJ..i:hi:n squa:ceG., J In the course af data procQssing Q pattern recognition for 
seisnUjgr.�ln int.erpret:at:Lon of regionaJ. sta't:Lon BRG \va.s fCLlnd to 
datact tectonic events of tha interes t�ng area. So it was possi­
ble to eliminate relevant event s only �y recordings of the near­
r)::{ E�nd ttiCJ!:ll"y sensi ti'VE! st.andarct s·ta:tiOYl ERG and to expa11d t.he 
obser\!a"t.ion tlme int.En:�/al back to 1972 \�hen corlt.inu01)�; seismolo ..... 
g1C8L observation at this station started. 

100 mu 

T 
I 
i 

I 

. ���1f1i:.:"�40.���}V;,;VF'í), ! ' 
" .�.z..� ", ' .. i; . ... . '. S' .� � I l � 1 , 
����'tť:��#.tr-�.f.t-��,lf;���\i:;. '$i!,.p ��,� 
ii<"'�g�������#��ft���'$��yL�)-� $"� .... � 
��r��������������!i����, ���.M��- .-J. .z�_ eH� - --.:;�.-, �",7 �'--a'�� ��....... -.�- .... ��-"--��fo,- ·"��l;."�F"'" ��-"-'tj 

\\'.;tC..,ft.������4ii:1{�,,���,� i&\''lt�����.,�� ��,;;<� 
0_ _ 

• .Ii" . � 
i�1 1 sec 

:'F iq,. 2.. ir:l'18 st.:rongť�st Inicroseisrn.ic ev'ent 11'71 t)--:. ř;Xr =3 ,,1 recorded a t 
B:S�G b�{ ;lertical sl10ri:líeriod seiSln09'raptl on lo7� 1�77 22:29 'UT� 

A typical seismogram example af microseismic event recorded 
ai: BRG .is sl'lO\vn in Fig. 2., A vertical polarised i,.;.J2.."le \v.ith periods 
cf 0.7-1. 2 seccnds, idel1'C.if.i.ed as Rg"·'.olave (KULH.i\NEK 1990) r is 
predominant.. In most cases 1:he Rg--""vave í;!as t11e only' interlJretable 
Dne, so that the size cf microearthquakes was classified by the 
local Yflagn.i tude af st.ation ERG for surface T.;[aVe (TOBYAS! r·1I'rTp ... G 
1993) 

M·, log A/T + 0.000057*D + 1.039 (2) 
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where A is measured in nm, T in sec and D in km, 
and converted into magnitude consistent with the elassification 
of macroseismic data by rel�tion (TOBYAS, MITTAG 1991) 

M = -3.2 + 1.45*ML (3) 

For stronger event s amplitude ratio between Rg- and Sg-wave 
could been c alculated as a constant value of �bout 3. 

The conťinuous and stable recording at station BRG guaran­
tees a complete and homogeneous data set. 

3. MAGNITUDE-FREQUENCY-RELATIONS 

I 
The observed macroseismic data, listed in PROCHAZKOVA et al. 
1987, fit well the relationship between the eumulative frequency 
N and surface wave magnitude M in the form 

log N = 3.27 l O. 67*M . (4 ) 
An equal span of magnitude elasses dM = 0.6, corresponding appro­
ximately to one unit of epicentral intensity, was used to derive 
magnitude-frequeney distribution. Good approximation of the cumu­
lative frequene y by a single linear relation indicate s  that 
observations are eomplete in the given narrow magnitude range and 
that the events occured in one zone with uniform seismoteetonic 
eonditions. 
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Local Magnitude 
Fig. 3. Single frequencies versus loeal magnitude. The limit 
between complete and incomplete data is marked by vertical line. 
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In relating frequency of micr�earthquakes to local magnitude 
ML a data set of 310Q.events was classified into magnitude inter­

vals of 0.1 unit. The frequency l values plotted in Fig.� a r e  
obtained a s  running averages ov�r three consecutive values, 
separated by 0.1 MT units, i.e. as (Nl +2*N2+N3)/4. This smoothing 
i8 justified consictering possible errors of M . The 50 obtained 
magni·tude-frequency curve can be approximate� by one str aight 
line in the ascenting part (1) and two in the descending part (2 
and 3) f representing by following equations obtained by least 
square solutions 

part 1: 
part 2: 
part 3: 

log N 
log N 
log N 

-10.66(+-1.45) 1 + 6.62(+-0.78)*ML 
8.11(+-0.25) - 2.39(+-0.10)*ML ' 

13.62(+-0.71) - 4;41(+-O.24)*ML 

(5 ) 
(6 ) 
(7) 

combining equation (5) and (6) the threshold magnitude of ML=2.08 
can be derived; i.e. the observation material can be assumed as 
complete for magnitudes MT >=2.08 . The dual behaviour even for 
ML>2.08 may be caused by an unsuffi cient span of observing period 
or may be a hint to another seismotectonic regime for events with 
magnitude ML>2.73 • 
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Fig. 4. Cumulative frequencies per year versus magnitude for 

micro- and macroactivity. Microearthquakes are denoted by triang­
les, macroearthquakes by crosses. Lines represent least squares 
solution. 

