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Seismicity and Stresses in the Brazilian Passive Margin 

by Marcelo A s s u m p ~ o  

Abstract Seismicity and stresses along the Brazilian continental margin show 
different patterns between the northeastern and southeastern regions. In the north- 
eastern margin, earthquakes tend to occur onshore under a strike-slip regime with 
horizontal compression parallel to the northern coast line. In the southeastern margin, 
higher seismicity is observed offshore, in areas where the continental crust was highly 
extended during the South Atlantic rifting in the Mesozoic. Three new events in the 
southeast continental shelf are shown to have reverse-faulting mechanisms, from 
waveform modeling of short-period teleseismic P waves. Multiple depth phases (re- 
flections from the top and bottom of the water layer and double reflections in the 
water layer) could be identified and better constrained the hypocenters to middle and 
upper crustal depths. In South America, models of intraplate stresses caused by plate 
boundary forces and spreading effects due to the continental/oceanic crustal transition 
indicate higher compressional stresses in the SE offshore area, as compared with the 
continental area, in agreement with the observed higher seismicity and reverse-fault- 
ing mechanisms. The combination of regional stresses, local flexural effects from 
thick sedimentary loads, and a presumably weaker crust from Mesozoic thinning 
explains the main patterns of seismicity in the northeastern and southeastern Brazilian 
margins. 

Introduction 

Passive margin earthquakes are an important aspect of 
intraplate seismicity, not only because continental shelf and 
coastal earthquakes account for one-third of all seismicity in 
stable continental crust (Johnston, 1989) but also because of 
the increasing seismic risk in many oil-rich continental 
shelves. 

Since Sykes (1978) suggested a relationship between 
intraplate earthquakes and crustal "zones of weakness," 
much progress has been made in understanding the seismic- 
ity of stable plate interiors. Johnston (1989) and Johnston 
and Kanter (1990) showed that 70% of all large intraplate 
earthquakes (magnitudes >6 Mr) occurred in extended (and 
presumably weak) crust such as passive margins and Me- 
sozoic rifts. Most intraplate earthquakes can probably be ex- 
plained by rupture in pre-existing (hence weak) faults, such 
as demonstrated by Zoback (1992b) for North America by 
analyzing the focal mechanisms in relation to the crustal 
stresses. 

Stein et  al. (1989) emphasize that most mechanisms 
proposed to explain passive margin seismicity (stresses from 
continent/ocean density contrasts; flexure due to sediment 
loading; ridge-push stresses) should produce seismicity in 
all passive margins, but this does not seem to be the case. 
Some passive margins seem to be more active than others, 
specially those undergoing rebound from the unloading of 
the last ice age, but the evidence was not conclusive due to 

the lack of a more comprehensive survey and more complete 
catalogs (Stein et  al., 1989). 

Different seismicity and stress patterns may be found 
for different passive margins. In the Atlantic margin of North 
America, compressional stresses tend to be oriented ENE- 
WSW, mostly parallel to the northeastern coastline, and are 
interpreted as due mainly to ridge-push forces (e.g., Seeber 
and Armbruster, 1988; Zoback, 1992a), although some local 
variations in stress directions are observed; offshore seis- 
micity occurs mainly in the northeastern continental shelf, 
but not in the southeastern shelf. In northern Europe, despite 
some scatter in the stress observations in the continental 
shelf, a regional SH~n~x oriented NW-SE, roughly perpendic- 
ular to the Norwegian coast line, can be seen (Mt~ller et  al., 

1992; Gregersen, 1992) that has been interpreted as the result 
of both ridge-push forces from the North Atlantic and col- 
lisional forces with the African plate to the south. In the 
Indian subcontinent, seismicity seems to predominate on- 
shore; the SHma x stress data near the margin is quite often 
oblique to the coastline, but a general NE-SW to N-S di- 
rection seems to be observed, most probably related to the 
Hymalaian collision to the north (Gowd et  al., 1992; Zoback, 
1992a). Suleiman et  al, (1993) showed that earthquakes in 
the Atlantic margin of west Africa tend to have strike-slip 
mechanisms, differently from the predominantly reverse 
faulting in the continental shelves of northeastern North 
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America and southeastern South America. No clear pattern 
for the SHma x orientation was found by Suleiman et al. 

(1993) for the Atlantic margin of Africa, with significant 
variations across the region. 

