
Puzzling laminar (3) or "zonar" struc- 
tures (5) resembling the concentric la- 
mellae that I observed have been seen in 
scanning electron micrographs of frac- 
tured echinoid plates. A scanning elec- 
tron micrograph of a broken trabecular 
bar from a young urchin (16) shows 
jagged structures that resemble crystal- 
lites, and Pearse and Pearse (16) suggest 
that organic material might be contained 
between lamellae. Theoretical (17) and 
x-ray diffraction (18) evidence also indi- 
cate polycrystallinity. 

Some of the enigmatic features of echi- 
noderm calcite can be explained if the 
polycrystalline model is typical of echi- 
noderms. Crystallite lamellae may con- 
tribute to the strength of the stereom in 
two ways. (i) The crystallites are whis- 
ker-like and may share some of the 
strength properties (19) of whisker crys- 
tals. (ii) Since the outer trabecular sur- 
faces are tightly packed cleavage faces, 
they are extremely smooth. The surface 
perfection of the trabeculae may produce 
strengthening by crack inhibition (3, 7 ,  
8). The Echinaster material demonstrat- 
ed loss of this surface smoothness at 
areas where stress concentrations were 
likely (Fig. 2C, arrows). 

The curvature of the lamellae may 
explain the high Mg2+ concentration of 
echinoderm calcite. A smooth, curved 
surface cannot be formed from calcite 
crystals, which are rhombohedral, be- 
cause the outer circumference must be 
greater than the inner circum{erence. 
The ionic radius of Mg2+ (0.67 A) (12) is 
32 percent smaller than that of Ca2+ 
(0.98 A) (12), and magnesian calcites 
have smaller interplanar spacings in the 
crystal lattice (20). If the magnesium ions 
are located within the crystallites so that 
the inner faces are slightly contracted, 
the crystallites would fit together 
smoothly. Where the curvature is great- 
est-around tight curves and near the 
central axis-~g'+ would be more abun- 
dant than in the straighter sections of 
lamellae. Overall Mg2+ content varies 
among the different skeletal elements (6), 
but it is not known whether Mg2+ con- 
tent varies with any of the smaller struc- 
tural features such as lamellae. 

All echinoderm ossicles are bound by 
connective tissue of some sort (21). 
Since the ossicle-dermis junction ap- 
pears to be sensitive to loading rate, 
failure to observe crystallites in other 
studies may have been the result of pro- 
ducing fractures by rapid compression. 
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Quiet Zone Within a Seismic Gap near Western Nicaragua: 
Possible Location of a Future Large Earthquake 

Abstract. A 5700-square-kilometer quiet zone occurs in the midst of the locations 
of more than 4000 earthquakes off the Pacific coast of Nicaragua. The region is 
indicated by the seismic gap technique to be a likely location for an earthquake of 
magnitude larger than 7 .  The quiet zone has existed since at least 1950; the last large 
earthquake originating from this area occurred in 1898 and was of magnitude 7.5. A 
rough estimate indicates that the magnitude of an earthquake rupturing the entire 
quiet zone could be as large as that of the 1898 event. It is not yet possible to forecast 
a time frame for the occurrence of such an earthquake in the quiet zone. 

Segments of seismically active plate 
boundaries in the circum-Pacific that 
have not been ruptured by a large (mag- 
nitude M greater than 7) earthquake for 
30 years or more are considered likely 
locations for future large earthquakes (I ,  
2). The earthquake potential of each seg- 
ment, or "seismic gap," is considered to 
increase with the time since the last large 
earthquake within that segment. Since 
1973, when this concept was presented 