Assuming a stable and consistent long-term tectonic stres s 
release and considering the different time periods it is useful 
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to cterive the annual cumulative frequencies for macro- and miaro­
seismic ac-t.ivit\l. In cor::-esP0ndence te lTic.C:,:-os6isr�1.ic d2:L:a. 10e01 
magnitudes cf �icroearthqu�ces are conv8rted accordlng to the 

:��a���1's�1;�:rS'i::l�U��12�,i:G,:nl:� .c::i:��7$Of\d;�i;� ��/tJI;��S l}�I5 � Ol, i:):3 o �;�'; 
magnitude unit, ccrrespcnds to uncertainty in determining M. 
Distribution cf cumulative annUal frequencies vsrSGs �égnlc�6e �! 
both, micro- and macroseismic events, is shown in Fig.4. A quite 

��;�'e���;e��f���o�� �f s';::p�,:·rJ�'liot;;e�-/�Ole;������i���;a���:� i.�j�i.�
G��r�: 

for micrcearthquakes. This result remains stilI valid svan though 
one teke into account uncertainty in interpret ing the observation 
period for Tnacroseismici-ty or a duplication of rúicroea:(::'t.h.l�"L:"take 
event rate by considerat.Lm of �mlni ted daytime events. (The rEt'c.io 
cf ma.croseismic e'(lents '\r"lhich ocbu:r-ed dur ing tne day 2tn.ct O.·t night 
was approximat:�ly 1 =,1; ,fc:r this reason the same dis>cribution is 
assu'med for TIlLCrOSelSTl11clty) o The reliabi.li-ty of t.he resl.11-c :iS �ai�ly �val:at.ed by tha ,con:;lersi.?TI _ of,.. the ,p<lrtic:ul�r ev-en-t si�e 
l In�enslty � for macroselsmlC ano MT ror mlcroselsmlC abservat.l­on�) �nt.o. com�on r;lo.gn� tude scal( . F.n' ada:pti;-lTl af slape of micro-­

selsmlC dlstrlbutlon �o that o� macroselsmlC would presuppose a 
decreasing of proportional fac-IL-or in relat:ion (3) by 4 times o 

Comparing with other available relat.ions (TOBY1\S 1 HIT'l'AG 1991) 
this scatter is outside reality. 

I 
6,. TECTONIC STRAIl\[� .A.ND SEISHIC ENERGY RELEASE 

The se i srrri c energ�'l E af ea.rt.l1quakes 1�\7as c3.1cula·ted usincJ ·t.ne 
rida formula 

log E = 5.66 + 1.40*M , ( 8) 
the energy being given in joules. This relation was preferred to 
tne frequently accepted Richter relation because it a150 includes 
the ehergy for low magnitudes of microearthquakes. 

The long-term macroseismic activity since 1784 was concen­
trated in two pariods at the end cf the centuries. For calculati­
ons the data set trom I=3 upwards can be assumed as quj.-te compl.e­
te, because lower intensitles cannot change t.De gel-,eral energy 
release substantially. The maximum present energy release run s to 
6*1012 J. 

with equatio n s  (3) and (8) the energy for individual microe­
arthquakes were obtained with tne help of loeal magnituda by 
formula 

log E = 1.18 + 2.03*ML (9 ) 
Because of com.plei.:ness only e"'=/"ents greater t.han the a,bo"":.re det.er­
mined threshold magnitude of 2.08 were used Tha 50 calculated 
seismic energy release within the 20 years period cf microseismic 
observation arúOl111ts to a to-tal af 1 .. 8.;:109 J in n i 9-11.t ��tiTne and 
according to the above mentioned assumption 3. 6*109 J in the 
\\Ihale time. 