Here we discuss the epicentral distribution and stresses 
along the Brazilian Atlantic coast to contribute to a better 
understanding of the seismicity of passive margins. The low 
seismicity rate in Brazil (as compared with other intraplate 
areas such as North America and Australia) generally pre- 
cludes reliable statistical correlations between epicenters and 
geological features. However, the large extent of the Brazil- 
ian Atlantic coast makes the data presented in this article 
important for other global studies of passive margin seis- 
micity. It is suggested that two main sources of stress (re- 
gional and local components) combine to produce the ob- 
served seismicity pattern. The regional component is a 
compressive stress oriented roughly E-W to ESE-WNW due 
to plate-wide forces such as ridge-push and asthenospheric 
drag. The local component is due to two processes: density 
contrast between continental/oceanic crusts ("spreading 
stresses") and lithospheric flexure due to sediment load in 
the continental shelf. In the upper crust, both spreading and 
flexural stresses produce extension onshore and compression 
offshore. 

Epicentral Distribution 

Figure la shows all epicenters of the Brazilian catalog 
down to magnitude 3.0 m b. This catalog was based on the 
compilation of Berrocal et al. (1984) and the Brazilian Seis- 

mic Bulletins (1984 to 1996), published by the Brazilian 

Journal o f  Geophysics (Revista Bras. de Geofisica). His- 
torical compilations and seismic bulletins tend to be biased: 
more events are located in areas of higher population density 
(such as along the Brazilian coast) and in regions with a 
better coverage of local seismic stations (such as southeast- 
ern and northeastern Brazil). To compare the seismic activity 
of the continental margin with the mid-continental region, a 
dataset with uniform coverage was extracted from the Bra- 
zilian catalog. For this purpose, magnitude thresholds de- 
pending on the year of occurrence (Table 1) were used to 
select events from the "whole"  catalog (Fig. la) and form 
a "uniform dataset" (Fig. lb). 

Since about 1950, the ISS and ISC international catalogs 
should be complete for central and eastern South America 
for magnitudes above 6.0 mb. The installation of the WWSS 
and the Canadian networks in the early 1960s allowed events 
down to about 5.0 m b to be detected by the ISC catalog. In 
the mid 1960s, the installation of a WWSS station in Natal 
(NE Brazil) and a highly sensitive array in central Brazil 
(SAAS; Berrocal, 1974) improved the detectability of the ISC 
catalogs for Brazilian events; also, Brazilian events started 
to be located by Brazilian institutions (Berrocal, 1974; Ber- 
rocal et al., 1984). In the late 1970s, many seismographic 
stations were installed in Brazil (mainly to monitor reser- 
voir-induced seismicity), and regional events down to 3.0 

m b (not included in the ISC bulletins) started to be located 
on a routine basis by the joint efforts of the universities of 
Brasilia, S~o Paulo, and Rio Grande do Norte (UnB, USP, 
and UFRN, respectively). The thresholds in Table 1 were 
based partly on expert opinion (experience of university staff 
with earthquake locations in Brazil) and partly on frequency- 
magnitude plots (Berrocal et al., 1996). In SE Brazil, for 
example, where station density is higher, events down to 
magnitude 3.2 are thought to be complete since 1980 (Ber- 
rocal et al., 1996; Assnmp~o et al., 1997). Selecting earth- 
quakes with the thresholds of Table 1 produces 32 events 
above magnitude 4.5 in the period 1968 to 1996, that is, 
about 1 event/year; and 146 events above 3.5 from 1980 to 
1996, or about 9 events/year. This shows that the thresholds 
in Table 1 are self-consistent, and large errors are not ex- 
pected. 

Figure lb shows the earthquakes of this uniform dataset, 
selected from the Brazilian catalog with the thresholds of 
Table 1. Clearly, more stringent threshold criteria could be 
used, but the number of selected events would be too small 
to allow meaningful seismotectonic interpretations. The 
"uniform catalog" (Fig. lb) should be complete enough to 
allow comparisons of the seismic activity between different 
regions. Some interesting patterns are apparent in Figure lb: 

1. The Brazilian passive margins (continental shelf + 
coastal areas) do not seem to be significantly more active 
than the average continental interior. 

2. In the continental region, earthquakes tend to occur in 
areas of low topography. The plateau areas in Eastern 
Brazil (altitudes higher than 600 m) seem to be less active 
than the rest of the continental mid-plate areas: The uni- 
form catalog has no events larger than magnitude 4.2 in 
the plateau area (Fig. lb), and they are fewer in number 
there. 

