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SUMMARY

Fault plane solutions of six mid-plate earthquakes with magnitudes ranging from 4.8 to 3.5 m,,
were determined wsing P-wave first motion deta and the relative amplitudes of short-period
teleseismic depth phases {(pf and sF). These resulis, together with previous studies, show a
predominance of reverse and strike-slip faulting indicating horizontal compressional stresses
in mid-plate South America. The orentation of the P-axes, howewver, is not uniform. In
western and southwestern Bragzil the P-axes are orieated approximately E-W (prabably due
to the Mazca—Soath America plate convergence). In castern Bragzil the dircction of the P-axes
show maore scatter, but an average E—W direction is consistent with the available data. On the
contrary, in northern Brazil, the FP-axes of two events in the Amazon basin trend
approximately N-5, a direction perpendicular 1o the direction of absolute plate motion as

well as to the relative plate motions Marca—South America and South America—Africa,
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1 INTRODUCTION

The orientation of regional lithospheric stresses in intraplate
regions has been frequently used to infer the driving forces
that cause plate motions in the Earth's surface (e.p.
Mendiguren 1971; Richardson ef al. 1976, [979; Bergman &
Solomon 1980, Wiens & Stein 1985). The state of stress in
the lithosphere can be due to s variety of forces caused both
by local sounces (e.g. stress concentrations due 1o siructure
heterogeneities. crustal loading and wnloading, asthenos-
pheric thermal anomalies) and by regional, more uniform
sources related Lo plate motion (sech as ridge-push, negative
buoyancy of the subducted lithosphere and wiscous shear
forces in the lithospherc—asthenasphere boundary). Al-
thouph i is not always easy to distinguish between local and
regional sources of stress, it is usually thought that plate
tectonic forecs play a major role in determining the stress
field in mid-plate regions. This is revealed by the consistency
of stress indicators (carthguake mechanizms, im yifu stress
measurements and stress-sensitive geologics)l features) over
large intraplate areas (Richardson e af 1979, Zoback &
Fobuck 1980}

Focal mechanisms of intraplate carthguakes are the tools
most commonly wsed 1o infer the orientation of the regional
tectomic stress field (Richardson ef @l 1979; Bergman &
Solomon 1984). However. a large number of events are
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necessary o establish the regional stress field., oot only
becanse local sources need to be averaged owi, but also
because intraplate events tend to occur on pre-existing zones
of weakness and reactivated faults {Svkes 1978; Bergman &
Solomon 1980} in which case the stresses released by the
earthgquake (i.e. the P and T-axes of the fault plane
solution) may not coincide with the regional Lithospheric
stresses (McekRenwae 1969%).

The regional lithosphenc stresses in Brazil have been
tentatively inferred by Mendiguren & Richter (1978) and
Assumpgio ef @f (1983) through the study of carthquake
focul mechanisms. The state of knowledge about the stresses
in the middle of the South America plate, however, remains
poor because of the small nemhber of events available.
Furthermore, the small-to-moderate magnitudes of the
mid-plate events available for such studies do not always
allow the focal mechanism o be well constrained.

The purpose of this paper is to present some additional
focal mechanism solutions and depths (Fig. | and Table 1)
in order to increase the basic data set wpon which better
inferences about the state of stress in the middie of the
South America plate can be made, One earthquake studicd
by Mendiguren & Richter (1978} s re-analysed, snd the
focal mechanisms of four additional events (m,=3) are
determined using not only F-wave polarity data, but also the
relative amplitudes of the direct P oand surface reflection
phases pP and 5.

The result of this analysis (Table 1 and Fig. 1) shows that
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Figure 1. Orientation of P-axes of Brazilian carthquakes and other mid-plate events near Bradl. Event numbers refer fo Table 1. Events of
predominantly thrust or pormal Gaulting are represented by the P- or T-axis. respectively. Strike-slip cvents are represented by both the # and
T axes, Converpent and divergent arrows indicate the respective ditections of the P- and T-gxes. Filled arcow hesds indicate directions with
estimated vncertanties less than £ 20F; open serawhcads, wacertamties greater than + NP The two events numbered 7 and 8 are composite

focul mechanisms of reservoir-induced events

Table 1. Focal mechanism parameters of the events in Fig. 1.

