The Earth Beneath the Continents:

Geophysical Monograph Series A Volume of Geophysical Studies in Honor of Merle A. Tuve Vol. 10

Earthquake Activity of Peru®

LEONIDAS OCOLA®

Geophysical and Polar Research Center
Department of Geology, University of Wisconsin, Madison

Abstract. A direct logical extension of Saint-Amand’s area-average concept of strain
release is the concept of volume average of strain release, here called ‘specific strain release.’
This extension is used to analyze the spatial distribution of the seismic activity of Peru
between January 1947 and July 1963. When specific strain is projected and summed on a
vertical axis, three distinet seismic zones are found in the Peruvian upper mantle. The first,
from near surface to 300 km, contains the majority of events and most of the strain release.
The second zone, 300-500 km, contained no seismic activity during the 14% years considered.
The third zone, 550-750 km, is characterized by high activity centered at about 640-650 km.
The activity within the first zone, when projected to the surface, appears to be concentrated
in two major belts, each consisting of two linear segments. The western belt (the more active)
lies between the Andean block and the Peru-Chile trench. The eastern belt lies east of the
Andean Mountains and west of the border of the Brazilian shield. The common linear seg-
ments of these belts are broken and turn about 30° in a zone of low seismic activity marked
by a similar change in the angle of the Andes, the offshore trench, and the surface fault
system, and by the discordant junction of the oceanic Nazca Ridge with the continent. The
digtrihntion of the ceiamie activity in eross projection sugeests the existence of several ‘hich-
activity bands’ contributing to each belt. These bands agree in dip and strike with fault-plane
solutions for earthquakes within them. The depth distribution of the specific strain release,
and the theoretical rate of accumulation of thermoelastic stress for an earth with acceptable
horizontal and vertical temperature gradients, are generally proportional in depth within the
upper 300 km. Although many earthquake mechanisms might exist, Benioff’s collapse and
Orowan’s creep instability mechanism seem to be consistent with narrow horizontal bands of
high activity found for the deepest shocks.

INTRODUCTION average for the study of earthquake strain re-

This paper deals with the development of a lease, made by Saint-Amand [1956], (2) the

quantitative method for studying the spatial
distribution of seismic activity, and its applica-
tion to Peru. The method provides techniques
leading to the identification and delineation of
active structures or high-activity bands in terms
of the seismicity size parameter. Through pro-
jection to the earth’s surface and to other
planes appropriate in orientation, the method
allows comparison of the distribution of seismic
activity with models of the earth’s mantle from
other fields of study [Ocola, 1966].

Among the most important advances that
make this investigation possible are: (1) the
introduction of the concept of surface area

1 Contribution 169, Geophysical and Polar Re-
search Center, Department of Geology, University
of Wisconsin.

20n leave from Instituto Geofisico del Peru.

almost general acceptance of the magnitude as a
measure of the size of earthquakes, and (3) the
systematic determination of earthquake magni-
tude by means of the Richter-Gutenberg scale
made by the worldwide centers.

The most important improvements in quality
spring from advances in instrumentation, es-
pecially in sensitivity and time keeping, and
from the increased numbers of teleseismic sta-
tions reported to worldwide seismic centers.
High-speed computers, which can provide the
large number of solutions necessary, have at
least doubled the number of computed earth-
quake locations from the number previously
available, and, with the continuing international
cooperation in earthquake reporting, have
enormously improved the accuracy of hypocen-
ter location.
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SEISMICITY PARAMETERS

Webster defines seismicity as the ‘state, qual-
ity, or degree of being seismic; relative liability
to earthquakes; specifically, the frequency of
earthquakes occurring in a given region as meas-
ured by the ratio between the total number of
recorded earthquakes and the area in square
miles.” We consider ‘the state, quality, or degree
of being seismic’ as the most appropriate defini-
tion of seismicity. However, the portrayal of
seismicity should take into account not only the
number of recorded events but also their size,
frequency, and spatial distributions, as well as
their mode of occurrence. Keeping some of
these considerations in mind, we will deduce
systematically explicit expressions that will im-
prove the portrayal of the ‘degree of being
seismic.’

Let F stand for some function of the mean
number of earthquakes () in a bounded region
and G for some function of their mean relative
or absolute size (£); then the seismicity of any
region can be characterized by

8 = 8[F(n), G@®), 1] (1)
where ¢ is time.
The simplest functional relationship between
F(n) and 5, and G(£) and &, is given by

F(n) = G =t (2

Since n and £ are not known, they are esti-

mated from the observed data in the form of
averages.

