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and impoundment history, such as done for example by BAECHER and KEENEY(1982) and FENG et al. (1995).Besides depth and volume of the reservoir, other factors such as geology andstress regime have been investigated as possible parameters facilitating RIS hazardestimation. CASTLE et al. (1980) had suggested that both normal and strike-slipstresses have higher RIS hazard than compressional regimes. On the other hand,KNUEPFER et al. (1979) and BAECHER and KEENEY (1982) proposed that strike-slipstress regime have slightly higher RIS hazard than compressional or tensionalstresses. They also showed that regions of sedimentary geology are about twice moreprone to RIS than igneous or metamorphic regions. The present updated summaryof Brazilian cases may contribute to the future resolution of such discrepancies andimprove estimates of RIS hazard levels.General Features of Reservoir-induced SeismicityThe studies and observations of RIS worldwide in the last three decades haveshown that:(a) Only a small percentage of reservoirs induce seismicity. In a recent worldwidecompilation, GUPTA (1992) lists 68 accepted cases, including certain cases considereddoubtful by other authors (such as CASTLE et al., 1980). The existence of tens ofthousands of reservoirs worldwide, which have caused no observable seismicity,indicate that the probability of a reservoir-inducing seismicity is low, and very specialconditions are necessary for the occurrence of RIS. BAECHER and KEENEY (1982)estimate that reservoirs with height >100 feet have a probability around 10% ofcausing RIS (using only RIS larger than about 3 mb) . In Brazil, of 17 reservoirsdeeper than 90 m only two caused induced seismicity with mb 3, which is consistentwith BAECHER and KEENEY's estimate. Under special conditions, however, (verylarge reservoirs, appropriate stress regime and geological conditions) RIS hazard canexceed 50% (BAECHER and KEENEY, 1982); i.e., more than half of the reservoirs willhave RIS.(b) It has long been recognized that the e�ect of the reservoir in the tectonic stress®eld (i.e., the weight of the water and the pore pressure at depths) is small comparedto the stresses released by some of the largest induced earthquakes. This implies thatreservoir induced seismicity can only occur if the area is already under near-criticaltectonic stresses. In fact some authors prefer the term ``triggered'' seismicity, insteadof ``induced'', to better convey the fact that high near-critical stresses are usuallynecessary for the occurrence of the earthquake activity (see TALWANI, 2000, for adiscussion on this subject).(c) Low levels of natural seismicity do not necessarily imply less hazard ofinduced seismicity. The identi®cation of several cases of RIS in aseismic regions (e.g.,SIMPSON, 1976; CASTLE et al., 1980; GUPTA, 1992) shows that little correlation exists2 Marcelo AssumpcË aÄ o et al. Pure appl. geophys.,



between natural seismicity and the likelihood that a reservoir will induce seismicity.More studies of this aspect are necessary because the known number of RIS may beunderestimated in seismic regions where identi®cation is more di�cult (see forinstance the debate related to the Oroville reservoir in California, as reported byGUPTA, 1992). In this paper we brie¯y show that RIS hazard within Brazil does notseem to correlate with variations of the regional level of intraplate seismicity.(d) It is generally agreed that the maximum possible induced earthquake cannotexceed the maximum possible natural earthquake in the region (e.g., GUPTA, 1992).This is consistent with all reported empirical evidence to date, and also with theconcept that near-critical pre-existing stresses are necessary for the occurrence ofRIS. In Brazil the maximum induced magnitude was 4.2 mb, in the SE seismicprovince, a region where natural earthquakes up to 5.1 mb have been observed(BERROCAL et al., 1983, 1984).The mechanisms by which earthquakes are induced have been extensively studied(e.g., TALWANI and ACREE, 1984/85; SIMPSON et al., 1988; SIMPSON and NARASIM-HAN, 1990; TALWANI, 1997). The main aspects involve the perturbation of stressesand pore pressures at depths caused by the weight of the reservoir, and the di�usionof additional weight-induced pore pressures to hypocentral depths from the reservoirat the surface. Both theoretical (e.g., BELL and NUR, 1978; SIMPSON, 1986;ROELOFFS, 1988) and observational studies (e.g., HEALEY et al., 1968; ZOBACK andHICKMAN, 1982) have shown that the controlling factors in these processes are thepre-existing tectonic stresses and pore pressures, the permeability of the rock massesand fracture systems, the strength of fault systems, and the relative orientationbetween the tectonic stresses and potential fault systems.Because of the inhomogeneous properties of the rocks beneath a reservoir (suchas permeability and fracture systems, as well as the local stress ®eld) the inducedseismicity can show complex temporal and spatial patterns in response to theimpoundment history. For example, migration of activity from one area of thereservoir to another can be periodically observed, such as in the AcË u reservoir, in NEBrazil (FERREIRA et al., 1995).Proposals to classify the patterns of induced activity into two main componentshave been presented by SIMPSON et al. (1988) and TALWANI (1995, 1997). The twocategories of SIMPSON et al. (1998) are ``rapid '' (when activity begins immediatelyfollowing ®rst ®lling, or major changes in water level, and dies out after a few years)and ``delayed '' (when the predominant seismicity, including the largest event, occursseveral years after impoundment, i.e., after a number of annual cycles in the water¯uctuation). TALWANI (1995, 1997) de®nes the two categories as ``initial '' (associatedwith initial impoundment or large lake level ¯uctuation; usually seismicity iswidespread in the periphery of the lake) and ``protracted '' (after the e�ect of theinitial seismicity has diminished; it persists for many years without signi®cantdecrease in frequency and magnitude; epicenters can be beneath the lake or in thesurrounding areas). Although some reservoirs show only an initial (or rapid)Vol. 158, 2001 Reservoir-induced Seismicity in Brazil 3