The about 100 times higher average annual rate of energy 
release by macL'oseisraic ac·ci'vi't.y in c!ompar.ison to Inicroseism.ic 
one can be explained by the mainly part ion cf large events in 
total al'nOUl"rto T11e strongest eax"thg1}akes �.lith j�ntens.ities 6,50 
released an energy· equa.l to lo 2"';; 101. � J� i,,84> 20 r�erce�r:t CI" 'the 
total energy. 
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The dependence of the total an rgy release on the magnitude 
will be clear by combination af equ"tions (4) and (8) resulting 

log(E*N) = 8.93 + O.73*M (10) 
It means that the larger the m J anitude of macroseismic event 

:lS 1 ·the larger i5 tkla tatal energyl rsleased (E*N)! ln Spl te af 
the smaller number of events. However an opposite dependence 
appears in microseismic observations. According to combination of 
squation (6) and (9), resulting 

log(E*N) = 9.76 - O.55*ML • ( ll) 
the total energy release is increasing with lower magnitudes of 
microshocks, i.s. frequsncy more contributes to the total amount 
than ths slze af the individual events. That means, that the 
total energy release by micraearthquakes would be increased, lr 
addit:inal events with magnitude belov' threshold are considered. 
This remarkable influence is more reflected in relative release 
of tectonic strain E1/2 presented in Fig.5. Comparing the cumula­
·ti.ve st.rafn release or macro- and microearthquakes in an equal 
Baale, an equivalent high rate for microactivity as dur ing short 
activ periods of macroearthquakes is visible. 
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Fig. 5. Cumulative square root of seismic energy release for 
macroseismic data since 1784 (A) and for microearthquakes obser­
ved during 1972-1991 (B). 

The detailed course af microseismic energy release together 
with varia�lons of the b-coefficient of the magnitude-frequency 
distributian is presanted in half-yearly steps in Fig.6. We find 
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, I . " " , d " .... . th a t  t h e  cumu l a t l v e  e n e rgy r e l e a s e  m a y  n e  d l v l d e  l nt o  L n r e e  
pha s e s  of d i f f e r ent behav i our . I 

( 1 )  The f ir s t  pha s e  up to � 9 7 4  is characte r i z ed by a h igh 
rate \'íith nearl.y con�tant energv , r e l e a s e  cf , 1 9 4 * 1 ? 6 j oule per 
year and c o u l d  be a h lnt to the �nKnown preced lng r e l ea s e . 

( 2 )  The s e cond pha s e  enc l o � i ng the long e s t  t ime i nt erva l 
f r o m  1 9 7 4  t o  t h e  m i d d l e  o f  1 9 8 � e xh i b i t  a g r a d u a l  d e c r e a s i n g  
behaviour . I t  beg i n s  with a h igh Ir�te a f  1 3 0 * 1 0 6 and f a l l  down up 
to a m i n imum ra·te af about 1 0 *�0 j ou l e  per year . The regu lar 
course i s  interrupted only in thD1_ beg i nn i ng cf 1 9 8 0  by a h igher 
rate s imi l a r  to the f i rst pha s e . 

( 3 )  S i n c e  t h e  m i d d l e  o f  1 9 8 7  a t h i r d  pha s e  o f  a D  a g a i n  
constant energy r e l e a s e  but with a lower rate a f  3 8 * 1 0 6  Joul e  per 
year then i n  the f irst phase i 5  observed . 

1971  1 9 7 3  1975  1 9 7 7  1979 1 9 8 1  1983  1985 1 9 8 7  1 9 8 9  1991  

F i g . 6 .  Cumu l at i ve energy re l e a s e  E and b-value var i at i ons for 
microearthqu a k e s  o b s erved dur ing 1 9 7 2  - 1991 . Three pha s e s  a r e  
i n d i c at e d  b y  the numer a l s  I - III . 

The b-va l u e  can be e s t imated imme d i a t e ly by a method af utsu 
( UTSU 1 9 6 6 ) u5 ing fo rmu l a 

( 1 2 )  

where n i s  the t o t a l  number o f  earthquakes w i th magn itude M g r e a ­
ter �han o r  e qu a l  t o  Ms a n �  M i i s  the sum ?f the , magnitudes M o f  
a l l  c h e  n earthquakes . Wl 'C h  the thr e s h o la magnJ_ tude Ms= O . 1 8  a 
mean va lue o f  b=1 . 6 5 for the who l e  data set was determ ined . Th is 
va lue i s  greater than this ( 0 . 5 - 1 . 5 ) g iven usua l ly for earthquaJce 
( BATH 1 9 7 3 ) . Us i ng a correct i o n  accordi ng UTSU f o r  b-va lues grea-
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tar than a g iven l im i t  a s l iding c a l c u l a t i o n  i n  h a l f-year l y  step s  
vd_·th a defined t illle window over t h e  \"hole p e r i o d  o f  2 0  years vla S  
ma d e . T o  e s t im a t e  t h e  m i n i mum l ť ngth o f  t h e  t im e  w i nd a w  f O r  
s iqnif icant b-value var iat ion a numer i c a l  test was done . It was foú:nd that. b become s a ·  stabI e value for t ime interva l s  frolU about 
t .. m years . In accordance to this demand b-values were computed 
for two vears interva l e  and ass igned to the interva l c entr e  in 
Fig . 6 .  A- s omewh at incr e a s ing tr�nd af b - v a l u e  w i t h  s t r o nger 
oso i l lat ions in the s ecand h a l f  a f  the observed p eri od i s  d i s cer­
n t b l e " 

5 .  CONCLUSIONS 

Ba sed on obs ervat ion of weak s e ismic events �ithin a min i ng 
area an att empt wa s made to connect t h i s  micr o s e i sm i c ity w i th the 
prev i o u s  s t r o n g e r  ma c r o s e i s m i c  e f f e c t s  c a u s e d  by t h e  n a t u r a l  
tecton i c  event s within the s ama region . 

