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SEISMICITY AND TECTONICS OF WESTERN VENEZUELA 

BY JAMES W. DEWEY 

ABSTRACT 

New seismicity data on western Venezuela and northeastern Colombia are 
presented. Teleseismicaily recorded earthquakes from 1930 through 1970 have been 
relocated by Joint Hypocenter Determination (JHD) or with source-station 
adjustments calculated by JHD. Additionally, 540 days of recording have been 
obtained with local seismographs installed near the Bocon6 Fault. 

The most intense shallow activity occurred north and south of the Tachira 
Depression along the eastern flank of the Cordillera Oriental of Colombia. The 
Bocon6 Fault Zone is seismically active; small shallow shocks were recorded in 
it by the local stations. Shallow earthquakes also occur in the Cordillera de 
M~rida away from the Bocon6 Fault. 

The new hypocenters for the intermediate-depth Bucaramanga earthquakes 
define a smaller source volume than defined by previously computed hypocenters. 
A previously inferred southward-dipping seismic zone near Bucaramanga is 
probably spurious, a consequence of correlation between errors in latitude and 
errors in depth. If one assumes that these intermediate-depth earthquakes lie on a 
single lithospheric slab, that slab strikes approximately north and dips to the east. 

The distribution of hypoeenters and focal mechanisms support the plate- 
tectonic hypothesis that the present tectonics of northwestern Venezuela are a 
result of eastward motion of the Caribbean plate with respect to the South 
American plate. The principal interface between these two plates may have changed 
within the last 5 m.y. from a zone of underthrusting west of the Sierra de Perija 
to the predominantly right-lateral Bocon6 Fault Zone. 

INTRODUCTION 

This paper presents new seismicity data on western Venezuela and northeastern 
Colombia in the area bounded by 6°N to 13°N latitude and 68°W to 74°W longitude. 
The region considered lies between the Precambrian Guayana Shield and the basins of  
the Caribbean Sea, and includes the northeastern termination of the Andes Mountains 
(Figure 1). Despite several analyses of the region in terms of the theory of global plate 
tectonics, there is still no agreement as to even the general characteristics of the present- 
day tectonics of the region. For example, Molnar and Sykes (1969) and Case et al. (1971) 
consider the tectonics of the region to be a consequence of the motion of the Caribbean 
(or Caribbean-Nazca) plate eastward, or northeastward, with respect to the South 
American plate (Figure 2), whereas Freeland and Dietz (1971) consider the Caribbean 
plate to be presently attached to the South American plate, with little or no relative 
motion between the two. 

The Bocon6 Fault Zone is a major strike-slip fault zone showing many superficial 
similarities to the San Andreas Fault Zone of California (Rod, 1956). Short-period 
vertical seismographs installed in February, 1969 in the Bocon6 Fault Zone have given, 
through November, 1970, 540 days of local recording. These are the first seismographs 
to record for longer than a few days in the Cordillera de M6rida. 

* Present address: NOAA/ERL/ESL, Seismological Research Group, Boulder. Colorado 80302. 
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FIG, 1. Structural provinces of northwestern Venezuela (after Mencher, 1963) and adjoining north- 
eastern Colombia. 
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FIG. 2. Interpretation of the plate-tectonics of the Caribbean and Central American region after Molnar  
and Sykes (1969). Details in northern South America are from Case et al. (1971) and this paper. 



~r,u autjaO "uo!lpoo I u~ou:1 sl! ol pau!pslsag aq li!a~ .~aluaood£q sl! pug 'lUaAO UO!lPaq!l,eO 
oql PaIleO aaaq s t I lUOA~[ "[ lUahO JO lPqa aq aamaood£q u~ou:,l aql 10"I "!aoNd v u~oug[ 
s! suo!soldxa go sa~Ienbql.mo X jo dnoa~ aql u! aUaAa aUO JO uo!lpoo I aql lPql atunssv 

"o:,I~nbql.rea 
ql~/moJj OAe~-dd aoI uo!lpls qlfl,e aoaaa gu!tu!l go aoaaa ~u!ppag = ~ra 

a:,Ipnbqlapa 
ql~/mogj oh,e~ d JOg uo!lels qlf 1,e aogJa ~u!m!l ao aoaaa ~u!p,eaa = ~ra 

a~Ienbqla,ea ql~/jo aaluaoodgq IPUO!S!A 
-oad ol al~!ado.tdd,e atu!a d-dd PalelnoI,eO snuttu a~I,enbqla,ea 
ql~/pu,e uo!lms qlfi gag I,eAJOlU! am!l d-rid paaaasqo 'iPnp!saa = ~.rs 
qlgP':J aql jo al!o!ld!IlO gOJ tlO!lOagaoo gu!pnlou ! pu,e 'luatuasn.fpp 
tlo!lpls I,eUO!S!Aoad 'salqPl d PaaPlnq'el 'am!l u!~!ao 'aaluaoodaq 
i,euo!s!aoad tuogj pm,elnOlPO atu!l [,eA!age OAPAX- d snl.t!ttI a~tPnbqla,ea 
ql~/ mogj uo!l,els ql./" lP am!l [eA!JJP aae~- d paAgaSqO 'iPnp!sag = ~fa 

• rj £iptuoue uo!lels-aoanos aql jo alptu!lsa up st 
qo!q~ ,rfi luamlsn.fp,e uoD,els-aoanos l,eUO!Sl.aoJd 13 O1 uo!loaaJOO = 'rB 9 

aaluaaodaq I,eUO!S!Aoad ql~/pug ~ ,.r)p( h 
no!ires ql/aoj lPaaolu! Otu!l d-ddpalelnqm jo qldap ql!~ a~u,eqo = \a -aaL~/l 

aaluaood£q ieuo!s!Aoad qlv (~ "r)v( z/~ 
pu,e UO!aPlS qlf gag qldop ql!~ am!l laApal palPlnqm u! a~upqo = \a£~) 

salqm am!l-laA,egl d tuog J (~ 'rmf V~'~ 
'aoluaood£q IPUO!S!AOad ql~/pu,e uo!lels ql/goJ SSaU~OlS aA,eA~- d = k,a.L~/ 

(qlaou mogj 
as!ta~IOOlO pagnseatu) uo!l,els qlf ol a:,I,enbqaapa ql~/mogj qlntu!ze = ~rz V 

a~[,enbqlgpa ql~/jo (u~op aA!l!sod) qldap u! a~u,eqo = ~zq 
O>lenbqla,ea ql>/jo (qlgou OA!I!sod) opnl!le[ u! a~ueqo = ~dq 
o~t,enbqlg,eo ql~ jo (1spa OA.ll!sod) apnl!~uo I u! agu,eqo = ~xq 

a~Ignbqlgpa ql~/JO atu!l u!g!ao u! a~ugqo = ~19 

: auga G 
"uo!lels 

qlf oql ol l!sueal u! ,.rj 'lunotu,e ames aql ~q pa,~,ela p oa,e sa~IPnbqlJpa X II e moaj SaAP~ 
dd pun d leql atunssv "sa~Ipnbqlgua aql jo sotu!l u!~!go pup sgaluaood£q iPuo!s!AoJd 
UOA!~ gap O~ pu,e 'qldap pup ooums!p jo UO!lOUnj p s,e sam!l [aA1~al aA-e~- d ~U!lS![ salqm 
jo 1as e uom~ age aA~ "suo!l,els ~u!pgooag £ pun sa~Ienbqlgea X jo dnoa~ ,e aap!suo D 

"(I L61 '£a~a(I) saal uao!da u~ou~ I ql!,~ 
saoanos uo palsal uaaq seq 1I "paldop,e uaoq seq poqlam ,s,ei~no(I jo uo!leog!potu V 
-suo!soldx0 pug sa>Ienbqlg,ea jo uo!leoo[ oql jo uo!l,eu!msalap aql uo so![muoup auI!l-laAeal 
.:Io slooJJa oql az!tu!u!tu ol gapao u! (L96I) s'eI~no(I pu,e (L96I) u'etuPaaa:l aq 'stuaoj 
luaaoJJ!p u! 'pasodoad s,e~ saaluaaod£q go saaluao!da jo UO!leu!mJalap dno:I~ ao 'lu!of 

(GHf) Noi±vrqlr~aa±a(I aaitqaaOaXH ±tqlor 

":IJOt~laN qdga~otus!as pa,epums 
op!M plJOM aql jo sluotunalsu! po!aad-lJoqs oql uo papaooas suogotu lsgg aAe,~-d 
,{I!ietu!ad ~umn pau!tugalap uaaq aAeq so~IpnbqlJra popaooaa £iseai o aaotu aql jo amos 
jo stus!ueqootu ieoo~ "GHf £q Pal'elnoleo sluatmsn.fp,e uo!lpls-aognos aql £q pmsn.fp,e 
satu!l IaAml qa!~ (096I hIOfl) poqlatu luaAa-al~U!S pa,epu,els aql £q Jo '((1H f) uo!l,eu!tu 
-solo G ~aluaood£H re!of jo poqlatu aql £q palpOOlOg uaaq OAlgq 0L6I qi~noaql 0E6I tuogj 
suo!l~ls o!qd,ea~otus!os oaotu ao 0I moaj polaodoa satu!l ll~a!J.I'8 d ql!.~ sa~lenbqla,ea 

~]L~ V'IRflZRN~A N~IRIS3A, k 80 SDINOIDRJ. GNV XZIDII~SIRS 



1714 BULLETIN OF THE SEISMOLOGICAL SOCIETY OF AMERICA 

as the weight to be applied to the j k  observation. Wjk is set equal to zero if there is no j k  
observation. The first-order equations of condition in 6tk, 6Xk, 6y,, 6Zk, and 6gj are 

+ Wjk Jt k -  Wjk(6X k sin AZjk + 3y k COS AZjk ) \ aA ,Idtj, k) 

+ Wjk 6#j+ Wjk ejk = Wjk r jk (la) Wjk (~Zk ~ Oh /d(j, k) 

and 

aTpp_ p) 
Wjk 6Zk \ Oh /d(j,k)"~-Wjk •jk = Wjk Sjk (Ib) 

f o r j  = I, J ;  k = 2, K; 

and 

Wjl (~ffj@Wjl ~'jl = Wjl rjl ( l c )  

for j =  1, d. 

Equations (la), (lb), and (lc) are solved for 6t k, 6Xk, 3Yk, 6ZK (k = 2, K) and 6ffj 
( j  = 1, J)  by the method of least squares. Using the revised hypocenters, origin times, 
and source-station adjustments, equations (la), (lb), and (lc) are formed again and 
solved again by least squares. 

For the first two itera[ions, a weighting scheme developed by Bolt (1960) is used to 
minimize the effects of  extreme residuals. The residuals rjk are weighted out according 
to the extent to which they deviate from the mean residual in that quadrant of the Earth's 
surface, with respect to earthquake k, in which the station j is located. The weighting 
sche~ae for the first two iterations is quite gentle. After two iterations, one has estimates 

2 and an estimate for the sample of the sample variance of the kth earthquake, Skeq, 
variance of  all observations, 2 Define ao 2 Sto t. to be equal to the value of Stot2 after two 
iterations. The weight Wjk for a given iteration is then set equal to 

l O 
Wjk = ~SLq I +0.02 exp [r2k/2cro 2] (2) 

where s~, and SZeq are re-estimated prior to each iteration. 
Six iterations of the joint hypocenter determination were performed for the epicenters 

and hypocenters reported in this paper. As an example of slow but satisfactory conver- 
gence of solutions, consider a group (group 2) of 14 shallow earthquakes from northern 
Venezuela. Depths of all earthquakes were restrained by pP  arrival times; earthquakes 
for which no depth phase was read were each assigned one "dummy" pP phase corre- 
sponding to a depth of 15 km. In the sixth iteration, none of the depths changed by as 
much as 1 km. For  11 of the 14 earthquakes, the changes in 6tk, 6Xk, 6yk satisfied the 
conditions [3tkl < 0.1 sec, [6xkl < 0.01 ° longitude, [6Yk[ < 0.01° latitude. The largest 
changes were 6t k = 0.3 sec, 6x k = -0 .06  ° longitude, 6y k = -0.01 ° latitude, for an 
earthquake whose large confidence ellipse also indicated that the P-wave data for the 
earthquake were not of  good quality. Of 45 calculated source-station adjustments, only 
four were changed by more than 0.1 sec in the sixth iteration. The largest change was 
6gj = - 0.25 sec. 

The computation of 90 per cent confidence ellipses assigned to the calculated hypo- 
central coordinates is based on a theory which treats the observational errors as being 
normally distributed (Scheff6, 1959; Flinn, 1965). In tests on sources with known epi- 
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centers (Dewey, 1971), the 90 per cent confidence ellipses were reliable indicators of the 
precision of epicentral determination when the depths of the sources were fixed, in spite 
of the obvious non-normality of the distribution of P-wave residuals. However, in 
hypocentral computations, with no pP readings to restrain depth calculation, examples 
were found where extreme residuals at crucial stations caused large changes in calculated 
hypocentral position with little increase in the calculated variance of P-wave residuals; 
in these cases the computed "90 per cent confidence limits" are misleadingly small. 

It is well to state here the limitations of the JHD method. First, the method will be less 
effective according to the extent of violation of the assumption of constant source-station 
anomaly Fj (estimated bygj) between allthe earthquakes in a given group and thejth station. 
Second, if the calibration event is mislocated, the epicenters calculated by JHD will tend 
to be mislocated in the same sense. Third, while JHD minimizes the influence of system- 
atic source-station anomalies on depth determination, it does not remove the principal 
difficulty met in determining depths of shallow events from P times alone, which is the 
near-constancy for such events of ( t ~ T p f ~ h ) d ( j  ' k) (equation 1 a) at regional and teleseismic 
distances. 

In a study of regional seismicity, with calibration events whose locations are not known 
independently of te!eseismic P-wave travel times, the use of JHD-calculated station 
adjustments should give improved relative hypocenter location, by adjusting travel times 
to individual stations so that bias introduced by the different station networks recording 
each event is minimized. Additionally, estimates of variance of P-wave residuals no 
longer contain contributions from velocity anomalies between source and station; the 
sample variance will, therefore, be a better measure of reading and timing errors 
(Freedman, 1967), and confidence ellipses will be more reliable indicators of relative 
precision of hypocenter determination. In this study, the use of JHD-calculated station 
adjustments has been particularly valuable in the study of the distribution of intermediate- 
depth earthquakes and in determining tectonic trends in regions of limited geographical 
extent. 

RELOCATION OF TELESEISMS 

Teleseisms recorded from the region 6°N to 13°N, 68°W to 74.0°W, from 1930 through 
1970, have been relocated and are plotted on the map, Plate A, which is folded in the 
pocket on the back cover of this Bulletin. All earthquakes considered are listed in 
Appendix 1, including earthquakes whose calculated epicenters fell off the map or were 
too poorly located to be plotted. The teleseisms are divided into five groups, according 
to geographical location and time of occurrence. Groups 1 and 2 include earthquakes 
in the northern Cordillera de M6rida and the Falcon structural province (Figure 1). 
Groups 3 and 4 include earthquakes in the southern Cordillera de M6rida, the Tachira 
depression, and the eastern slope of the Cordillera Oriental of Colombia. Group 5 
includes the intermediate-depth earthquakes of the Bucaramanga source, and all earth- 
quakes of the Sierra de Perija, Sierra de Santa Marta, and Magdalena Valley. 

From each group of earthquakes, the fifteen most widely recorded were relocated by 
JHD. The source-station adjustments calculated by JHD were then applied to the travel 
times of other earthquakes in the group, and these earthquakes were relocated by the 
conventional single-event location method (Bolt, 1960). For a given group of earthquakes, 
the weighting function used to minimize the effects of extreme residuals in the single- 
event location program is the same as that used in the JHD solution for that group of 
earthquakes. The calibration event used for both groups 1 and 2, was the earthquake of 
July 19, 1965, restrained to a hypocenter calculated by the single-event method without 
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source-station adjustments (9.20°N, 70.28°W, depth = 20 km). The epicenter was on the 
Bocon6 Fault; the P-wave radiation pattern of this earthquake (Appendix 2) is consistent 
with a source on a fault striking in the same direction as the Bocon6 Fault and with the 
same right-lateral strike-slip motion as that geologically observed on the Bocon6 Fault. 
The calibration event for group 4 was the earthquake of August 29, 1970, as located by 
the single-event method without source-station adjustments (7.57°N, 71.95°W), re- 
strained to depth of 25 km, which is consistent with the P-wave arrival time at the station 
UAV, located 140 km to the northeast. 