T-axis

Lant Laong. DiepthE Faulr plane sol. Foaxes
Mo, Date b min s N ] (km) ey, sinike  dip  slip strike/dip  strike/dip  Heferences
01 31lJan 55 05:05:07 —1Z42 5730 N 62 53 4% @2 142004 M2 7EA Mendhigaren & Richier 1978
02 01 Mar 55 Oi:46:018  —I984 3695 N LN R ] 52 [ M) 251400 M VER Mendiguren & Richier 1974
03 14 Dec 63 00542 0230 6101 45 5.1 243 52 Ga 329/07 184/R2 this paper
0 13 Feb 64 11:201:46 15066 —56.69 5 5.4 130 ol XAt T L4574 this paper
05 27 Aughs 051736 Ng.90  —72.89 26 4% 240 44 ESTA07/15 212743 this paper
o6 27 Sep T OdoD9:2 402720 -T137 i 5:5 549 BT IRS 28506 19502 Sudrez of al, 1983
a7 1974 st 202 -44.7 1 <35 20l 74 T 32T BASST Mendiguren d Rachier 1978
[iF] 19797 -TH siarrnt 3.4 —45.6 1 =15 4 i3 o 45802 wariable Mendiguren 1980
09 06 Mae 800 0946 14 .17 —7lL1s 14 4.8 134 41 05 dAlid 18285 this paper
M 12 Mo B 21:23:05  -08.07  —50.24 0N 4.7 1M 3 -5 93/55 197410 Assumpgao of @ 1985
11 M Moy R 03:29:42 - 30 —35.40 5 52 244 it 182 10903 1597 THI Assumpydio of al 1985
12 08 Apr 82 05:54:50 —I4E0 —38000 12 4.9 12 aR -1 #1403 351,01 this prpei
13 05 Aug 83 (M:21:42  —03 59 —-R207 23 33 5 i1 120 1410 264062 this praper

* Approximate magnilude based on PAS, FAL and 7T shorf-period reooeds.

f Composite solution of reservorr indoced evenis,

& Four different composites of reservoir induced events, two peverse and 1w strike-slip mechanisms; F-axis i vanioble bt the Faxis is

approximuiely constant.

& Diepths based on pP'—F difference using a Herrn maoded (excepr events 7 and B

the axes of maximum compression (f-axis) are nearly
alwavs horizontal. The orientation of the P-axes. however,
varies substantially across South America. These different
orentations may be useful in assessing the importance of the
varons plate tectonic forces acting on the South America
piate boundaries,

2 FAULT PLANE SOLUTIONS FROM
RELATIVE AMPLITUDRE OF DEPTH
PHASES

Some events i Brazil with focal depths between 10 and
45 km have produced clear short-period pP? and 5P phases at

teleseismic distances, well separated from the direct P-wave
These events., having magnitudes around 35 m,.. dare ool
usually recorded by a sufficeent nomber of stations 1o have
their modal  plancs  reliably  determined  with  P-wave
polaritics alone. Pearce (1977, 1980 has shown thaet the
amplitude information of the short-period depth phases can
be extremely useful to constrain the possible orientations of
the nodal planes. A procedure was established w determine
the nodal planes vsing the amplitude information of the
depth  phases, in addition (o the FP-wave polanty. A
computer  program (PPSP)  searches the nodal  plane
orientation that best fits the observed raties of pP/P, 5P/ P
and pffsFP amplitudes,



The theoretical amplitudes far the P- and §-waves al the
source were calculated using a double couple model. Surfoce
reflection  coefficients were  calenlnted  wsing the simple
half-space maodel for the crust. The program wses one
Powave wvelovity al the source o determine the take-oftf
amgles at the hypocentre, and another P-wave velocity for
the half-space to model the surface incidence angle and
reflection coefficients. A Podsson’s ratio of .25 was wsed.
Mo differential mnelastic attenfustion between & and g or
£ was included in the program hecavuse the depths involved
were ool Jarpe enough (maximum depth of 45km). The
difference in peometnical spreading factors bherween P oand
£ was taken inta account,

Al each station, the observed ratio (o be fitted by the fauait
plane solution was chosen $o that 10 wis always less than or
egual to one. That 15, for any prven station, the ratio pP/ P
wits chosen if the cbserved pf amplitude was smaller than
£ otherwise the oo PApf owas the type of ratio o be
modelled. The same criteria were applied o s82/ P and
pP P ratios. Changing the type of ratio so that it is always
less than or egual o U has the advantage that when # {or
) oare very small compared to pP {or P} the ratio will he
close o 4 and B iz not critical that the sign of the weak
phuse be cormectly identified. Also, when one of the nodal
planes is close to a given station, the theoretical value for
the ratio will not diverge but will tend 1o zero, making the
solution more stable, Amplitudes of 2 and pP could bhe
positive {i.¢, compressional maton) of negative {dilation),
Ohly the sbeelute values of the raties $P/ P and PV P were
considered becouse it 1= wiwally very difficult o identity the
dircction of $F first motion