An estimate of the parameter % is given by

and

W) =75 SN @

where P can be length, area, or volume for one-,
two-, or three-dimensional averages; K is a pro-
portionality constant; N is the number of earth-
quakes for a given T and P; and T is the num-
ber of years analyzed.

The size parameter £ is a function of energy
or strain release per unit volume per unit time.
This parameter can be estimated as a function
of the strain energy (E) as follows:

£r(E) = % fT f,, E dp dt 4

where H is a proportionality constant.
When P = area, equation 4 was called ‘spe-
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cific seismicity’ by Saint-Amand [1956]. But
here it will be called area energy release, and
‘specific’ will be reserved for volume averages.
When P = volume, equation 4 is the average
energy release per unit of volume per unit time,
called ‘specific energy release.’

Similarly, the expressions for £ as a function
of the strain release (e¢) will be given by

£r(e) = ?—1’, fT fPedp dt (5)

where H’ is a proportionality constant.

Benioff [1949] and Saint-Amand [1956]
have shown that the average strain release is
proportional to the square root of the energy
associated with it. Hence equation 5 can be
rewritten as

Ep[E?] = T%; fT f,, E”dpdt  (6)

where C” is a proportionality constant.

When P = area, equation 6 becomes what
Benioff called ‘tectonic flux. It will here be
called area strain release. When P = volume,
it will be called ‘specific strain release,” and will
represent average strain release per unit volume
per unit time.

Equations 4 and 6 depend directly on evalua-
tion of energy released by an earthquake. Al-
though it is impossible to get absolute values
for this quantity, relative values can be reached
if energy is expressed in units of the energy
of a reference magnitude shock which can be
revised as absolute estimates improve. The
previous equations can be transformed into the
new scale as follows:

Let E, be the estimated energy release for a
reference magnitude or fiducial size earthquake;
N, the times E, is contained in the energy re-
lease (E) of any earthquake. That is,

E = N/Ef (7)

Define an energy release parameter ¢ and e
strain release parameter as

¢»(N;) = £(E)/E; (8)

and

er(N fm) = EP(El/z)/ Efm @

Then from equations 4 and 7 these parameters

Copyright American Geophysical Union



The Earth Beneath the Continents:

Geophysical Monograph Series A Volume of Geophysical Studies in Honor of Merle A. Tuve Vol.
LEONIDAS OCOLA 511
= g £3 78° 77° 76° e 74 73 72 7 70° &
G o~ —r od
N v
\ Py
Y
3
1c o\ 3
19 ! - T
/
Tc !
1c seqc A
/ ;
olC / s
18 1C C 10 i - N
olC olf ot )
ic 1c  eiC rd . ~
exc J o ®emc src_~ ¢ /%.,«,/‘ S
’ oic__—T ‘
EY g ATl G S = —
| ®euc
elC [Ci\1A 18 53 o]
i 'l§\ Noc®
~ | / c
| 1a ¢ Sic g¢ i il ollA I l L
L XelC] el ] / *C emg o
108) e ',L—’/
I 7 ™ / - 1¢, IC g
elcC -
- e PR Ve - ~ )18 b i d
¢ |~ 'l
eIC i
Ic o1 AN { —
. < oC \\ olC \ \ (
@ . A
s
Sa/ A N > SRR I S TS of S
\J i 4
1, [ 48 o1c I R
c
1c84°@ 1z N ool o
B 1B \ ic /r
e o e JIC
7| ol o oo N N 7o
®%° > ) . |
o 1C,IC olC  giC .HC . o78 VC(2)B()
A *c ) |
[ - enc  I¢EIC@ |
o QIS it S ool Ve (ICBMLA
o1C nlt:‘k
e, JIIC :
a0 ® Ji(H l
ICe ¢ oiC o
mc_ lic ¥¢
v <
1c \
(]
HC\
)
4 k' \
g@.lc
1k
\. [Ck"‘ A o
I .m'\/ .= AN
Jiome . o/ \ e / . o7C / N\
/ : / \
&% fic Ic e A A
@ 3 IC 7 = N 2
ollC /
f 1c
/
&y fic
|_ice .
/ nc
/ o ic
o€
1] iC '
c
$ic2) JB e GJIC
ic
Ic -®
e [ e 1CIA hd
15° 1q PCAA 1C
/ \g.ﬂglc(z),le VNN
@ EARTHQUAKES / IC.'IC(@ olC Ic 18 HI(I:C.‘ -
DEPTH IN KM MAGNITUDE o olC 1€ ..“C A of oiC o
icic_eClic 1 1cic  Toelic ICi2),ICE2)T4 \ lmee
e* 1 <70 c <6 o $§Fccnc IC2) \ &
I 70-150 8 62:’ / 1c i€ gc & ICAA 1
W 150-300 A 27 / ic ic 18 §ICIA C
¥ 300-550 s ¢ .ﬂ.u: * o AR s
¥ =550 INACTIVE c A
voLcano A ic ic ¢ lic
17 #]c
;<—_\\\ FAULTS ACTIVE A
VOLCANO o'C o€ c MCqe!®
- CROSS-PROJECTION /,
AXIS scaLe Kus) I ic 1
ia* [— o] 4
56 0 50 10 150 2
o
[ el a Gl 7 & 5 7 73 72° 7F