The calibration event for group 3 was the earthquake of January 27, 1970, restrained 
to the hypocenter calculated by JHD in group 4 (7.54°N, 71.95°W, depth 49 kin). The 
significantly greater depth of the earthquake of January 27, 1970, relative to that of the 
earthquake of August 29, 1970, is indicated by theP-wave arrival times at UAV and 
suggested by the fact that the earthquake of August 29 had an associated aftershock 
sequence whereas the earthquake of January 27 did not. 

The calibration event for group 5 was the earthquake of May 7, 1968, as located by 
the single-event method without source-station adjustments (6.80°N, 72.99°W, depth 
162 km). The depth calculation for this earthquake was restrained by nine well-recorded 
pP phases which the author read personally. The mean of the residuals of the p P - P  
readings with respect to the tabulated p P - P  time intervals for a depth of 162 km was 
1.15 +0.35 sec, indicating that the P-wave arrival times at near stations made the calcu- 
lated hypocenter depth less than would have been determined by use of p P - P  time 
intervals alone. The other 14 earthquakes used in the JHD for group 5 occurred very 
close to the calibration event. The depths of the other 14 earthquakes were determined 
from P waves alone; the depths have been corroborated by pP phases when these could 
be read (Dewey, 1971). 

P-wave arrival times are taken from the International Seismological Summary, and its 
successor, the Bulletin o f  the International Seismological Centre, from the Bulletin of the 
Bureau Central International SOismologique, and from the Earthquake Data Reports of 
the United States Coast and Geodetic Survey or the National Oceanic and Atmospheric 
Administration. In the absence of identified pP phases for shallow earthquakes, a ficti- 
tious pP time was used in order to restrain the focal depth, when the calculated depth 
would otherwise be negative, or when the variance of P readings at regional stations was 
so large that the strong influence of regional stations on depth determination could not 
be trusted. Earthquakes in groups 1 and 2 were thus restrained by pP times appropriate 
to a depth of 15 km. Earthquakes in groups 3 and 4, and shallow earthquakes in group 5, 
were restrained 10 km deeper, at 25 km, because of evidence that some earthquakes in 
these groups occur significantly deep in the crust or uppermost mantle (see below). 
Because of the near linear dependence of changes in depth on changes in origin time for 
shallow earthquakes, the effect of restraining the depth of a shallow earthquake to a 
slightly incorrect value appears principally in an incorrect origin time for the earthquake 
and much less in the earthquake's epicenter or in station adjustments calculated by JHD. 
Depths of earthquakes which are restrained by fictitious pP times are listed "N"  in 
Appendix 1. 

The "1968 Seismological Tables for P Phases" (Herrin et al., 1968) were used as 
reference travel-time tables. 

REGISTRATION OF LOCAL EARTHQUAKES IN THE CORDILLERA DE MI~RIDA 

In 1969, three seismographic stations were installed in western Venezuela, in a joint 
investigation by the University of California Seismographic Station and the Instituto 
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Sismol6gico of Caracas. These stations were the first to be operated in western Venezuela 
for longer than a few days. Two seismographs were installed by the University of 
California in the Cordillera de Mdrida of the Venezuelan Andes. Each Andes seismo- 
graph consists of a Geotech S13 short-period seismometer, used as a vertical sensor, 
whose output is passed through a preamplifier, to drive a Geotech Helicorder amplifier 
whose output, in turn, is recorded on heat-sensitive paper by a Helicorder. One instru- 
ment was installed in February, 1969, at a site (LCV) 8 km northeast of Mdrida, Vene- 
zuela. In April, 1969, this instrument was moved to its present location in Mdrida at the 
Universidad de los Andes (UAV). The UAV seismograph operates at a gain of 7,000 at 
1 Hz, with peak magnification of 16,000 at 4.5 Hz. The other seismograph was installed 
at Bailadores (BLV), and operated at a peak magnification of 65,000 at 4.5 Hz. Both sites 
are located on alluvial or colluvial mesas in a large valley in the Cordillera de Mdrida. 
The Instituto Sismol6gico installed the third station, LGN, in April, 1969, in the Mara- 
caibo Basin. 

Identified regions within the southern Cordillera de Mdrida from which earthquakes 
were recorded at the Andes stations are shown as letters in Plate A. These epicentral 
regions in most cases represent earthquakes which occurred in the 190 days in 1969 and 
1970 when stations at Bailadores and Mdrida were both operating. Source regions of  
many small earthquakes recorded at Mdrida could not be identified because the station 
at Bailadores was not operating at the times of occurrence of the earthquakes. 

The seismic velocity model used to locate the small local earthquakes is as follows: 
the uppermost layer extends to 12 km depth and has Vp = 5.6 km/sec and Vs = 3.3 
km/sec. An intermediate layer extends from 12 to 40 km and has Vp = 6.7 kmfsec and 
V s = 3.9 km/sec. The mantle is assumed to have Vp = 8.0 km/sec and Vs = 4.7 
kmfsec. This model is identical to that used at Berkeley to locate central California 
earthquakes, with the exception of the depth to the Mohorovi~id discontinuity, which is 
here assumed 10 km deeper than in California, to account for a possible thickening of the 
crust under the Andes. 

The location procedure consisted of fixing the depths of the earthquakes, calculating 
origin times from UAV or BLV S - P  time differences, and using arrival times at UAV 
and BLV to determine epicentral coordinates. By analogy with central California, it was 
assumed for the purpose of location of small local earthquakes that the earthquakes 
occurred in the upper 15 km of the crust, and 0 and 15 km used as two depths to which 
the hypocenter is fixed. Earthquakes from most of the local source regions plotted in 
Plate A have signatures of relatively shallow earthquakes, with phases which appear to 
be crustal phases (e.g., Figures 3, 4, and 5). The notable exception was the magnitude 
5.7 earthquake of January 27, 1970 (source region "A"),  which was located significantly 
deep in the crust or uppermost mantle. 

For  none of the local earthquakes plotted in Plate A did the 15-km difference in 
assumed source depth make more than a 10-km change in the epicenter location. The 
letters plotted in Plate A are centered at the mean position of  epicenters calculated 
assuming depths of 0 and 15 km. For  earthquakes whose epicenters thus calculated fell 
significantly off the Bocon6 Fault Zone, alternative solutions were computed, assuming 
a depth of 30 km. These alternative solutions also lay significantly away from the surface 
trace of the fault zone. In the cases of small earthquakes lying off the fault zone, two 
distinct epicenters are consistent with the P-wave arrival times at BLV and UAV. The 
most likely of  the two epicentral regions is plotted in Plate A. In the case of epicentral 
region "B",  the choice between the two epicentral regions was made on the basis of the 
historical seismic inactivity of the Maracaibo Basin. In the case of  epicentral region "E" ,  
the choice between the two epicenters was made on the basis of an earthquake, appar- 
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ently from the same source region, which was recorded while the M6rida seismograph 
was located at LCV. There were, thus, effectively, three stations for the determination of 
this epicentral region. Source region "F"  was well determined by a reading at LGN for 
one of the earthquakes in the source area. 

Magnitudes of local earthquakes were assigned by reducing the recorded amplitudes 
to the amplitudes which would have been recorded by an instrument with the magnifica- 
tion of a Wood-Anderson standard torsion seismometer. The reduced amplitudes were 
used, as if they had been recorded by a Wood-Anderson seismometer, with a nomogram 
based on Table 22.1 of Richter (1958) to determine a magnitude. 

Because the seismographs were vertical-motion instruments with different response 
characteristics than the horizontal torsion seismographs, used in perhaps a different 
geological setting than that in southern California, the assigned magnitudes may be 
inconsistent with other magnitude scales. From conversations with Peace Corps volun- 
teers stationed in Santa Cruz de Mora, in source region C (Plate A), it was learned that 
an earthquake at 0200 GMT, March 30, 1969, to which magnitude 2.3 had been assigned, 
was felt in a local theater as a sharp jolt which caused some people to leave the theater. 
The intensity implied by this felt report suggests that the magnitudes calculated in this 
study correspond to a higher intensity in the meizoseismal area than is usually the case 
for local magnitudes and intensities in California (Richter, 1958). Rather than being 
attributable to inconsistent magnitude calculations, however, the unexpectedly high 
intensity of this earthquake may be a consequence of conditions in the epicentral region 
more favorable to the feeling of small magnitude earthquakes than in California: such 
conditions exist in parts of the eastern United States (Sbar et al., 1970). For local earth- 
quakes, magnitudes calculated for BLV and UAV nearly always agreed to within several 
tenths of a magnitude unit. 

SHALLOW SEISMICITY 

The Tachira Depression and neighboring sections of the Cordillera Oriental of Colombia. 
The area in Plate A with the most intense shallow earthquake activity in the period 1930 
to 1970 has been the eastern flank of the Cordillera Oriental of Colombia, north and 
south of the Tachira Depression, where the trend of the Cordillera de M6rida intersects 
the Cordillera Oriental (Figure 1). This region had also experienced many destructive 
earthquakes prior to 1930 (Ramirez, 1933; Centeno-Grau, 1940). The following tectonic 
characteristics are suggested by the seismicity and by the P-wave radiation pattern of 
selected earthquakes: 

1. The seismicity near 7.0°N, 72.0°W is associated with a northeast-trending fault 
system, defined by the aftershock sequence of the earthquake of April 21, 1957 and by 
the northeast-trending nodal plane of the P-wave radiation pattern of the earthquake of 
December 21, 1967 (Appendix 2). The focal mechanism of the December 21, 1967, 
earthquake is interpreted to represent right-lateral faulting along the northeast-trending 
fault; this interpretation depends heavily on the dilatation read at the station BNG and 
reported in the USCGS Earthquake Data Reports. Without the BNG datum, the P-wave 
pattern could be interpreted as having been due to a northeast-trending thrust fault. The 
earthquakes which define the fault zone are plotted in Figure 3. The first motions listed 
in the ISS for the earthquake of April 21, 1957 are inconsistent among themselves, and 
are not an adequate test of the focal mechanism along the inferred fault. 

2. The focal mechanism solution for the earthquake of January 27, 1970 (7.54°N, 
71.95°W) indicates appreciable thrust faulting. However, the orientations of the nodal 
planes are poorly determined. The observed P-wave first motions are consistent with the 
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compressional stress, oriented approximately east-west, indicated by the focal mechanism 
of the nearby earthquake of December 21, 1967. The depth of the earthquake of January 
27, 1970, was calculated to be 49 km from P-wave travel times alone. This depth was 
determined by JHD, with the earthquake of August 29, 1970 (7.57°N, 71.95°W), re- 
strained as a calibration event with depth fixed at 25 kin. pP phases, read from I I 
WWSSN records of the earthquake of January 27, 1970, implied a focal depth of about 
20 krn; phases at two stations implied a depth of approximately 40 kin. If the discrepancy 
between the depth implied by P-wave readings alone and that implied by the phase read 
as pP is not due to incorrect interpretation of the second phase, it may be due to restrain- 
ing the depth of the August 29 shock to too great a depth. The lack of aftershocks to the 
January 27 shock suggests that the earthquake of January 27 was significantly deeper 

TON - -  
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72°WI I 72°WI    I 
~ f  fault 

50 km t 
I 

FIG. 3. Epicenters of aftershock sequence of April 21, 1957, and epicenter of earthquake of December 
21, 1967, together with principal axes of 90 per cent confidence ellipses for epicenters. Large circle is 
main 1957 shock, small circles are 1957 aftershocks, square is 1967 shock. The epicenters with smallest 
confidence ellipses define a northeast trend approximately parallel to fault plane of earthquake of 
December 21, 1967. 

than that of August 29. In the 4 days immediately following the magnitude 5.7 earthquake, 
not one aftershock was recorded at UAV, although aftershocks of magnitude 3.0 would 
have been clearly identifiable. The earthquake of August 29, magnitude 4.6, was followed 
by three aftershocks of magnitude greater than 3.0 in the first 4 days following the earth- 
quake. The tendency for earthquakes in the upper crust to be followed by more after- 
shocks than earthquakes in the lower crust or uppermost mantle has been noted before 
(e.g., Page, 1968). The earthquake of April 19, 1952 (7.22°N, 72.04°W), may also have 
occurred in the lower crust or uppermost mantle. Thirty pP times were listed in the 
International Seismological Summary for this earthquake, of which 19 implied a depth 
greater than 33 km. The listed pP times show large scatter. To calculate the depth of this 
earthquake, one fictitious pP time appropriate to 50 km was used; the calculated depth 
of 43 km indicates that the P times alone would imply a depth for this earthquake of less 
than 50 km. 

3. Taken as two responses to the same regional stress, the focal mechanisms reported 
in conclusions 1 and 2 indicate that the tectonics of the seismic zone from (6.8°N, 
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72.0°W) to (7.5°N, 72.0°W) are determined principally by a compressional stress oriented 
approximately east-west. The occurrence in this region of earthquakes with depths 
approaching 50 km also suggests that the region is one of compressive tectonics at the 
present time. This last inference is based on the assumption that the virtual absence of 
earthquakes deeper than 20 km along the very well-observed San Andreas Fault Zone 
in central California (Bolt et aI., 1968) is typical of other zones characterized by trans- 
current tectonics and on the lack of any but the most shallow tectonic earthquakes 
reported for areas of tensional stress such as the oceanic rift systems (Isacks et al., 1968). 

4. South of the Tachira Depression, earthquakes with depth less than 70 km are con- 
centrated near the eastern front of the Cordillera Oriental. From the Tachira Depression 
northward, the seismicity is spread over a broader area. The southern boundary of the 
Maracaibo Basin (Figure 1) is seismically active, and shallow earthquakes occur 
throughout the southern Cordillera de Mfrida. The focal mechanism (Appendix 2) of 
the earthquake of  September 2, 1964 (8.08°N, 72.78°W) indicates strike-slip motion. The 
trend of mapped geological faults suggests right-lateral motion along a fault striking 
NNE. 

The Cordillera de Mdrida. The Cordillera de Mfrida has the general form of a broad 
arch in which the Eocene surface has been lifted 20,000 ft above the corresponding surface 
in the adjoining Barinas and Maracaibo Basins (Bucher, 1952; Rod et al., 1958; Mencher, 
1963). A deep central longitudinal valley, in which are located Mfrida, several other 
towns of regional importance, and the two seismograph sites BLV and UAV, runs much 
of the length of the range. The valley is thought to be a consequence of faulting; in this 
paper, the name "Bocon6 Fault Zone" is applied to the fault system controlling the 
development of the valley, after Rod (1956). 

There has been disagreement among geologists working in Venezuela as to whether 
the Bocon6 Fault Zone is a major strike-slip fault zone or a series of normal faults 
(Rod et al., 1958). Rod (1956) first reported right-lateral strike-slip offset of Pleistocene 
glacial moraines in the Paramo de Muchuchies, northeast of Mfrida. Schubert and 
Sifontes (1970) find that the average rate of right-lateral displacement along the fault in 
the last 10,000 years has been 0.66 cm/year. Contrasting with the evidence of recent 
right-lateral motion along the Bocon6 Fault is the evidence that motion along older, but 
post-Cretaceous, faults in the Bocon6 Fault Zone was predominantly vertical (yon der Osten 
and Mullen in Rod et al., 1958; Schubert, 1969). Mencher (1963) has suggested that the 
explanation for this apparent discrepancy may be that the Bocon6 Fault Zone originated as 
a series of normal faults which later coalesced into a right-lateral fault system. 

The historical record (Centeno-Grau, 1940) lists many felt earthquakes for the Cor- 
dillera de Mfrida: the most destructive occurred on March 26, 1812. According to the 
Venezuelan historian Aristides Rojas (Centeno-Grau, 1940) 500 people were killed in 
Mfrida. Caracas, 500 km distant from Mfrida, was destroyed at the same time, as were 
towns between Mfrida and Caracas. The earthquake of April 28, 1894, was ruinous in 
the central longitudinal valley between Mfrida and Bailadores; 319 people were killed. 

We may draw the following conclusions from this study of earthquakes in the Cor- 
dillera de Mdrida: 

5. The Bocon6 Fault Zone around Mfrida and between Mfrida and Bailadores is 
seismically active. In 540 days of recording from April, 1969 through November, 1970, 
13 shocks of magnitude 2.0 or greater were recorded at UAV with epicentral distances 
less than 24 km ( S - P  < 3.0 sec). Four of these occurred within 10 km of UAV. A 
sampling of  seismic events from within 24 km of Mfrida is given in Figure 4. The seismic 
region " D "  (Plate A) was the site of a sequence of small earthquakes on August 11-12, 
1970. Within 24 hr, seven earthquakes of magnitude 2.0 or greater occurred. The largest, 
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F ~ .  4 .  Examples of local earthquakes occurring within 2 4  k m  of the station UAV. 

magnitude 2.9, occurred near the end of the sequence. The signatures of these earth- 
quakes are suggestive of very shallow events, giving the appearance of being so rich in 
various surface waves that the identification of bodily phases after the initial P-phase is 
difficult (Figure 5). 

