
on the circum-Pacific terrane map. These 
relations may indicate physical properties 
that render seamounts and pelagic sediment 
to be more susceptible to subduction, conti- 
nental underplating, recycling into the man- 
tle, or both. 

The percentages of terrigenous sediment 
and volcanic debris in the Pacific Ocean and 
in the circum-Pacific terranes are rough 
equivalents lending credence to the hypoth- 
esis that continents are growing. On a global 
scale, terrigenous debris accounts for a big- 
ger percentage, up to 42%. This reflects the 
large accumulation of sediment along trail- 
ing margins (Indian and Atlantic oceans). 
Even though this material is destined for 
accretion following a Wilson cycle-like 
ocean closure, the margin of Panthalassa 
must not have included major portions of 
long-lived passive plate regimes. 

The total area of the circum-Pacific con- 
sisting of terranes accreted since 200 million 
years ago is approximately 33 x lo6 km2 
(15). Assuming an average crustal thickness 
of 20 km, one calculates an accretionary rate 

of 3.3 km3 per year since the breakup of 
Pangaea. This value is too large for a conti- 
nental growth estimate because recycled sed- 
iment as well as terranes older than 200 
million years are included in the volume 
calculation. Not until we know the thickness 
of all terranes younger than 200 million 
years and can determine the amount of 
material that is subducted into the mantle 
will we be able to precisely calculate the rate 
of continental growth; at this point, the 
estimates of 3.0 km3 per year for accretion 
and 1.35 km3 per year for continental 
growth provide a framework for discussion. 
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The 1985 Central Chile Earthquake: A Repeat of 
Previous Great Earthquakes in the Region? 

A great earthquake (surface-wave magnitude, 7.8) occurred along the coast of central 
Chile on 3 March 1985, causing heavy damage to coastal towns. Intense foreshock 
activity near the epicenter of the main shock occurred for 11 days before the 
earthquake. The aftershocks of the 1985 earthquake define a rupture area of 170 by 
110 square kilometers. The earthquake was forecast on the basis of the nearly constant 
repeat time (83 2 9 years) of great earthquakes in this region. An analysis of previous 
earthquakes suggests that the rupture lengths of great shocks in the region vary by a 
factor of about 3. The nearly constant repeat time and variable rupture lengths cannot 
be reconciled with time- or slip-predictable models of earthquake recurrence. The 
great earthquakes in the region seem to involve a variable rupture mode and yet, for 
unknown reasons, remain periodic. Historical data suggest that the region south of the 
1985 rupture zone should now be considered a gap of high seismic potential that may 
rupture in a great earthquake in the next few tens of years. 

ENTRAL CHILE, BETWEEN 32' AND 

35"S, has been the site of great 
'earthquakes in 1575, 1647, 1730, 

1822, and 1906. This sequence gives a 
remarkably constant return period of 
83 * 9 (mean * SD) years for great shocks 
in the region. On the basis of this sequence 
and the validity of time- and slip-predictable 
models of earthquake recurrence, the region 
had been identified as a gap of high seismic 
potential, and a great earthquake had been 
forecast for this decade (1-3). 

On 3 March 1985 (22:46:56.8 GMT) 

the central Chilean coast was struck by a 
great earthquake (surface-wave magnitude, 
M, = 7.8), which caused serious damage to 
the coastal towns from Quintero in the 
north to Matanza in the south (distance of 
about 150 km) as well as to many inland 
towns and cities including Santiago (Fig. 1) 
(4). The earthquake appears to have fulfilled 
the forecast if we ignore an earthquake in 
1971 (M, = 7.9) that broke the northern 
one-third of the estimated rupture length of 
the 1906 shock. 

To explain the periodic sequence of the 
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great shocks, the currently popular time- 
and slip-predictable models of earthquake 
recurrence (5, 6) require nearly constant 
rupture lengths. Our analysis of the data, 
however, shows that the great earthquakes 
in the region are not simiiar to each other: " 
their rupture lengths vary by a factor of 
about 3. The great shocks of central Chile 
demonstrate that our understanding of the 
earthquake generation process is still very 
rudimentary and that there may not be a 
single universal model valid for all seismic 
regions of the world. 