3. In the northern and northeastern margins (north of 10 ° 
S), earthquakes tend to occur in the continent with almost 
no activity offshore. South of 15 ° S the activity tends to 
be concentrated in the continental shelf, with lower levels 
of activity onshore. 

Chang et al. (1992) mapped the limit of the continental 
crust that was extended during rifting of the South Atlantic 
(Fig. lb, dashed line). It is remarkable that this limit of ex- 
tended crust also seems to be the limit of the seismicity in 
the SE continental margin. This is consistent with the inter- 
pretation of Mesozoic extended crust being a "zone of 
weakness" (e.g., Sykes, 1978; Johnston, 1989). Addition- 
ally, Figures la and lb seem to show a concentration of 
activity along the continental slope, i.e., between the 200- 
and 2000-m bathymetry, approximately along the axis of 
maximum sedimentary thickness (Fig. 5). 

The estimated epicentral errors for offshore events are 
small enough to ensure the above conclusions. In the south- 
eastern margin, the majority of the offshore events, in the 
magnitude range 3.5 to 4.0, have been located by stations in 
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Figure 1. Epicentral distribution in eastern Brazil. (a) "Whole catalog" including 
all historical and instrumental data. (b) "Uniform catalog" is a selection from the whole 
dataset using the thresholds of Table 1 to make the coverage geographically uniform. 
Darker areas in the continent are topographies higher than 600 m (gray) and 1000 m 
(black). Lines offshore are the 200- and 2000-m bathimetry. The dashed line offshore 
is the limit of extended continental crust (Chang et al., 1992). 

the distance range 400 to 1500 km, with 10 to 20 readings 
(P and S). The standard errors in the epicenters range from 
about 10 to 50 kin. The events have been located using a 
velocity model appropriate for Brazil (Kwitko and Assump- 
~fio, 1990) with upper mantle velocities higher than Herrin's 
model. Using other velocity models, such as Herrin' s, does 
not shift the epicenters by more than _+ 30 kin. So, the over- 
all epicenter accuracy is probably better than 100 km for 
most of the events in Figure lb, which is roughly about the 
"width"  of the continental slope (using the 200- and 2000- 

Table 1 
Magnitude Thresholds Used in Figure lb 

Year Magnitude Comments 

1950 6,0 International Seismological Summary catalog 
1962 5.0 WWSS world network 
1968 4.5 start of Brasflia array (SAAS) and NAT station 
1980 3.5 regional networks of UnB, USP, and UFRN 

m bathimetry as a measure of that width in the southeastern 
margin). Because continental shelf earthquakes are often 
well recorded by some stations located more than 1000-krn 
inland, events in the oceanic crust outside the ocean-conti- 
nent boundary (dashed line in Fig. 1) should also be detected 
by stations near the southeastern coast. Finally, the four larg- 
est offshore events in Figure lb (mb > 4.7), located telese- 
ismically, are all within the limits of extended crust. So, 
despite the small number of earthquakes in the " u n i f o r m "  
catalog, there is strong evidence for higher seismicity in the 
extended crust beneath the southeastern continental shelf, as 
compared both with the onshore continental margin and the 
old oceanic crust. 

The opposite pattern of seismicity (onshore/offshore) 
between northern and eastern margins may be related to the 
different processes of continental rifting. In the South At- 
lantic rifting, E -W extension predominated causing large 
extensional deformation (and subsidence) of the original 
continental crust with stretching factor fl > 3 for hundreds 
of kilometers (Chang et  al., 1992). In the Equatorial Atlantic, 
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the rifting process was characterized by predominantly trans- 
current motion associated with long fracture zones of the 
central mid-Atlantic ridge. Possibly, little extended crust re- 
mains in the continental shelf of northern Brazil. 

Focal  Mechanisms  and Stresses in 
the Continental  Margin  

Earthquake focal mechanisms along the continental 
margin (Fig. 2) show that the southeast (offshore) and north- 
east (onshore) seismic areas have different stress regimes: 
thrust faulting characterizes the activity of the southeast con- 
tinental shelf, whereas strike-slip stresses predominate in the 
northeast onshore coastal area. The available focal mecha- 
nisms in the south are few and far apart, as compared to the 
data in the northeast. However, although local variations in 
the stress regime are possible, the consistent nature of the 
five mechanisms in the south indicate that compressional 
stresses should predominate along the southeastern conti- 
nental shelf. 