Table1 Reservoircharacteristics #Damname (state)Damheight (m)Maximumwater depth(m)Reservoir volume(km3 )Startof impoundmentPredominant geologyRegionalstress;SH max direction(reference) 1PortoColoÃmbia&Volta Grande(MG/SP)40&4535&371.46&2.301973April& 1973SeptemberBasalt 2NovaPonte(MG)14213212.81993OctoberBasalt/gneissCompression; NNE-SSW?(b) 3Cajuru(MG)23200.201954Granite-gneissStrike-slip;E-W(b,c) 4Capivara(PR/SP)605510.51976Januarybasalt 5TucuruõÂ (PA)1069045.81984SeptemberMetamorphic 6Balbina(AM)423517.51987OctoberSediments/ granite-gneissPossiblycompression; NNW-SSE?(a,f) 7Miranda(MG)85821.141997AugustBasalt/gneissCompression; NNE-SSW?(b) 8Paraibuna-Paratinga (SP)98&104904.741974&1976Granite-gneissstrike-slip;NE-SW(g) 9Jaguari(SP)67531.51969DecemberGranite-gneiss 10Capivari-Cachoeira(PR)61580.181970JulyGneiss 11AcËu(RN)31312.41985Granite-gneissStrike-slip;E-W(d,e) 12SerradaMesa(GO)15014654.41996OctoberGraniteCompression; NNW-SSE(a) 13Marimbondo(MG/SP)9086?6.151975Basalt 14Sobradinho(BA)43?4034.11977Granite-gneiss/schist 15EmborcacËa Äo(MG/GO)15815417.51981AugustGneiss 16XingoÂ (SE/AL)140110?3.81994JuneMetamorphic Doubtfulcases 17Peti(MG)43420.0421946Gneiss 18Furnas(MG)127106231963QuartziteStrike-slip;E-W(a) 19TreÃsMarias(MG)7060?211962Sediment References:(a)A SSUMPCËAÄ O(1992).(b)ASSUMPCËAÄ Oetal.(1997).(c)ASSUMPCËAÄ O(1998b).(d)FERREIRAetal.(1995).(e)FERREIRAetal.(1998).(f)LIMAetal. (1997).(g)MENDIGUREN(1980).4 Marcelo AssumpcË aÄ o et al. Pure appl. geophys.,