Good approximation of both magn itude-cumu l a t ive frequency 
d i str ibutions by stra ight l ines with corre lat i on c o e f f i e ients 
greater than or equ a l  to 0 . 9 9 4  indicates that the observa t i ons 
are comp l et e . 

However , a s ign i f ieant d i f f erent s l ape o f  the roe an annu a l  
d istr lbut ion 15 a hlnt to ctnother nature of micra s e i sm i c ity . The 
laca l i s e d  epi centres in the v i c i n ity af the e a a l  m i n e s  together 
with tne véry sha l lo,,[ f ocus der ived from strong generated Rg­
s i gn a l s  ( KAFKA 1 9 9 0 ) a s  we l l  a s  the h i gh b - v a l ue M a y  be a n  
evi dence · f o r  the i nduced character o f  the obs erved micro s e i sm i c i ­
·ty . 

On th i s  under stand i ng f ir s t  a s sumption about character i s t i c s  
a f  the induced m i c ro s e i sm i c ity in relation to m i n  ing act ivlty can 
be made by interpretation o f  magn itud e - f r equency d i stribution and 
energy-release in t ime h i stary . 

80th the absence of strang m a i n  shacks and a h i gh p r op ort i on 
c f  sma l l --magn itude event-. s ( re l atively h i gh b-va lue ) i n d i c a t e s  a swarm- l ike o c c u r e n c e  a f  the s eq u e n c e  ( BATH 1 97 8  ) w i th t h e  
f a v o u r a b l e  e f f e ct t h a t  s t r a i n  e n e r g y  a c cumu l a t é d  d u e  t o  t h e  
m i n i ng acti vity 1 5  cont inuou s l y  a n d  gradua l ly r e 1 e a s e d  b y  micro­
tremor s .  

compar ing the mean r eturn periods deriv ing from mean annual 
cumu lat ive frequenc ies the proba b i l ity a f  o ccurrence o f  stronger 
induced events is s ome orders lower than af natura l e a rthq uakes 
for the same magn ituda s i z e . We b e l ieve that l ands l id e s  o r  rock­
f a 1 1 s , expected due to the decreas ing a f  stabi l ity a f  area under 
i n v e s t i g a t i o n  in f u t u r e , May b e  t r i g g er e d  r a t h e r  by n a t ur a l  
ear thquakes than i nduced event s . Bes ides , magnitudes o f  the most 
m i croearthquakes are lower than c f  nearby b l a sts ; the strongest 
r ecorded blast had a maan itude c f  M =3 . 3  ( i . e .  M= 1 . 6 ) . 

Accord ing to the é"n ergy-time Jevelopment three pha s e s  cha­
racter i z ed by a s t a b l e  1 0ng term energy r e l e a s e  without abruptly 
changes can be d i s t ingu i shed . The gradua l decr e a s i ng rate w i th i n  
t h e  ma in middle pha s e  can not be explained by a l inear relation 
between r e l ea s e d  energy and logar ithm i c  t ime as in the case cf 
creep recovery behaviour o f  a fter shock s equences . I t  app ears more 
probab l e  that a change in s e i smotect o n i c  reg ime or ·the min ing 
vo lúme due te t.he m i n i ng ac'c ivity is t:aken a. s  a ba s i s . 

The h igh average amount of 1 . 6 5 for b-va l ue r ef e r s  to an 
inhomogenous medium w i th sma l l  s ource dimens ions and l ow str a i n s  
( Ki\PJHl\ ,  PP.OCH.AXKOVA 1 9 7 6  ) !  1:hat mso. n s  a very suj_ta.ble s e i smo-
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tecton i c  p a ttern for induced s e i sm i c ity in the r e g i o n  cf open- p i t  
brownco a l  mines . T h e  in crea s ing trend o f  t h e  b-vp' lue corr e sponds 
t o  a decre a s ing storage o f  strain energy ( BATH 1 9 7 8 ) . Together 
'loT i th a c onstant eur rent micros e i sm i c  stra in r e l e a s e  s iml lar to 
that o f  natural earthquakes in the past a favourable s tate with 
r egard t o  s e i sm i c  r i sk may be a s sumed . 
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