The main shock of 3 March 1985 was 
preceded by intense foreshock activity, 
which began with an event of bodywave 
magnitude (wb) of 4.7 on 21 February at 
18:53:08.5 GMT. 'The frequency of the 
foreshocks caused great alarm in Valparaiso 
(7). In the next -11 days the permanent 
central Chilean network recorded 360 earth- 
quakes with coda magnitudes (M,) of >3.0 
(8) (Fig. 1). On 2 March 1985 the water 
wells sewing a community near the coast of 
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Fig. 1. Map showing the foreshock 
and aftershock areas and the main 
shock location of the 3 March 1985 
earthquake. The foreshocks and the 
rnain shock were located by the 
permanent central Chile network of 
seismographs (shown by 4); in the 
aftershock areas the data from por- 
table seismographs (sho\vn by *) 
were also used. The preferred fault 
plane, from the focal mechanism 
(12),  has strike, dip, and rake of 
11°, 2S0, and 11O0, respectively. 
The foreshock statistics (M,, 23.0)  
of the earthquake of 21 February 
(mb, 4.7) are shown at the upper 
right. Peak horizontal acceleration 
at coastal sites is shown by vectors 
whose magnitudes (zero to peak) 
can be read from the scale at the 
lower right. The damage along the 
coast extended from Quintero to 
Matanza with San Antonio and 
Llolleo most severely hit. The rup- 
ture area estimated from the loca- 
tioils of the events from 8 to 17 
March is about 170 by 110 km2. 
Bathymetry data were provided by 
the Instituto Hidrografico de la Ar- 
mada, Chile. H, depth of aftershock 
in kilometers. 

San Antonio went dry (9). The epicenter of 
the main shock (33.24"S, 71.85"W), deter- 
mined from the central Chilean network 
data ( lo) ,  falls in the epicentral area defined 
by ten precursory events (Fig. 1) chosen for 
analysis (1 1) .  Thus, the main shock began in 
the region of precursory cluster of the fore- 
shock activity about 30 km offshore of Al- 
garrobo (Fig. l ) .  The focal mechanism of 
the main shock (Fig. 1) (12) is consistent 
with thrust faulting on a shallow plane dip- 
ping 25". A few long-period P-wave records 
from teleseismic stations show that the main 
shock consisted of two subevents (Fig. 2). 
'The time difference between the two sube- 
vents appears nearly constant at all the sta- 
tions, and the pulses associated with the sec- 
ond subevent are narrower at stations to the 
south com~ared with stations to the north 
(Fig. 2). From these data we conclude that 
the two subevents had nearly the same hypo- 
center and that the larger second subevent 
propagated to the south. Further support for 
these conclusions comes from (i) clear acceler- 
ograms from Viiia del Mar, Llolleo, and 
Melipilla (Fig. 1) that show two large arrivals 
of S waves about 12.8 seconds apart on all 
these stations, and (ii) damage and peak 
horizontal accelerations (Fig. 1) that were 
larger to the south of the epicenter of the 
rnain shock than to the north (13). 

The earthquake caused tsunami, a great 

sea wave, along the coast ncar the focal 
region, which indicated vertical displace- 
ment of the sea floor (14). The tide gauges 
at Valparaiso and San Antonio show a per- 
manent uplift of the shoreline of 11 and 28 
cm (+- 5 cm), respectively. These estimates of 
uplift are obtained from the predicted value 
of sea level at these two localities. 

Aftershocks mere recorded by eight porta- 
ble smoked-paper field seismographs de- 
ployed along the coast and ten permanent 
stations of the central Chilean network (Fig. 
1). The installation of the portable seismo- 
graphs began on 6 March and was complet- 
ed by 8 March. All these units were in 
operation until 16 March. From 17 to 24 
 march only two portable seismographs, at 
the northern (Valparaiso) and southern (Pi- 
chilemu) ends of the aftershock area, were 
left in the field. The locations of the portable 
seismographs complemented the permanent 
array, which lacks stations along the coast. 
Figure 1 gives locations of 91  aftershocks 
occurring between 8 and 17 March, which 
had coda duration >150 seconds at the 
seismograph station at Peldehue (PEL). An 
average of 16 P- and 8 S-wave readings were 
available for each event. We located the 
events by using a flat-layer model appropri- 
ate for the coastal region with corrections 
for inland permanent stations (11). The 
locations in Fig. 1 define an aftershock area 

of about 170 by 110 km2 (15). This after- 
shock region provides a rough estimate of 
the rupture area of the main shock, although 
the actual rupture area may have been some- 
what smaller. The location of the main 
shock with respect to the aftershock area in 