The residuals of the amplitude raoos were delined as
Feallowes:

RES{pP/Py=0{pP/ Py - T pP P},
where
{HpfiPy=observed pP/P if pP< P, or
=ovbserved Pipl il plP =P,

and
TipFPi P
=theoretical pP/P i observed  pf <observed P, oor
= theoretical PlfplP  if observed  pf* = obscrved P

The nodal plancs were chosen a5 the ones giving the

smallest residuals an the least-sguares sense. e giving the
minimum standard deviation, o, defined as:

e = 1N — 3 [(RES(pP/P))F

FIRES(sP PP + (RES(p PP,

where & s the total number of ratios fone or three per
sCaticn).

Althouph this procedures of searching in the whole
parameter space for the absolute minimum o allows the best
solution to be obtained, i1 s nol easy o estimate the
uncertainbies of the foult plage solubon (Ipsh A preliminary
estimate of the confidence limits of the fps was obtained by
usimg the Frest, Calling ey, the minimum standard deviation
of the adopted best soluticn, the ‘confidence linits’ were
defined by including all ather fps with o such that the & ratio
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[ie. ooy would be below the 95 per cent prabahility level
of the F distribution with & — 3 degrees of freedom. This is
not an accurate statistical procedure bocause  the hasic
abservations (amplitude ratios) do nor follow o Ciawssian
distribution. Howewer, before a more approprate statistical
procedure  is  developed, rhis sn ealled "85 per cent
confidence Lot mav be wseful as & preliminary guide 1o
assess the reliahility of the faolt-plane seluticns presented,
especially regarding the orientation of the F-axis.

After finding the best-fitting orientation of the nodal
planes, synthetic seismograms were calculated e check the
FP3F solution

2.1 Test of PPSP program with the CODAJAS cvent
(Mo, 13 im Fig. 13

The fault plane salunon of this event in the Amason Basin s
well defined by many clear compressional first motions at
teleseismic distances and a few clear dilatons recorded at
regional stations (Fig. 2ay. With a depth of 23 km, o and
5P phoses gre well scparsted in the shor-peniod records
(Fig. 2¢) so that a test of the ampiitude ratio methed could
he performed. A Fowave velocity ol 6.8 km s ' at the source
and @ half-space velocity of 5.5kms™! were used in the
program. Fig, 2(1+} shows the fault-plane solution obtained
with the program PPSP wsing only 10 stations.  These
stations were  selected  at candom from a wetal of 41
tefoscismic sations with the condition that they covencd the
widest range of cpioentral  distances (4% w0 9171 amd
azymuths. The PPSP solution (Fig. 2B} is very close ta the
previous solution (Fige 2a) obtmned with all polarity data.
If all 4F celeseismuc stations are uscd mm PPSP, even wathout
the deatstional [rst motions al segonal  dstances. the
solution (strike = 305, dip =60, shp = 120 and o =0.24) 15
even closer (o the one of Fig. 2(a)

20T Svnthetic seismograon

Synthetic sesmograms were caleulated and comparcd with
the ahserved traces 1o check the fault plane solubons given
by the PPSP program. This was done in two ways. First, a
half-space crestal mumdel and a inangular  source  firme
function were used with the techmigque of Lanpston &
Helmberges (19750 Similarly to the PPSP program, two
different P-wave velocities were used in the crustal model:
one for the source and anether one for the  sorfsce
reflectnions. In a secoend approach. the response of a lavered
crustal structure ot the soorce was wsed mstead of the
haif-space. Im this case a program developed by Nab&lek
{1584 was wsed which allows the best source-time funcrion
to he calculated. Al the statwone: sumple bhalfspace models
were uscd in hoth cases. Ulpper-mantle attenuation was
mardelled with £* valucs ranging from 0.3 to 485, according
to the propagabion paths (Lay & Helmberger 1981 Dier e
al., Cormier 1982},