Focal Mechanisms in the Northeastern Continental 
Margin (North of 10 ° S) 

In northeastern Brazil, the earthquakes tend to occur 
around the onshore border of the Potiguar Mesozoic mar- 
ginal basin with strike-slip focal mechanisms (Fig. 2) at up- 
per crustal depths (Assumpgao, 1992; Ferreira et al., 1995, 
1998). Except for one strike-slip mechanism, determined by 
regional polarities and teleseismic P-wave modeling (As- 
sump~o  et aL, 1985), all other focal mechanism solutions 
were determined with P-wave polarities at local stations in 
detailed studies of earthquake swarms or aftershocks. In 7 
of the 10 local studies, the main fault plane could be iden- 
tified by the hypocenter distribution and was consistent with 
the independently determined nodal plane solution (Ferreira 
et al., 1987, 1995, 1998). In Figure 2, the larger beach balls 
in the northeast denote focal mechanisms with identified 
fault planes, and smaller beach balls denote less reliable so- 
lutions. 

Average SHm~ directions (represented by white bars in 
Fig. 2) were determined at several clusters of three or more 
points, within 100 to 150 km, including breakout measure- 
ments (Lima et aL, 1997) or focal mechanisms (Ferreira et 
al., 1998). Both focal mechanism and breakout data show 
that the stress regime in the continental border of northeast- 
ern Brazil is strike slip with compression parallel to the 
coastline and extension perpendicular to it. 

Finite-element modeling of intraplate stresses in the 
South American plate (Meijer, 1995; Coblentz and Richard- 
son, 1996), caused mainly by ridge-push and plate contact 
resistance, produces compressive stresses oriented roughly 
WNW-ESE to E -W in northeastern Brazil. When the effect 
of density contrasts between continental/oceanic crusts 
("spreading stresses" of Bott and Dean, 1972) is included 
in the modelings, the resulting stress regime onshore be- 
comes strike slip and better fits the observed earthquake fo- 
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Figure 2. Intraplate stresses and focal mechanisms 
along the continental margin (lower hemisphere; 
compressional quadrants shaded). Larger beach balls 
are more reliable solutions with identified fault plane. 
Solid bars and open arrows are compressional and 
extensional principal horizontal stresses, respectively, 
modeled by Coblentz and Richardson (1996) for a 
100-km-thick elastic plate subject to plate boundary 
forces and continental/ocean spreading forces. Short 
open bars indicate the observed average SHm~ ori- 
entations (for clusters with three or more focal mech- 
anisms or breakout measurements) from Lima et aL 
(1997). The "?"  beside the nodal plane solutions 
1972, 1988, and 1990 indicate that the strikes of the 
nodal planes are uncertain, although the nature of the 
mechanism (reverse faulting) is reliable. Note the pre- 
dominance of strike-slip faulting in NE onshore and 
reverse faulting in SE offshore. Thin lines offshore 
are the 200- and 2000-m bathimetry; thin lines in the 
continent denote Mesozoic marginal basins such as 
Tucano (T) and Potiguar (P); dashed line onshore is 
Brazil political border. 
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cal mechanisms (Meijer, 1995; Coblentz and Richardson, 
1996). Thus, for the onshore region of northeastern Brazil, 
both observations and theoretical modetings confirm the su- 
perposition of a regional compression, oriented roughly E -  
W (related to ridge-push and other plate contact forces), with 
local extensions oriented perpendicular to the coastline (re- 
lated to the "spreading stresses" and also to flexural bend- 
ing, as discussed below). 

Focal Mechanisms in the Southeastern Continental 
Shelf (South of 15 ° S) 

So far, the only focal mechanism available for the south- 
eastern continental shelf is a fault-plane solution for a 6.1 
m b earthquake that occurred in 1955 at about 20 ° S near the 
Victoria-Trindade Island chain (Fig. 2), determined with 
teleseismic P-wave polarities and S-wave polarizations 
(Mendiguren and Richter, 1978). A composite reverse-fault- 
ing mechanism for a swarm of microearthquakes that oc- 
curred right at the coast (Berrocal et al., 1993) is also in- 
cluded in Figure 2 (mechanism near 23 ° S). 