response, many reservoirs exhibit a mixed behavior, with a later phase of activityfollowing the initial response.Despite the progress attained in explaining the mechanisms of RIS, it is notpossible to predict the occurrence of induced seismicity of a future reservoir, becauseof the practical di�culties in accurately mapping, in a large volume of rock beneaththe reservoir, key parameters such as in situ stresses, permeability of the rock massesand geometry of fracture systems. From a practical point of view, statistical studiesof previous cases (e.g., CASTLE et al., 1980; BAECHER and KEENEY, 1982; FENG et al.,1995) can be useful for hazard evaluation of future reservoirs. In this respect, morecomplete compilations of past cases of RIS worldwide, including their temporal/spatial behavior, should contribute to better hazard evaluation of future reservoirs.Reservoirs with Induced Activity in BrazilTables 1 and 2 list all cases of Brazilian reservoirs where induced activity has beenreported. Besides the 16 con®rmed cases, three other reservoirs with doubtfulseismicity have been included for the sake of completeness. Table 1 suppliesinformation concerning the reservoir size, main rock type in the reservoir area, andstress regime when available. Table 2 lists the main characteristics of the activity; thequality of the earthquake information varies considerably, depending on the numberof seismic stations used in the studies. Locations of the reservoirs are shown inFigure 5, to be discussed later.The magnitude adopted in this paper is the teleseismic mb. For events recorded inthe range of 200 to 1500 km by Brazilian stations, a regional scale (mR) is used whichis equivalent to the teleseismic mb ranging form 3.8 to 5.5 (ASSUMPCË AÄ O, 1983). Theregional magnitude mR reproduces the teleseismic mb with a standard error of about0.2 units (ASSUMPCË AÄ O, 1983, 1998a). In reservoirs where the events are very small,local magnitudes (ML) or duration magnitudes (mD) are used and tied to the regionalmR when possible. The uncertainties of the duration magnitudes are about 0.3 units.The largest induced earthquake in Brazil was mb 4.2, associated with two close-byreservoirs, Porto ColoÃ mbia and Volta Grande, which started ®lling in April andSeptember 1973, respectively. Small events started to be felt by the local populationnear Porto ColoÃ mbia reservoir in November 1973. The largest event occurred inFebruary 1974 with MM intensities VI±VII, causing damage to some peasant houses.Although no seismic station was installed near the reservoir, macroseismicinformation from the local population showed that the activity had died out bymid-1974, about one year after impoundment of the second reservoir (KNUEPFERet al., 1979; BERROCAL et al., 1984).The temporal/spatial behavior of the seismicity in each reservoir is included inTable 2. We use the category ``initial'' for the cases where the main burst of activityfollowed impoundment in less than a year or so, with the largest event occurringVol. 158, 2001 Reservoir-induced Seismicity in Brazil 5



Table2 Characteristicsoftheinducedseismicity #Damname(state)Seismicity typeLargesteventsCommentsRefs. DateMagnit. (m b)I o (MM)DT (years)Location 1PortoColoÃmbia&Volta Grande(MG/SP)Initial1974.02.244.2VI±VII�1Margin?LargestinducedeventinBrazil, nolocalstationsBe84,Kn79, Gu92 2NovaPonte(MG)Initial,1995.04.213.5IV±V1.5MarginLocaltelemeterednetworkAs97,Ma99, Delayed1998.05.224.0VI4.5Outsideafternewmaximumwaterlevelthispaper 3Cajuru(MG)Delayed1971.08.083.5V±VI17Outside?Localstationssince1975;Be84,Vi97, 1972.01.233.7VI18Outside?correlationwithwaterlevelGu92 1976.05.233.2±22Outsideduring1978±1985 4Capivara(PR/SP)Initial,1976.01.25<3V±VI0.1MarginNolocalstationsduring®lling;Mi9l,Gu92 Delayed1979.03.273.7V±VI�3Marginstationsfrom1978±1997;As95 1989.01.073.7VI13Margin 5TucuruõÂ (PA)Initial,1985.11.023.2±�1InsideLocalnetworkVe92, 1987.04.013.3±�2.5Margin?thispaper Delayed1998.03.023.6IV±V14Insideafterlargewaterchanges? 6Balbina(AM)Initial1990.03.253.4±2.5OutsideLocalnetworkVe91 7Miranda(MG)Initial1998.04.072.4felt0.8Margin?Localstations,thispaper Delayed2000.05.063.3V±VI2.7Marginmacroseismic 8Paraibuna-Paraitinga(SP)Initial1977.11.163.0IV�1InsideLocalstationssince1977Ri89 9Jaguari(SP)Delayed1985.12.173.0V±VI16MarginNofelteventsinthe®rstyearsMR95 10Capivari-Cachoeira(PR)Initial1971.05.21<3VI�1±macroseismicinformationBe84,Gu92 11AcËu(RN)Delayed1994.08.263.0IV?9.5Inside/ MarginNofelteventsinthe®rstyearsFe95 12SerradaMesa(GO)Initial1999.06.132.2±�3?MarginLocaltelemeterednetworkthispaper 13Marimbondo(MG/SP)Initial1978.07.252.0M Lnotfelt.�3MarginLocalstationGu92 14Sobradinho(BA)Initial1979.07.051.9M Lnotfelt.�2InsideLocalnetworkGu92 15EmborcacËa Äo(MG/GO)Initial1982.05.201.6M Lnotfelt.�1InsideLocalnetworkVA86 16XingoÂ (SE/AL)Initial1994.07.201.7III±IV�0.1MarginLocalnetworkBe00 Doubtfulcases 17Peti(MG)Initial?1948.11.10n.a.IV�2±MacroseismicinformationVe92b6 Marcelo AssumpcË aÄ o et al. Pure appl. geophys.,