by Kelleher et al. (I), nearly all large 
circum-Pacific earthquakes have oc- 
curred within such gaps. Th"- he con- 
cept has been of great utility in forecast- 
ing where large earthquakes should oc- 
cur. To be socially useful, however, 
earthquake predictions must specify the 
time of these events more accurately. 
Some workers (3) have reported precur- 
sory patterns of seismicity that may 
make possible the forecasting of large 
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earthquakes to within a few years. Typi- 
cally, a large part of the future rupture 
zone is seismically quiescent for years to 
decades compared to adjacent regions; 
then, in the months to years before the 
main shock, seismicity increases in the 
area immediately surrounding the quiet 
zone. Although the details of such pre- 
cursory seismicity are limited by the 
poor quality of available data, a success- 
ful forecast (4) of the recent large earth- 
quake near Oaxaca, Mexico (29 Novem- 
ber 1978, M = 7.9), was based on similar 
changes in seismicity. These observa- 
tions suggest that it may be possible to 
pinpoint the locations of some future 
large earthquakes by searching delineat- 
ed seismic gaps or regions of high seis- 
mic potential for quiet zones surrounded 
by areas of increasing seismic activity. 
We investigated such a zone of seismic 
quiescence that appears in earthquake 
location data from a new seismograph 
network in western Nicaragua. 

The Nicaraguan network, installed as 
a cooperative project between the gov- 
ernment of Nicaragua and the U.S. Geo- 
logical Survey, consists of 16 remote 
high-gain seismograph stations that have 
been operating since April 1975. Seismic 
signals from 1-Hz seismometers at each 
station are relayed by very high frequen- 
cy radio to the offices of the Instituto de 
Investigaciones Sismicas (11s) in Mana- 
gua, Nicaragua, where they are recorded 
on 16-mm film. For each earthquake the 
arrival times and signal duration at indi- 
vidual stations are determined and the 
hypocenter, origin time, and magnitude 
are calculated by computer. A detailed 
description of the instrumentation and 
data reduction methods has been pub- 
lished (5). The precision of earthquake 
epicenters calculated with the Nicara- 
guan data is better than 5 km. Between 
April 1975 and December 1978 more than 
4000 earthquakes were located with data 
from the network, compared to only 45 
events recorded teleseismically . The 
new seismograph network, therefore, 
enables the rapid accumulation of pre- 
cise earthquake locations for western 
Nicaragua. 

Most earthquakes along the Pacific 
coast of Nicaragua originate along the 
seismically active plate margin and result 
from the northeasterly underthrusting of 
the Cocos plate beneath the Caribbean 
plate (6). Preliminary results from Nica- 
ragua (5) show that seismicity is primari- 
ly confined to a 15- to 25-km-thick slab, 
or subduction zone, striking roughly par- 
allel to the coastline and dipping north- 
eastward from the surface at the Middle 
America trench to a depth of about 200 
km beneath a chain of active volcanoes. 
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Analysis of the high-quality Nicaraguan 
data reveals an area of seismic quies- 
cence down to magnitude 2 at shallow 
depth on the subduction zone (Fig. 1). 
This quiet zone is approximately 50 km 
wide parallel to the coastline and extends 
115 km downdip on the subduction zone 
to a depth of about 50 km. 

Although narrow compared to the rup- 
ture widths of large subduction zone 
earthquakes, whose longest dimension is 
usually parallel to the strike of the sub- 
duction zone, the Nicaraguan quiet zone 
is similar to the rupture zones of several 
large Central American earthquakes that 
also have a longer downdip dimension 
(1, 2, 7). This quiet zone lies inside the 
southeast end of a seismic gap identified 
by Kelleher et a/.  (I) that extends 400 km 
along the Pacific coasts of El Salvador 
and northwestern Nicaragua (see inset in 