Seven earthquakes of magnitude greater than 2.0 were identified from source region 
"C" in 1969 and 1970, during the 190 days when BLV and UAV were both operating; 
the largest had magnitude 3.6. The signatures of these earthquakes, which show phases 
which are probably crustal phases, also appear to indicate a shallow depth of focus 
(Figure 6). The seismic region "H", near the village of Santo Domingo, was the site of 
5 days of recording with the UAV seismograph in February, 1971, during which three 
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earthquakes of magnitude 0.7 to 1.3 were recorded within 24 km of the recording site. 
Larger earthquakes, with magnitudes as high as 3.6, may have originated from source 
region " H "  in 1969 and 1970; unfortunately, with travel times only at UAV and BLV, 
control of the epicentral location in the northwest-southeast direction is difficult for 
region "H" ,  and the larger earthquakes may have occurred off the fault. 

6. The region near the southern end of the Bocon6 Fault Zone, in the vicinity of BLV 
and source region "C" ,  seems to be a region where large earthquakes occur more fre- 
quently than elsewhere along the Bocon6 Fault Zone. Since 1930, three earthquakes of 
magnitude 6.0 or greater have occurred in this area; the magnitude 63 earthquake of 
March 14, 1932 (8.29°N, 71.88°W), the magnitude 6 earthquake of November 4, 1933 
(8.36°N, 71.81°W), and the magnitude 6 earthquake of April 6, 1945 (8.32°N, 71.15°W). 
In addition, the earthquake of  April 28, 1894, was most violent near the source region 
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FIG. 6. Examples of earthquakes from source region C recorded at BLV. 

"C"  (Fiedler, 1961). Allen (1968) has noted that extremities of the Alpine Fault System 
of New Zealand, the San Andreas Fault System of California, and the North Anatolian 
Fault are characterized by the occurrence of relatively frequent large, but not great, 
earthquakes, and he suggests that regions where large fault systems splay out into sub- 
parallel fault systems may generally be expected to show this seismic behavior. The 
seismicity of the southern end of the Bocon6 Fault System is consistent with Allen's 
suggestion. 

7. The first-motion pattern of the earthquake of July 19, 1965 (9.20°N, 70.28°W) is 
consistent with right-lateral motion along the Bocon6 Fault. The interpretation is 
strongly influenced by a dilatation read at TUC which is used to define the position of 
the nodal plane striking northwest. Neglecting the TUC reading, one could fit to the data 
a reverse fault striking due north and dipping 45 ° either east or west. In any case, the 
P-wave first motions cannot be interpreted in terms of normal faulting, as would be 
expected if the central longitudinal valley in this area were a graben (Bucher, 1952). My 
calculated epicenter for the E1 Tocuyo earthquake of August 3, 1950 (9.74°N, 69.83°W, 
M = 6¼) lies off the Bocon6 Fault, near the town of E1 Tocuyo, which was strongly 
damaged by the earthquake. A focus on the Bocon6 Fault would lie within the 90 per 
cent confidence ellipse calculated for my epicenter. However, Von der Osten (Rod et al., 
1958), who did field work in the E1 Tocuyo area in the 1950's, felt that macroseismic 
effects justified an epicenter to the northwest of the main Bocon6 Fault. 
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8. Significant earthquake activity occurs in the Cordillera de M6rida away from the 
Bocon6 Fault Zone. The earthquake of May 13, 1968 (9.00°N, 71.06°W) had a focal 
mechanism solution (Appendix 2) with a large component of reverse faulting. The 
orientations of the nodal planes are not well-determined; however, all possible 
orientations consistent with the observed P-wave first motions indicate a principal 
compressive stress axis striking west or west-northwest. The source region 
"F"  has been the site of three earthquakes of magnitude greater than 3.0, the largest 
having magnitude 3.4. A magnitude 3.3 earthquake from source region "F"  was followed 
by four aftershocks, which suggest a relatively shallow depth of focus for the source 
region. The group of epicenters near 9.0°N, 69.8°W includes the epicenter of the magni- 
tude 4.1 earthquake of January 1, 1970, which was followed by aftershocks of magnitude 
2.7 and 3.0, recorded at UAV. The isolated epicenter of the magnitude 6¼ earthquake of 
May 1, 1931 (8.10°N, 69.64°W) is well enough determined that there can be little doubt 
that it occurred in the Barinas-Apure Basin at a significant distance from the Andes. 

The Falcon province, the Sierra de Perija, and the adjoining portion of the continental 
shelf. Continuing with conclusions on the shallow seismicity of northwestern Venezuela: 

9. The epicenters near 11°N, 69 ° to 70°W suggest an east-west zone of seismic activity 
distinct from the Bocon6 Fault System. The pattern of observed P-wave first motions 
from the magnitude 5.1 earthquake of May 19, 1970 (10.89°N, 68.93°W) (Appendix 2) 
is consistent with substantial right-lateral faulting parallel to the zone of epicenters, but 
does not require such faulting. A component of normal faulting is also present. The town 
of Churuguara (10.82°N, 69.53°W) has a history of small and moderate shocks (Centeno- 
Grau, 1940). 

10. The Oca Fault Zone (Figure 1) east of 74°W is significantly less seismic than the 
Cordillera de M6rida and Cordillera Oriental south of Lake Maracaibo. This conclusion 
is suggested by the seismic activity since 1930, and is supported by the lack of great 
earthquakes in the recorded history of Maracaibo, settled in 1571 (Centeno-Grau, 1940). 

It is possible, however, that the complete absence of calculated epicenters on the Oca 
Fault since 1930 is the result of bias in calculated epicenters. A pair of earthquakes on 
October 20, 1969, with magnitudes 5.1 and 5.7, were calculated to lie 30 km south of the 
Oca Fault at (10.90°N, 72.30 °W) and (10.93°N, 72.46°W), respectively. 

If we accept the plate-tectonic model outlined below, ray paths from earthquakes on 
the Oca Fault to stations in Andean South America would pass through a high-velocity 
slab of material in which the intermediate-depth earthquakes of northeastern Colombia 
are located. The early arrival of P-waves at stations to the south will cause a systematic 
shift of calculated epicenters to the south. We must consider the possibility, therefore, 
that the earthquakes of October 20, 1969, actually occurred on the Oca Fault. 

11. The epicenters of the earthquakes occurring near 13°N, 71°W could not be located 
accurately enough to define a tectonic trend. These earthquakes occurred from December 
21, 1943 through January 5, 1944. Gutenberg and Richter (1954) assigned magnitudes 
of from 6¼ to 6½ to five of these earthquakes. 

INTERMEDIATE-DEPTH SE1SMICITY 

Intermediate-depth earthquakes, of depths between 70 and 300 km, occur beneath the 
Cordillera Oriental of Colombia and the Sierra de Perija. There are no reliable hypo- 
centers of depth greater than 70 km beneath the Cordillera de M6rida. Several of the 
less widely recorded earthquakes in the Cordillera de M6rida, when located without a 
constraint on the depth calculation, such as a pP reading, had calculated depths of 
greater than 70 kin. However, the signatures of these earthquakes at the near stations 



1724 BULLETIN OF THE SEISMOLOGICAL SOCIETY OF AMERICA 

BOG and CAR suggested shallow-focus earthquakes. Moreover, the variances of P-wave 
travel-time residuals were not significantly increased by restraining the hypocenters to 
shallower depths of focus with the use of fictitious pP times. 

THE BUCARAMANGA SOURCE OF INTERMEDIATE-DEPTH EARTHQUAKES 

The intermediate-depth seismic zone beneath the northern Cordillera Oriental of 
Colombia and the Sierra de Perija includes a remarkable concentration of hypocenters 
beneath Bucaramanga, Colombia, which shall here be called the "Bucaramanga source". 
North-south and east-west sections through the Bucaramanga source are shown in 
Figures 7 and 8, with on!y A-quality hypocenters plotted. To illustrate the effect of using 
travel-time adjustments, the hypocenters of the same earthquakes as determined using 
unadjusted P times with the single-event location method by the International Seismo- 
logical Centre or by the U.S. Coast and Geodetic Survey (now by the National Oceanic 
and Atmospheric Administration) are also plotted. The JHD and the single-event loca- 
tion method with jointly determined source-station adjustments make an appreciable 
reduction in the apparent volume of the Bucaramanga source. The absolute location of 
the source region is uncertain because the position of the calibration event used in JHD, 
the earthquake of May 7, 1968, was calculated by the single-event method, and may be 
subject to location bias. Given that the calibration event is located at 6.80°N, 72.99°W, 
depth 162 kin, the large majority of the earthquakes from the Bucaramanga source occur 
in the region within latitudes 6.75°N and 6.85°N, longitudes 72.97°W and 73.07°W, and 
depths 158 km and 173 kin. For many of the hypocenters ("A" quality and poorer), 
located outside the source volume where the hypocenters are densest, the 90 per cent 
confidence ellipsoids of the hypocenters cover portions of that source volume. 

Consider the apparent southerly dip of the zone of intense activity in Figure 7 defined 
by the hypocenters determined with adjusted P times. For all of the hypocenters in the 
dipping zone lying north of 6.85°N or south of 6.75°/'4, the joint marginal confidence 
ellipse of latitude versus depth has the major axis dipping parallel to the zone of hypo- 
centers. Examples of such hypocenters, which I believe are mislocated, are given in 
Figure 9, together with the axes of their joint marginal confidence ellipses for latitude 
versus depth. In other words, even for a point source of earthquakes in the Bucaramanga 
region, random errors in P-wave travel times would produce a spurious southward- 
dipping zone of hypocenters. The correlation of errors in latitude with errors in depth, 
which produces the spurious southward dip, is a consequence of the distribution of 
recording seismograph stations with respect to the source-region of the earthquakes and 
occurs whether or not the travel-times are affected by velocity anomalies. Figure 7 
suggests that the spurious dip is exaggerated by the presence of velocity anomalies, 
however. The spurious dip is also probably exaggerated by the presence of extreme 
residuals, not accounted for in the derivation of the 90 per cent confidence ellipse. Such 
a residual at a crucial station will cause the calculated hypocenter to be severely mis- 
located in a direction parallel to the semi-major axis of the confidence ellipse: because 
the effect of the extreme residual at a crucial station is "absorbed" in mislocation of the 
hypocenter, rather than appearing in the estimated variance of the P-wave travel-times, 
the error in the calculated hypocenter is not "detected" by the 90 per cent confidence 
ellipse. 

In summary, the recalculated hypocenters and their joint marginal confidence ellipses 
support the hypothesis (Tryggvason and Lawson, 1970) that the Bucaramanga source is 
a relatively small volume with radius less than I0 kin. The new hypocenters and confi- 
dence ellipses do not support the hypothesis that the Bucaramanga source lies in a 
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southward-dipping seismic zone (Santo, 1969) as is suggested by the distribution of 
hypocenters published by the International Seismological Centre and U.S. Coast and 
Geodetic Survey, which are calculated by the single-event location method. For the 
purpose of defining a lithospheric slab, the dense concentration of hypocenters within the 
Bucaramanga source can be considered as essentially one point in the slab. Another 
single point of such a lithospheric slab would be the well-determined hypocenter of the 
earthquake of December 28, 1967 (6.95°N, 72.85°W, depth 196 km) which lies northeast 
of, and deeper than, the Bucaramanga source. Well-recorded pP phases confirm the 
significantly greater depth of this earthquake relative to the Bucaramanga source. 
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FIG. 9. Examples of the principal axes 0f joint  marginal confidence ellipses for latitude depth for A 
quality hypocenters which lie outside the range (6.75°N, 6.85°N). The principal axes of each confidence 
ellipse are centered on 6.80°N, depth 165 km. 

INTERMEDIATE-DEPTH EARTHQUAKES OCCURRING OUTSIDE THE BUCARAMANGA SOURCE 

Well-located intermediate-depth earthquakes occur beneath the Cordillera Oriental 
and Sierra de Perija outside the Bucaramanga source. Evidence from seismicity for a 
continuous thin sinking slab of lithosphere beneath northeastern Colombia is not as 
compelling as evidence for such slabs beneath some island arc regions, because the 
intermediate-depth hypocenters outside of the Bucaramanga source are not numerous 
enough to unambiguously "require" a continuous slab. 

If these earthquakes do occur in the same lithospheric slab as that containing the 
Bucaramanga earthquakes, that slab must have an approximately northerly strike to 10°N 
and dip to the east. This conclusion is consistent with the depths of the hypocenters 
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north of the Bucaramanga source (Plate A) and also with the position of the earthquake 
of December 28, 1967 with respect to the Bucaramanga source. North of 10°N, the 
orientation of the slab is not well-defined by the hypocenters, possibly a consequence of 
poor depth control in this region which is distant from a first class seismographic station. 
Assuming that the slab strikes due north at the location of the Bucaramanga nest, the 
slab has a dip there of approximately 60 ° to the east (Figure 8). 

Some of the intermediate-depth earthquakes occurring outside the Bucaramanga nest 
are as large as the largest of the Bucaramanga earthquakes, but their hypocenters are 
isolated, rather than occurring in clusters. For example, the earthquake of June 19, 1961 
(8.92°N, 73.44°W, depth 120 kin) was assigned mb= 6.0 (CGS), and the earthquake of 
November 17, 1968 (9.55°N, 72.60°W, depth 175 kin) was assigned mb = 5.7 (CGS), yet 
the hypocenter of neither earthquake is located within 40 km of any other hypocenter 
that I have located. If the earthquake mechanism in these earthquakes is the same as that 
in the Bucaramanga earthquakes, there is evidently a physical or chemical condition at 
the Bucaramanga nest not present in the other source regions. 

PLATE TECTONICS OF WESTERN VENEZUELA 

Bucher (1952) and Molnar and Sykes (1969) have suggested that the tectonics of 
western Venezuela are a consequence of the relative motion of the Caribbean eastward 
with respect to South America. In the language of global plate tectonics, the Caribbean 
"plate" is thought to be moving approximately eastward with respect to the South 
American plate (Figure 2). Farther south, the Nazca plate is also moving approximately 
eastward with respect to the South American plate. The seismicity of western Colombia 
indicates that the Nazca plate and the Caribbean plate are tectonicaIlydistinct; the 
manner in which the two plates interact has not been demonstrated. 

The existence of a shallow seismic zone in the Cordillera de M6rida and northern 
Cordillera Oriental of Colombia, and the P-wave radiation patterns of earthquakes 
occurring in the shallow seismic zone, give support to the hypothesis that the Caribbean 
region and an adjoining portion of northwestern Venezuela and northeastern Colombia 
are moving eastward with respect to southern Venezuela and eastern South America. 
As discussed above, there were five earthquakes in the principal shallow seismic zone 
which were well enough recorded that characteristics of their focal mechanisms could be 
inferred. The short period P-wave radiation patterns of these earthquakes either implied 
reverse faulting, along planes oriented approximately north-south, or strike-slip faulting: 
in the latter earthquakes, one nodal plane was consistent with right-lateral faulting along 
planes striking east or northeast. These P-wave radiation patterns are those that should 
be expected under the general plate tectonic model of the Caribbean developed by 
Molnar and Sykes (1969), which was developed with independerrt data, without benefit 
of focal mechanisms of shallow earthquakes from the portions of Venezuela and Colombia 
considered in this paper. If the shallow earthquakes in western Venezuela are indeed the 
result of interaction between lithospheric plates, the seismological data reject the 
hypothesis that there is presently no relative motion between the Caribbean plate and 
the South American plate (Freeland and Dietz, 1971). 

Before proceeding with an interpretation of the tectonics of western Venezuela in 
terms of interacting lithospheric plates, however, I must emphasize that the seismological 
data presented in this paper do not require that the plate tectonic hypothesis be valid for 
western Venezuela. Specifically, any alternate tectonic hypothesis which requires that the 
Cordillera de M6rida and the northern Cordillera Oriental of Colombia be under com- 
pressive stress, oriented approximately east-west, is also consistent with the seismological 
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data. The attractiveness of interpreting the present tectonics of western Venezuela in 
terms of interacting plates is that the characteristics of the seismicity fClow as a rather 
direct consequence of the independently derived model of Molnar and Sykes (1969) for 
the whole Caribbean region, without requiring that the characteristics of plate-plate 
interactions in western Venezuela be significantly different than plate-plate interactions 
in other continental areas of the world. 
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FIG. 10. Present plate boundaries in western Venezuela and northeastern Colombia. 