Fipure 2(c) shows the synthetic sesmograms of the Codapbs
evenl computed for Two represcntabive stations. Almost no
information is availahle on Hrazdian crustal strecture, so @
Herrm  amodel  was osed  with an added  low-velocity
sedimentary laver and some other slight modifcations o
match the synthetics better with the abserved scismograms
(Table 2). It can be seen from Fig, 2(c) that the synthencs
calonlated with the PPSP fault-plane solution match the
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Figore 2, Fault planse solution of Codajas event (Noe, 13) of 5 Aoguest 1983 a0 the Amazon Basin, {a) Solution using all P-wave frst maion
data from telesesmic and regional stations {Assumpeao of ol 19855 Chosed symbols are compressional frst mations, open symbols dilational
large mnd small svmbole are more and less relinble polarities. (b)) Selution obtimed with only 10 welescismic statons wsing depth-phases
amplitude ratios with program PPSP (continuoos line) compared with solation (a) {dashed Tine). Symbals a5 im0 Fige 2(a), (o] Comparison of
synthetic seismograms with the observed (top) traces. PH = synthetics computed with PPSF ol plune solution and & hall-space crastal model;
PC = synihetcs with PPSP solution and a layvered crustal model: HC < Harvard solutton with o layered crustal model.
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observed  sesmograms reasonably well (re. pP oand 2P
amplitudes caomparable 10 P for North Amencan htations:
Larpe pf and small v for Curopean stations) both with the
half-space model and with the tayered crustal structure.
Althowgh o layered st prodoces more realistic-tooking
seismograms, the luek of information abowt the crst in the
Amaron  makes  this better resemblance of  douboful
significance . In any case, the PPSP scarch, wsing the
tere-velocily  hall-spoce model, cen find & fault-plane
orientation clise eneugh o e lnal soletion that could be
abtaned with a known crestal strocture.

A mement tensor anversion for this cvent was made by
Harvard University and poblished 0 the 1SC balfetin, This
Kind of amalvsis (Doewonsks & Woodhowse 1983, wsing
Iong-perid body wives (maindy 55 and 5553 with a low pass
filter af 43 s, produced a2 reverse faull mechomsm with the
Poams onented E-%W, in disagreement wath the solution of
Frg. Xa) Alse, the Haevard solution does not correctly
repriviuce the relative amplitudes of the short-period depth
phises (Fig. 2e), The records af this earthguake . which had
an M =35 and a seismic moment of ghour 1= 107" dyn em,
close o the  thresheld (Mo =50 and M,=1 1o
2o 107 dynomd of applicability of the Centroid Moment
Iensor anversion {Daewonsks & Woodhonse 1983), were
found e be comaminated by another bigeer event thal had
oecarred  about ome hooar carler n the Paafic region
{Ekstram 1987 private commumcation}. The agreement of
the two independent solutions presenled here, ome with
Fowave polanities (Fig, Za) and the other with amplitedes of
depth phascs (Fig. 2b, o), confiirms the WNE onentation of
the P-axis o be the correct onc,

Although one cvent nof enough for a comples
geassrment of the realiability of the method of depth phases
amplitude ratios wied here, 11 does show that, gven a
reasconahly good distribution of stations, and records with
pucrl signal-te-noise ratios, the correet nodad plane solution
can he obhtained wsing only teleseismic stations that would
otherwise mot allow the nodal planes o he constrained by
first-muotion prrlunies alone,

L]

2.2 Mannns earthguoake, Dec. T4 1963 (No. 3)

The Manaus cvent occurred near the northern edpe of the
Amazon sedimentary basin o o depth of 43 Km, Clear first
motions abserved at only a few stations were not enough 1o
comstrain the fault-plane solution. The leleseismic records,
however, show that the P signal was comsetently semlar on
all statons that have steep take-off angles when they ane
aligned relative 1o the pf phase (Fig. 3a), Furthcrmone,
applving a correction 1o the arrval-time differences between
Poand @ due o the different cpicemtral istances, the

simitarity of the dircet P-wave at stations in Narth Amenca,
Evrope. Africe and Antarclica becomes more  apparent
(Fig. 3). The similamty of the P waveforms at soations
with  preatly ddiffercnt azimuehs sugpests thal all these
stations (Fig., 3b)y are i the same lobe of radiation. The
best stations {i.c. those with higher gains and  higher
signal-to-noise ratios) show that this eventl scems o be
preceded by o small precurser with compressional Hrst
mction {Frg. Ach Thes, we extrppolate the polarity of the
ather stateans in Frg. 3(b) to he compressional,

The result of PPSP (Fip. 4a) shows o reverse tanle with
Peaxis orented approcomately NNW. It s inferesting fo
note that the solution satisties the dilation a1 LPB even
though it was not wged as a constraint m the PPSE solution,
This dalation at LPH (st a distance of 16%) is probably near @
nodal plane because of the secondiry very large phase. in
agreement with the focal mechanism, Fig. 4(h) shows the
synthetic scismograms for some of the WOWWSSN stations at
different distances and azimuths. The syprhetics  were
computed with Naibélek's (1954) techmigue wsing the PRSP
fuult-plane sofution but allewing the hest-fithing source-time
funciion ta ke determined. Mo directivity was allowed, and a
samgle-pomil source event was considered. In this case, what
seemed 1o be a small precursor was actually modelled as a
muore gradual beginming of the source-time Tunction. T can
e seen that the PRSP selutien reproduces the major
features of the relative amplitudes of the P, p# and =P
phases.