Here we discuss the focal mechanisms of three addi- 
tional events (Table 2, Fig. 3). The mechanisms are all 
clearly reverse faulting, although the orientations of the P 
axes cannot be constrained. The focal mechanism diagrams 
shown in Figure 3 represent one possible solution and were 
plotted in Figure 2 (beside a " ? "  mark) to help emphasize 
the different nature of the faulting regimes in the southeast- 
ern continental shelf as compared with the northeastern on- 
shore margin. 

Because no P-wave first motions could be clearly iden- 
tiffed at regional distances, the focal mechanisms were cal- 
culated by modeling short-period P-wave seismograms at 
teleseismic distances. Two methods were tried: matching the 
relative amplitudes of the depth phases pP and sP by a grid 
search method (Assumpqao and Sufirez, 1988), and wave- 
form inversion of the P-wave train (Nabelek, 1984). No tele- 
seismic S waves could be identified to help constrain the 
mechanisms as all three events had Ms magnitudes lower 
than 4.5. 

In all three events, the pP phases are very conspicuous 
in all stations, having amplitudes comparable to the direct P 
wave, but with opposite polarity. These characteristics, to- 

gether with the clear compressional first motion at teleseis- 
mic stations, ensures that the events had reverse-faulting 
mechanisms. The nodal planes had dips in the range 30 ° to 
60 ° but had unconstrained strikes. Although the direction of 
the P axes could not be determined, the teleseismic P-wave 
modeling allowed the hypocentral depths to be well deter- 
mined, which is important for seismotectonic interpretations. 
Table 2 shows the hypocentral data for these three earth- 
quakes and the layer thicknesses in the upper crust used for 
the P-wave modeling. Examples of a possible mechanism 
for each event, with comparison of synthetic and observed 
seismograms, are shown in Figure 3 and are discussed as 
follows. 

Rio de Janeiro, 24 October 1972. This event occurred in 
shallow waters of the continental shelf of the Campos sed- 
imentary basin. Mendiguren and Richter (1978) had already 
shown the reverse-faulting nature of this earthquake based 
on P-wave polarities. Crustal structure in the epicentral area 
is fairly well known from deep seismic reflection and gravity 
modeling (Mohriak and Dewey, 1987). Sedimentary layers 
with a total thickness of 6.4 km overly an extended or 
thinned crust with Moho depth near 20 km (Mohriak and 
Dewey, 1987). The hypocentral depth of the 1972 event, 
well constrained by the clear pP phases (Fig. 3a) and known 
crustal velocities, was found to be between 8 and 9 kin, that 
is, about 3 km below the sediment/upper crust interface. 

Uruguay, 26 June 1988. This event occurred in the conti- 
nental slope, close to the 2000-m bathymetry, in an area with 
about 5 km of sediments. No detailed crustal model is avail- 
able for this region, but information on sedimentary layers 
and upper crustal velocities from nearby refraction surveys 
(compiled by DNPM, 1984) was used to calculate the syn- 
thetic seismograms shown in Figure 3b. The large depth 
phase (pP) is the reflection from the water surface. The re- 
flection from the sediments-water interface is a small pre- 
cursor to the surface reflection (named bP), having small 
amplitudes due to the low-velocity contrast between water 
and unconsolidated sediments at the top of the sedimentary 
pack. The multiple reflection in the water layer (named wwP) 
can also be identified in some seismograms. Figure 4 shows 

Table 2 
Reverse-faulting earthquakes and hypocentral depths in southeastern continental shelf (events modeled in Fig. 2). 

Values of water depths and sediment thicknesses were those used in the waveform modeling. All depths and thicknesses 
are in kilometers. 

Date 24 October 1972 26 June 1988 12 February 1990 
Location Rio de Janeiro Uruguay Rio Grande do Sul 
Latitude, longitude (o) - 21.72, - 40.53 - 36.27, - 52.73 - 31.19, - 48.92 
m b magnitude 4.8 5.2 5.5 
Water depth 0.1 1.8 2.2 
Sediment thickness 6.4 5.3 6.8 
Hypocentral depth 8.5 17.7 12.8 
Depth into basement 2.0 10.6 3.8 
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Figure 3. Examples of focal mechanism solutions for the three events in SE conti- 
nental shelf (lower hemisphere; compressional quadrants shaded): (a) Rio de Janeiro 
1972, (b) Uruguay 1988, and (c) southern Brazil 1990. Solid and dashed lines are the 
observed and calculated seismograms, respectively. Single-station seismograms are 
identified by lower-case letters; stacked seismograms, by capital letters. The strikes of 
the nodal planes are not well constrained, but the reverse-faulting nature of the mech- 
anism is well determined by the relative amplitudes and polarities of pP. The other 
depth phases (bP and wwP) are defined in Figure 4. 
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Figure 4. Diagram to illustrate names of the depth 
phases used in Figures 3b and 3c. All paths are P- 
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a diagram of the three depth phases. The 17.7-kin hypocen- 
tral depth places this event at about 10 km below the base 
of the sediments. No detailed information on Moho depth is 
available, but a nearby seismic refraction profile (compiled 
by DNPM, 1984) and extrapolation of the interpretations of 
Chang et al. (1992) suggest that this event occurred in the 
middle to lower part of an extended continental crust. 