The plate-tectonic interpretation implied by the seismicity and focal mechanisms of 
western Venezuela and northeastern Colombia is shown in Figure 10. The interpretation 
has two main characteristics. 

1. The principal boundary between the two plates passes north of 7.0°N, 72.0°W 
along the east flank of the Cordillera Oriental, thence northeast along the Bocond Fault 
Zone to the Caribbean Ranges. South of 7.0°N, 72.0°W, there has been little shallow 
seismic activity since 1930 to define the plate boundary. North of 7.5°N, 72.0°W, the 
seismicity is spread over a large area, and the "plates" are here being internally deformed. 

In addition to the eastward drift of the Caribbean with respect to South America, 
there is possibly a northern drift as well. Case et al. (1971) suggest that relative plate 
motions in this region are predominantly northeast-southwest, approximately parallel 
to the Bocond Fault, and of right-lateral sense. The fault-planes suggested by the short- 
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period P-wave radiation patterns (Appendix 2) are not systematic enough to determine 
the extent of such a northward component of Caribbean plate motion with respect to the 
South American plate or whether such a northward component exists. The reverse-fault 
focal mechanism of the earthquake of May 13, 1968, which occurred on the flank of the 
Cordillera de M6rida a short distance from the Bocon6 Fault, indicates that not all 
relative motion between the Caribbean and South American plates is taken up by right- 
lateral displacement parallel to the Bocon6 Fault. The direction of motion of the 
Caribbean with respect to South America is, therefore, probably more toward the east 
than the N40°E strike of the Bocon6 Fault. 

2. The intermediate-depth earthquakes are located on a lithospheric slab striking 
approximately north and dipping to the east. The deepest well-located earthquakes in 
this zone occur at a depth of approximately 200 km. Isacks et al. (1968) suggest that 
earthquakes in a given lithospheric slab occur in those portions of the slab which were 
subducted within approximately the last 10 m.y. The average rate of descent of that 
portion of the slab containing the deepest earthquakes was, therefore, about 2 cm/year 
over the last 10 m.y. The average rate of underthrusting along the inclined seismic zone 
near the surface to the west of the intermediate-depth earthquake zone would be larger 
than the rate of 2 cmfyear estimated for the vertical component of the slab motion. We 
should expect a moderately high level of shallow earthquake activity to be associated 
with such a rate of underthrusting. 

There is not, however, an obvious zone of shallow seismicity to mark the site where 
the lithospheric slab containing the intermediate-depth earthquakes is initially thrust 
into the mantle. The seismic zone of the west coast of Colombia is 450 km west of the 
Bucaramanga source. One may hypothesize a lithospheric slab containing the two seismic 
zones, dipping east at an average 20 °. A major difficulty with this model is the relative 
seismic inactivity of that portion of Colombia between the mountains of the west coast 
and the Bucaramanga source. Alternatively, the lithospheric slab containing the Bucara- 
manga source may be a slab which is no longer tectonically coupled to the surface. I wish 
to consider the implications of this last hypothesis, that the present intermediate-depth 
seismic zone near the Colombia-Venezuelan frontier is a remnant of a lithospheric slab 
which once underthrust the South American plate somewhere to the west of the present 
Cordillera Oriental and Sierra de Perija. 

THE REGIONAL TECTONICS OF WESTERN VENEZUELA 
IN THE LAST TEN MILLION YEARS 

Assume an average rate of descent of 2 cm/year for the intermediate-depth earthquake 
zone which now extends to 200 kin. The existence of earthquakes in this zone with depths 
of approximately 100 km suggests that substantial underthrusting at the surface was still 
taking place 5 m.y. ago. For some time prior to 5 m.y. ago, then, the principle motion 
between the Caribbean (or possibly Nazca) plate and the South American plate south- 
ward from approximately l l.5°N must have taken place as underthrusting of the 
Caribbean plate beneath the South American plate along the north-south trend defined 
by the present zone of intermediate-depth earthquakes. The lack of intermediate-depth 
earthquakes north of approximately 11.5°N suggests that the zone of underthrusting 
terminated near this latitude. The boundary of the Caribbean plate between the north 
end of the zone of intermediate earthquakes at 74°W and the south end of the West Indies 
arc (Figure 2) must have been a right-lateral transform fault zone. The Oca Fault may be 
a member of the old system of right-lateral faults. A schematic diagram of the tectonic 
situation as it might have appeared 5 m.y. ago is shown in Figure 11. 
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About 5 m.y. ago, the principal boundary between the Caribbean and South American 
plates north of 7.5°N, 72.0°W changed to its present location in the Venezuelan Andes• 
At this time, right-lateral motion began along the Bacon6 Fault• Assuming that right- 
lateral motion on the Bocon6 Fault began 5 m.y. ago, the 50-km total right-lateral dis- 
placement on the fault estimated by Van der Osten (Rod et al., 1958) must have occurred 
at an average rate of 1 cm/year. Considering the "order of magnitude" nature of these 
calculations, this average rate is remarkably consistent with the average rate of 0.66 
cm/year determined for the last 10,000 years by Schubert and Sifontes (1970)• An age of 
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FIG. 11. Regional tectonics of western Venezuela and northeastern Colombia 5 m.y.b.p. 

5 m.y. for right-lateral motion on the Bacon6 Fault is consistent with Mencher's (1963) 
view, based on the structural geology of the Cordillera de M6rida, that strike-slip motion 
on the fault occurred after the Eocene-Oligocene orogeny in the Cordillera• The diffuse 
nature of the seismicity north of 7.5°N, 72.0°W may indicate that the Earth's crust in this 
region is still adjusting to the change of direction of motion begun approximately 5 m.y. 
ago. Suppose relative motion between the Caribbean plate and the South American plate 
is presently occurring at the same rate of more than 2 cm/year suggested for the time 
period of 5 m.y. Then the 0.66 to 1 cm/year indicated for the Bacon6 Fault implies that 
more than 1 cm/year of relative motion between the two plates is taken up along tectonic 
features other than the Bacon6 Fault• 

According to this speculation, the shallow seismicity south of 7.5°N must also have 
been concentrated west of the present Cordillera Oriental of Colombia 5 m.y. ago. The 
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fact that the shallow seismicity south of 7.5°N and east of 73.5°W has been concentrated 
on the east side of the Cordillera Oriental does not contradict this model because, in 
spite of the change in locus from west to east of the range, the direction of maximum 
compressive stress would have remained oriented east-west. North of 7.5°N, the intro- 
duction of strike-slip faulting along the Bocon6 Fault Zone may have changed the 
direction of maximum compressive stress and led to readjustments over a wide area. 

ORIGIN OF THE BUCARAMANGA SOURCE 

The remarkable clustering of earthquakes in the Bucaramanga source does not follow 
as a necessary consequence of the plate-tectonic model proposed above, and one must 
postulate complications at this portion of the descending lithospheric slab to account 
for the source. 

The position of the Bucaramanga source is beneath a major bend of the Cordillera 
Oriental of Colombia, near where the Cordillera de M6rida branches at almost a right 
angle from the Cordillera Oriental. The character of the Bucaramanga source may be 
determined by the same orogenic forces which are responsible for the abrupt change of 
surface structural trends. Deformation of the lithospheric slab at depth may accompany 
the change in direction of structural features on the Earth's surface. Deformation of a 
sinking lithospheric slab could concentrate seismic activity in two ways: by mechanically 
concentrating elastic stress in a relatively small portion of the slab (Isacks and Molnar, 
1971) or as a consequence of phase changes, such as melting, resulting from unusual 
temperature conditions associated with the change in curvature of the slab surface at the 
site of deformation. 

At least two significantly different P-wave radiation patterns have been recorded from 
earthquakes in the Bucaramanga source. P-wave focal mechanism solutions for two of 
the largest earthquakes yet recorded from the source, the earthquakes of September 11, 
1966, and July 29, 1967, are given in Appendix 2. Clearly, whatever mechanism is respon- 
sible for concentration of seismic energy release within the Bucaramanga source does not 
constrain shear failure to occur along a unique plane of weakness. Isacks and Molnar 
(1971) noted that the compressional (P) axes of focal mechanisms of Bucaramanga 
earthquakes were oriented approximately east-west; they suggested that east-west com- 
pressional stresses are dominant. Isacks and Molnar (1969) have also hypothesized that 
in a sinking lithospheric slab which contains intermediate-depth earthquakes, but not 
deep-focus earthquakes, the focal mechanisms of the intermediate-depth earthquakes 
should be characterized by tensional (T) axes directed down-dip in the slab. The focal 
mechanisms of the two large Bucaramanga earthquakes may be reconciled with the 
Isacks-Molnar hypothesis, if the seismic zone containing the Bucaramanga source locally 
strikes approximately N25°W and dips approximately 60°E. The tensional axes of the 
two large Bucaramanga shocks would then both lie in the plane of the dipping slab. The 
fact that the tensional axes of the two earthquakes are not parallel, then, requires that 
the effect of down-dip tensional stress be modified by a local condition in the lithospheric 
slab, such as deformation. 

The focal mechanism of the intermecliate-depth earthquake of November 17, 1968 
(9.55°N, 72.60°W, h = 175 kin), which occurred north of the Bucaramanga source, also 
has a tensional axis plunging to the east (Appendix 2). The mechanism of this earthquake, 
therefore, is consistent with the hypothesis that down-dip tensional stresses exert an 
appreciable influence on the focal mechanisms of intermediate-depth earthquakes in 
northeastern Colombia. 
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THICK LITHOSPHERE IS NOT REQUIRED 

James (1971) has suggested that the South American lithosphere beneath the Andes of 
Peru, Bolivia, Argentina, and Chile is more than 200 km thick. Many intermediate-depth 
earthquakes with depths less than 200 km are assumed to be occurring within the stressed 
South American lithospheric plate, rather than in the relatively thin Nazca plate under- 
thrusting from the west. This hypothesis of a thick South American plate is not required, 
however, to explain the distribution of intermediate-depth hypocenters in northeastern 
Colombia and northwestern Venezuela. The well-located intermediate-depth hypocenters 
are easily accommodated in a thin, approximately north-striking, east-dipping litho- 
spheric slab. 

Case et al. (1971) in their tectonic analysis of Colombia, have suggested that the 
Bucaramanga source region lies on the left-lateral Santa Marta Fault, which would imply 
again that seismic activity is taking place within or on the boundaries of a thick litho- 
spheric slab whose upper side is still on the Earth's surface, rather than within a thin 
sinking lithospheric slab. The hypothesis that the Bucaramanga earthquakes occur on 
the Santa Marta Fault was tested with the P-wave radiation patterns of the Bucaramanga 
earthquakes and was found to be untenable. Although the Bucaramanga earthquake of 
September 11, 1966 had a P-wave radiation pattern consistent with left-lateral motion 
along the Santa Marta Fault (Appendix 2), focal mechanisms of other Bucaramanga 
earthquakes, such as that of July 29, 1967, are not consistent with such faulting. 

CONCLUSIONS 

The following conclusions result from this study: 

1. The most intense zone of shallow activity during the interval 1930 through 1970 
was in the Venezuela-Colombia border region from 6.8°N, 72.0°W, north and northwest 
to where the trend of the Cordillera de M6rida intersects the eastern flank of the Cor- 
dillera Oriental of Colombia. This region is under compressive tectonic stress oriented 
approximately east-west. 

2. The Bocon6 Fault Zone near M6rida and between M6rida and Bailadores is seis- 
mically active; small shallow shocks were located in the fault zone during 500 days of 
recording with short-period seismographs in the Venezuelan Andes. The first-motion 
pattern of the earthquake of July 19, 1965 in the Bocon6 Fault Zone is consistent with 
right-lateral motion along the fault. 

3. Significant shallow earthquake activity occurs in the Cordillera de M6rida away 
from the Bocon6 Fault Zone. The earthquake of May 13, 1968, on the flanks of the 
Cordillera, had a first-motion pattern indicating predominantly thrust faulting. 

4. The epicenters near 1 I°N, 69°W to 70°W define an east-west zone of activity distinct 
from the Bocon6 fault system. The P-wave radiation pattern of the earthquake of May 
19, 1970, is consistent with substantial right-lateral motion parallel to the zone of 
epicenters. 

5. The recalculated hypocenters and joint marginal confidence ellipses of earthquakes 
from the Bucaramanga seismic source indicate that the source occupies a relatively small 
volume almost certainly less than 10 km in radius. The new hypocenters and confidence 
ellipses suggest that a previously inferred southward-dipping seismic zone in the Bucara- 
manga region is spurious, a consequence of a correlation between errors in latitude and 
errors in depth. 

6. If all intermediate earthquakes in northeastern Colombia and northwestern 
Venezuela lie on a single continuous thin lithospheric slab, that slab strikes approxi- 
mately north and dips to the east. However, the distribution of intermediate-depth 
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hypocenters  is no t  dense enough to require tha t  the ea r thquakes  occur  in a single l i tho-  
spheric slab. There  is no t  a con t inuous  zone o f  high seismici ty f rom the in te rmedia te -  
dep th  ea r thquakes  up-d ip  to a zone o f  shal low seismicity. I t  is, therefore,  poss ible  tha t  
the in t e rmed ia te -dep th  ear thquakes  occur  in a l i thospher ic  slab which is no longer  
connec ted  to surface plates .  

7. A n  al ternat ive hypothesis ,  tha t  in te rmedia te  ea r thquakes  occur  within an  unusual ly  
th ick surface l i thospher ic  plate,  is no t  required to expla in  the d is t r ibu t ion  o f  in termedia te-  
dep th  ear thquakes  in this po r t i on  of  nor thern  South  Amer ica .  The hypothes is  tha t  the 
Buca ramanga  ear thquakes  occur  on a deep extension o f  the Santa  M a r t a  F a u l t  is not  
suppor t ed  by  the focal mechanisms  of  the ear thquakes .  

8. The  character is t ics  o f  the shal low seismicity suppor t  the pla te  tectonic  hypothes is  
tha t  the present  tectonics o f  western Venezuela  are  a resul t  o f  cont inuing  eas tward  
mo t ion  o f  the Ca r ibbean  pla te  with respect  to the South  Amer i can  plate ,  and  argue 
agains t  p la te  tectonic  models  which t rea t  the Ca r ibbean  and  South  Amer i can  as a single 
plate.  The  lack  o f  shal low ea r thquake  act ivi ty  associa ted  with the in t e rmed ia te -dep th  
ea r thquake  zone o f  nor thern  C o l o m b i a  suggests tha t  the pr inc ipa l  b o u n d a r y  be tween 
the Ca r ibbean  pla te  and  the South  Amer i can  pla te  has changed  within the last  5 to 
10 m.y. f rom a loca t ion  west  of  the Sierra de Per i ja  to its present  pos i t ion  in the Cord i l l e ra  
de M t r i d a .  Right - la te ra l  s tr ike-sl ip mo t ion  m a y  have commenced  on  the Bocon6 F a u l t  
with this change in plate  boundar ies .  

9. The use o f  j o in t  hypocen te r  de te rmina t ion ,  or  o f  the single-event m e t h o d  with  
source-s ta t ion  ad jus tments  ca lcula ted  by  J H D ,  has  p roved  its wor th  in the s tudy o f  the 
s t ructure  o f  small  focal regions by  minimiz ing  scat ter  in relat ive loca t ions  resul t ing f rom 
the use o f  different ne tworks  o f  record ing  stat ions.  N o  teleseismically recorded  ea r thquake  
was loca ted  near  enough to the s ta t ions U A V  and  BLV to offer a definite test for  system- 
atic loca t ion  bias  in the Cord i l l e ra  de M t r i d a .  The  app l ica t ion  o f  J H D  to the abso lu te  
loca t ion  o f  shal low ea r thquakes  in the Venezuelan  Andes  will become more  significant 
as the densi ty  o f  local  s ta t ions increases and  more  teleseismical ly recorded  ea r thquakes  
can be de te rmined  local ly with great  precis ion for  use as ca l ib ra t ion  events. 
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APPENDIX 1 

SEISMICITY OF THE REGION BOUNDED BY 6°N TO 13°N, 68°W TO 74°W, 
FROM 1930 THROUGH 1970 

Earthquakes considered in this study are listed below. The following explanations 
apply to the listing of earthquakes: 

Depth. N indicates that the depth calculation has been restrained by a fictitious pP 
time. For groups 1 and 2, the fictitious pP time was appropriate to a depth of 15 
km. For groups 3, 4 and 5, the fictitious pP time was appropriate to a depth of 
25 km. 