Fig. 1. Epicenter map for Peru: January 1949 to July 1963. Numbers in parentheses after
magnitude groups represent the number of epicenters with the same magnitude and location.
C-1 and C-2 stand for the seismotectonic blocks C-1 and C-2.
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are estimated by

ép(Ny) = %LLN; dp dt (10)

and

’
e»(N,?) = ECP . f,, N2 dp dt (11)
The relative size parameters ¢ and e are inde-
pendent of absolute knowledge of the amount of
energy release by earthquakes.

In what follows, we will apply the seismicity
size parameter definitions to the study of a
section of one of the world’s most intricate areas
of earthquake activity: Peru.

MATERIAL USED

Four hundred ninety earthquakes occurring
during 1414 years were processed for this study
of the seismic activity of Peru, 60% of them
from the period January 1959 to July 1963;
they are shown in Figure 1. (The author will
be glad to provide the complete list of earth-
quakes to those needing it.) The main sources
of information were the United States Earth-
quake Bulletin (US.C.GS.), the Bulletin du
Bureau Central International de Séismologie
(Strasburg), Preliminary Epicenter Determina-
tion Cards (US.C.GS.), the Bulletin of the
Seismological Society of America (Earthquake
Notes Section), and Seismicity of the Earth
[Gutenberg and Richter, 1954].

Thirty-two shocks have magnitudes larger
than 6.5. Those of undetermined magnitude
were assumed to be of magnitude 4. Epicenters
clagsified as normal or slightly deep by
US.C.GS. were assumed to be between 30 and
40 km deep. The average standard error for
geographic position and depth is estimated to
be smaller than 0.50° and less than 50 km.
However, when using an averaging technique,
these errors decrease by a factor of \/ﬁ, pro-
vided that no systematic errors are involved,
where N is the number of epicenters averaged.
The accuracy of location of the high-activity
centers is estimated to be better than =30 km
on the aectivity maps; they are more precisely
located on the cross projection.

To make comparison with studies in other
areas possible, strain release was computed
through the following equation from Gutenberg
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and Richter [1956a]

log B = 11.8 + 1.5M (12)

From equations 7 and 12 for a reference mag-
nitude of size 4 the following relation is ob-
tained:

E in ergs

log (N,?) = 0.8(M — 4) (13)

where N, is the number of equivalent earth-
quakes of magnitude 4. The energy was com-
puted using the quadratic form

log E=9.4+42.14M — 0.054M° E in ergs
(19
[Gutenberg and Richter, 1956b].

RESULTS

Successive projections onto maps showing epi-
centers, strain release, and energy release, and
onto cross projections and one-dimensional pro-
files, seem to be the clearest way to summarize
the results of this study.

1. Epicenter map. An epicenter map plots
epicenters and information about magnitude
and depth of earthquakes. When epicenters are
numerous, they are usually coded in groups
according to their magnitude and/or depth.
Figure 1 shows earthquakes distributed in five
groups according to their depth, and in three
classes according to their magnitude (the sig-
nificance of ‘C-1’ and ‘C-2’ will be discussed
shortly). The most important features of this
map are:

i. Epicenters of group I (less than 70 km
deep) occur in the entire active area, except in
the region of group V (deeper than 550 km).

i. There is a high concentration of epicen-
ters of groups I, II, and III (less than 300 km)
in a narrow band 100 to 150 km wide along the
coast. This band is under the continental shelf
in area C-1 and under the continent In area
C-2.

wi. In area C-1, the activity on the continent
is concentrated east of the intermontane fault
system, leaving an area with few epicenters be-
tween the fault system and the coast.

iv. There is a clear gap in the distribution of
epicenters along parallel 13°S. This gap will be
called the geographic discontinuity.

v. Epicenters of group V, occurring in a nar-
raw band less than 150 km wide bearing N10-
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Fig. 2. Strain release map of Peru: January 1949 to July 1963. Contours and seismic groups
in units of =N per 1° latitude by 1° longitude per year.
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15°W in area C-1 and about N40°W in area
C-2. This group represents the easternmost seis-
mic activity of Peru. During the period of
analysis most of the epicenters in this group
constituted a rather compact set between paral-
lels 7°S and 1114°8.

