
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 106 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?

D. COMTE, A. EISENBERG, E. LORCA, M. PARDO, L. PONCE,
R. SARAGONI, S. K. SINGH, G. SuAiREz

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 ofthe nearly constant
repeat time (83 ± 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 ofthe
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.

C ENTRAL CHILE, BETWEEN 320 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 (Ms = 7.9) that broke the northern
one-third of the estimated rupture length of
the 1906 shock.
To explain the periodic sequence of the

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 similar 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 (mb) 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 (Me) of >3.0
(8) (Fig. 1). On 2 March 1985 the water
wells serving 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
main shock were located by the
permanent central Chile network of
seismographs (shown by 1); in the
aftershock areas the data from por-
table seismographs (shown by *)
were also used. The preferred fault
plane, from the focal mechanism
(12), has strike, dip, and rake of
110, 250, and 1100, respectively.
The foreshock statistics (M0, >3.0)
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-
tions of the events from 8 to 17
March is about 170 by 110 km2.
Bathymetry data were provided by
the Instituto Hidrogrnfico de la Ar-
mada, Chile. H, depth of aftershock
in kilometers.

72.5W 720O 71.5 71.00 70.50W

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 (10), falls in the epicentral area defined
by ten precursory events (Fig. 1) chosen for
analysis (11). Thus, the main shock began in
the region of precursory cluster of the fore-
shock activity about 30 km offshore of Al-
garrobo (Fig. 1). The focal mechanism of
the main shock (Fig. 1) (12) is consistent
with thrust faulting on a shallow plane dip-
ping 250. 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 compared 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 Vinia 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
main shock than to the north (13).
The earthquake caused tsunami, a great

sea wave, along the coast near 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 were recorded by eight porta-
ble smoked-paper field seismographs de-
ployed along the coast and ten permanent
stations ofthe 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 southem (Pi-
chilemu) ends of the aftershock area, were
left in the field. The locations ofthe 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 ofthe 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

N

LON 3280

TOL 460

AFI 2530

TU 2080

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 two subevents,
both of which nucleated at approximately the
same hypocenter. 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 by 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 km 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 1028 dyne-cm, which gives a mo-
ment-magnitude MW of 8.0 (16). If an area
of rupture A = 170 by 110 km2 and the
rigidity ,. = 5 x 1011 dyne/cm2, then the
relation Mo = ,uAii yields the average dis-
placement on the fault u of 123 cm.
The Great Valparaiso earthquake of 16

August 1906, which caused severe damage
(Mercalli intensities >VIII) (17) in a region
about 365 km 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 of20 July, 2
August, and 14 August were felt with Rossi-

Forel intensities of IV to V (21). Uplift of
the coastline of 80 cm (at Zapallar) to 40 cm
(at Llico), as a consequence of the main
shock, is well docunmented (18,22). Abe and
Noguchi (23) have revised the surface-wave
magnitude of this earthquake, which, in
accordance with the current definition of
Ms, is 8.3. Our estimate of the magnitude,
based on a reexamination 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) estimated a tsunami magnitude,
M1, of 8.4, which corresponds to a seismic
moment of 4 x 1028 dyne-cm. After cali-
bration with respect to the 3 March 1985
and 22 May 1960 Chilean earthquakes
whose tsunami heights and scismic mo-
ments are known (16, 25-27), our reesti-
mated value of the seismic moinenit of the
1906 earthquake is 6.6 x 1028 dyne-cm
(Mt = 8.5) (28). If we assume a rupture
length of 365 km and a fault width of 150
km, the estimated ui during the 1906 earth-
quake was 241 cm.
A space-time plot of large central Chilean

earthquakes is shown in Fig. 3. This plot is

similar to Kelleher's (1). Rupture lengths
and locations of earthquakes in previous
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 earthquake 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 km (31). The damage and
tsunami reports leave little doubt that this
was the largest earthquake in the region (19,
20). The southern 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 ± 9 years for great earthquakes in the

2000

1900

1800

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. MS, MW,
and M, are surface-wave, moment,
and tsunami magnitudes (16, 25),
respectively. (B) Central Chile re-
gion and aftershock areas of the 3
March 1985 and 9 July 1971 earth-
quakes. International Seismological
Center locations were used to de-
fine the 1971 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 ifwe ignore the 1971 earth-
quake (M, = 7.9), which had a seismic mo-
ment of 0.56 x 1028 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 km, 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 onlv events with seismic
moment 1 x 1028 dyne-cm (rupture
length >150 km). 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. The average dis-
placement on a fault is a linear function 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 useful
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 earthquake in
the next few tens of years. This observation
is supported by the apparent southern mi-
gration of rupture areas ofgreat earthquakes
over a period of time in central Chile.