30 sec 

Fig. 2. Long-period P-wave records of the 3 
March 1985 earthquake from some Digital 
World-Wide Standard Seismograph Network sta- 
tions. The station locations, indicated on the 
right, are shown on an equal-area projection of 
the lower focal hemisphere. The records suggest 
that the main shock consisted of m70 subevents, 
both of which nucleated at approximately the 
same hppoccnter. The records to the south exhibit 
narrower pulses for the second subevent com- 
pared with those to the north, implying that the 
second subevent propagated to the south. This 
source directivity is also supported bp the damage 
distribution, the recorded peak accelerations 
along the coast, and the extent of the aftershock 
area with respect to the main shock epicenter 
(Fig. 1).  
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Fig. 1 suggests that the rupture propagated 
60 km to the north and about 110 krn to the 
south, which gives further evidence of direc- 
tivity of the source toward the south. The 
seismic moment, Mo, of the earthquake is 
1.15 x lo2' dyne-cm, which gives a mo- 
ment-magnitude M, of 8.0 (16). If an area 
of rupture A = 170 by 110 km2 and the 
r~gidity p. = 5 5 10" dyne/cm2, then the 
relation M o  = ~ A i i  yields the average dis- 
placement on the fault ii of 123 cm. 

The Great Valparaiso earthquake of 16 
August 1906, which caused severe damage 
(Mercalli intensities >VIII) (17) in a region 
about 365 krn long, extending from Illapel 
(31.7"s) to Curepto (35"s) (Fig. 3), has 
been exhaustively studied and reported (18- 
21). These reports seem to suggest that the 
earthquake started north of Valparaiso (per- 
haps near La Ligua) and that it was a 
complex event. The main shock was preced- 
ed by precursory activity which began on 18 
June with an earthquake that was felt with 
"extraordinary intensity" in Valparaiso and 
Santiago (21). Although many small shocks 
were reported, the earthquakes of 20 July, 2 
August, and 14 August were felt with Rossi- 

Fig. 3. (A) Space-time diagram of 
central Chile earthquakes. Solid 
horizontal lines represent estimated 
rupture lengths. The arrows indi- 
cate that the rupture lengths ex- 
tended farther in that direction. 
Dashed lines show uncertain rup- 
ture lengths. Dashed line with 
question marks for the 1575 earth- 
quake reflects inadequate reports, 
which make the estimated rupture 
length very uncertain. Earthquakes 
of past centuries that were large but 
not great (7.5 > magnitude > 7) 
and whose rupture lengths could 
not be estimated are shown by (0). 
Locations of this century's main 
shocks are shown by stars. M,, M,, 
and M, are surface-wave, moment, 
and tsunami mag~litudes (16, 25), 
respectively. (B) Central Chile re- 
gion and aftershock areas of the 3 
March 1985 and 9 July 1971 earth- 
quakes. Intcrllational Seismological 
Center locations were used to de- 
fine the 1971 aftershock area. 

Forel intensities of IV to V (21). Uplift of 
the coastline of 80 cm (at Zapallar) t;40 crrl 
(at Llico), as a consequence of the main 
shock, is well documented (18,22). Abe and 
Noguchi (23) have revised the surface-wave 
magnitude of this earthquake, which, in 
accordance with the current definition of 
M,, is 8.3. Our estimate of the magnitude, 
based on a reexamir~ation of the -seismo- 
grams, is 8.2 (24), which is close to the value 
given by Abe and Noguchi (23). From 
tsunami data at Hilo, Honolulu, and Japan, 
Abe (25) estiniaced a tsunarni magnitude, 
Mt,  of 8.4, which correspoilds to a seibniic 
moment of 4 x loZs dyne-cm. After cali- 
bration with respect to the 3 March 1985 
and 22 Map 1960 (:hilearr earthquakes 
whose tsunarni heights and scisrnic mo- 
ments are known (16, 25-27), our reesti- 
mated value of the seismic nlorilent of the 
1906 earthquake is 6.6 x lo2= dyne-cm 
(Mt = 8.5) (28). If wc assume a rupture 
length of 365 knl and a fault width of 150 
km, the estimated u during the 1906 earth- 
quake was 241 cm. 