Epicenter presentation can be used advan-
tageously in areas of fairly small concentration
where the pattern of focal depth varies so as to
be clearly portrayable, But when the area of
interest is one of high activity and depths are
not clearly systematic, it can become confusing
and uninformative.

2. Strain release map. This difficulty can
be partly overcome if a strain release map,
showing the areal distribution of parameters
dependent on earthquake size and frequency, is
constructed either for the complete period of
observation or for means per unit time. It is
more meaningful than a map showing only the
number of events, and it is used in this study,
with the epicenter and the energy release maps,
to decide the limits and strike of the seismo-
tectonic blocks (see below). It is a powerful tool
in outlining the general trends of earthquake
areas. Figure 2 shows values from the square
root of the energy release per unit area per
year. The unit of energy equals a magnitude 4
earthquake, and the unit of area, a rectangle
1° (latitude) by 1° (longitude). The seismic
activity can be divided into two major belts, a
coastal or western, and a continental or eastern.
The western belt, narrow, continuous, and well
defined, borders the coast northwest to south-
east, from southern Ecuador to northern Chile.
The eastern belt is broad and broken in two
segments by the geographic discontinuity, which
follows an east-west path along parallel 13°S.

The western belt is characterized by high
seismic activity, in the south mainly under the
continent, and in the north mainly under the
continental shelf. Centers of high activity are
listed below according to location. (Place names
refer to the nearest city.)

1. 18°S, 72°W (Arica), a narrow strip with
peak value of about 6, in units of N,/** per unit
area per year. It continues to Chile.

1. 16.5°S, 72°W (Arequipa), the highest seis-
mic activity center on the continent. Its peak
value is about 30. It is well developed and cov-
ers a large area. Flanking the eastern border of
this elongated high is a belt of Quaternary vol-
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canoes. The present active volcanoes are at the
southeast border of this high.

. 15.5°S, 745°W (Acari), with a peak
value of about 16. It is on the continent.

. 12.5°S, 77°W to 85°S, 79.5°W (Lima-
Trujillo). Here the center is an elongated high
with a peak value, near Lima, of about 5.

v. 6.5°S, 80.5°W (Chiclayo), a well-devel-
oped center, with a peak value of about 17. It
lies off the coast on the continental shelf.

vi. 3.5°8, 81.0°W (Tumbes), a well-developed
high center off the coast. The peak value is
about 32. This center continues toward the
north, where the contours seem to change in
orientation.

In the eastern belt, the centers are distributed
as follows:

i. 15.5°8, 705°W (Ayaviri), with a peak
value of about 16. Contour 10 encloses the
western Atico and Arequipa high as well. The
contour 15 encloses only this area.

#. 11°8, 745°W (Oxapampa), the lowest
clearly defined activity center, with a peak
value of only about 2.

. 8°S, 74°W (Pucallpa), a broad round
activity center with a peak value of about 3.

w. 6.5°S, 76.5°W (Moyobamba), a broadly
ellipsoidal center with a peak value of about 11.

v. 4°S, 76.5°W (Andoas-Barranca), an elon-
gated center with peak value of about 11. It
continues toward Fcuador.

The eastern and western high-activity belts
are separated in block C-1 by a broad band of
low activity lying between the coast and the
fault system and merging with the geographic
discontinuity.

Both the orientation of the contours and the
positions of the high-activity centers indicate
general trends striking N30°W in area C-1, and
about N60°-65°W in area C-2. These trends
mtersect at parallels 13°-14°S. They agree with
the general trend of the fault systems, the
Andean Mountains, and the Peru-Chile Trench.

3. Energy release map. An earthquake en-
ergy release map for Peru, similar to the strain
release map, and possessing similar advantages,
1s shown in Figure 3. Notice that, in comparison
with Figure 2, it gives more emphasis to cen-
ters of maximum activity. The general trend of
the contours and the alignment of the highs
agree with those of the strain release map. The
activity peaks in Figure 3 are shifted no more
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Fig. 3. Earthquake energy release, January 1949 to July 1963. Energy density groups and
contours in units of 10" ergs per 1° latitude by 1° longitude per 14% years.
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than 0.5° from those in Figure 2. The activity
centers in Figure 3 correlate one-to-one with
those in Figure 2.

This map was prepared mainly to show that,
if we know the magnitude of the event and the
relation between magnitude and energy, we can
outline the earthquake activity well by using
either strain release or simple energy release.
Notice that in the present case we have used a
different scale of time and a different relation
between energy and magnitude.