Fig. 1). McCann et al.  (2) assign this gap 
a seismic potential of category 2, corre- 
sponding to a region that has produced a 
large earthquake more than 30 but less 
than 100 years ago. They consider that 
this gap may be the site of a large earth- 
quake within a few years to a few dec- 
ades, because the time since the last 
large earthquakes within the gap region, 
which occurred in 1921 ( M  = 7.3) and 
1926 (M = 7.1), is roughly equal to the 
50-year average recurrence interval for 
large earthquakes in Central America. At 
least six earthquakes of magnitude 7 or 
larger have occurred within the present 
seismic gap since 1850 (8). Each of these 
events, however, ruptured only a portion 
of the gap region, suggesting that, in the 
future, the gap will be ruptured by sever- 
al large earthquakes rather than one 
great earthquake. We therefore consider 
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Fig. 1. Epicenter map of the upper 70 km of the subduction zone, containing two data sets: the 
smallest circles represent 1000 events of 2.0 5 M < 3.5 recorded between April 1975 and June 
1978; all larger circles represent events of M 2 3.5 recorded between April 1975 and December 
1978. The dashed line shows the location of the quiet zone. (Inset) Location of map area (shaded 
box) and locations (bars) of Central American seismic gaps identified by Kelleher et a / .  (1). 



that the quiet zone, which lies inside the 
El Salvador-Nicaragua seismic gap, may 
be the specific site of one of these future 
large earthquakes. 

We searched the available teleseismic 
records of earthauakes and the historical 
accounts for evidence of previous large 
earthquakes in the vicinity of the quiet 
zone. A relocation study of teleseismi- 
cally recorded earthquakes near Nicara- 
gua for the period 1950 through 1972 by 
Dewey and Algermissen (9)  reduced lo- 
cation errors to a maximum of 10 to 20 
km. Inspection of the results indicates a 
quiet zone of similar dimensions in the 
midst of earthquakes of magnitude 5 and 
larger since at least 1950, at the same 
location as that revealed by the new local 
data. The most recent destructive shal- 
low earthquake in the vicinity of the 
quiet zone was recorded on 29 April 1898 
with a magnitude of 7.5 (10). This earth- 
quake must have ruptured the quiet zone 
because Rossi-Fore1 intensities of V to 
IX were reported between Managua and 
the Gulf of Fonseca (11). The greatest 
damage occurred in Leon, Chinandega, 
and Corinto-cities directly onshore 
from the present quiet zone. Historical 
accounts of earthquakes prior to 1898 are 
sketchy; earthquakes that may have 
originated in this area in 1850, 1881, and 
1885 (12) appear to have been significant- 
ly smaller. The 1898 earthquake indi- 
cates that, although the Nicaraguan quiet 
zone has existed since at least 1950, it is 
not permanently aseismic and that this 
region is capable of producing a magni- 
tude 7.5 earthquake. The 82-year period 
since the 1898 earthquake is long com- 
pared to the average recurrence interval 
of 50 years for large earthquakes in Mex- 
ico and Central America (1, 2 ) ,  suggest- 
ing that a large earthquake in this area 
might be long overdue or that aseismic 
slip plays an important role in accommo- 
dating plate motion. The paucity of his- 
torical data prior to 1898, however, 
makes it difficult to determine whether 
there are large fluctuations in the recur- 
rence intervals or whether the recur- 
rence interval for this area might be 
longer. 

Reported seismicity patterns preced- 
ing large earthquakes are diverse and 
their usefulness as a predictor is still 
uncertain (13). One pattern observed is 
an increase in seismic activity along the 
edges of a zone of quiescence before the 
main shock (3). To examine changes in 
seismicity with time, we divided the seis- 
mically active coastal region of Nicara- 
gua into four 50-km-wide segments, one 
of which was centered on the quiet zone 
(Fig. 1). In Fig. 2, the distribution of 
earthquakes with time for each segment 

is plotted for locally recorded earth- 
quakes larger than magnitude 3.5 be- 
tween 1975 and 1978 and for teleseismi- 
cally recorded earthquakes of magnitude 
5.0 and larger from 1950 to 1978. Data 
from 1979 and 1980 were not used be- 
cause interruptions in network opera- 
tions and data processing due to the 
recent civil war in Nicaragua resulted in 
an uneven data set for that period. In 
Fig. 2a, an increase in the number of 
earthquakes of magnitude 3.5 and larger 
appears in mid-1977 for the segments on 
each side of the quiet zone. A count of 
earthquakes indicates that during the 1.5 
years after mid- 1977,8 1 events of magni- 
tude 3.5 and larger occurred along the 
edges of the quiet zone, compared to 
only 25 events during the preceding 1.5 
years. Part of this increased seismicity, 
however, is due to large aftershock se- 
quences following two moderate-sized 
earthquakes on 3 1 May 1978 (body-wave 
magnitude Mb = 5.7) and 19 December 
1978 (Mb = 5.3) that occurred on the 
northwest and southeast edges, respec- 
tively, of the quiet zone. In addition, the 
distribution of earthquakes of magnitude 
5.0 and larger (Fig. 2b) during 1975 
through 1978 is not significantly different 