Although no measurement of coestal thickness s available
fur lhe Amaron Basin, the hypocentral depth of 25 km
[froom pM—F times) scems to be greated than the averape
35—l km crustal thickness of shicld areas (e g Goallewska
& West 1977, Korhonen & Porkka 198E; Finlaysan et ool
1954). For this reason the Manaus event of 1903 was taken
to have occurrcd below the Mobho and o source  Powave
velocily of 8.1 kms " was used in the PPSP program. It iy
intercsting to note that if & source velocity of T.0kns .
more typical of @ lower crustal laver. 1 used, the best
solution hus a hipher standard deviation of 044, 'This gives
suppaset by Lhe sssumphon that the bhypocentre lies  just
helow the Moho as it seems o be in the magority of the
deeper  ntraplate  earthguakes o old  continental  greas
{(Chen & Moloar 1883)

2.3 Mato Grosso Do Sul, February 13 194 (No. 4)

Mendiguren &  Fichter (1U7H) proposed a0 reverse fauli
mechamsm tor this carthguake based on P-wave polarities
alane, Thewr solubem, howeser, allows for o owide fange of
pussille orientations of the F-axis, An examination of the
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Figore 3. Share-period eleseisamie eecords of the Manaus event (Mo, 3) of
December 14 1963, Mumbers below cech station ase the distance amd
aenmuths (o degrees) (o) Recards aligned according 1o g phase. Only
WWSSN stations shown. (b) F-wave recond section after correcting section
{a) for the pP—F time difference. Mode the peod correlation between
major peaks and trovghs indicating that all s1ations have the swme polary,
{c) Magnificd scction of the four best stations showing compressional first
mation. Mate that ALE and MBC are Canadian Merwork stations with
different respomse curves from the WWESN stations GOL and TG,




teleseizmic records of this evene (Fig, 51 shows that s depth
s wery shallow [shout 5 Ee) and the depth phases are not
separated, 500 00 is pot possible o use the method of
depth-phases  amplitude ratios, Short-period synthetic
semagrams (with the two-velooity half-space model) were
calenlated  Ton wamous  nodal  plane opentations  and
compared with the observed scismoprams on oa trial and
error busis. Inoan attempt to improve the signal-to- noise
ratic, stations that were very close together in the focal
hemispliers were stacked. Becavse of the large Noctuations
in amplitudes ot short-periosd Powiaves coased by variations
in upper mantle aod crustal structures w1 the source and
receiver, only the shape, relutive amplitudes and relative
arrival times of the waveforms were modetled

For this Mato Grosse event all clear teleseismic (A = 407
Fowaves are compressionsl, indicating o predommant|y
reverse fault mechamsm. Unfortunately no good records
from lacal or regienal statons exist o help comstrain the
stribe of the nodal planes. Assuming the nepative polarities
at some Sonth Amerncan stations [distant between 107 and
) were correctly wdentiffed., the synthetic SEISMOZrams
show that the bBest nodal planc solution s oa reverse fault
with ENE-onented #-axis (Fig, 5).

2.4 Acre, August 27 1968 (No. 5)

Figure la) shows the PPSP fanlt plane soluliomn for the Acre
event obtained with 11 tefescismic stations (o = L3177, The
datla from regional stations do ol shew relinhle polarities 1o
constrain the nodal planes better. Synthetic seismograms
witl the hall-space model  were  calewlated, with  the
PERF solution (Fig, oh) showing goodd agreement with
orhseErvations,

{a)
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2.5

Western Amuazon March 6 1980 {(No, 9

Figure Tap shows some of Be telesesme Powaves for this
cvent which occurred in the western part of the Asmaeon
sedimentary basin, It shows compressiomal first motien tor
the direct F-wave, apd apposie polardy for the farpe depth
phase, interpreted as pf* This is seen most Gearly m the
stations UG and SFA. Thes interpretation indicstes 3
reverse-faull mechansm (Fig Thy, The Bypmothesis that the
large depth phase s s instead of p& s highly unlikely
becauze the Dest nodal planc orientation, under  that
mnterpretation, would have a hich standard deviation of (.53
compared Lo (IE for the reverse-tault hypethesis. Tigure
Tle) shows the syathete seismogriems for e three slations
with best signal-to-noise ratio caleulated with o lnyered
crustal mecde| and the PPSP Luull plane salution of T,
Tl L0 the weak dilation st ZOBC (Fig, 7h) s wsed as a
coenstrant, the strikes of the aodal plenes change by abou
200 (the P-asis direction changes from NE 10 WNE) The
fwior solutions  are mm sigrificantly  different  (standand
deviations of 18 and 021 respectivelyl. Thes uncertainty in
the stokes of the nodal planes s tvpeal of  porely
reverse-fault cartliguakes studied mainly with  teleseismic
data.