4. Seismotectonic blocks. Figure 1 includes
the outline of two seismotectonic blocks, enclos-
ing the hypocenters whose epicenters have sug-
gested the existence of linear belts of seismic
activity. These blocks are assumed to be paral-
lel and perpendicular to the linear trends, as
seen in surface projection of the seismie activity.
The linear trends in Figures 2 and 3 inflect 30°
between 12° and 14°S latitude. North of this
inflection they orient themselves N30°W in the
western belt and N25°W in the eastern. South
of it the western trend shifts to about N60°-
65°W, and the eastern trend is not clear. There-
fore, Peru may be viewed as divided into two
seismotectonic blocks, in which the activity fol-
lows approximately linear patterns. The surface
expressions of the two blocks are labeled C-1
and C-2, Figure 1.

The sides of C-1 that parallel the activity are
oriented N25°W, and the sides of C-2 bear
N60°W. They agree with the general trends of
the area’s major physiographic and geologic
features:

t. The submarine Peru-Chile Trench oriented
about N30°W in the northern area and N55°W
in the southern. The inflection is about 14%4°S
(cstimated from maps by Fisher and Ruaitt
[1962]).

it. The Andean Mountains oriented at about
N32°W and N63°W in the northern and south-
ern areas, respectively, with an inflection at
about 13°S [Hammond, 1955].

@, The major fault systems (the sub-Andean
and Andean) bearing N26°W and N22°W in
the northern area and N68°W in the southern.
The sub-Andean fault system indicates an in-
flection at about parallel 1214°S (Figure 2).

w. The major outerops of intrusive rocks
along the coast oriented at N20°W and N55°W
in the northern and southern areas, respectively,
with an inflection at about 14°S of latitude.

THE EARTH BENEATH THE CONTINENTS

v. The Quaternary volcanoes in the southern
area are distributed along a line N60°W.

5. Cross projections. A cross projection
casts a parameter of seismic activity horizon-
tally onto a vertical plane normal to the gen-
eral trend of the seismiec activity, so that the
general trends of the contours give an estimate
of the dip of the structure. It requires proper
determination of strike, as the direction along
which it is made is critical. A cross projection
follows the same techniques as conventional
maps, and like them it can be used to portray
hypocenters and hypocenter density as well as
energy and strain release. Using the orienta-
tions of the seismotectonic blocks, cross projec-
tions were constructed perpendicular to the
strike of the activity in each block (Figures
4 and 5). The distribution of the seismic ac-
tivity in block C-1 is simpler and better de-
fined than in C-2, and its total active hori-
zontal extent is greater and shallower than in
C-2, where the activity is more heavily con-
centrated along the coast.

It is remarkable that the activity can be
divided vertically into three major zones: (z)
from near surface to about 300 km, (i) from
300 to about 550 km, and (:¢) from 550 to 700
km, below which it ceases completely. Guten-
berg [1951] and Gutenberg and Richter [1954]
also recognized this general zoning under west-
ern South America.

i. The activity in the upper zone of C-1 (Fig-
ure 4) is not uniformly distributed, but con-
centrated along narrow bands dipping inland.
The activity belts, evident in previous maps,
appear as bands of high seismie activity with
the high-activity centers dipping 60°-70° north-
east in the west and about 40° northeast in
the east. There is a conspicuous region of low
activity separating these belts.

In C-2 (Figure 5) the western high-activity
band dips 70°-90° northeast. To this band be-
longs the so-called ‘San Agustin Fault System’
[Rodriguez et al., 1962]. No low-activity band
separates the western from the eastern high-
activity band, and they merge in the upper
100 km. Below that, between Apurimac and
Mant, a well-defined activity band dips about
40° northeast.

. The middle zone. This is an enigmatic
zone about which there is no information from
earthquakes. Do earthquakes occur in this

Copyright American Geophysical Union
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zone? If they do, why are they not detected at
the surface? These questions have no immediate
answer.

. The lower zone. The epicenters of this
deepest zone lie between the Andes Mountains
and the Brazilian Shield. Its centers of high
activity tend to be aligned horizontally in both
blocks, rather than dipping steeply as is ex-
pected for the ‘deep structure’ of the so-called
island ares. It appears in the cross projection
as a band about 150 km wide, with most
of the activity being centered at 640-650 km.

6. Projection on a vertical axvs. A projec-
tion on a vertical axis permits investigation of
layering and determination of average rates of
strain release (or energy release) with depth.
A cumulative plot® of strain release is the prin-
cipal technique, and it is obvious that the slope
of the cumulative plot is proportional to the
strain release. If such a plot can be fitted by
linear segments, each segment will determine a
layer where the strain (or energy) release is a
constant.