Fig. 2. (a) Space-time distribution of M 3.5 
earthquakes for four adjacent 50-km-wide 
segments along the strike of the Nicaraguan 
subduction zone. Segment 2 is centered on 
the quiet zone (see Fig. 1).-Data were record- 
ed by the Nicaraguan seismic network be- 
tween April 1975 and December 1978. (b) 
Space-time distribution of M 2 5 earthquakes 
since 1950, using the epicenters relocated by 
Dewey and Algermissen (9). 

from the overall distribution of these 
events since 1950. Therefore the in- 
crease in the number of smaller earth- 
quakes along the edges of the quiet zone 
since mid-1977 may be a normal fluctua- 
tion in the level of seismicity. 

We can estimate the magnitude of an 
earthquake rupturing the entire quies- 
cent area from a calculation of the seis- 
mic moment, Mo, given by Mo = ~ u A ,  
where p is the shear modulus, 7 x 10" 
dyne/cm2 [an average value for the man- 
tle (14)l; A is the area of the quiet zone, 
5700 km2; and u is the average potential 
slip on the fault during an earthquake. 
Potential fault slip, however, is not well 
constrained because the percentage of 
strain released seismically is not well 
known. One study indicates that 25 to 90 
Dercent of the strain is released seismi- 
cally along circum-Pacific subduction 
zones (15). Thus a potential fault slip can 
be approximated by using 25 percent 
seismic strain release, a plate conver- 
gence rate of 8.4 cmiyear (16), and the 
duration of strain accumulation. A mini- 
mum value for duration is 30 years, the 
length of time for which the quiet zone 
has been definitely known to exist. The 
resulting fault slip is 0.6 m. If we use 
duration as the time since the 1898 earth- 
quake, we obtain a maximum fault slip of 
1.7 m. Fault slips of 0.6 and 1.7 m yield 
respective seismic moments of 2.4 x 

and 6.8 x dyne-cm or corre- 
sponding magnitudes of 7.6 and 7.9 (17). 
Although the uncertainties in estimating 
the magnitude of a future earthquake can 
be large, these estimates indicate that an 
earthquake similar to the magnitude 7.5 
earthquake of 1898 could be produced in 
the quiet zone. 

Some idea of the damage that could be 
expected from such an earthquake may 
be obtained from damage reports of pre- 
vious earthquakes. The 1898 earthquake 
damaged hundreds of homes and some 
buildings, many beyond repair, in the 
towns and cities along the Pacific coast 
(12). The greatest damage was to taque- 
zal-type buildings and homes, which are 
still common in western Nicaragua. Ta- 
quezal construction consists of a wood- 
post frame, wood-lath and adobe walls, 
and a heavy tiled roof. This type of 
construction has little resistance to later- 
al shear stresses generated by an earth- 
quake (18). Thus an earthquake of about 
magnitude 7.5 in the quiet zone poses a 
significant risk to life and property in the 
cities and area of Leon, Chinandega, and 
Corinto, Nicaragua's principal port. 