2.6. Paragoay earthgoake, April 8 1982 (Mo, 12)

The teleseismec recirds of this evenl are very pescr f Fag, &)
In order to improve the signal-to-noise tatio, records [rom

stations  that ploted close 0 one another s e focal
hemisphere woere  stacked  with the  asumption that
differences  in signal  shape  between  stations  (due 1o
chfferences a1 %, recerver  structure and  msbrumend

Manaus (No 3)
14 DEC 63

5 e S e 'q.lﬂhl
LN

Figare 4. () Fault plane solution of Mamis event (Mo, 31 Circles we the telesosmie stations used in the PRSI progrom . Squarnes are polanty
date not used as consteains in the PRSP solution. Symthols asin Figo 20al The arrows owtside e prrajechion gircles are an esumate of the
‘confidence limats” of the Moo direction. The dilarion at LFE was nod used s 8 constramt in the eslimate of the F-axis enoeriainty, (v
Conmparizon of svathetic (dashed lines) with observed Qoo lnest seismoerams.
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response) were oot important compared with the sation
nose. Figo B(a) shows the two best records from the
Canadian  Metwork  summed  after  alignment for  best
correlation of the P-wave signal. Fig, 8(b) shows the three
best records Trom North Amerncan WWSSN statsons. For
these stations the Powaves i Fig. Kb} were aligned
according 1o the expected arrival times after corrections for

i =
3
-
3
-
=

b -Snun:e
time
function

s

station residuals were applied. These corrections were
abained by determining the relative residuals hetween the
statioms ALD, GOL and DUG for three other well recorded
Brazilian cvents: Manaws 1963 Dec. 14, Mato Grosso 1904
Feb. 13 and Codajis 1983 Aup. 5. These time correctiond
applied o the theoretical Jeffreys—Bullen arrival times in
Fig. &(b) (ALOQ =0.00, GOL = +0.45 and DUG = +{,71),
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Acre
27 Aug 1968
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Figure 6. (o) Fanlt plane solution of Ace event of Aogust 27 1966 (Mo,
51, Symbods as in Figs 2 and 4. (b) Simthetic sersmograms (dashed lines)
compated with the fault plane solution of {a) and . hall-space model are
shown with the obscrved wavetrains (sohd lines), Note the chapge of
patarity of the sP phases between stations ATL and ALCY well reproduced
bry the PPSF salution.
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Figere 7. Western Amazon ovent of March & 1980 (Mo, H) (o)
Telessismic records showing direct P-waves and a depth phise
interpreted os pP. Symbols as in Figo 3. (b) PPSP fault plane
solution, o=1,15. Sguares are dess eeliable polarities ool wsed in
the PPSP sodution, Onleer symbals as in Figs 2 and 4. (c) Synthetics
(dashed lines) computed with a lavered crostal model (Table 2).



align the F-wave signals remarkably well. The sum of the
three records in Fig. 8(b) was obtained after further fine
adjustments m the alipnment by cross-correlaton. The
purpese of the inital alignment, wsing time corrections
abtamed from ather bigger events, was to correctly identify
the eorresponding peaks and troughs in those three stations.
The swmmed seismoegrams (Fig. B, B) seem to indicate
that the FP-wave first motion in these North Amcrican
stations wis  compressional, Records from the French
nctwork  were  also stacked  (Fip. #¢) and  apparently
indicate a dilatational FP-wave first motion, A station in
Africa, BUL, seems to he 4 difation (Fig. Bd).