REFERENCES AND NOTES

1. J. A. Kelleher, J. Geophys. Res. 77, 2087 (1972).
2. W. R. McCann, S. P. Nishenko, L. R. Sykes, J.

Krause, Pure Appl. Geophys. 117, 1082 (1979).
3. S. P. Nishenko,J. Geophys. Res. 99, 3589 (1985).
4. The earthquake caused 177 deaths and 2575 inju-

ries. It destroyed 70,000 houses and damaged an
additional 140,000 dwellings, leaving 950,000 per-
sons homeless. Estimated property damage was
about $1.8 billion.

5. K. Shimazaki and T. Nakata, Geophys. Res. Lett. 7,
279 (1980).

6. L. R. Sykes and R. C. Quittmeyer, Am. Geophys.
Union Monogr. Earthquake Prediction (Washington,
DC, 1981), pp. 217-247.

7. Alarmed by te intense seismic activity that began
on 21 February, a relative of one of us (L.P.) called
Mexico City from Valparaiso. Suspecting a possible
large earthquake in the region, Mexican seismolo-
gists, in collaboration with Chilean colleagues,
sought for funds to enable them to travel to Che
with portable field seismographs. The funds did not
become available, however, until after the main
shock. The first Mexican seismologist arrived in
Chile on 5 March with five seismographs. The next
dav two more seismologists from Mexico arrived
with three additional seismographs and two acceler-
ographs.

8. We computed the magntude of foreshocks and
aftershocks from coda duration at PEL (Fig. 1) by
using the scale for California, which was developed
by W. H. K. Lee, R. E. Bennett, and K. Meager
[U.S. Geol. Surn. Open-File Rep. 28 (1972)]. This
scale, although not calibrated for central Chile,
provides relative sizes of the events.

9. One of us (R.S.) was in the town of Quintay near
the coast of San Antonio (Fig. 1) on 2 March when
the water level of the wells serving Quintay de-
creased by about 2.5 m with respect to the average
level expected for that time of vear. This change
occurred suddenly and had not been observed before
by Quintay residents.

10. The National Earthquake Information Service
(NEIS) of the U.S. Geological Survey reports a
foreshock of mb 5.2 about 10 seconds before and 7
km northwest ofthe main shock. The location ofthe
main shock in our data corresponds to the foreshock
location reported by NEIS. Since the seismograms
from the central Chile network became saturated, it
was not possible to locate individual subevents of
the main shock.

11. For hypocentral locations of all events, a fiat-layer
mode appropnate for the coastal region [P. Ace-
vedo and M. Pardo, Rep. Depto. Geologiay Geojisica
(Universidad de Chile, Santiago, 1985)] was used.
Because ofthe change in the crustal structure inland,
the readings from the permanent stations required
corrections. These corrections were found by gener-
ating the travel-time curve for a dipping-layer mod-
el. In this model the Moho dips 80 inland, a
reasonable approximation that fits the poorly known
crustal structure given by Acevedo and Pardo. Sta-
tion corrections were determined for a set of proba-
ble hypocenters, and an average station correction
found for each station was used in locating after-
shocks, main shock, and foreshocks.

12. The focal mechanism of the main shock was provid-
ed by G. Ekstrom (personal communication).

13. The earthquake triggered 36 accelerographs in cen-
tral Chile, 8 of whlch were located along the coast.
Of these, 26 are operated by the Departamento de
Ingenieria Civil and 10 by the Departamento de
Geologia y Geofisica, both of the Universidad de
Chile, Santiago. The coastal accelerograms show
higher peak accelerations to the south than to the
north (Fig. 1). The maxuimum peak horizontal
(0.67g) and vertical accelerations (0.86g) were re-
corded at Llolleo ["Informe Preliminar de los resul-
tados de la red nacional de aceero6grafos para el
terremoto del 3 de marzo de 1985-," Reporte del

Depto. de Ingeniera Civi (Universidad dc Chile,
Santiago, 1985)].