The datum immediately to the right of the depth is the number of stations used 
in location of the earthquake by the author. 

Q Quality ofhypocenter determination 

A All semi-major axes of 90 per cent confidence ellipses are less than 10 km 
in length. 

B The largest semi-major axis of the 90 per cent confidence ellipses is greater 
than I0 km and less than 20 km. 

C The largest semi-major axis of the 90 per cent confidence ellipses is greater 
than 20 km and less than 30 km. 

D The largest semi-major axis of the 90 per cent confidence ellipses is greater 
than 30 km. 

Only A quality epicenters are plotted for intermediate-depth earthquakes in the 
Bucaramanga source region in plate A. No D quality epicenters are plotted in 
plate A. 

G J, M, and S indicate that the hypocenter was located by, respectively, JHD, the 
single-event method with JHD-calculated source-station adjustments, or the 
single-event method without source-station adjustments. The number before J 
or M tells which group the earthquake is in. 

Mag Magnitude 

BCIS Bureau Central International S6ismologique (surface-wave magnitude) 
CGS USCGS or NOS (body-wave magnitude) 
GR Gutenberg and Richter (1954) (surface-wave magnitude) 
ISC International Seismological Center (body-wave magnitude) 
PAS Pasadena (surface-wave magnitude) 
R Roth6, The Seismicity of the Earth, 1953-1965, UNESCO, 1969 (surface- 

wave magnitude) 
SE Sykes and Ewing (1965) (surface-wave magnitude) 
+ Recorded at one of the stations BYR, CFF, HRV, KIR, MAL, MHC, 

PAR, PLM, RVR, SHS, SKA, STR, STU, TOL, UPP (for the earthquakes 
whose size is indicated by " +  ", a P-wave with trace amplitude greater than 
1 mm at one of the above stations would indicate a body-wave magnitude 
of 5.0 or greater). On plate A, " + "  earthquakes are plotted as if they were 
in the body-wave magnitude range 5.0 to 6.0. 

For earthquakes for which surface-wave magnitudes (Ms) are listed in Appendix 1, 
body-wave magnitude (mb) for use in plate A are calculated from the formula 
(Richter, 1958) mb = 2.5 + 0.63 Ms. 
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CHRONOLOGICAL LIST OF EARTHQUAKES 

DATE D-TIME LAT sONG DEPTH N Q G 
GMT N ~ KM 

MA3 

1931 
MAY Ol 

193Z 
FEB tZ 
MAR 14 

1933  
NOV 04 

1936 
NOV 23 

1938  
MAY 02 

1 9 3 9  
AUG 11 

1940  
JUN 23 

1 9 4 1  
MAY 16 

1943  
DEC 2 1 
DEC Z2 
DEC 2 3 
DEC Z4 

1 9 ~ 4  
JAN 04 
JAN 05 

1 9 4 5  
APR 06 

1947  
SEP 27 

1948  
JAN 21 
DEC 31 

2 2 3 6 5 8 o l  8 , 1 0  ~ . 6 ~  N Z l  C 3J 6 1 /~¢  L,R.) 

L6Q703,7 12.48 73,24 N 1~ D 5M D(GRI 
224256,4 8.29 71,88 N 24 B 3J b 3/41GRI 

0 8 4 1 1 8 , 2  8 . 3 6  Z L . 8 1  N 12 Li 3J O(GR} 

Z00621.5 1 1 . 4 9  69.55 N 06 ~ IM + 

Z 3 4 0 3 1 . 1  T ,Tb  7 ; . 8 1  0~4 06 C 5M ". 

F ]60203 .8  11o61 o 7 . 5 9  N l d  U S f 

1 8 5 9 3 5 . 9  1 0 . 0 5  6@.05 N 08 0 IM D[GR) 

1 3 0 7 2 3 . 1  10.81 7 0 . 0 7  N 09 O iM * 

1 3 4 6 2 1 . 8  I Z . 9 /  7 1 . 0 ~  N 33 C 5M 6 t / 2 ( G R )  
1 2 5 3 0 9 , ~ '  1 3 . 1 9  7 1 . 0 Z  N 3Z C 5M 6 1 1 2 (  GRI 
t 55605,,,6 12, ,95 7 1 . 0 6  N 33 C 5M 6 i /2(GRI 
0 1 0 0 1 5 . 5  1 2 . 9 2  7 0 . 9 5  N 26 C 5M 6 I / w ( G R )  

0 0 5 7 5 7 ° 4  13.16 7 1 . 4 3  N 12 C $ ÷ 
1 0 5 9 1 1 . 8  t 3 . 0 b  7 0 . 7 7  N 15 D 5M 6 I / 4 ( G R )  

1 8 3 0 5 6 . 5  8,,32 7 2 o 1 5  N 15 C 4J + 

2 Z t Z 4 # , 6  8 . 6 Z  7 1 . 8 Z  N 14 C 3H + 

t 8 1 9 1 9 . 3  1 0 . 2 4  6 9 . 8 5  N 15 O IJ + 
oToaoz.2 8.63 r l .T~, N 11 C 3M 6 
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DATE O-TIME 
GMT 

LAT LONG OEPTH N O G 
N N KM 

MAG 

19~8  
DEC 31 

1951) 
JUL 09 
JUL 09 
JUL O 9 
AUG 03 
AUG 03 
AUG 1)5 

t 9 5 1  
HAY 2 5  
OCI  0 9  

195Z 
APR 1 9  
APR 19 
JUN 29 

1954  
FEB 05 
NAR 99 
APR 25 
JUN 24 
JUL 25 
SEP 17 

1 9 5 5  
APR 2 4  
NOV 0 6 

1 9 5 6  
JUL 1)3 
OCT 13 
NOV 16 

1 9 5 7  
APR 21 
APR 22 
APR 22  
APR 23  
APR 26 
SEP 07 

1) 7 3 1 2 2 . 9  8 . 5 9  7 1 . 5 8  N 15 C 3M • 

0 2 3 5 5 4 . 2  7 . 7 ~  72 .5 i9  N 29 ~3 3J 7.1) (F )  
1 ) , ]2904 .6  8 . 0 1  7 Z . 7 7  N 1~+ D 3M + 
123418.0 7 . 7 3  /'2 • 56 N 16 B 5M + 
~ 9 2 8 0 7 . 3  8 . 0 0  7 2 . 3 h  N 15 D 3M + 
2 2 1 8 2  1).S 9.71~ 6 9 . 8 3  N Z l  B t J  6 Z / h ( G R )  
104514.2 9.66 69.74 N in O iM 

01)1)252.4 9.71 6g.76 N 15 G IJ + 
101311.9 10.01) 6~.77 N 14 O iJ + 

1) 9 5 8 5 7 . 2  7 . 2 2  7 7 . 0 4  843 3B B 
210, .$49.5 7 . 2 8  7 2 . 0 7  N 07 B 
095640.1 8.15 72.75 157 12 C 

3J 6 314 - 7(PAS) 
3M 
5M + 

l $ 1 ) 8 5 0 . 5  7 . 2 0  7 2 . 1 3  N 13 C 3M + 
1 9 5 9 0 6 . 0  7 . g 4  7 3 . t 7  183 08 C 5M 
0 3 5 7 1 ) 8 . 6  8 . 6 8  7 2 . 7 2  N g9 G 5M + 
15371 )0 .7  1 1 ) . 8 6  72.15 N 07 C 5M 
llOO20,& 9,87 72,71 N 16 B 5M 4.3(SE) 
1 9 0 1 5 5 . 4  6 , 5 0  7 1 . 1 9  N 13 O 3f f  + 

2 1 1 ) 8 0 0 . 1  6 . 8 4  7Z.01)  N 13 B 3H + 
2 3 5 7 1 9 . 9  6 , 7 8  7 2 . 5 1  1(]7 13 O 3M 

0 0 3 1 3 5 , 6  6 . 9 8  7 2 . 6 1  130 08 O 
0 5 0 4 4 2 . 5  9 . 2 5  6 9 . 8 5  N 21 C 
1 1 5 4 0 0 . 1  8 .2U 7 1 . 2 3  N 29 C 

5H 
i J  O(GR) 
3J 5.0 (SE) 

211229.8 6.g6 72.20 N 45 A 3J 7.i(RI 
13u,3t8.7 7.15 72.00 N 21 B 3J + 
/53725.9 7.07 72.06 N 21 A 3J + 
I F 5 7 2 2 . 5  6 . 8 6  T 1 . 9 2  N 12 C 31'1 ~- 
0 2 2 9 2 9 . 8  7 . 2 3  7 2 . 1 5  N 12 C 5M + 
011036,I  8.Z4 72.12 N 23 B 3J 4.1(SE) 



SEISMICITY AND TECTONICS OF WESTERN VENEZUELA 1737 

DATE O-TIME LAT LONG DEPTH N Q C, 
GMT N ~ KM 

MAG 

1957  
OCI 30 
NOV tO 
NOV 27 

1958 
MAR 03 
MAR 06 
APR 08 
AUG 15 
AUG 28 
$EP 07 
OCT 18 
NOV 04 
NOV 12 
NOV 13 
NOV Z6 
DEC 09 
DEG 28 

19~;9 
JAN 13 
APR 07 
APR 11 
APR 15 
APR 72 
MAY 24 
MAY 28 
JUN 15 
JUN 30 
JUL 06 
JUL 17 
JUL 24 
OCT 16 
NOV 21 

1960  
JAN 30 
FEB 07 
FEB 10 
MAR 06 
MAR 26 
JUN 25 
JUL 29 

2 3 2 4 3 8 . 8  7 . 2 3  7 2 . 5 3  N 11 D 3H 
1 0 2 1 2 3 . 7  7 , 8 5  F 4 . 4 8  081 29 B 5M 
0 3 2 2 1 9 . 0  5 . 2 3  7 2 . 7 8  256 10 D 5M 

1 7 1 3 1 5 . 8  5 . 1 3  7 3 . 4 5  181 1~ B 5M 
0 5 4 7 2 4 . 4  6 . 8 4  73.17  169 07 C 5M 
0 4 3 5 2 9 . 3  6 . 7 7  7 3 . 2 9  054 17 B 5M + 
0 6 2 0 5 4 . 5  6 . 6 9  7 3 . 0 3  175 20 A 5M D(R)  
1 7 2 0 5 9 . 4  8 . 2 7  ~ 1 . 2 0  015 07 D 5M 
0 2 4 8 1 9 o Z  6 . 8 0  7 3 . 2 1  160 12 B 5M 
0 6 3 4 1 3 . 1  6 . 7 9  7 2 . 2 8  N 25 B 3M 5 . 5 ( R )  
0 9 1 6 4 9 ° 2  6 . 8 0  7 3 . 1 0  £64 20 B 5M 5 . 5 ( R )  
0 6 0 9 1 3 . 6  9 . 2 6  6 9 . 7 5  N 25 B 1J ~ . 4 ( S E )  
0 9 0 6 7 2 , 0  8 . 9 3  6 9 . 6 7  N 24 C 1J ~ . 5 ( S E )  
1 4 1 1 1 4 . 9  6 . 1 5  7 3 . 2 8  218 09 O 5M 
1 5 1 3 3 9 . 1  6 . 2 9  7 3 . 1 2  ~09 10 O 5M 
0 5 1 3 1 7 . 8  9 . 0 6  6 9 . 7 8  N 25 C t J  4 . 1 ( S E )  

1 6 3 2 4 9 ° 4  7 . 0 1  7 3 . 7 5  134 10 O 5M 
1 0 2 9 5 2 . 1  6 . 7 3  7 3 . 1 1  166 08 O 5M 
1 4 4 6 2 4 . i  6 . 8 2  7 2 . 1 5  N 17 C 3M 
2 1 3 5 5 7 . 5  6 , 7 9  7 3 . 1 6  175 11 C 5M 
1 7 2 4 £ 1 , 5  7 . 5 8  72.47 N 19 B 3M 
0 0 0 0 7 4 . 1  7 . 5 7  r t . 9 6  N 07 O 3M 
0 4 0 6 5 7 ° 0  6 . 7 5  7 2 . 9 8  168 16 C 5M 
0 3 4 8 3 9 ° 9  7 . 2 3  7 2 . 1 1  N 07 O 3M 
2 2 4 2 3 0 . 1  8 , 3 0  7 1 . 2 3  N 17 C 3J 
1 8 0 3 3 7 . 3  6 , 7 2  7 3 . 5 2  173 09 C 5M 
2 2 5 2 1 4 . 3  7 . 1 3  7 2 . 0 0  N 19 8 3J 
1 3 0 4 5 7 . T  6 . 7 8  7 2 . 9 7  166  09 C 5H 
0 8 5 3 2 6 o l  6 . 6 9  7 3 , 0 3  178 12 B 5M 
1 4 4 4 2 1 . 3  6 , 7 0  7 3 . 0 6  162 05 C 5M 

0 1 4 2 5 6 . 6  6.77 7 3 . 1 4  168 12 B 5M 
0 4 2 4 5 9 . 5  7 . 1 9  7 2 . 2 5  036 23 B 3J ÷ 
Z 2 5 7 5 3 . 3  6 . 8 5  7 2 . 7 2  152 11 0 5M 
2 2 2 6 5 0 . 8  6 . 8 8  73 .09  167 11 C 5M 
0 8 4 4 3 5 . h  6 . 7 6  7 3 . 0 7  170 10 B 5H 
1 3 5 3 5 9 . 9  6 . 7 9  7 3 . 0 3  168 32 A 5M ÷ 
0 9 2 9 4 2 , 9  7 , h 2  7 1 . 9 6  N 15 B 3M + 

÷ 

÷ 

E (R)  

÷ 
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DATE O-TIME LAT LONG DEPTH N Q G HAG 
GMT N N KM 

1960 
AUG 15 
AUG 16 
OCT 20 
NOV 14 
NOV 16 
NOV 18 

1961  
JAN 14 
FE8 1.7 
FEB 27 
APR 03 
APR 1.2 
APR 25 
MAY 1.0 
JUN 15 
JUN 16 
JUN 25 
JUN 26 
JUN 28 
AUG 26 
SEP 03 
SEP 04 
OCT 26 
NOV 13 
OEC 23 

1.962 
JAN 01 
FEB 03 
FEB 1.8 
FEB 20 
MAR 25  
APR 30 
HAY 1.3 
JUL 11 
JUL 30 
AUG 09 
AUG 17 
SEP 05 
OCT 23 
NOV 19 

2 3 1 7 1 9 . 7  6 . 6 3  7 ~ . 1 5  169 08 D 5H 
2 2 5 1 . 5 6 . 6  9 . 3 1  7 2 . 6 0  £11 08 0 5H 
0 6 1 2 4 2 . 0  1 0 . 6 3  7 0 . 1 5  N 14 O 1M 
2 3 0 2 2 8 ° 4  6 . 8 5  7 3 , 1 5  159 11 C 5M 
1 5 3 8 2 7 , 2  1 0 . 1 3  7 4 o 0 5  080 15 B 5M 4 . 4 ( S E I  
0 7 3 7 1 3 , 1  1 0 . 4 ~  7 3 . 7 5  131 Ob 0 5M 

1 6 1 7 2 8 . 4  6 . 8 0  ? 3 . 0 0  164 2b A 5H + 
0 6 1 1 5 8 ° 8  6 . 8 3  7 3 . 1 3  163 14 B 5H 
0 1 0 7 5 3 . 8  6 . ? 2  7 3 . 0 7  171 26 A 5M ~ 
0 1 1 0 3 0 , ~  6 . 8 2  / ' 2 . 8 9  159 ,?.1 B 5H + 
1 1 . 3 6 5 8 . 0  6 . 9 6  7 3 . 1 4  150 10 B 5M 
0 9 4 2 0 9 . 0  8 . 7 5  ? 0 . 8 5  N 10 C tH  
0 8 5 5 5 9 . 2  9 . 2 2  / ' 1 . 1 7  N 09 C 1H 
0 0 5 1 . 3 3 . 7  6 . 7 9  T 3 . 1 2  157 13 B 5H 
103201.,=7 8 . 9 2  7 3 . 4 4  / 2 0  27 8 5H 6 . 0 I C $ S )  
1 0 5 8 1 9 . 2  11.21.  7 4 . 6 8  N 17 B 5H 4 , I ( S E I  
1 6 4 3 h 0 . 5  1 1 .  ~1. / ' 4 . 57  N 18 B 5M 
1 . 8 0 2 4 9 . 9  7 . 0 2  7 3 . 2 0  144 09 B 5M 
0 1 . 1 9 4 0 . 7  6 , 8 5  7 3 . 0 7  160 10 B 5H 
1 0 1 9 3 0 . 8  6 . 4 4  7 2 . 9 5  194 10 O 5M 
1 6 2 7 2 4 . 6  9 . 7 5  7 0 . 9 1  N 07 C ZM 
2 1 5 6 1 9 . 5  6 . 8 J  7 3 . 0 0  170 11 B 5f l  + 
0 8 1 2 2 3 . 6  8 . 6 8  7 0 . 8 1  N 06 D 1.H 
1 4 3 6 2 7 . 0  b . 9 / '  7 3 . 1 0  145 16 8 5N + 