In summary, earthquake data from a 
new high-gain seismograph network re- 
veals a 5700-km2 area of seismic quies- 
cence on the shallow subduction zone 
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near the Pacific coast of Nicaragua. The 
quiet zone lies within a region indicated 
by the seismic gap technique to be a 
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likely location for an earthquake of mag- 
nitude 7 or larger within the next few 
decades. Teleseismic data show that the 
quiescence has existed since at least 
1950 and that the quiet zone appears to 
have been last ruptured by a magnitude 
7.5 earthquake in 1898. Because the rup- 
ture zones of large earthquakes are ob- 
served to be seismically quiescent for 
years to decades prior to the main shock, 
the quiet zone in Nicaragua may be 
the site of a future large earthquake. A 
rough estimate of the magnitude of an 
earthquake that would rupture the entire Spectral Analysis of Tropospheric Aerosol Measurements 

Obtained with a New Fast Response Sensor quiet zone indicates that it could be 
comparable to the magnitude 7.5 event in 
1898. Abstract. A new fast response sensor was used in aircraft studies offluctuations in 

the size distributions of tropospheric aerosol and their relation to fluctuations of 
trace gas concentrations and light scattering coeficients. Spectral analysis of data 
upwind of Buffalo, New York, and Houston, Texas, suggests important roles for 
atmospheric turbulence and chemical reaction in aerosol fluctuations. 

An increase in the level of seismicity 
in the magnitude range 3.5 to 5.0 oc- 
curred along the edges of the quiet zone 
in mid- 1977 and continued through 1978. 
The distribution of earthquakes of mag- 
nitude 5.0 and larger for the same time 
period, however, is not significantly dif- 

Essential information on the dynami- 
cal processes governing the tropospheric 

ly by standard procedures. The ECI was 
calibrated in the laboratory before and 

ferent from the overall distribution of 
earthquakes larger than magnitude 5.0 
since 1950. Thus it is not known whether 

aerosol is contained in the smaller scale 
spatial and temporal fluctuations in the 
particle size distribution. Despite exten- 

after each study; no changes were found 
in calibration. 

In these studies the ECI permits deter- 
mination of a large portion of the aerosol the increase in the number of magnitude 

3.5 to 5.0 events is a normal fluctuation 
in lower magnitude seismicity or part of 

sive investigations of the tropospheric 
(principally urban) aerosol over the past 
decade [for example (I)], these fluctua- 
tions and their relation to fluctuations in 

size distribution with response times un- 
der 1 second. In the ECI, aerosol parti- 
cles acquire a positive electric charge a precursory pattern. Moreover, ob- 

served precursory seismicity patterns 
vary and their use as a predictor is still in 
the development stage. We feel, there- 

trace gas concentrations and light trans- 
mission have received little attention. In 
this report we present a detailed analysis 

from a corona charger. They then enter a 
multistage cascade impactor in which 
each impaction stage and the final filter 
are isolated electrically from other parts fore, that although the data clearly show 

a seismic quiet zone that is a possible 
location for a future large earthquake, 
they do not yet enable forecasting of 

of these phenomena that was made pos- 
sible by our development of an instru- 
ment called the electronic cascade im- 

of the impactor and connected to an 
electrometer amplifier. Particles are col- 
lected on surfaces at different stages pactor (ECI) to obtain information on the 

such an earthquake within a specific time 
frame. 
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aerosol size distribution in real time (2). 
The measurement systems used in our 
aircraft studies and the spectral tech- 

according to their aerodynamic diame- 
ter, as in an ordinary impactor, but the 
currents arising from the deposited 

niques employed in our analysis are 
briefly described. Typical conditions and 
a few representative results are given for 

charge can be measured, amplified, and 
recorded in real time and converted 
through suitable inversion techniques to 
give particle size distributions. Since a 
detailed description of the ECI was pub- 
lished (2), some changes in the instru- 
ment have been made. The ECI now in 

the spectral relation among aerosol size 
fractions, trace gas concentrations, and 
light scattering coefficients. 

Managua, Nicaragua The data for the spectral analyses 
were obtained from separate field studies 
in Buffalo, New York, during 24 to 31 
March 1980 and Houston, Texas, during 
5 to 15 June 1980. Although different 
aircraft were used, the quantities mea- 
sured were the same: particle size distri- 

use is a seven-channel instrument having 
six impaction stages and a final filter. 
Impaction stages 1 through 6 have 50 
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