Rio Grande do Sul (Southern Brazil), 12 February 
1990. This event occurred in the continental slope of the 
Pelotas sedimentary basin. In the epicentral area, 2.3 km of 
water overly about 7 km of sediments. Figure 3c shows the 
conspicuous pP phase (reflection from the sea surface) to- 
gether with the precursor bP (reflection from the water-sed- 
iment interface). In the seismograms, the first multiple re- 
flection in the water layer (wwP, Fig. 4) can also be seen. 
The hypocentral depth was calculated at 13 km, that is, about 
4 km below the sediment-upper crustal interface. 

The alignment between observed and synthetic signals 
for the three depth phases is not perfect because of the large 
lateral variation in water and sediment thicknesses in the 
epicentral area. However, the main characteristics of the 
depth phases (amplitudes and polarities) are well repro- 
duced. The opposite polarity of the multiple reflection wwP, 
as compared to bP and pP, is clearly seen in most seismo- 
grams. This confirms the interpretation of the depth phases 
and assures the reliability of the hypocentral depth. 

Berrocal et at. (1996) suggested that the 1990 Rio 
Grande do Sul event could have been a landslide, consid- 
ering that large mass movements have been observed in the 
continental slope in recent geological times. This hypothesis 
has important implications for seismic risk estimates along 
the continental shelf. Large slumps in the continental slope 
can be associated with large earthquakes, such as the mag- 
nitude 7.2 Grand Banks event of 1929 off the eastern coast 
of Canada. The Grand Banks seismic event has been inter- 

preted as the slump itself (Hasegawa and Kanamori, 1987; 
Hasegawa and Herrmann, 1989) or as a deep crustal complex 
double-couple earthquake causing the sediment slumping 
(Bent, 1995). The 1990 Rio Grande do Sul event, in southern 
Brazil, clearly is not a slump: Both its reverse-faulting nature 
and its well constrained depth of 4 km into the upper crustal 
basement rule out the slump hypothesis. 

Discussion 

Several mechanisms have been proposed to explain pas- 
sive margin seismicity such as ridge-push compression, den- 
sity contrasts between continental and oceanic crusts 
("  spreading stresses"), and flexural stresses due to sediment 
loading (see review by Stein et al., 1989). Any single mech- 
anism cannot explain all features of passive margin seismic- 
ity, as pointed out by Stein et al. (1989). However, it is 
proposed here that a combination of those various sources 
of stress together with geometrical constraints can explain 
most features of the seismicity observed thus far in the Bra- 
zilian margin. 

Ridge push has long been considered an important 
source of intraplate stress (e.g., Mendiguren and Richter, 
1978; Stein et aL, 1989; Zoback et al., 1992a) and is thought 
to play a significant role in passive margin seismicity. 
Stresses in the South American plate have been calculated 
by 2D finite elements (Stefaniek and Jurdy, 1992; Meijer, 
1995; Coblentz and Richardson, 1996) with ridge push mod- 
eled as a distributed body force in the oceanic part of the 
plate, balanced by asthenospheric drag or boundary forces 
from the neighboring plates. In the Brazilian continental 
margin, all models show about the same SH .... direction, 
roughly WNW-ESE to E-W. In Figure 2, we show the prin- 
cipal horizontal directions (SHm~ and Shmi.) of Coblentz and 
Richardson's (1996) "model 3," calculated with ridge push 
balanced by collisional forces with the Nazca and other mi- 
nor plates and a small positive basal shear stress. In this 
model, the effect of t h e "  spreading stresses" in the continent 
to ocean transition has been included, which causes the stress 
regime in the continent to be strike slip, and it also makes 
the E-W compressional stresses larger (15 to 20 MPa) in the 
oceanic part and smaller (5 to 10 MPa) in the continental 
area, as shown in Figure 2. These horizontal stress magni- 
tudes refer to a uniform 100-km-thick elastic plate. 