1 3 2 4 4 2 o 9  6 . 8 T  7 3 . 1 4  153 08 D 5M 
2 1 3 8 2 0 . 7  6 . 7 4  7 3 . 0 7  168 16 C 5M + 
1 7 2 5 1 5 . 7  8 . 1 2  7 4 . 8 6  N 34 8 5N 5 . 6 I S E )  
i 6 0 2 1 7 . 0  6 . 6 5  2 3 . 0 3  172 14 B 5M 
1 5 2 8 5 4 . 4  6 . 8 6  7 3 . 0 9  168 t t  C 5M 
0 7 4 8 5 1 . 6  6 . 8 4  2 3 . 0 9  161 15 A 5H 
0 9 1 2 3 6 . 6  6 . 7 9  7 2 . 8 9  166 24 B 5H + 
1 3 5 8 3 1 . 8  6 . 9 2  7 3 . 0 7  150 11 B 5H 
1 8 5 7 5 2 . 4  6 . 8 0  7 3 . 0 5  164 11 C 5H 
0 4 2 1 5 6 . 0  6 . 8 4  7 3 . 0 3  166 20 B 5H + 
0 3 0 7 4 9 . 8  7 . 9 4  7 1 . 5 3  023 19 B 4J + 
0 6 3 9 1 3 . 7  6 . 8 5  7 3 . 0 2  158 09 B 5H 
0 9 0 2 0 3 . 2  9 . 5 0  7 0 . 2 1  N t b  B 2J + 
1 4 3 0 3 4 0 6  6 . 7 3  72?..97 170 24 A 5H + 

1 9 6 3  
JAN 04 2 1 1 7 1 1 o 8  6 . 8 Z  7 3 . 1 3  160 18 B 5M 
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DATE O-TIME LAT LONG OEPIH N Q G 
GMT N H KM 

HAG 

1963 
JAN 16 
FEB 03 
FEB 06 
FEB ZO 
NAR OZ 
MAR 27 
MAR 27 
APR 02 
APR 10 
MAY 02 
NAY 07 
MAY 13 
MAY 27 
MAY 28 
NAY 30 
dUN OZ 
JUN 03 
JUN 08 
JUN Z6 
JUN 30 
JUL 08 
JUL 11 
JUL tP  
JUL 25 
SEP 03 
OCl 01 
NOV 13 
NOV 24  
NOV 27  
DEC 10 
DEC 1Z 
DEC 2Z 
DEC 23 

1964  
JAN 06 
JAN Z5 
JAN 30 
FEB 06 
FEB 14 
FEB Z6 
FEB Z9 
MAR 13 

0 3 5 2 5 9 , 2  6,6Z 7 2 . 9 4  172 19 G 
1 2 5 2 1 6 , 9  7 , 5 6  72.,17 038 26 A 
032802oZ 6 , 8 3  7 3 , 1 1  155 25 B 
1 4 5 1 2 1 . 1  6 . 9 6  73.21 161 11 O 
i 9 4 2 0 2 . 8  7 . 0 8  73.18 Z04 12 0 
1 2 3 1 5 4 . Z  6 . 7 5  T 3 . 0 2  t 8 5  19 B 
1 3 1 5 3 7 . 7  6 , 7 5  7 3 . 0 7  t 7 5  12 C 
0 0 5 7 4 7 . 0  6 . 8 0  / 3 , 1 9  161 17 B 
0 6 5 6 3 5 , 6  6 , 6 5  7 3 , 0 1  177 21 C 
1 3 0 5 2 8 . 4  6 . 9 7  7 3 . 1 4  148 1Z A 
1 8 0 0 Z 6 , 7  1 2 , 0 7  7 Z , 1 1  069 17 B 
0 1 3 Z 4 1 , 3  6 , 8 6  7 3 , 3 0  160 16 G 
1 8 0 0 2 6 , 7  1 2 , 0 7  7 2 , 1 1  069 17 B 
0 8 2 2 4 6 , 6  6 ,81  7 2 , 8 6  ~L60 21 B 
0 1 5 6 4 7 . 6  6 . 8 9  7 Z . 9 ~  153 1 t  B 
2 2 2 6 2 1 , 5  8 , 3 3  7 4 , 8 6  N 21 B 
1 1 3 1 5 3 . 7  5.32 72.99 043 32 B 
1 2 4 6 0 7 . 3  6 , 9 0  7 2 , 9 2  160 21 A 
1 4 Z 3 1 2 . 1  6 , 7 6  7 3 . 0 2  173 24 B 
1 5 3 3 5 8 , 8  6 , 7 4  7 2 , 9 5  175 13 B 
2 1 0 2 5 8 , 4  6 . 7 2  7 2 , 9 8  161 14 B 
1 4 1 8 3 1 . 1  6 . 9 4  7 3 . 0 9  151 10 0 
0 6 4 3 5 5 , 5  6 . 8 2  7 Z , 9 9  164 17 B 
0 7 0 4 2 4 , 8  6 , 7 9  7 3 , 0 1  165 3~ A 
1 8 3 7 4 5 . 9  6 . 8 0  ? '3 .06 167 26 A 
0 2 4 3 3 1 . 4  6 , 8 2  73 .02  160 14 A 
0 9 0 1 1 3 . 1  6 . 9 3  7 3 . 1 1  i 4 9  11 A 
1 6 4 9 3 3 . 2  11 .40  73 .86  108 12 8 
0 9 4 0 4 2 . 9  6 . 6 1  72.89 182 11 C 
0 5 5 2 2 5 . 9  7 ,68  7 3 . 8 4  004 ZO O 
2 0 5 4 4 5 , 3  6 , 7 9  7 2 , 9 8  163 27 A 
2 3 1 3 5 7 . 6  6 . 7 9  7 3 . 0 1  166 38 A 
2 2 3 4 2 6 . 8  1 2 . 4 2  7Z . 94  046 22 B 

2 3 0 6 4 3 . 4  6 , 7 9  7 2 , 9 5  165 09 A 
1 9 4 8 4 9 . 3  1 0 . 0 1  6 9 . 3 3  N 14 8 
0 1 1 1 1 8 , 4  6 , 9 9  72 ,77  t 4 0  11 C 
0 4 3 6 0 1 . 0  6.78  7 3 . 0 3  167 31 A 
0 3 5 7 1 4 , 3  6 , 4 0  7 3 , 2 8  207 09 0 
1 2 3 1 2 5 , 7  6 , 7 0  7 3 , 1 5  177 10 C 
14050104  6 . 8 7  73002 161 16 8 
0 8 1 3 5 2 , 0  8 , 9 2  69 ,77  N 12 C 

5M 
4J ÷ 
5M 
5M 
5M 
5M 4.6(GGSI 
5M 
5M 
5M 5.3(GGSI 
5M 
5M W.W(CGS) 
5M 4.3IGGSI 
5H 4.4(CGS) 
5M 4.Z|GGSI 
5M 3 . 9 ( G G S )  
5M + 
5M 5,5(@GIS) 
5M 4.IIGGS) 
5M 4 . 5 ( G G S )  
5M 3.8(GGS) 
5M 4.0(GGS) 
5M 4.OICGS) 
5M 4.5(G3SI 
5J 5.2(GGS) 
5M 4.4(GGS) 
5M 4.6(CGSI 
5M 4.QIG~SI 
5M 4.1(GGS) 
5M 4,O(GGS)  
5M 3.9(GGS) 
5M 4.9(GGS) 
5J 5.Z(CGS) 
5M 4.5(CGS) 

5M 4.5(CGSJ 
2J ~.5(CGSI 
5M 3.9(GGSJ 
5M 5.0(GGSI 
5M ~.O(GGSI 
5M ~.t(CGS) 
5M 4.~(CGS) 
2M 4.1 (C$S) 
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DATE O-TIME LAI LONG DEPTH N q G 
GMT N ~ KM 

HAG 

196 ~, 
MAR 18 
MAR 25 
MAY 12 
NAY 16 
MAY 27 
JUN 03 
dON 08 
JUN 13 
JUN Z3 
JUL 28 
AUG O 9 
AUG 15 
AUG 23 
SEP O 2 
SEP 02 
SEP 03 
SEP 03 
SEP I 0 
SEP 22 
OCT 01 
OGlr 09 
OCT 14 
OCT 3 0 
NOV 26 
NOV 29 
DEC 15 
DEC 15 
DEC,, 18 

1965  
JAN 07 
JAN 14 
JAN 24 
FEB 14 
FEB 26 
MAR 2?- 
APR 04 
APR 15 
APR 22 
HAY 0 l 
MAY 10 
NAY 16 
MAY 16 

0 1 5 2 0 8 , 6  6 . 7 8  7 3 . 1 9  143 12 D 5M 
0 3 4 5 0 9 , 1  6 . 8 4  7 2 . 9 9  168 i0 G 5M 
0 0 4 7 1 1 . 8  6 . 8 9  ? 3 . 0 5  156 09 O 5M 
0 5 ~ 0 1 3 , 8  6 , 8 3  7 3 . 0 3  161 15 B 5N 
1 1 0 6 2 6 , 5  6 . 8 2  7 2 , 9 7  168 32 A 5M 
1 2 2 9 2 1 , 1  1 0 . 4 8  7 0 . 8 6  N 05 B 2M 
1 0 4 8 0 5 . 0  9 , 1 2  7Z ,48  213 14 B 5M 
1 8 4 3 0 6 , 9  6 , 7 9  7 2 , 9 7  170 09 C 5M 
1 9 5 3 2 2 , 4  6 , 8 3  7 2 . 9 8  165 1Z B 5M 
2 1 3 7 1 5 , 9  6 , 8 4  7 2 . 9 8  170 17 B 5M 
1 5 5 1 0 8 , 9  5 , 7 6  7 2 . 9 8  006 10 8 5H 
2 1 2 2 0 3 , 6  6,8Q ? 2 , 9 9  170 l b  A 5H 
1 2 2 3 4 0 , 1  6 . 8 4  7 2 . 9 6  169 1~ B 5H 
1 7 5 0 0 5 . 9  8 , 2 7  7 2 , 8 0  N 10 B 4M 
1 8 1 2 1 5 . 8  8 . 0 8  7 2 . 7 ~  026 29 A 4J 
0 4 1 6 1 6 . 6  8 . 2 4  7 2 . 8 1  N 07 C 4M 
1 1 3 6 2 J . 2  6 , 8 ~  7 3 , 0 1  162 16 A 5M 
0 2 3 9 2 9 , 4  7 , 3 9  7 3 . 0 5  153 13 B 5M 
0 9 4 6 3 1 , 2  1 0 , 5 5  6 9 . 9 1  N 1~ A 2J 
0 3 5 0 1 6 , 0  7 . 1 9  7 2 , 1 1  N 10 C 4J 
192642" .4  6 . 8 1  7 2 . 9 9  167 34 A 5J 
2 2 0 9 5 7 , 6  1 0 , 4 6  7 2 . 7 0  068 11 C 5H 
1 6 4 7 5 6 , 4  6 , 7 8  7 2 . 9 8  168 24 A 5H 
0 4 5 0 3 ~ , 5  6 . 2 6  7 2 . 7 0  Z05 12 B 5M 
0 9 1 1 0 6 . 5  6 . 8 1  7 3 . 1 3  161 31 A 5H 
0 1 5 8 4 0 , 5  8.47 7 1 . 6 9  032 23 B 4J 
0 8 2 4 2 3 , 6  6 , 7 9  7 3 , 0 5  165 15 A 5H 
2 2 0 7 3 6 , 6  6 , 9 1  7 3 . 0 7  158 15 B 5H 

1 1 3 9 3 3 , 2  t O . 4 i  6 9 . 5 5  N 13 C 2M 
1 2 1 9 0 1 ° 4  6 . 8 2  7 3 . 0 1  163 12 A 5H 
0 1 1 9 3 4 . 8  B .80  7 3 , 0 4  t 7 3  29 A 5J 
0 6 5 1 5 2 , 4  6 , 7 2  7 3 . 0 5  176 08 8 5H 
2 3 3 6 1 5 , 4  6 , 8 2  7 3 . 0 1  1 6 ;  40 A 5J 
0 9 4 6 0 9 . Z  6 . 8 7  T Z . 9 7  159 23 A 5N 
04~331.5 6.90 72.74 157 12 D 5M 
0 1 2 1 5 0 ° 0  6 .80  7 3 . 0 4  168 1~ B 5M 
0 1 3 9 5 4 . 7  6 . 8 8  7 3 . 0 4  161 09 B 5N 
1 6 3 5 4 1 , 2  6 , 7 4  7 2 , 8 2  167 12 B 5M 
0 . ] 5234°4  6 . 8 9  7 3 . 0 5  158 11 B 5M 
0 5 3 8 4 0 , 0  6 . 7 6  7 2 . 9 5  169 06 O 5N 
1 9 5 3 5 4 . 0  6 , 3 8  7 2 . ? 1  202 Ob O 5M 

3,9(GGS) 
3 , 7 ( C $ S )  
4 , 0 ( C ~ S )  
4 , 4 ( C ~ S }  
5 , 0 ( C G S i  
4.1{G~$I 
4.5(CGS) 
4 .3 (GGS)  
4 .31CG$)  
5 .OIGGS)  
4 , 0 ( G G S )  
4 ,8 (GGS)  
4.2(C;S) 
4.1(G~S) 
4 ,87CGS)  

4.8(CGS) 
4,4(ISC) 
4.1(GGS| 
4 . 0 ( C ~ S )  
5.3(G;S) 
3 . 7 I G G S )  
4.5(CGS} 
3 , 9 I C Q S l  
4 . 9 ( G ~ S )  
5.~(GGS) 
4.4(ISG) 
4.0(GGS) 

5o3(CGS) 
4.9(CGSI 
5.4(G3S# 
4.Z (ISC] 
5.7 (GGS) 
4,9(GL;S) 
4 . 0 ( I S C I  
5 . 0 ( C $ S )  
4 . 5 ( I S C )  
4 , 9 ( G Q S I  
3 . 9 ( G $ S I  
~.,0 {GGS) 
3.glISC) 
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gATE O-TIME LAT LONG DEPTH N Q G 
GMT N d KM 

MAC; 

1965 
MAY 20 
MAY 21 
MAY 23 
JUN 01 
JUN 19 
JUN 21 
JUN 26 
JUN 27 
JUN 28 
JUN 29 
JUL 19 
JUL 26 
JUL 30 
AUG 09 
AUG 11 
AUG t l  
SEP 10 
SEP 11 
SEP 15 
SEP 19 
SEP Z2 
SEP 26 
OCT 09 
OCT 15 
OCT 1/' 
OCT 19 
OCT ZO 
NOV 06 
NOV 08 
NOV 23 
NOV Z5 
NOV 30 
DEC; 03 
DEC 12 
DEC 17 
DEC 21 
DEC 2 4 