A space-time plot of large central Chilean 
earthquakes is shown in Fig. 3. This plot 1s 

similar to Kelleher's (1 ). Rupture lengths 
and locations of earthauakes in ~revious 
centuries are based on a reexamination of 
reports (18-20, 29, 30). The larger earth- 
quakes in the region of interest occurred in 
1647, 1730, 1822, and 1906 (Fig. 3) .  The 
1575 earthquake is poorly documented, so 
its size and location are more uncertain than 
those for other events. The earthauake of 
1647 appears similar in size and location to 
the 1906 Valparaiso earthquake. We esti- 
mate the rupture length of the 1730 earth- 
quake as 550 krn (31). The damage and 
tsunami reports leave little doubt that this 
was the largest earthquake in the region (19, 
20). The sGuthern limit of the rupture zone 
of the 1822 earthquake is somewhat uncer- 
tain (32). It may have extended farther south 
than Melipilla, which was left in ruins. In 
1822, the shoreline near Quintero and Val- 
paraiso was uplifted 1.2 m and 0.9 m, 
respectively (29, 33), and precursory earth- 
quakes were felt in Valparaiso beginning 5 
days before the main shock (29). 

The sequence of 1575,1647,1730,1822, 
and 1906 gives a recurrence period of 
83 2 9 years for great earthquakes in the 

1906 ,  Mss8.3,  Mtz8.5  
1900 1 8 7 3  (Similar to 1 9 7 1 )  

o 1 8 7  1  
1 8 5 1  - 8 4 7  

1822  
I 

1647  (Similar to 1906)  
c------------------------+ 

1575 
C-7--7--7-4 

B - North 

/ \-1985 Aftershock area 
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region. Thus, the next great earthquake after 
the 1906 shock would have been expected in 
1989. The earthquake of 1985 fits well with 
this expectation if we ignore the 1971 earth- 
quake (M,  = 7.9), which had a seismic mo- 
ment of 0.56 x lo2' dyne-cm (34) and 
broke about 110 km of the plate interface 
(Fig. 3). The aftershock areas of the 1971 
and 1985 earthquakes overlap only slightly 
(Fig. 3), suggesting that different segments 
of the plate interface were involved in the 
two ruptures. The sum of the seismic mo- 
ments of these two earthquakes is about 
one-fourth that of the 1906 shock. 

Our rupture estimates for the 1647, 
1730, 1822, 1906, 1971, and 1985 earth- 
quakes are 365, 550, 220 to 250, 365, 110, 
and 170 knl, respectively. We can ignore the 
1971 earthquake since past earthquakes of 
similar size (Fig. 3) were excluded from the 
recurrence calculation. In other words, we 
are considering only events with seismic 
moment 3 1  x dyne-cm (rupture 
length > 150 krn). We are confident that the 
record of such earthquakes in the region 
since the 17th century is complete. When we 
exclude the 1971 earthquake data, the small- 
est rupture length is associated with the 
most recent, better studied 1985 earth- 
quake. Therefore, one might wonder if the 
rupture lengths of previous earthquakes are 
not consistently overestimated. On the basis 
of the extent of damages, the documented 
coastal uplifts (1822 and 1906 earth- 
quakes), and the tsunami reports (1730 
earthquake), this possibility can be definitely 
ruled out. Thus, we conclude that the rup- 
ture lengths of the larger earthquakes off- 
shore central Chile vary by a factor of about 
3 and that the 1985. earthquake was the 
smaller of the sequence.   he average dis- 
placement on a fault is a linear hnction of 
the rupture length (6, 35). Consequently, 
the average slips associated with the 1647, 
1730, 1822, 1906, and 1985 earthquakes 
are also expected to vary by a factor of 3. 
The varying rupture lengths and the approx- 
imately constant repeat times of these earth- 
quakes cannot be reconciled with the time- 
or slip-predictable models of earthquake re- 
currence (5, 6) .  These models predict con- 
stant repeat times for constant slips and 
variable repeat times for variable slips. 

Although the nearly constant repeat time 
of great earthquakes in the central Chilean 
region is unique in seismology (36) and the 
1985 shock may strengthen our confidence 
in earthquake forecasting, we are unable to 
explain the observed periodicity in terms of 
simple physical models. Even without a clear 
understanding of the physical processes in- 
volved, the concepts of seismic gaps and 
average repeat times (1, 2) remain usehl 
tools in forecasting sites of future earth- 

quakes. The space-time plot in Fig. 3 sug- 
gests that the segment south of the 1985 
rupture zone is a gap of high seismic poten- 
tial that may rupture in a great earthq Jake in , . " 
the next few tens of years. This observation 
is supported by the apparent southern mi- 
gation of rupmre areasof g e a t  earthquakes 
over a period of time in central Chile. 
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High Potassium Conductance in Astrocyte Endfeet 

The distribution of ~otassium conductance over the surface of fieshlv dissociated 
salamander astrocyt& was determined by monitoring cell depolarizatiohs evoked by 
focal increases in the extracellular potassium concentration. The specific potassium 
conductance of the endfoot processes of these cells was approximately tenfold higher 
than the conductance of other cell regions. This dramatically nonuniform conductance 
distribution may play an important role in the regulation of extracellular potassium 
levels by glia in the brain. 