Assuming the polarities above were cormectly identified,
two hypotheses mav be suggested concerning the identifica-
tion of the depth phasc shown in Fig, B(a), (hi: (1) the
depth phase was pF (hvpocentral depth of 16 km) and so xF
would armve 2% later having about the same amplitude a5
FP: (2} the depth phase was £ (depth of 12km) and g/
would be about 1.3 £ earlier with smaller amplitudes. Nodal
plane salutoms fting the amplitude ratios for these two
hypotheses were sought with the program PPSP. The best
solution with hypothesis (1) Bad a high standacd devation of
.66, For hypothesis (2) a set of nodal planes could be found
with u pood standard deviation of 1,22, [n the two eases, the
clear dilations at & local network aboul 360 km L of the
epicentre were used as Further constraints, Therefore, the
most probable solution, Le. the one most consistent with all
aviilable informanon, is the strike—slip mechanism with an

LHT

TE 333

£IM
S1 339

Sum

LHC+ED
(a)

ale s

LFF

L3F
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ENE-oriented F-nxis [hypothesis 2) shown in Fig, 8{d).
Synthetic seismograms computed with the Ball-space moedel
show that this strike-ship solution gives o reasonable fit to
the available datga

4 IMMSCUSSI0ON OF THE FOCAL
MECHANISM S5O0LUTIONS

The predominance of reverse and stoke-slip mechanisms
(Fig. 1} indicates thist, as with other mid-plate regions, the
continental mid-plate region of the South America plate is
i oa state of predominantly herizontal compression. The
direetions of the principal compressive axes, however, are
medt uniform, The events near the western border of Braeil
have approximately F-We-oriented Peaxes which could be
mterpreted as being  due o the regional  lithospheric
compression  assoCisted with the Nazea-South  America
plale convergence,

In octher pams of Bragl the data are more seatiered.
Mendiguren & Richter (1978) had proposed that rdge-push
from the Mid-Atlantic ridge was a major source of regional
stress an Hrazil, Richardson er af. (1979 have shown thal
ridge-push seems o be a necessary component of leclomc
stress to primduce the lithospheric bonzental compression
observed in most oceanic intraplale regions (Bergman &
Solomon 1980; Wiens & Stcin 1984, 1983). Although aood
evidence for ndge-push has been found in the Antarctic
plate 2900 km away from the nearest ndge svstem (Okal

Figore 8. Pariguay event ol 1982 April 8 {No. 12). Stacked records of () Canadian Network stations; (0] WWSSN North American Stations:
1] French Metwark stations (i) Faull plnn.r: salurion: mendal [Ili!.l'l:' vrientahions defiermmned wiih PPSP program (o = Mm.22y: 5:.-mh-utic
seismograms {dashed lines) computed with a half-space crustal mode]
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Fignre 8 {Cownnaued )

LURDY, in most other occanic regions the directions of the
Peaxes are rather scattered (Richardson ef af. 1979; Wicns &
Srein 19840 or not suffoently well detined (Okal 1984) o
coinfirm ridee-push as a major source of tectome stress inside
the plates.  Stresses  from local  source: seem o he
comparable with other plate-wide forces i most ogoanie
plates (Wiens & Stem 1983), In eastern Brawil (Fig. b) the
few  available fault plape solutions do net role out oan
avergge E-W-oncnted regional compression parallel oo the
Adlantic spresding direction (which 1= also about the same
direstion as South Amenca absolute motion). The events
numbercd 7 and # nm 8E  Hraml| are very  shaBlow
reservoitanduced events (abowl 1 km deep) and 1t i likely
that liwal conditions mav be wffecung the regimonal, mare
uniform stress. Monstheless, as Assumpeao ef of (1955) has
pointed owt, the available data dare oot vel sufficient Lo
estahhsh the regomal stress leld o castern Brael,

Cn the other hand. the two events in the central Amagon
Basan, with coughly N-5-ofriemted P-axes, oy imposd some
limdtations on the range of action of the compressive forees

due o the MNazcn—5outh America convergence as well as on
the effects of a possible bMid- Atlantic ndge-push.

5§ MOMENT ANI STRESS DROP

Estimates of zeismic moment trom Rovleigh waves were
attempted for three of the largest events (Tukle 5 and Fig.
¥t For the 1980 event. only periods shorter than about 40 s

Table 3. Kesulls of moment (M) and stress drop (Ad)h Hange of
stress drop values aliowed By the uncertangy in the sowrce daralion
{EO2 8] uncerhunty o M, [aboul & facter of 2) nod taken imto
acsuunl,

My 1 Eall- Hislws Ao Rampe uf
Charle {dyn cm]  duraiisn tkm] [Bar) A (hard
14 Dee 1963 L0 = 1l.'|_':’I .7 246 a5 { L=k
20 Wow 1980 L7 = II.'I:' .55 1.5 b [ 540— ek
05 aug 1063 L0 = 0P 052 1.4 16X} [EE Eelt 1]



were well recorded, which probably accounts {or the larger
scatter in the amplitudes (Fig. 9%). For the 1983 event,
only the sik closest stations could be used becamse of
contarmnation from another earthyuske in the Pacific that
occurred one houwr earlier. Despite the large uncertainties in
the My estimates (Fig. 7). they are quite consistent with the
roy, ws M, relation for mid-plate events (Mutdi 198371 which
predicts M, ranging from (L3 w0 Lex WP dynem  for
S 1=m,=55

Estimates of stress drops were made using Brune's § 1970
theoretical refalionship between  seismic moment  (M,),
stress drop (A} and the radius of o circudar faule {r).