18Furnas(MG)Initial?1966.11.15n.a.IV±V3.5±MacroseismicinformationBe84 19TreÃsMarias(MG)Delayed?1969n.a.felt�7±MacroseismicinformationVe92b DT=timeinterval(years)sincebeginningofimpoundment. References:As95)A SSUMPCËAÄ Oetal.(1995).As97)ASSUMPCËAÄ Oetal.(1997).Be00)J.Berrocal(pers.comm).Be84)BERROCALetal.(1984).Fe95)FERREIRA etal.(1995).Gu92)GUPTA(1992).Kn79)KNUEPFERetal.(1979).Ma99)MARZAetal.(1999a,b).Me80)MENDIGUREN(1980).MR95)MIOTOandRIBOTTA (1995).Mi91)MIOTOetal.(1991).Ri89)RIBOTTA(1989).VA86)VELOSOandASSUMPCËAÄ O(1986).Ve91)VELOSOetal.(1991).Ve92a)VELOSO(1992a).Ve92b) V ELOSO(1992b).(Vi97)VIOTTIetal.(1997).Vol. 158, 2001 Reservoir-induced Seismicity in Brazil 7



within about two years or so. Our ``initial'' activity includes rapid response due toreservoir loading as well as di�usion to short distances and shallow depths. Mostreservoirs seem to manifest only an initial response. Other reservoirs display a laterseismicity well after the initial response. Some reservoirs show a pronounced decreasein the initial activity and a strong reactivation delayed by several years (such asCapivara and TucuruõÂ ). In other reservoirs, the later activity seems to spread fordecades with very slow decrease rate, sometimes correlating with water level¯uctuations, which could be classi®ed perhaps as ``protracted'' behavior (such asCajuru, Paraibuna and AcË u). However, for the sake of simplicity, we have used theterm ``delayed '' for any signi®cant activity (including the largest event, or others ofsimilar magnitude) that occurred several years after impoundment.In some reservoirs, earthquakes occurring several years after impoundment havebeen attributed to previous short-term changes in the water level. In Nurek andAswan, for example, abrupt changes in water level over a few days impacted the rateof seismicity (SIMPSON and NEGMATULLAEV, 1981; SIMPSON et al., 1990). At Koynareservoir, earthquakes larger than 5 mb seem to occur whenever the water levelexceeds the previous maximum (TALWANI, 2000). In such cases, the inducingmechanism can include some elastic e�ect from the recent change in water load,typical of ``rapid'' or ``initial'' activity. We present below evidence of three cases inBrazil in which a large, delayed earthquake could be associated with recent waterlevel changes. However, because most Brazilian reservoirs have not been thoroughlystudied, we will maintain the classi®cation of ``delayed'' activity even for the cases inwhich a short-term contribution from the water level change is possible.In some cases the initial activity is not well known because instrumentalmonitoring started well after ®lling of the lake. Several reservoirs have shown bothinitial and delayed activity, such as Capivara and TucuruõÂ . It should be borne inmind, also, that activity is still continuing in many reservoirs, consequently thisclassi®cation may change as the activity evolves. For instance, Miranda reservoir,impounded in 1997, showed a clear initial activity which rapidly decreased in thefollowing years; only one or two seismographic stations were kept in operation toreduce costs. In May 2000 an event with mR 3.3 occurred, causing MM intensitiesV±VI, the largest induced earthquake to date.One of the best examples of delayed seismicity is the Cajuru reservoir. With adam only 23 m tall, it was impounded in 1954. Small earthquakes started to be felt bythe local population in 1970 with the largest event (3.7 mR) in 1972 generating MMintensities VI. Instrumental monitoring started in 1975 and seismicity was still beingrecorded 20 years later in 1995 (VIOTTI et al., 1997) with occasional events rangingfrom 2.5 to 3.0 mR being felt by the local population (ASSUMPCË AÄ O et al., 1997).Although no instrumental monitoring had been used in the ®rst decade, no eventswere felt during this period. Valid evidence of a correlation between water level andthe number of events seems to exist for the period 1978±1985 (VIOTTI et al., 1997)which con®rms the induced nature of the activity.8 Marcelo AssumpcË aÄ o et al. Pure appl. geophys.,