LTHOUGH ASTROCYTES OUTNUM- 
ber all other types of glial cells and A" eurons in the vertebrate brain, 

their membrane properties and functions are 
not well understood (1, 2). Miiller cells, the 
principal glial cells of the retina, resemble 
astrocytes in many respects. In Miiller cells, 
95 percent of the total cell membrane con- 
ductance is localized to the cell's endfoot 
process (3,4). It is not known whether this 
striking membrane specialization occurs 
only in these specialized retinal cells or 
whether membrane conductance is also dis- 
tributed nonuniforrnly across the surface of 

were provisionally identified as astrocytes on 
the basis of their appearance and because 
asuocytes are the principal cell type found in 
the salamander optic nerve. [Amphibian op- 
tic nerves contain no intrinsic neurons and 
few myelinated fibers or oligodendrocytes 
(5, 6).] The radial processes of these cells 
terminated in bulbous enlargements. These 
were the endfeet, which lie at the ends of 
astrocyte processes in the intact brain and 
optic nerve. Cells had from 3 to 17 endfeet 
each, although the exact number was some- 
times difficult to determine (mean = 8.7; 
n = 30). Some radial processes lacked end- 

- - 
had several stout, branching processes ra&- Fig. 1. GFAP immunoreactivity of a freshly disso- 
sting from a prominent soma. ~h~~~ cells ciated cell from the optic nerve of the salamander 

(19). This fluorescence micrograph shows that the 
cell was heavily labeled with antibodies to GFAP, 
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feet, probably because they were broken off 
during dissociation. 

Dissociated cells were characterkd by 
irnmunofluorescent labeling of glial fibril- 
lary acidic protein (GFAP), a characteristic 
cytoplasmic marker of astrocytes (7). All 
dissociated cells were labeled heavily with 
monoclonal antibodies to GFAP (Fig. l) ,  
identifying them conclusively as asuocytes. 
Control cells, in which saline was substitut- 
ed for the primary GFAP antibody, re- 
mained unlabeled. In a second series of 
controls, dissociated cells from the salaman- 
der retina were tested for GFAP immunore- 
activity. Retinal neurons and photorecep- 
tors showed no signs of labeling, while 
Miiller cells [which contain GFAP (8)]  were 
heavily labeled. 

Whole cell intracellular recordings were 
made from the somata of freshly dissociated 
astrocytes with patch clamp microelectrodes 
filled with 125 mM KC1 (4). For cells in 
which the membrane potential had stabi- 
lized, the cell resting potential was 
-87.3 + 1.9 mV (mean + SD; n = 12). 
The cell input conductance, measured by 
injecting 50 to 100 pA depolarizing current 
pulses through the recording microelec- 
trode, averaged 25.1 + 18.3 nS and ranged 
from 6.0 to 55.6 nS (71 + 49 Mohms; 
n = 12). 

Astrocytes are known to be almost exclu- 
sively permeable to K+ at or near their 
resting potential (5, 9). It is not known, 
however, whether this K+ conductance is 
distributed uniformly over the cell surface or 
whether it is localized to particular regions 
(4). Regional differences in membrane K+ 
conductance were measured by monitoring 
the cell membrane potential as the extracel- 
lular K+ concentration ([K'],) was raised 
over localized regions of the cell surface (4). 
Recordings were made with patch clamp 
electrodes attached to cell somata. Localized 
K+ increases were generated by pressure 
ejection of a 125 mM KC1 solution from a 
second, extracellular micropipette posi- 
tioned against the cell surface. 

When K+ was ejected onto the endfeet of 
the cell (Fig. 2, traces a, b, g, and h) large 
depolarizations were recorded. In contrast, 
much smaller depolarizations were evoked 
when K+ was ejected onto the radial pro- 
cesses of the cell (Fig. 2, traces c, d, and f)  or 
onto the soma (Fig. 2, trace e). The ejected 
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