As no direct deteromnation of the siee of the fault was
pimsstble  (no detsiled  attershock studies had been
conducted) the radius of the rupture arca was estimated
from the hall-duration of the tnangular source-lime function
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Figure 9. Ruayleiph-wave radinon pattern, {a) Spectral asmplitmles
al s oof the Manaus event of 1963 Becember 1 (1) Speciral
amplitudes ar 285 of the Ceard event of 980 November 200 (g}
Spectral aniplitades o1 44+ of the Codajis event of 1953 Auapost 5
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used in the Powave modeiling, assuming a raplure velocity
of (L8 times the shear-wave velocity., The resulting stress
drops {Ae) are shown in Table 3. These estimaies of stress
drops have largs uncertantics, maindy becaose of the srrors
in the radiws of the rupture area due to the trade-off
between source duration amd apparent atteatuation £*
However, uncertainiies of a fuctor of 2 in M, and a factor of
Jor 4 m Ao are not uncommon (e.g. Archuleta ef af. 1982),
specially when Ao is calcutated with the radius of the source
catimated from the cormer freguency or source duretion
[Boatwright |954],

Higher stress drops for large (M, = I0F®) intraplate
carthquakes compared with plate-boundzry events have
often been reported (eg Kanamon & Anderson 1975:
Scholtz er af, 1986}, and this can be wsed as a possible
interpretation for  differences  in mry, ws. M, relations
{Archambeau 1978}, Fig. 10 shows that the s, vs M, relation
for Brasilian events {Tabkle 4) 15 significantlv different from
plate-boundary cvents and similar 1o other midplate regions.
[#te, was  determined  wath  the 1SC  criternion  which
recommends picking the masimum & amplitede in the first
205 of the P wavetrain; if the NEIS{USGS) criterion,
reading in the first 55, had been wsed, s values would be
ouly (14 units an average above MNutthi's (1953) retation),

However,  confirmation of  higher  stress drops For
maderate Braalian events 15 difficult because of the large
uncertamiies 0 Table 30 Stress drops in the  range
=100 bar for mederate events (Ma = 107 o 107 dyn cm)
are oot uncommen  an plate-boundary  regons (g,
Archuleta e all 19820 Mor 1963; Boatwright [984, [io
1986). More accurate. less model-dependent determina-

tions of stress  drops  are necessary before  definite
+mb o O

&

5

4

Figure I, sy wx. M relation for mud-plate evenis in Brazil and
Pacagueny {Table 41, E U5 and W 1.8 = Eastern and Westenn
Llnited States, respectively (Chung & Bernreoter 19810 Mid-galate’
% the semi-theoretical, semi-observational refation for mid-plane
events of Multh {19853], W 5 A, — Western Soumh Amwerics (HBuena
PP Empty circles are less-reliable magmimede viahees (1955 events
in Tuhte 4}
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Tabke 4, Magemtede dotn wsed o Figo UL Fsr column g
event number ol | i_|__l,l 1 oans] Tubie 1.

Deph Magnivudes

Mo Lante b mn s (km)  my, M,
e KERITES R s | f.2 55
nx 010k 1955 Ol 4618 ™ M1 535
13 14,12 19h3 A1 A 42 45 5.1 4
12} 12,021 [N ey B ¥ 5.4 4.5
ns N | o R 1517236 i 4.5 LR

24 11972 E2o 56030 15 4.8 LR

22112 1976 13- 2448 5 4.0 14

02 1N77 I17:45:52 I 4.8 LA
15 LG LS 15 LR« Bl I 14 4.E EXi]
HI 1217 14950 2 -2%-04 P 4.7 i1
11 20111950 2942 k1 b e i
i LRSS L NE:3K-52 12 4.4 4.4
13 N30k 10E3 i 2042 23 5.5 4.5

120 TUES L4:34.24 24 5.3 1.4

concluesions can be drawn  abour  possible systematic
differences between intraplote and plste-boundary events.
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