In the southeastern Brazilian shield (about 20 ° S, 45 ° 
W, Fig. 2), away from the perturbing effects of flexural 
stresses at the continental margin, the observed stress regime 
obtained with inversion of four focal mechanisms (Assump- 
~o ,  1998) was strike slip with E-W SHmax, in very good 
agreement with the theoretical predictions of Coblentz and 
Richardson (1996), as seen in Figure 2. 

In the southeast continental shelf, the predominance of 
reverse faulting is also consistent with the theoretical com- 
pressional stress regime predicted for the oceanic part (Fig. 
2). In addition, the finite-element modelings indicate higher 
stress levels in the oceanic part as compared with the con- 
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tinental area, which may help explain the higher seismicity 
of the continental shelf (Fig. lb). 

The finite-element modelings, however, fail to predict 
the coast parallel SHm~ x near the Tucano marginal basin 
(about 12 ° S in Fig. 2). Lima et aL (1997) proposed that 
flexural stresses due to (1) locally uncompensated sediments 
of the onshore Tucano basin and (2) sediment load in the 
nearby offshore continental shelf could combine to produce 
extensional stresses perpendicular to the coast with magni- 
tudes large enough to overcome the regional stresses. In fact, 
local flexural stresses are not included in the force models 
of Meijer (1995) or Coblentz and Richardson (1996) but can 
potentially produce local stresses higher than the regional 
stresses from plate-wide forces (Cloetingh et al., 1984, Stein 
et al., 1989; Zoback and Richardson, 1996). 

Figure 5 shows the main sedimentary packs in the con- 
tinental shelf. Only the 6- and 4-kin total isopach is shown 
for each depocenter. Note that in the SE continental shelf, 
sedimentary layers tend to be very thick with the axis of the 
sedimentary load roughly along the continental slope, co- 
incident with the epicentral trend. In the NE continental shelf 
(north of 10 ° S) sedimentary layers are much thinner, and 
no extensive basins deeper than 4 km are found. Only in the 
northern continental shelf, in the Amazon Fan (around 3 ° N, 
Fig. 5), are deep sediments present again. The current flex- 
ural stresses should not be caused by the total sedimentary 
thickness, as probably most of the load has already been 
released by inelastic deformation and faulting during the 
evolution of the margin. However, it is reasonable to expect 
that flexural effects should be more important in the SE con- 
tinental shelf than in the NE margin because of the greater 
amount of sedimentary load present there. 

Flexural bending of the lithosphere caused by sediment 
load in the continental shelf produce compressional stresses 
in the upper crust right under the load and extensional 
stresses about 100 to 200 km away from the load axis toward 
the peripheral bulge (e.g., Turcotte and Schubert, 1982; 
Cloetingh et al., 1984). This additional flexural effect should 
enhance the compressional stresses in the SE continental 
shelf (compression under the load) and also enhance the 
strike-slip stresses in the onshore part of the NE margin (ex- 
tension perpendicular to the coast toward the peripheral 
bulge). In the northeastern margin, hypocentral depths are 
usually less than 10 km (Ferreira et al., 1997); the three 
earthquakes in the SE continental shelf analyzed here also 
have depths less than about 10 km into the upper crustal 
basement (Table 2). The shallow nature of the earthquakes 
would place them above the neutral plane of a bending plate, 
consistent with flexural compression under the load (SE con- 
tinental shelf) or flexural extension toward the peripheral 
bulge (NE onshore margin). 