Paraibuna/Paraitinga reservoir caused induced seismicity soon after ®lling in1976; the largest event, 3.0 mR, occurred in November 1977 about one year later(MENDIGUREN, 1980; RIBOTTA, 1989). Twenty years later small events are stillrecorded by the local network and occassionally felt by the local population (L.C.Ribotta, personal communication). Paraibuna/Paraitinga has been classi®ed ashaving only initial seismicity because the later activity, although being almost insteady-state for many years, did not show events with magnitudes comparable to theinitial phase. Recent Cases of RISWe now brie¯y describe the main features of some cases of recent activity inBrazilian reservoirs, not published before.TucuruõÂ (# 5 in Tables 1, 2)Pre-impoundment monitoring for ®ve years with a single station (TUC1) detectedno local events. Initial seismicity occurred soon after impoundment of the reservoirin 1984 (Fig. 1a). A network of up to four analog stations showed that this initialseismicity was concentrated beneath the reservoir, south of the dam (Fig. 1b); thelargest event in this initial period registered magnitude 3.2 mR. A second burst ofseismicity followed the next year with some epicenters west of the dam andmagnitudes reaching 3.3 mR. Hypocentral depths are not reliably determined: thelocal data give depths in the range of 0 to 6 km with large uncertainties. Despite thelarge epicentral uncertainties (about � 3 to 5 km) a general SW-NE trend can berecognized for this initial activity (Fig. 1b). In the reservoir area, a NS trending beltof metamorphic rocks, including a thrust fault, separates mainly Phanerozoicsedimentary rocks east of the lake (Barreiras sandstones) from Precambrian granitic/gneissic rocks on the west (Fig. 1; ELETRONORTE, 1977). Some NW-SE orientedfaults were tentatively recognized on the western part of the lake (ELETRONORTE,1977). However, as noted by VELOSO (1992a), no major tectonic feature can becorrelated with the SW-NE trend of the epicentral distribution.Seismicity decreased considerably the following years and the network wasdeactivated because of high operational costs. The largest event as yet occurred inMarch 1998 reaching a magnitude 3.6 mb and epicenter near the deepest part of thelake (Fig. 1b). Only one analog local station was operating at the time, nonethelessthe event was well recorded by the pIDC (prototype International Data Centre)which recorded an epicenter consistent with the average S-P interval of theaftershocks detected by the local station TUC2 (S-P � 2.9 � 0.1). This largest eventcaused MM intensity of about IV±V near the dam, which is not inconsistent with thepIDC epicenter. No reliable information is available on the focal depth of this event.Vol. 158, 2001 Reservoir-induced Seismicity in Brazil 9



Figure 1Seismicity in TucuruõÂ reservoir (#5 in Tables 1 and 2), state of ParaÂ . (a) Temporal evolution: number ofmonthly events (histogram), monthly averaged water level (thick line), and rate of water level change (toptrace); the stars denote the largest magnitudes. (b) Epicentral distribution: triangles denote seismographicstations, circles denote epicenters (errors in the range � 3 to 5 km) with duration magnitudes above 1.6;the star is the main shock of March 1998 with magnitude 3.6 mb. N-S oriented dented line is a reverse fault;dashed lines west of the dam are inferred faults of unknown type.10 Marcelo AssumpcË aÄ o et al. Pure appl. geophys.,



TucuruõÂ reservoir shows two main cycles of activity: one initial activity followingimpoundment and another phase in 1997±1998. It is possible that this last phasecould have been caused by the large water variations in preceding years: a drop of
�10 m in 1996 and an abrupt increase in early 1997 (Fig. 1a). In mid-1997 the waterreached its highest level of 72.5 m. In TucuruõÂ the water level is measured daily withcentimeter accuracy. Figure 1a (top part) shows the rate of water level change inmeters/day. No anomalously large short-term variation can be clearly related to the1998 event. Also, the maximum water level in 1997 (72.5 m) does not seem to besigni®cantly di�erent from previous peaks of 72.4 m reached in 1990, 1992 and 1996.Therefore, because of the weak evidence for a causal relationship between the 1998event and water level variations in the preceding years, we have preferred to classifythe 1998 earthquake as delayed activity (Table 2). Unfortunately, no focalmechanisms are available for the TucuruõÂ events and hypocenters are not accurateenough to better understand the mechanism of induction.Figure 2Seismicity in Nova Ponte reservoir (#2 in Tables 1 and 2), state of Minas Gerais. (a) Temporal evolution:number of monthly events (histogram), monthly averaged water level (thick line) referred to mean sea level,and rate of water level change (top trace); the stars denote the two largest events. The number and locationof seismographic stations varied during the monitoring and may have a�ected the detection threshold; SDindicate the two periods without data when the stations were down. (b) Epicentral map for the period 1994to 1999: circles are small events (magnitudes in the range 0.5 to 3) showing the two main areas of activity:the area in the south showed only initial seismicity which died out more rapidly than the main area near thelake; epicentral errors range from 0.3 to 1.5 km. The stars denote the epicenters of the two main events: thesmaller star near the lake is the 3.5 mb event of 1995, and the larger star further to the south is the 4.0 mbevent of 1998.Vol. 158, 2001 Reservoir-induced Seismicity in Brazil 11