The distribution of specific strain with depth
for both blocks is shown in Figures 6, 7, 8, and
9. Although this distribution alone is highly
suggestive for the detail known, it has to be
taken with caution because of the limitations
imposed by the accuracy of the earthquakes’
depths and by the brevity of the period ana-
lyzed. Even so, the major features depicted in
each figure are important in the over-all frame-
work of this seismic area.

The western belt reveals some unexpected
differences of depth distribution between blocks
C-1 and C-2. In C-1 (Figure 6), under the
continental shelf, there is a principal zone with
nearly constant activity from near surface down
to 120 km. In C-2 (Figure 7), on the other
hand, two layers appear. The upper layer ex-

3 Plot of a function of the form

pu@ = 360 — o)

such that

an(x)=l for nm< o
n=1

Where f(&,) is a weighting function, g(z;) can be
either the value of the strain or energy release, ete.,
at level z;. The function f(£,) was assumed to be

unity.
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tends 110 km below the surface, with an in-
terval of low activity at its base; then the
belt’s highest activity appears between 110 and
170 km. Both western blocks show a sharp
cutoff marking the lower limit beyond which
the seismic activity remains very slight, 210
km in C-1 and 270 km in C-2.

The eastern belt (Figures 8 and 9) shows
more internal consistency than the western.
The seismic activity here is distributed in three
distinet layers of moderate activity. The upper-
most reaches down to 80 km in C-1 (Figure
8) and to 180 km in C-2 (Figure 9), with less
activity present in both blocks toward the bot-
tom. The highest activity lies between 80 and
160 km in C-1 and between 180 and 270 km
in C-2.

7. Rate of thermoelastic stress accumulation
and stramn release. Figure 10 shows the rate of
strain release and the rate of thermoelastic
stress accumulation. The specific strain release
represents a number proportional to the total
strain release per unit time. Thus it can be
compared qualitatively with theoretical rates of
stress accumulation with depth, to see whether
there is any indication of proportionality be-

OB : 0
% '
.
100 100
I
x 3
s N
N W
E Q
W 200 200 4
Q
300 T 1 T
| 2 0 5 10
€s P

[~

Fig. 6. Depth distribution of the specific strain
release, western belt, block C-1, in units of SN2
per unit volume per year. The unit volume is a
rectangular prism with 20 X 20 km? (in the plane
of cross projection) by 100 km (normal to the
cross projection). Left, averaged specific strain re-
lease. Right, Cumulative plot of the specific strain
release.
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Fig. 7. Depth distribution of the specific strain release, western belt, block C-2, in units of
SN per unit volume per year. The unit volume is the same as in Figure 6. Left, average
specific strain release. Right, cumulative plot of the specific strain releasc.

tween them. Since the data are sparse, it is
desirable to pool the data of both blocks and
to obtain average specific strain release every
50 km of depth. Figure 10 compares the results
with the rate of accumulation of thermoelastic
stress for an earth model with horizontal and
vertical temperature gradients, computed by
Lubimova and Magnitzky [1964]. The curves
are proportional in the upper 300 km. But
nothing in the theoretical curve can explain the
spike in the strain release curve between 600
and 680 km.

Some statistics in zone #i’s (group V) earth-
quakes follow. The average depth of these
earthquakes during the period of analysis is
634 = 28 km. The average depth for Benioff’s
[1949] data for South America from 1911 to
1917 is 617 = 30 km. Pooling the two averages,
the average depth of the deepest shocks is
625 == 29 km for the 1911-1963 period. The
standard deviations of these averages are
smaller than the accuracy of the depths used,
and they are not statistically different.

The small standard deviations of the simple
averages, and the narrowness of the average
specific strain release curve for these depths
(Figure 10), all suggest that the deepest earth-
quakes in Peru occur in a narrow, nearly hori-

zontal band. From the cross projections (Fig-
ure 5) and from Figure 1, this band appears to
be 150 km wide. The maximum activity peak,
based on specific strain release, not on the
number of occurrences, is about 640-650 km
deep.

The peak’s narrowness, and its failure to
correlate with the predictions from thermo-
elastic theory, seem to suggest that Benioff’s
[1964] hypothesis of sudden collapse may ex-
plain their mechanism. But then the question
remains, why do not earthquakes also occur
all over the world at, or near, these depths,
since such a mechanism depends mainly on
pressure? The answer probably lies in a com-
bination of factors.