Another interesting mechanism causing extension per- 
pendicular to the coast line, proposed by Kemp and Steven- 
son (1996), is the thermal subsidence of old oceanic litho- 
sphere which is flexurally resisted by the adjacent continent. 
This occurs because the lithosphere created in a new ocean 
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Figure 5. Location of the thickest sedimentary 
packs along the continental shelf indicated by solid- 
shaded areas. Only isopachs of 6 or 4 km total thick- 
ness are indicated for each depocenter. In the south- 
east continental shelf, thicknesses larger than 6 km 
are common, whereas in the northeast continental 
shelf, no extensive sedimentary packs thicker than 4 
km are found. Further to the north, in the Amazon 
Fan (about 3 ° N), thick sedimentary layers can be 
found again. Isopach data from DNPM (1984) com- 
plemented with Ludwig et al. (1978) and Lucchesi 
(Petrobr~is, written comm., 1991). Epicenters from the 
"uniform catalog" as in Figure lb. Lines offshore as 
in Figure 1. In the continent, the thin lines indicate 
marginal basins, such as Potiguar (P) and Tucano (T). 

basin, at a depth comparable to mid-ocean ridges, establishes 
mechanical continuity with the adjacent continent. Later 
subsidence of the oceanic lithosphere to abyssal depths will 
be flexurally inhibited by the continent causing tensile 
stresses perpendicular to the coast line. These tensile stresses 
can potentially reach magnitudes high enough to overcome 
the compressional stresses from ridge push (Kemp and Ste- 
venson, 1996). This mechanism will be more important in 
areas where the continent-ocean crustal transition is sharp 
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rather than gradual, that is, in areas with a large difference 
between the isostatic depths of the continent and the ocean 
bottom. So, this coast-perpendicular flexural extensional 
stress, due to oceanic subsidence, should be more important 
in northeastern Brazil (say, north of about 15 ° S) and less 
important in the southeastern margin. In fact, extension per- 
pendicular to the coast (coast parallel SHmax, Fig. 2) is 
clearly observed in most of the northeastern margin. 

In the northeastern margin, earthquakes tend to occur 
along the WNW-ESE-trending coast, with little activity along 
the N-S-trending coast (Fig. 1). Flexural extension perpen- 
dicular to the coastline would enhance the strike-slip stresses 
along the WNW-ESE-trending coast. Along the N-S-trend- 
ing margin, the local flexural extension has the same E-W 
orientation of the regional compression (SHmax). This would 
reduce the resultant differential stresses, which may explain 
the lower seismicity (Assump~ao, 1992; Ferreira et al., 
1998). The geometry of the northeastern margin can there- 
fore affect the superposition of local and regional stresses. 

It is interesting to observe that in the northeastern mar- 
gin, seismicity occurs preferentially in basement faults 
around the Potiguar Mesozoic rift basin (Ferreira et al., 
1998; see basin " P "  in Fig. 5), similar to other Mesozoic 
rift basins in the northeastern margin of North America 
(Kafka and Miller, 1996). However, other Mesozoic rift ba- 
sins such as the Tucano (near 10 ° S, Fig. 5) do not seem to 
correlate with any seismicity concentration. This sporadic 
correlation between seismicity and rift border faults is also 
seen in eastern North America (G. Bollinger, personal 
comm.). 

Conclusions 

The northeastern and southeastern Brazilian margins 
have different stress and seismicity patterns, which can be 
explained by the contribution of several factors: 

1. Onshore northeastern margin: The strike-slip stresses in 
the upper crust result from the combination of roughly 
E-W compression (due to ridge-push and plate-margin 
forces) with coast-perpendicular extensional stresses (due 
to both "spreading stresses" and flexural bending). The 
geometry of the northeastern coast controls the resulting 
total stress field: Lower magnitudes of the differential 
stress are expected in areas of lower seismicity rate. 

2. Offshore southeastern continental shelf." Large compres- 
sional stresses in the upper crust, probably oriented E-W 
to WNW-ESE, are the result of constructive superposition 
of several sources of stress: (a) ridge-push and other plate 
boundary forces, (b) compression due to lateral density 
contrasts between oceanic/continental crusts, and (c) 
compression from flexural bending beneath the load axis 
of the thick sedimentary pack in the continental shelf. In 
addition to the expected large stresses, the seismogenic 
crust had been severely extended by the rifting process 

. 

of the South Atlantic and should be a zone of weakness 
more susceptible to failure. 
Southeastern continental plateau: In the continental pla- 
teau (altitudes higher than 600 m) of southeastern Brazil 
(Fig. lb), the lower seismicity could be related to low 
intraplate stress levels that arise from the spreading effect 
of the continents as modeled by Meijer (1995) and Cob- 
lentz and Richardson (1996, Fig. 2). These models only 
took into account the effect of the continent-ocean tran- 
sition along the whole coast of South America. The 
spreading effect of the continental plateau itself, while of 
minor importance, is an additional effect contributing to 
the small magnitude of the resultant stress field. 
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