14. G. Plafker (personal communication) conducted a
geological reconnaissance of the earthquake and
reported a tsunamni of 1.2 to 1.8 m between Valpa-
raiso and Cartagena and perhaps one as high as 3 m
in Matanza (Fig. 1) within 10 minutes of the main
shock and, in some localities, immediately after the
earthquake. He also reports a coastal uplift of about
20 cm (near Algarrobo) for 3 to 5 days, which later
returned to normal. Plafker, however, found no
permanent vertical displacement of the shoreline.

15. The rupture plane of the main shock dips 250 (Fig.
1) toward the continent. Projecting the aftershock
locations in Fig. 1 to a 250 dipping plane results in
an aftershock area of about 170 by 110 kin2, which
we also take as the rupture area.

16. Seismic moment of the 1985 earthquake was ob-
tained from G. Ekstrom, personal communication.
Mo is related to moment-magnitude, Mw, by log
Mo= 1.5 Mw + 16.1 [H. Kanamori, J. Geophys.
Res. 82, 2981 (1977)].

17. Mercalli intensities differ from modified Mcrcalli
intensities [C. F. Richter, Ekmentaty Seismogy
(Freeman, San Francisco, 1958), p. 136].

18. H. Stcffen, Contribucione para un Estudio Cicntflco
del Terremoto del 16 deAgosto de 1906, Anales de la
Universidad (Imprenta Cervantes, Santiago de
Chile, 1907).

19. F. de Montessus de Ballore, Hitoria Sismica de los
Andes Meridionales (Barcelona, Santiago de Chile,
1911-1916). Volume 5 discusses the 16 August
1906 earthquake.

20. C. Lomnitz, Geol. Rundsch. 59, 938 (1970).
21. L. Zegers, El Terremoto del 16 deAgosto, Anales de la

Universidad, Memorias Cientfficas i Literarias, vol.
119 (Imprenta Cervantes, Santiago de Chile, 1906).

22. F. Montessus de Ballore (19) discredited observa-
tions of uplift.

23. K. Abe and S. Nouchi, Phys. Earth Planet. Inteeors
33, 1 (1983). 5 ace-wave magnitude reported for
the 1906 earthquake is 8.1. In this report we based
M, on the current definition used by NEIS, which is
0.18 unit higher than the value one would obtain
from the definition uscd by Abe and Noguchi.

24. Photos ofworldwide seismograms are available in E.
Rodolph and E. Tams [Seismogramme des nordpazfis-
chen und Sudamerikanisben Erdbebens am 16 August
1906, Be,gleicworte und Erlauterungen (Strassburg,
1907)]. Because an earthquake occurred about 30
minutes earlier in the Aleutians, the scismograms of
the 1906 Valparaiso earthquake are contaminated.
Nevertheless, surface waves of about a 20-second
period for the two earthquakes can be isolated. In
determining M, for the 1906 earthquake, we have
used only records from damped seismographs with
well-known characteristics.

25. K. Abe, J. Geophys. Res. 84, 72 (1981). Tsunami
magnitude,M, and scismic moment,M0, are related
by IogMo = 1.5 Mt + 16.1.

26. Tsunami data for the 1985 earthquake are given by
G. Burton and W. Person in Eos 66, 437 (1985).
The values, listed as peak-to-trough amplitudes, are
actualiy maximum amplitudes with respect to the
mean sea level, that is, zero to maxirnum (G. Par-
aras-Carayannis, personal communication).

27. H. Kanamori and J. J. Cipar, Pbys. Earth Planet.
Interiors 9, 128 (1974).

28. The calibration with respect to the 1985 and 1960
earthquakes givesM, values for the 1906 earthquake
of 8.5-5 (Hilo), 8.39 (Honolulu), and 8.50 (Japan).
The average Mt is 8.48 with the corrcspondingMo
of 6.6 x 1028 dyne-cm.

29. A. Perrey, Documents relatifi aux trembkments de
terre an Chili, Ann. Soc. Imper. d'Agric. (Barret,
Lyon, 1854).

30. F. Greve, Dscrzipcin de losprmncipales fectosprodcidos
por los susmos destructorcs cn Chile y ubicadn de sus
epcentros (Instituto Sismol6gico, Universidad de
Chile, Santiago, 1953).