1966 
JAN 06 
JAN 10 
JAN 24 
JAN 29 

1 7 5 2 2 8 . 9  6 . 7 1  / ' 3 . 0 8  16k 11 
2 2 5 8 0 1 . 0  5 . 3 8  7 3 . 1 0  Z73 OT 
Z 3 1 1 0 3 . 3  1 1 . 9 1  7 0 . 2 6  N 05 
t 51100o6 7 . 0 3  7 3 . 4 5  151 12 
1 8 0 0 5 4 . 7  6 . 2 4  7 5 . 4 1  167 09 
0 9 Z 7 5 6 . 8  6 . 7 2  T,] .  05 174 14 
0 95645°0  6 . 7 7  7 Z , 9 7  168 08 
1 2 5 5 4 6 . 0  6 . 7 3  7 2 . 9 6  173 10 
0 6 Z 0 1 2 , 9  6 . 7 3  7 2 . 9 8  168 11 
ZOOOt7.T 6 . 6 2  7 2 . 9 2  180 13 
0 4 1 3 2 1 , 2  9°20 70.2.8 020 42 
1 1 0 1 2 1 . 6  6.91 T2.91 179 :1.2 
0 7 2 0 1 0 . 8  6 . 8 0  7 3 . 0 1  t 6 2  42 
t 5 3 1 0 8 . 6  5 . 7 1  72.94 007 tQ 
t 9 4 1 2 7 . 6  6 . 6 9  7 2 . 9 3  178 10 
2 0 0 4 1 7 . 4  6 . 7 3  7 2 . 9 4  175 11 
i Z~.952.0 9 .92  7 0 . 8 4  N Z8 
2 2 1 5 1 8 , 5  6 .9Z  71.81 N 2Q 
0 8 3 9 3 4 . 9  6 . 8 0  7 3 . 0 5  165 07 
Z 3 2 4 1 9 . 2  9 .90  T 0 . 2 6  N 17 
Z 0 3 5 2 9 . 9  7 . 0 4  7 2 . 8 3  1~2 10 
t 8 ~ 9 3 7 . 6  9 .1 / '  /'3 • 9~' N 10 
t 6 4 9 4 6 , 2  6 . 6 2  7 Z , 8 9  177 08 
0 7 4 8 2 3 . 2  6 , 7 3  7 Z . 9 3  i T t  06 
1 0 4 1 2 1 . 2  6 . 9 4  / ' 3 . 4 3  151' 11 
2 3 2 2 5 7 . 2  6 . 8 2  7 3 . 0 1  166 08 
1 1 5 3 3 4 , 8  6 . 8 2  7 3 . 0 3  158 17 
O 5 1 8 Z 6 , 7  6 . 5 4  7 3 . 0 6  t 9 6  lO 
1 4 2 4 1 3 . 5  6 . 9 2  7 '3.03 161 08 
0 5 4 7 5 3 , 5  6 . 9 7  7 2 . 9 9  143 10 
2 3 2 9 4 9 . 0  6 . 8 6  7 3 . 1 0  154 11 
0 9 1 6 1 3 . 8  6 , 8 3  7 3 . 0 0  16;~ 16 
1 8 4 8 2 8 , 1  6°44 7 2 . 7 7  2GI 06 
1 8 3 4 3 4 . 5  6 . 7 9  73.09 165 11 
2 1 1 3 4 3 . 8  6 . 8 4  7 J . 0 3  166 13 
1 2 2 5 4 6 . 5  6 .80  7 3 . 0 3  188 15 
2 2 5 1 2 7 . 0  6 . 8  :) T 3 . 0 5  161 06 

0 4 2 0 0 0 , 7  6 , 7 9  T 3 . 0 1  164 3~ 
1 1 1 3 0 6 , 5  7 . 5 3  7 2 . 1 5  055 28 
0 9 4 2 0 4 ° 4  6 . 8 3  7 3 . 0 5  161 11 
0 3 2 9 4 4 . 8  6 .6Z  7 2 . 8 8  183 06 

C 5M 4.3(C~S} 
O 5M 3.6(GGSI 
O ZM 4.T(CGSI 
O 5M 4.2(C$SI 
O 5M 5.0(CGS) 
A 5M 4,1IGGS) 
A 5M W.3(CGS) 
A 5M 4,Z(CGSl 
A 5M 4o4(C~S) 
0 5M 4.8(C$S) 
A S 5 . 3 ( 0 G S )  
C 5M 4 . 8 ( C G S t  
A 5J 5 . 5 ( C G S I  
C 5M 4 . 0 ( C ~ S 1  
B 5M 4 . 6 ( C ; S )  
D 5M 4 ,9 (CGS1 
A 2J 4 , 9 ( C G S l  
A 4J 4.4(GGS) 
A 5M 4.4(C@S) 
8 2J 5 , O ( C ~ S )  
O 5M 3 . 8 ( G ; S )  
O 5M 3 . 8 ( C ~ S )  
C 5N 4.~(CGS) 
C 5H 4,2(C$SI 
0 5M 4 . 2 ( C $ S )  
B 5M 4.3(GGS) 
A 5M 5.1(C$S) 
D 5M 4 . 3 ( C G S )  
D 5M 4 . 1 ( G G S )  
O 5M 3 . 4 ( C G S )  
A 5M 4.6(CGS) 
A 5M 4 .T (CGS!  
O 5M 4 . T ( G ~ S I  
A 5M 4 , 6 ( G ~ S )  
A 5M 4.61C$S) 
C 5M 4.9(GGS) 
A 5M 4.3ICGS) 

A 5J 5.3ICGSI 
A 4J 4.9(C$S) 
A 5M W.5(GGS) 
D 5M 3.4(CGS) 
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DATE O-TIME LAT LONG DEPTH N q G 
GMT N W KH 

HAG 

1966 
JAN 29 
JAN 30 
FEB 01 
FEB 09 
FEB 14 
FEB 20 
FEB 24 
FEB 25 
MAR 05 
MAR 05 
NAR 06 
HAR 09 
HAR 18 
HAR 26 
HAR Z9 
MAR Z9 
APR OZ 
APR 09 
APR 10 
APR 21 
APR Z1 
APR 29 
APR 30 

NAY 18 
MAY 23 
MAY 27 
JUN 12 
JUN ZO 
JUN 24 
JUL 01 
JUL 07 
JUL 11 
JUL 11 
JUL 15 
JUL Z6 
AUG 07 
SEP 06 
SEP 09 
SEP 11 
SEP 11 
OCT 22 
OCT 22 
NOV Z7 

165340 .0  6.69 72 .91  173 01 0 5H 
031745 .2  6.80 73.10 167 11 B 5M 
090757 .7  6 .35  72 .84  206 06 O 5H 
011924 .6  6 .91  73 .02  152 09 A 5M 
1 10516,.5 11 .61  72.20 N 07 D 2M 
041029 .8  6 .87  73 .04  157 16 A 5M 
173449 ,4  6 .72  73,1Z 062 10 B 5H 
100633,0  6.8Z 72 .97  164 11 O 5M 
022910 .0  9.93 69 .32  N 20 B ZJ 
143328,Z  8 .11  74.7Z 083 23 B 5M 
2 10411.4 7 .06  71.70 042 19 A 4J 
102446 ,3  6 .87  73 .02  156 09 O 5M 
045929.1  6 .82  73 .02  161 05 C 5M 
02141109 6 .78 73010 163 18 B 5M 
093220 .5  7 .15  7 3 . 2 4  124 07 O 5M 
100615 .7  7.66 73.90  159 09 O 5H 
181658 ,0  6 .84  73 .09  162 i I  B 5M 
154956 .8  6 .74  72 .96  168 10 8 5M 
1 0 3 3 3 7 . 6  6 .81  73 .00  166 41 A 5J 
0 8 i 8 2 7 . 1  6 .87  73 .00  167 12 B 5H 
180957.3  6 .75  73 .23  171 08 8 5M 
064522 .4  6.83 73 .06  159 08 C 5M 
012758 .5  6 .74  73 .15  178 08 D 5M 
040003.0  6.20 73 .61  145 07 B 5H 
060606 .5  6 .87  73 .20  159 13 C 5M 
051222 .1  b .77  73.00 169 14 8 5H 
035624 .2  6 .40  72 .96  172 i l  O 5H 
075701 .3  11.0Z 69 .52  N 28 B 2J 
200011 .3  6 .85  73.06 168 16 A 5M 
063313 .2  7.00 T3.17 147 09 O 5H 
001033 .4  6 .80  72 .99  16Z 1~ A 5M 
072819 .1  6 ,83  73 .02  161 ZO A 5M 
092957 .0  6.80 73 .32  165 08 D 5M 
053548 .2  6 .77  72 .96  170 06 O 5H 
110124 .4  7.43 72.97 173 08 D 5M 
082102.0  &.80 73 .02  168 15 A 5M 
162130 .1  6 .64  72 .88  180 08 8 5H 
184001.7  10.87 69 .38  N 31 A 2J 
032054 .9  6.80 73 .00  163 22 A 5H 
173805 .7  6 .83  72.97 162 39 A 5J 
074549 .2  9.83 70 .91  N 12 O 2M 
074902 .4  9 .84  70 .79  N 05 B 2M 
011040 .2  6 .87  73 .02  158 13 B 5H 

4.81CGS! 
5 .1  iCeS] 
3.91CGSI 
4 .5  IG$S) 
3 .8 (C~S)  
~o8IGGS) 
4 .SICGSI  
4.O(GGS} 
4.8(GGS) 
4.8(GGS) 
4.6(GGSI 
4 . 3 ( C 3 S )  
4 .5(G; ,S)  
4 . 6 ( C ; S I  
3 . 8 ( C ; S I  
4 . I ( C G S )  
5.1(G;SI 
5.2(ISCJ 
5.1[GGS# 
4.8(GG$)  
3.81C~S) 
4.3(GGS) 
3.SKCGS) 
3 .7  (G~;S) 
~.IICGS) 

4 .9 (G~SI  
4.5|GGS} 
4.81CGS1 
3.g iGGS)  
4.8(CGS) 
4 .6(CGS|  
4.7(GGS) 
4 . 2 ( C ; S )  
~ .8  ICGS) 
4 .6 lC$S1 
4 .1(C&S)  
5 . 0 ( G ; S )  
4 . 7 ( C ; S )  
5 .9(GGSi  
~*.5 (C;S)  

4.41G$S) 
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DATE O-TIME LAT LONG DEPTH N Q, G 
GMT N ~ KN 

NAt 

1~67 
JAN 03 
JAN 15 
JAN ZZ 
JAN 23 
JAN 25 
FEB 05 
FEB 05 
FEB 25 
FEB 27 
MAR 07 
MAR 09 
MAR 11 
MAR 19 
HAR 20 
MAR Z 1 
APR 14 
HAY 04 
HAY 08 
MAY 11 
HAY 12 
MAY 19 
MAY 20 
JUN 11 
JUN 14 
JUN 18 
JUL 02 
JUL 05 
JUL 06 
JUL 14 
JUL 26 
JUL 29 
AUG 05 
AUG 14 
AUG 15 
AUG t 9  
AUG 25 
SEP 01 
SEP 03 
$EP 03 
OCT 09 
OCI 21 
OCT Z5 
OCT 31 

¢ 7 2 1 4 4 . 0  6 . 7 6  7 3 , 0 1  168 20 A 5H 
1 8 0 5 1 9 , 8  6 , 9 5  7 5 , 1 $  150 09 D 5H 
0 8 1 8 1 6 . 9  6 , 7 7  7 2 . 9 6  169 22 A 5M 
0 9 2 7 5 0 . 3  6 . 8 5  7 5 . 0 Z  163 10 B 5M 
0 9 3 5 0 7 . 4  7 . 0 1  1 2 , 7 7  155 1~ C 5M 
1 Z 4 9 0 1 , 9  8 , 1 7  7 1 . 0 8  042 14 B 4J 
1 7 0 Z 2 9 , 6  6 , 8 4  7 5 . 0 6  164 08 D 5M 
1 2 3 0 2 5 . 1  6 . 8 6  7 3 . 1 1  160 10 O 5M 
0 6 5 0 5 5 . 1  6 . 7 3  7 5 . 1 1  180 11 D 5M 
0 9 0 3 0 9 . Z  6 . 8 4  ? 3 . O r  163 09 A 5M 
Q 0 4 1 5 7 , 4  6 . 8 1  7 5 . 0 5  161 09 A 5M 
1 3 5 6 0 2 . 1  1 0 . 8 4  6 9 . 6 9  N 05 C 2H 
2 1 2 9 2 6 . 3  6 . 8 3  7 3 , 1 3  158 11 A 5M 
2Z5140.7 7.39 71.9@ N 11 A 4M 
1 8 1 1 4 5 . 3  6 . 7 9  7 3 . 0 0  162 58 A 5J 
0 9 4 8 2 5 . 8  6 . 7 7  7 3 . 0 2  166 10 B 5H 
0 7 0 3 0 1 ° 5  6 , 7 8  7 5 , 0 9  166 17 A 5M 
0 8 0 6 2 8 , 6  6 , 6 6  7 3 , 4 8  N 26 A WM 
0 6 0 8 Z 0 ° 6  6 . 8 2  7 3 . 0 4  165 23 A 5M 
0 9 2 8 4 8 . 8  6 , 8 6  7 5 , 0 4  162 18 A 5M 
0 7 0 0 0 4 . 6  7 . 1 2  7 1 , 9 7  H 09 A 4H 
1 2 0 9 3 2 . 5  6 . 9 7  7 Z . 9 ~  146 09 A 5M 
0 5 2 0 0 3 . 5  9 . 5 6  T 0 . 8 1  N 10 A 2M 
I 14321.6 6 . 8 3  7 2 , 8 5  155 08 D 5M 
0 Z Z 6 0 7 . 8  6 . 8 1  7 3 . 0 3  162 16 A 5M 
1 6 4 8 1 8 , 9  6 . 8 3  7 2 . 9 8  166 10 B 5M 
1 0 1 9 1 5 . 1  6.48 7 5 . 0 3  179 09 D 5M 
Z13646,9 6 .6Z  7 J . 0 7  151 11 B 5H 
0 0 3 Z 5 8 . 1  6 , 8 1  7 2 . 9 7  163 11 A 5M 
0 9 0 7 3 9 . 7  8 . 5 7  7 0 . 9 6  N 29 B 2J 
1 0 2 4 2 6 . 5  6 . 8 5  7 5 . 0 1  165 44 A 5J 
Z 1 4 6 5 3 , 9  6 . 7 9  7 3 . 0 4  164 14 A 5M 
1 4 4 6 2 5 , 2  6 . 8 9  7 5 . 0 8  160 09 A 5M 
0 4 0 6 5 8 . 6  6 . T 7  7 3 , 0 6  170 19 B 5M 
0 7 0 3 1 0 . 9  6 . 8 4  7 5 , 0 ~  161 Z1 A 5M 
0 6 0 1 2 3 ° 5  6 . 8 5  7 2 . 9 6  171 i i  B 5M 
0 2 4 9 2 2 , 2  6 . 7 6  7 5 . 1 1  170 17 A 5M 
1 4 3 Z 3 6 . 3  6 , 7 8  7 3 . 1 5  141 09 D 5M 
1 7 0 Z 0 3 . T  6 . 7 6  7 3 , ~ 9  109 07 D 5M 
0 2 4 5 1 4 . 5  6 , 7 9  7 5 , 0 6  199 11 C 5M 
i 7 4 5 5 8 , 3  6 . 8 2  73°03  163 14 A 5M 
0 ~ 4 9 4 0 . 7  6 . 8 3  7 2 . 9 8  172 22 A 5N 
0 5 0 4 2 3 . 3  7 .57  7 2 , 9 9  i 7 1  15 B 5M 

4 . 6 1 C ; $ }  
4 . 2 7 C ; S }  

4.4IGGS) 
4 . 0 1 C ; $ 1  
4 . 3 ( G G S )  
4 . 1 i G ; S )  
4 . 4 l C ~ S )  
4 . S I G ; S I  
3.9(GGSJ 
4 , 3 { C ~ S )  
4 . 2 1 C $ S l  
5o~(C~SJ 
4 . 3 ( C 3 5 )  
4 . 5 ( C ~ $ 1  
4 , 5 ( G ~ $ l  
4.9IG;S) 
4 , 6 ( C 3 $ )  

4.3(G;S) 
4.2{GGS) 
3 , 8 ( C ~ S )  
4o4 IC&S}  
3.9|G~S! 
5 . 8 ( C 3 S )  
4.3(CGS) 
4 . 4 I C ~ S }  
4o61GGS! 
6 . 0 ( C ~ $ }  
4.0(CGS) 
4 . 0 ( C 3 S |  
4.SIC;S) 
4.6(C&S) 
4 . 2 I C E S )  
4,6(G~S) 
W.ilGGS) 
4.01CGS)  
4 , 2 { C 3 S l  
4 . W I C ; S )  
4,7lC35) 
4,Z(G&S) 
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OAIE O-TIME LAT LONG DEPTH N Q G HAG 
GMT N H KM 