Nova Ponte (# 2 in Tables 1, 2)Pre-impoundment monitoring of the Nova Ponte reservoir was carried out withone station (NP1) for eight years. Unfortunately, this local station NP1 experiencedoperational problems and malfunctioned during impoundment which started inOctober 1993 (Fig. 2a). Events started to be felt by the the local population in January1994. Five analog stations were deployed in February/March 1994, revealing seismicactivity in two well separated areas: one small area about 25 km south of the dam in anarrow branch of the lake, and another, larger area at the margins of the deepest partof the reservoir (Fig. 2b). A four-station vertical-component telemetered network wasinstalled in 1995 and more stations have since been added to the network. The numberand e�ciency of the seismic stations have been rather variable, so the number ofmonthly events shown in Figure 2a may be a�ected by uneven coverage.Figure 2b12 Marcelo AssumpcË aÄ o et al. Pure appl. geophys.,



Despite the uneven detectability of the network, a clear initial phase can be seen inFigure 2a with the largest event (3.5 mR) occurring near the lake when the water levelwas about to reach its ®rst maximum of 810.6 m, about 1.5 years after the start ofimpoundment. The initial activity far from the dam decreased rapidly in the ®rst fewyears and attained a maximum magnitude of only about 2.0mD (VELOSO et al., 1994).The activity near the dam has continued with a maximum magnitude of 4.0 mb (MMintensities up to VI) occurring in May 1998, more than four years after impoundment.Compared with the initial activity, the main event of 1998 occurred further from thelake margin, which is probably due to the delayed response from pore pressuredi�usion. GOMIDE (1999) used the increase of the active area near the lake to estimatethe seismic hydraulic di�usivity (ks) at Nova Ponte as 1.5 m2/s, which is in the mid-point range (0.1 to 10 m2/s) observed at other reservoirs (TALWANI and ACREE, 1984/85). Also, it is interesting to note that, although no abrupt change in the water levelcan be observed shortly before the main shock of May 1998 (top trace in Fig. 2a), itoccurred three months after the water level had exceeded the previous maximum of1995, and about 10 days after a new maximum of 813.1 m had been reached.The 1998 main event in Nova Ponte (the second largest induced earthquake inBrazil; Table 2) seems to have occurred after two days of immediate foreshockswhich were preceded by a quiescent period of 12 days, according to MAÃ RZA et al.(1999a).Composite focal mechanisms have been presented for the Nova Ponte southerncluster (VELOSO et al., 1994) and the northern cluster (ASSUMPCË AÄ O et al., 1997),indicating predominance of reverse faulting and roughly NE-SW oriented P axes.Unfortunately, accuracy of hypocentral depths has been inadequate to de®ne faultplanes in the Nova Ponte area.Miranda (# 11 in Tables 1, 2)Seismic activity was observed at Miranda immediately following impoundment ofthe reservoir, started in August 1997, in a clear case of initial response (Fig. 3a).Although no local station had operated near Miranda dam, the network monitoringthe Nova Ponte reservoir since 1992, about 30 to 50 km away, had detected no eventnear Miranda during its pre-impoundment period. One local station was installedduring impoundment (MIR1) followed by other stations later. The largest event inthe initial months sustained a magnitude 2.1 mD. During 1998 the activity decreasedwith occasional small reactivations periods; the largest magnitude during the initialphase was 2.4 mD. In 1999 and early 2000 the activity decreased considerably, andmost stations were deactivated to reduce costs.On May 06, 2000 a delayed large event occurred with magnitude 3.3 mR and MMintensities V±VI. Unfortunately, the only two local stations were down and therecords from the nearest stations (Nova Ponte reservoir, �50 km away) do not allowan accurate epicentral determination for this main shock. In Figure 3b we show theVol. 158, 2001 Reservoir-induced Seismicity in Brazil 13