If it is assumed that the strain energy stored
in the material under the seismic regions is
produced by lithostatic pressure from the
weight of the overburden plus a variably devi-
ating stress field generated by agents innate to
each seismic region (potentially caused by tem-
perature gradients, overimposed loads, different
rates of convection, etc.), and assuming also
that phase changes occur [Sclar et al., 1964;
Ringwood, 1962], that they occur abruptly or
gradually, and that they are mainly confined to
a finite depth range, then the high earthquake

Copyright American Geophysical Union

Vol. 10



Geophysical Monograph Series

The Earth Beneath the Continents:

LEONIDAS OCOLA

(ol ! . 0
%
100 -3 / 100
g N
S S
200 200
300 300
T T 1
| _ 2 o] 5 L0
€ Pe

Fig. 8. Depth distribution of the specific strain
release, eastern belt, block C-1, in units of =N/
per unit volume per year, The unit volume is the
same as in Figure 6. Left, average specific strain
release. Right, cumulative plot of the specific
strain release.

activity centered about 640-650 km depth, as
illustrated by Figure 10, might be accounted
for as follows:

1. Sudden phase change (Benioff’s [1963,
1964] collapse hypothesis) localized by a devi-
ating stress field (possibly triggered by varia-
tion in the rate of deviating stress). Here, the
sequence of events can be thought of as fol-
lows: an abrupt volume contraction produced
by a phase change, migration of material from
all possible directions toward the affected re-
gion, and restoration of the state of semiequi-
librium. It is worth while to point out that the
migration of the material will probably not be
uniform in all directions, because of the ex-
istence of the deviating stress, among other
factors. Owing to the collapse, a great amount
of heat will be generated in the disturbed ma-
terial, which will create temperature gradients
contributing to the original stress field. If the
amount of heat generated in this process is
large enough, it might even partially reverse the
original phase change. It should also be re-
marked that the phenomena outlined above are
postulated to occur in a short period of time.

1. Gradual phase changes and Orowan’s creep
fracture. It is known that a long-term stress
acting on a crystalline material at either moder-
ate or high temperatures will cause the material
to creep. If a gradual phase change occurs in a
particular depth range, it is to be expected that
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the state of creep will be altered, resulting in
higher rates of creep within the range of ex-
istence of material undergoing phase change.
An earthquake will occur when the material
fails by creep ‘fracture.” This kind of failure is
postulated as a ‘self-accelerating local softening
of the material at an initially weak place, which
may ultimately result in a shear melting’ [Oro-
wan, 1960].

8. Strain release on slanted projections.
When the orientation of the seismic block is
nearly correct, as evidenced by the cross projec-
tion of the active belts from which the dips of
the high-activity bands are estimated, it is pos-
sible to project the seismic activity of each belt
onto a plane oriented in such a way that it
provides the maximum resolution. The best
strike of the projection plane is given by the
orientation of the normal to the eross-projection
plane. In this study the high-activity belts in
each block were projected individually. They
are shown on Figures 11, 12, 13, and 14.

The projection of the eastern belt in block
C-1 was made onto a plane dipping 50° south-
west with strike normal to the cross projection,
as shown in Figure 11. This slanted projection
shows that the relatively high activity in the
eastern belt is centered along a narrow band
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Fig. 9. Depth distribution of the specific strain
release, eastern belt, block C-2, in units of TN/
per unit volume per year. Unit volume is the
same as in Figure 6. Left, average specific strain
release. Right, cumulative plot of the specific
strain release.
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about 80 km wide (measured on the slanted
plane) consisting of high-activity centers close
together and nearly parallel to the auxiliary
axis, which is the surface trace of the projec-
tion plane. This axis is located 320 km northeast
of the western limit of C-1. It is surprising that
no fault-plane solutions have ever been made
within this belt. However, Hodgson (in Byerly
[1955]) reported a fault-plane solution for a
1942 earthquake occurring in the zone between
the major belts. This solution is shown in Fig-
ure 11, with the reported dip. The azimuth

from the fault-plane solution and the general
trend of C-1’s activity agree well.

The projection plane of C-2’s eastern belt
(Figure 12) dips 50° southwest. Its auxiliary
axis is located about 420 km northeast of the
western side of C-2 (Figure 1), and is normal
to the cross-projection plane (Figure 5). The
data used in the construction of this slanted
projection exclude the activity within 100 km
of the western belt. In Figure 12 the activity
resolves into a long high-activity center near
the bottom of the figure, which is aligned with
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Fig. 10. Comparison in depth between the rate of accumulation of thermoelastic stress as
computed by Lubimova and Magnitzky [1964] and the specific strain release averaged every

50 km of depth.