1967 
NOV 30 
DEC 07 
DEC 21 
DEC 28 

1968 
JAN 11 
JAN 15 
JAN 30 
MAR 01 
MAR 16 
MAR 23 
APR 04 
APR t 4  
APR 25 
HAY 04 
MAY 07 
HAY 13 
MAY 24 
JUN 16 
JUN 17 
JUL 03 
JUL 03 
JUL 21 
JUL 24 
JUL 26 
AUG 12 
AUG 29 
SEP 02 
OCT 08 
OCT 12 
OCT 22 
OCT 22 
OCT 27 
NOV 10 
NOV 15 
NOV 17 
NOV 18 
OEC Ot 
DEC 02 
DEC 08 
DEC 10 
DEC 30 

2 2 2 2 4 5 . 4  6 . 8 4  7 3 . 0 2  161 09 8 5M 4 . 2 { G G S )  
0 8 1 7 0 1 . 4  9 . 6 7  7 0 . 2 1  N 20 B 2J 4 .31G$S)  
1 1 3 7 2 4 . 5  7 . 0 4  7 2 . 0 2  029 30 A 4J 5 . 4 ( G $ S )  
t 7 3 3 4 1 . 6  6 . 9 5  7 2 . 8 5  196 32 A 5J 5 . 2 1 C $ S )  

0 7 1 2 1 4 . Z  6 . 8 1  7 3 . 0 2  161 09 A 5H 4 . 0 ( C G $ )  
043554e2  6 . 8 0  7 2 . 9 6  165 18 A 5M 4 . ? ( C $ $ )  
0 4 3 9 1 8 . 0  6 . 7 6  7 3 . 0 3  171 22 A 5M 5 . 0 { G G S )  
1 8 3 5 0 8 . 6  6 . 8 5  7 3 . 0 4  160 11 A 5N 4 . 4 ( G $ $ 1  
1 ? 4 9 5 0 . 8  6 . 7 4  73.00 170 07 O 5M 4 . 1 1 0 5 S )  
1 6 4 9 1 2 . 4  6 . 7 5  7 3 . 0 4  167 16 A 5M 4 . 4 ( G $ 3 )  
1 8 4 6 4 2 . 3  6 . 8 7  7 3 . 0 5  163 13 B 5H 4 . 3 ( G G S )  
1 4 2 4 5 7 . 4  6 . 7 8  7 3 , 0 0  165 31 A 5H 5 . 0 ( C $ S )  
2 3 5 Z 3 5 . 9  6 . 8 1  7 2 . 9 9  160 17 A 5H 4 . 3 ( C G S )  
0 1 1 9 2 4 . 1  6 . 7 5  7 3 . 1 1  170 14 A 5M 4 . 4 ( G $ S )  
0 9 0 0 3 0 . 3  6 . 8 0  72.99 1 6 2  45 A $ 5 . 7 ( C ; $ )  
1 9 3 6 0 5 . 8  9 .00  7 1 . 0 6  N 29 A ZJ 4 . 8 ( G 0 3 1  
E 3 4 7 0 7 . 0  i 0 . 8 5  6 9 . 3 5  N l l  B ZM 4 .8 (G~S1  
0 9 1 3 5 9 . 7  6 . 7 4  7 3 . 1 0  207 13 B 5M 4 . t ( C G S )  
0 1 4 6 1 1 . 3  6 , 4 9  2 2 . 9 8  170 05 ~:D 5H 4 ,0 {GGS)  
0 8 1 9 Z 3 . 0  9 . 6 8  7 0 . 2 5  N 07 D 2M 4 . 0 ( C G S )  
1 8 3 9 4 5 . 9  6 . 8 3  7 3 . 0 7  158 07 A 5M 3 .8 (GGS)  
0 4 2 8 t 1 . 5  6 . 7 4  7 Z . 9 6  171 07 C 5M 4.O(GGS)  
1 3 2 5 3 0 . 0  6.62 7 3 . 4 0  18 r  11 B 5H ~ .O(CGS)  
1 8 Z 9 5 5 . 8  6 . 7 9  7 2 . 9 8  166 20 A 5M 4 . 6 ( G G S )  
0 0 5 0 3 4 . 5  6 . 6 4  7 3 . 2 3  264 10 G 5H 3 . S I G G $ )  
2 1 i 5 4 7 . 1  6 . r 9  7 3 . 0 4  i 6 7  09 8 5H 4 .61G$S)  
0 3 ; 0 0 3 . 3  1 0 . 8 9  6 9 . 4 3  N 08 C 2H 4 . 1 ( G ~ S )  
t O 2 8 Z 4 . 3  6 . ~ 6  7 3 . 8 4  t 8 6  06 0 5M 3 .8 (GGS)  
0 Z 1 9 5 8 . Z  6 . 7 9  7 5 . 0 5  171 20 8 5M 4 . 6 ( G $ S I  
0 5 ~ 9 1 4 . 6  6 . 8 0  7 2 . 9 8  161 05 A 5M 4 . L | G G S )  
1 6 3 1 3 2 . 5  6 . 8 4  7 2 . 9 7  176 14 B 5M 4 . 5 ( 0 5 S )  
0 0 1 9 3 4 . 2  1 1 . 5 3  7 2 . 6 2  090 Z3 9 5H 4 . 5 1 0 3 $ )  
1 3 3 7 3 7 . 1  6 . 7 9  7 3 . 0 5  162 16 B 5M 4 .4 (GGS)  
0 9 2 8 2 8 . 5  6 . 6 5  7 2 . 9 4  179 10 8 5N 4 . 0 ( C G S )  
0 0 1 6 1 0 . 1  9 . 5 5  7 2 . 6 0  175 38 A 5H 5 . 7 ( G $ $ )  
1 5 0 9 0 7 . 7  6 . 7 7  7 2 . 9 9  166 09 C 5H 4 .2 (GGS)  
1 5 1 6 4 0 . 2  6 . 8 4  7 3 . 0 3  162 21 A 5J 5 . 1 ( G ~ S )  
1 2 1 1 3 1 . 8  6 . 7 0  7 2 . 9 4  172 09 8 5H 4 . 1 ( G & $ )  
0 1 0 4 2 2 . 8  6 . 0 3  72 .Z7  089 16 O 5M 4 . 4 ( C $ S )  
0 6 3 6 4 2 . 6  6 . 8 0  7 3 . 1 4  169 09 C 5M 4 . 2 ( G $ S )  
0 9 4 4 1 3 . 4  6 . 8 6  7 2 . 9 4  176 06 A 5N 3 . 8 ( G & S )  
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DAIE O-TIME LAT LONG DEPTH N Q G 
GMT N W KM 

HAG 

1969 
JAN 26 
FEB 07 
FEB 08 
FEB 24 
APR 18 
APR 19 
MAY 29 
JUN 22 
JUL 04 
JUL 14 
JUL 16 
JUL 19 
AUG 15 
AUG J.6 
AUG 23 
SEP 10 
SEP 23 
OCT 1? 
OCT 20 
OCT 20 
NOV 09 

1970 
JAN 01 
JAN 10 
JAN 2?' 
FEB Z 6 
MAR 12 
APR 04 
APR 10 
MAY 19 
JUN 08 
JUN 08 
JUN 14 
JUN 22 
JUL 04 
JUL 20 
AUG 29 
SEP 04 
SEP 12 
SEP 19 
OGT 10 
OCT 17 

1 1 4 9 2 8 , 5  6 . 6 3  7 2 . 9 8  185 09 C 
1 3 1 9 0 0 , 6  6 . 3 1  7 3 . 0 3  155 08 C 
0 7 4 0 0 9 . 3  6 , 6 1  7 3 . 0 4  185 10 C 
2 2 4 4 1 7 . 0  6 . 8 1  7 3 . 0 0  IbZ 36 A 
1 9 0 5 1 9 . 9  6 . 8 0  7 2 . 9 6  166 12 A 
1 4 4 5 5 5 , 6  6 . 8 2  7 3 . 0 4  161 06 8 
2 2 4 9 0 5 ° 8  7 . 3 8  7 3 . 0 4  158 08 A 
0 8 1 7 2 9 , 3  6 , 7 5  7 2 , 9 3  176 13 B 
0 7 1 2 2 4 , 3  6 . 8 1  7 3 . 0 2  173 1O 8 
0 5 4 4 4 6 . 9  6 . 7 9  7 3 . 0 3  167 18 A 
2 2 1 2 5 0 ° 6  6 . 8 7  7 3 . 0 6  161 08 D 
1 2 2 8 4 9 . 2  6 . 7 8  73+07  168 20 A 
1 4 3 5 3 7 ° 9  6 . 8 0  7 3 . 0 6  169 12 8 
1 8 4 2 3 8 ° 6  1 1 . 3 5  7 2 . 4 0  N 06 0 
1 4 3 5 3 7 ° 3  6 , 8 3  73.02 170 14 C 
1 2 4 1 2 4 , 0  8 , 5 3  7 4 , 0 2  110 12 C 
1 4 3 7 4 5 . 9  6 . 8 4  7 2 . 9 8  167 I~ A 
1 3 4 6 2 9 . 9  6 . 8 7  7 J . 0 4  158 09 8 
1 3 1 1 3 2 . 2  1 0 . 9 0  7 2 . 3 0  N 31 A 
131137.6 10.93 7 2 . 4 6  N 14 B 
1 2 2 6 2 8 , 0  6 . 8 4  7 3 . ~ 0  165 17 A 

1 1 2 1 0 4 ° 5  9 . 1 2  6 9 . 7 5  N 13 C 
1 1 5 6 3 9 , 9  6 , 8 5  7 3 . 0 5  159 13 A 
0 9 2 9 4 8 . 7  7 . 5 4  7 1 . 9 5  049 30 A 
0 6 5 8 2 1 . 6  6 . 7 7  73.10 171 12 A 
1 1 2 1 5 9 . 0  6 . 7 1  7 3 . 0 1  169 11 B 
0 0 4 2 4 8 , 9  6 . 8 4  7 2 . 9 3  168 11 8 
0 4 0 3 2 4 ° 4  6 . 7 8  7 3 . 0 1  168 19 A 
1 0 2 2 5 9 . 4  1 0 . 8 9  6 8 . 9 3  N 29 A 
0 3 1 9 2 6 , 6  1 0 . 8 6  o 8 . 9 5  N ZZ A 
1 6 4 3 2 9 . 7  6 . 7 7  7 2 . 9 6  172 1O 8 
0 8 3 6 2 6 . 1  6 . 7 8  7 3 . 0 8  162 15 B 
0 1 5 2 1 4 , 0  6 . 7 6  7 3 . 0 4  169 15 B 
1 5 3 3 0 9 , 6  6 . 8 8  7 2 , 9 1  168 09 C 
1 7 4 4 5 9 , 5  6 . 8 2  7 3 . 0 0  161 20 A 
0 2 5 9 4 5 . 6  7.57 7 1 . 9 5  N 28 A 
0 2 3 3 3 6 . 7  6 . 7 7  r 2 . 9 8  166 06 C 
1 8 0 7 0 2 , 2  9 , 3 5  7 4 , 1 7  139 08 D 
0 2 0 4 4 7 . 7  1 0 . 6 9  7 3 . 1 5  111 17 B 
1 5 5 7 2 6 ° 5  9 . 1 4  7 0 . 2 0  N 10 B 
'0 3 4 1 1 5 , 9  6 , 7 9  7 3 . 0 2  167 18 A 

5M 4.3eGGS) 
5M 4.1(GGS) 
5M 4.1(CGS; 
5M 5.0{C3S) 
5M 4.6(GGSb 
5N 4 . 1 ( G 3 S )  
5M ~.O(GGSl 
5M 4.tIC~Sl 
5M 3 .9 (GSSJ  
5M 4 . 6 { C 3 S )  
5M 4 . 3 I C G S )  
5M 4 . 7 ( C G S )  
5M 4 . 5 ( G G S )  
5M 3.6{GGS) 
5M 4.6IGGS) 
5M 4°4KG&S) 
5M 3 . 8 ( C ; S l  
5M 4 . 0 ( G G S I  
5M 5.1(GGS} 
5H 5 , 7 ( C G S )  
5H 4 .6¢GSS)  

ZJ 4.1¢CGS) 
5M 4.6(CGS) 
4J 5,7(GGS) 
5M 4.W(CGSI 
5M ~.6(G$S) 
5M 4.4(C~SJ 
5M 4 . 6 ( C G S I  
2J 5 . 1 ( C G S I  
2J 4 , 7 | G Q S ;  
5M 4 . 5 I G 3 S ;  
5M 4 . 8 ( C 3 S )  
5M 4 .S IGGS)  
5M 4 . 3 ( C 3 S )  
5M 5 . O ( G $ S )  

S 4 . 6 ( C G S )  
5M ~.2|CGSI 
5M 4 . 9 ( C ~ S ;  
5M 4 . 9 ( G G S )  
2M 4.7(GGS) 
5J ~ , 5 I G G S I  



1746 BULLETIN OF THE SEISMOLOGICAL SOCIETY OF AMERICA 

DATE O-TIME LAT LONG DEPTH N Q G 
GMT N W KM 

MA$ 

1 9 7 0  
OCT 26 
NOV 1.2 
DEC [h. 

1 0 5 4 2 8 . 9  b.,BS 7 4 . 4 ~  043 1U D 
001055, ,1 .  6,71.  F,'I. 03 I T 2  :L6 B 
040633,2 9 , 9 6  ? 2 . 6 3  179 33 A 

~M W°4(G~S! 
5M 4,5(GQSJ 
5M 5.2(G&S) 
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APPENDIX 2 

P-WAVE RADIATION PATTERNS FOR EARTHQUAKES IN WESTERN VENEZUELA 
AND NORTHERN COLOMBIA 

Large symbols represent all WWSSN stations the records of which were read person- 
ally by the author and the first motions of which at the time of reading the record, were 
judged unambiguous. Most readings were made on short-period seismograms. Small 
symbols represent first motions read by others and reported in bulletins. These have been 
used only for the earthquakes of April 21, 1957, and December 21, 1967. 

All plots are made on equal-area projections of the lower hemisphere of the focal 
sphere. Take-off angles for the seismic ray paths from the focus to station were taken 
from Ritsema (1958). For shallow earthquakes (depth < 70 km), a critical angle of 57 ° 
was assumed for the angle at which Pn waves leave the focal sphere. 

Hachured regions were determined by the computer program of Dillinger et al. (1971) 
and represent variations of positions of the poles of the nodal planes which are permis- 
sible under the constraint that the number of inconsistent P-wave readings be a minimum. 
The nodal planes are assumed to be orthogonal. For some earthquakes, the hachured 
regions indicate a wide range of pairs of nodal planes which are possible with the 
observed P first motions. In these cases, dots indicate those nodal planes which were 
discussed in the text as being consistent with certain tectonic hypotheses. However, focal 
mechanisms are plotted on plate A only if the hachured regions indicate that the observed 
P-wave first motions require the plotted mechanism. 

The following symbols are applicable to all focal mechanisms: 

A zx Compression 
© o Dilatation 

P Axis ofmaximumpressure (Honda, 1962) 
T Axis ofmaximumtension. 
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April 21, 1957 ~ N  211229.8 GMT 
h=45 km 6.96° N 

= . • o 

July 19, 1965 N 041321.2GMT 
h = 20 km 9.20 ° N 

= , 

Sept. 2, 1964 N 181215.8 GMT 

A~_, ." Io o \ 

\ / ---/  
\ 0/" / 

Sept. II, 1 9 6 6  ~ 173805.7 GMT 
h= 162 km 6.83 ° N 
m = 5~9 (CG S ) / 1 , / / ' f -  ~ 72.97°W 

/i "" ~\ /~ T I X  

/ \\-- °°" n 1 + ",, / }- 
\ X-/ / 
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July 29, t967 ~ N  102426.5 GMT 

h= 165 km 6.83 ° N 
= . . ° 

Dec 21, 1967 N 113724.5 GMT 
h= 29 km ~ 7.04~ N 

= , . 

May 15, 1968 ~ N  193605.8 GMT 

h=29 km 9.00° N 
= . . o 

N0v. 17, 1968 N 001610.1 GMT 
h = 175 km 9.55° N 

= . . e 

Jen 27, 1970 11 092948.7 GMT 
h=49 km 7.54 ° N 
m=5.7 (CGS) ... ".. 71.95° W 

. . . "  ". 

o. 

, / " .  :, 
"~. ." ".... .." 

Moy 19, 1970 ~ N  102259.4GMT 
h = N ~ 10.89 ° N 
m= 5J (CGS) ~ ~ 68.93°W 

%° 
0 O ~  ". 

• , ~ 2  o ": 
T ~ - - -  

o ",. 

o.' 
A °.'° 

- . . . .  / 
.....~.." / 
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