macroseismic epicenter de®ned by a country house damaged with several wall cracks.Four portable local stations were deployed a few days after the event, but noaftershocks were detected, indicating that the Miranda main shock of 2000 occurredas an isolated single event. Figure 3a shows that the earthquake occurred during adecrease of the water level.Epicentral accuracy is highly variable due to changing station con®guration andequipment problems. In Figure 3b we show only the best epicenters, determined byat least three stations with both P and S arrivals read by cross-correlation of thewaveforms. Although the absolute epicentral errors can reach up to 1 km, the relativelocation errors are very small, usually less than 0.1 or 0.2 km. This allowed theidenti®cation of at least three clusters of epicenters aligned in the SW-NE direction.The cluster nearest the dam aligns rather well with a SW-NE branch of the lakewhich probably de®nes a geological fault. Although no geological faults have beenmapped yet in the Miranda area, a more regional mapping re¯ects a predominance ofSW-NE oriented faults about 30 km NW of the dam (CEMIG, 1995).Figure 3Seismicity in Miranda reservoir (#7 in Tables 1 and 2), state of Minas Gerais. (a) Temporal evolution:number of monthly events (histogram), daily water level (thick line), and rate of water level change (toptrace); stars denote the largest event of the initial phase and the delayed, main event of May 2000 withmagnitude 3.3 mb. (b) Geology and epicenters: circles are well determined epicenters with three or morestations (relative locations accurate to within �0.2 km); note the three SW-NE oriented clusters;magnitudes in the range 1.0 to 2.4 mD; the smaller star shows the largest event of April 1998 (2.4 mD) in theinitial phase; the larger star shows the macroseismic epicenter of the delayed, magnitude 3.3 mR event ofMay 2000.14 Marcelo AssumpcË aÄ o et al. Pure appl. geophys.,



The geology beneath the Miranda reservoir is characterized by Mesozoic ¯oodbasalts (Serra Geral Formation), no more than a few hundred meters thick,overlying Proterozoic gneisses. The seismic activity has occurred far from thedeepest part of the reservoir, mainly on its margins, probably in SW-NE orientedfractures reactivated by the lake impoundment. The epicenters are all in basaltareas; the focal depths are usually around 1 km, however the accuracy is impreciseto de®ne whether the activity is occurring in the basalt layers or in the basement.It is possible that fractures in the basalt provide conduits for pore pressure todi�use to deeper levels, as suggested for Bhatsa, Koyna and Warna reservoirs inthe Deccan traps of India (GUPTA, 1992; TALWANI, 2000; P. Talwani, personalcommunication).Preliminary focal mechanisms indicate predominance of reverse faulting withnodal planes consistent with the SW-NE epicentral alignment. The focal mechanismsin the nearby Nova Ponte reservoir, together with preliminary mechanisms inMiranda, are consistent with regional compressional stresses roughly oriented NNE-SSW. In a compressional environment, the initial seismicity occurring immediatelyupon lake impoundment (Fig. 3a), with epicenters in the margins of the lake,Figure 3bVol. 158, 2001 Reservoir-induced Seismicity in Brazil 15



suggests an inducing mechanism of elastic response to the water load for the initialphase, also called ``rapid'' response. The delayed activity, especially the main shockof May 2000, is probably due to the long-term e�ect of pore-pressure di�usioncoupled, perhaps, with additional short-term elastic e�ects from a rapid decrease inthe water level. Further studies, especially focal mechanism determinations, arenecessary to better understand the occurrence of the main event of May 2000.Serra da Mesa (# 12 in Tables 1, 2)Filling of the reservoir started in October 1996. About one year later small localevents (maximum magnitude 2.2 mb) started to be recorded by the local four-stationvertical-component telemetered network (Fig. 4). The activity is very sparse althoughthe epicenters seem to occur preferentially in the margins of the lake.The local events were too small to allow determination of focal mechanisms.However local stress measurements by hydraulic fracturing near the Serra da Mesadam (CAPRONI and ARMELIN, 1990; ASSUMPCË AÄ O, 1992) indicate NW-SE orientedcompressional stresses which would be consistent with the epicenters beingpreferentially at the margins of the lake (e.g., BELL and NUR, 1978).Figure 4Seismicity in Serra da Mesa reservoir (#12 in Tables 1 and 2), state of GoiaÂ s. Epicentral errors are about�10 km. The star is the largest event with 2.2 mR. Triangles are seismographic stations.16 Marcelo AssumpcË aÄ o et al. Pure appl. geophys.,