Copyright American Geophysical Union



The Earth Beneath the Continents:
Geophysical Monograph Series A Volume of Geophysical Studies in Honor of Merle A. Tuve Vol. 10

LEONIDAS OCOLA 523

N

(x}.o7
.l‘@
Py
=)
‘é; e
Sz
= S
HAX @.07

e

0 10 20 30

TN,2 PER YEAR 50x50KM?

—_
oty 0 50 KM

X
= ',
/ . - // HOGSON'S FAULT PLANE SOLUTION, 1948

(REPORTED 0DIP)

R N—R AUXILIARY AXIS
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Fig. 13. Projection of the strain release on a plane dipping 30° southwest, western belt,
block, C-1. The line N-E is an auxiliary axis common for both belts within the same block.

Copyright American Geophysical Union



The Earth Beneath the Continents:
Geophysical Monograph Series A Volume of Geophysical Studies in Honor of Merle A. Tuve Vol. 10

526 THE EARTH BENEATH THE CONTINENTS

&>
O
3
i o1 &
-
4 x,-j.u

A . A
rl'..J\ a 1%
-~ . .Q2:
Ruor 5 y—
7 D X A48
{x:’.ov \
w7
\ = Opl
7
)
- P d
P &
) 14
07 Pams
—
A~ =
% E é H X.14
0 10 20 30 E é
, P rd
N2 PER YEAR 50x50 KM? —
—_— :_,
[¢] 50 KM

//FAULT PLANE SOLUTIONS:
/ C,D 0cCHOA,D, STAUDER,W., 1964
{REPORTED DIPS)

M"L AUXILIARY AXIS ‘ L

Fig. 14. Projection of the strain release on a plane dipping 15° southwest, western belt,
block C-2. The line M-L is an auxiliary axis common for both belts within the block.

Copyright American Geophysical Union



Geophysical Monograph Series

The Earth Beneath the Continents:

LEONIDAS OCOLA

a few low-activity centers toward the top.
There are no fault-plane solutions for this belt.

Figure 13 contains the projection of C-1’s
western belt onto a plane dipping 30° south-
west. The auxiliary axis is the same as in Fig-
ure 11, Seismic activity is concentrated along a
band 70-80 km wide (measured on the slanted
plane), nearly paralleling the auxiliary axis. The
one fault-plane solution made within this belt
(William Stauder, S.J., 1965, personal communi-
cation) agrees within 10° in azimuth and dip
with the general trend of the activity bands.

The western belt, block C-2, was projected
onto a plane dipping 15° northeast (Figure
14), with the same auxiliary axis as in Figure
12. Seismic activity is concentrated in a narrow
band 50-100 km wide (measured on the slanted
plane). It displays two distinet alignments of
high seismic activity centers, almost paralleling
the auxiliary axis. A fault-plane solution is as-
sociated with each of the alignments, and they
are shown, with the reported dips, in the figure.
The azimuth and dip from the fault-plane solu-
tion are within the range estimated for this belt.

From these four figures we may conclude that
the western belt in C-1 seems to be associated
with a single band of activity which lies mostly
under the continental shelf. Its counterpart in
C-2 shows twin activity bands which parallel
each other and lie mainly under the emerged
continent, close to the coastline. The orientation
of these high-activity bands shows good correla-
tion with fault-plane solutions. The eastern
band in C-1 seems to be related to a ‘complex
single band source’ or very close ‘twin band
sources’ of activity. But the counterpart in
block C-2 does not clearly show the outline of
the underlying ‘energy source or sources.’

CONCLUSIONS

1. The strain energy release distribution with
depth of the earthquakes within each seismic
belt can be reasonably well described by layers
of approximately constant strain release.

2. The clagsical picture of the distribution of
earthquakes with depth is not verified in Peru,
where we find a multiplicity of belts with vary-
ing dips within the first 300 km, earthquakes
shallower than 70 km under the entire Andean
block, a hiatus of activity between about 300
and 500 km, and a tendency toward horizontal
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distribution of the high seismic activity associ-
ated with the deepest shocks.

3. The existence of a multiplicity of high-
activity bands within a belt explains the ap-
parent inconsistency in fault-plane solutions for
earthquakes located in the same area.

4. The theoretical rate of accumulation of
thermoelastic strain release and the average rate
of strain release are generally proportional in
the upper 300 km. But thermoelasticity does
not predict the increase of strain release assoeci-
ated with deep-focus earthquakes.

5. The phase change principally controlled
by pressure seems to be the most likely mecha-
nism to explain the deepest earthquakes, com-
plemented by Orowan’s creep instability mecha-
nism.
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