Discussion and ConclusionsFigure 5 shows the locations of all 16 con®rmed cases of RIS in Brazil (Tables1 and 2) compared with the background level of natural seismicity and thelocation of all other reservoirs deeper than 30 m (taken from CBGB, 1999). InFigure 5a, the size of the closed circle denotes the magnitude of the largestreservoir-induced event (note the di�erent scale for magnitudes of the naturalevents). The background seismicity is not the complete catalog, but has been®ltered, according the following time-varying completeness thresholds: mb > 6.0after 1940, mb > 5.0 after 1961, mb > 4.1 after 1967, and mb > 3.2 after 1980(similar to the values used by ASSUMPCË AÄ O et al., 1997). This ®ltered catalog betterrepresents the spatial variations in natural seismicity levels in the continental areaof Brazil. Figure 5Location of the reservoirs with induced seismicity. Thin lines refer to the main geological provinces inBrazil. (a) Comparison with natural seismicity: note the di�erent scales for the maximum induced event(closed circles) and for the natural seismicity (smaller open circles); numbers refer to Tables 1 and 2.AM � Amazon basin, BP � Borborema Province; CBS � Central Brazil shield, GS � Guyana shield,PB � ParnaõÂ ba basin, PR � ParanaÂ basin, SFC � SaÄ o Francisco craton, other unnamed areas are UpperProterozoic fold belts and coastal marginal basin. (b) Comparison with other reservoirs where RIS has notbeen reported (triangles); smaller and larger triangles refer to reservoirs with depths ranging from 30 to50 m, and larger than 50 m, respectively.Vol. 158, 2001 Reservoir-induced Seismicity in Brazil 17



The distribution of dams in Figure 5b may give a rough idea of the RIShazard in Brazil. In the central and northern parts of Brazil, very few reservoirshave been built and thus no conclusions can be drawn yet. We will then onlydiscuss the data for the eastern part of the country. Although more detailedanalyses are still necessary, some interesting observations can be made.In the Borborema province (NE corner of Brazil, north of 8°S, and east of theParnaõÂ ba basin) where natural seismicity is relatively high (Fig. 5a) only one reservoirhas caused induced seismicity (AcË u, # 11, 31 m deep) among approximately 20 othersof similar height. Although only AcË u was instrumentally monitored, many eventswere felt by the local population near its margins. No other reservoir in theBorborema province has had any con®rmed reports of macroseismic e�ects.Although the majority of dams in that region are lower than 50 m, there is noindication that the higher natural seismicity makes NE Brazil more hazardous toRIS, compared with other regions of the country.In the southern part of the ParanaÂ basin (south of 25°S) no activity has beenreported in 13 reservoirs, most of them deeper than 50 m (Fig. 5b). In this part of thecountry, only about ®ve dams have been instrumentally monitored (only those®nished after 1980), none of which showed any seismicity (i.e., either no events ormagnitudes less than about 1). This area also has extremely low natural intraplateseismicity (Fig. 5a).A concentration of six RIS cases, three of them with magnitudes around 4 mb,can be observed in the northeastern part of the ParanaÂ basin; an area with about24 reservoirs, half of them deeper than 50 m (Fig. 5b). The natural seismicity ofthe NE part of the ParanaÂ basin seems to be lower than other seismic areas inBrazil (Fig. 5a). The natural seismicity seems to occur near the NE margin of theParanaÂ basin, somewhat o�set from the induced seismicity. In the NE part of theParanaÂ basin, besides the concentration of RIS cases, three cases of seismicityinduced by artesian wells have been observed (BERROCAL et al., 1984; YAMABEand HAMZA, 1996). No explanation for this apparently higher induced hazard hasbeen found yet.Despite the small number of cases, it seems that RIS hazard in Brazil is notuniform: some areas seem to be more prone to induced seismicity (such as the NEpart of the ParanaÂ basin) while the RIS hazard in other areas are much lower (such asthe southern part of the ParanaÂ basin). No correlation between RIS hazard and thelevel of natural seismicity can be observed with the present data.Considerable emphasis has been given in recent decades to RIS in deep (morethan �100 m) reservoirs. Although deep reservoirs clearly have a decidedly higherpotential for causing induced seismicity. Tables 1 and 2 show that shallowerreservoirs can also cause seismicity with signi®cant engineering and social concern(MM intensities up to VI) and that the 100 m ®gure should not be used to reducestudies of RIS in smaller reservoirs.18 Marcelo AssumpcË aÄ o et al. Pure appl. geophys.,
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