31. Nishenko (3) gives a rupture length of 350 to 450
km for the 1730 earthquake. We believe our esti-
mate of 550 kn is more realistic in view of the
damage and tsunami reports.

32. C. Darwin [Geological Obseans on Coral Reefs,
Volanic Islands and on South America: Beisng the
Geoloy of the Voyage of the Beagk Under the Com-
mand of Captain FitzRoy, RN., During the Yean
1832 to 1836] in 1835 reported an uplift of 0.9 to
1.2 m at the mouth of the Rapel River (33.9°S). C.
Davison [Great Earthquakes (Murby, London,
1936)] associates this uplift with the 1822 earth-
quake. We believe this association is doubtfil.

SCIENCE, VOL. 233452



33. M. Graham, Tram. Geol. Soc. London (Ser. 2) 1, 413
(1824).

34. M. Malgrange, A. Deschamps, R. Madariaga,
Geophys. .R. Astron. Soc. 66, 313 (1981).

35. C. Scholz, Bull. Seismol. Soc. Am. 72, 1 (1982).
36. A remarkable periodic main shock sequence has

been reported or Parkfield, California, by W. H.
Bakun and T. V. McEvilly [U. Geophys. Res. 89, 3051

(1984)]. The ruptures involved in Parkfield main
shocks, however, are only 20 to 30 km in length.

37. We thank A. Giesecke for obtaining Unesco sup-
port; H. Fuenzalida for encouragement and field
support; I. Herrera and L. Esteva for facilitating the
trip to Chile of Mexican seismologists and for
financial support; J. Campos, C. Droguett, S. Dro-
guett, A. Fuenzalida, A. Giavelli, and many others

for help in fieldwork; F. Espinoza for tide data; and
M. Ulloa and D. Haro for technical assistance. Field
support from government authorities in Chile is
gratefilly acknowledged. We thank C. Lomnitz and
H. Kanamori for comments and revision of the
manuscript.

26 August 1985; accepted 21 March 1986

High Potassium Conductance in Astrocyte Endfeet

EIuc A. NEWMAN

The distribution of potassium conductance over the surface of freshly dissociated
salamander astrocytes was determined by monitoring cell depolarizations 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 ofother cell regions. This dramatically nonuniform conductance
distribution may play an important role in the regulation of extracellular potassium
levels by glia in the brain.

ALTHOUGH ASTROCYTES OUTNUM-

ber all other types of glial cells and
neurons in the vertebrate brain,

their membrane properties and functions are
not well understood (1, 2). Muller cells, the
principal glial cells of the retina, resemble
astrocytes in many respects. In Muller 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 nonuniformly across the surface of
all astrocytes throughout the brain. I have
addressed this issue by determining the dis-
tribution of potassium conductance over the
surface of freshly dissociated astrocytes.

Astrocytes were isolated from the optic
nerve of the salamander Ambystoma ti-
grinum. Optic nerves were excised with the
meninges intact and partially teased apart
before incubation in papain [0.6 mg/mil in
Hepes-buffered Ringer solution; see (4) for
composition of Ringer solutions] for 30
minutes at 28°C. They were then washed
several times in Hepes-Ringer and main-
tained at 0°C for 3 to 4 hours before the cells
were dissociated by gentle trituration. Iso-
lated cells were placed in a recording cham-
ber and perfused with a bicarbonate-buff-
ered Ringer solution (containing 2.5 mM
K+) maintained at 15°C. Experiments were
performed on cells within 2 hours of disso-
ciation.
The cells isolated with this dissociation

procedure all had a similar appearance. They
had several stob., branching processes radi-
ating from a prominent soma. These cells

were provisionally identified as astrocytes on
the basis of their appearance and because
astrocytes 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-

Fig. 1. GFAP immunoreactivity of a freshly disso-
ciated cell from the optic nerve of the salamander
(19). This fluorescence micrograph shows that the
cell was heavily labeled with antibodies to GFAP,
identifying it unequivocally as an astrocyte. Scale
bar, 20 ,.m.

feet, probably because they were broken off
during dissociation.

Dissociated cells were characterized by
immunofluorescent 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. 1),
identifying them conclusively as astrocytes.
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
Muller 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 KCI (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 KCI 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 ofthe cell (Fig. 2, traces c, d, and f) or
onto the soma (Fig. 2, trace e). The ejected
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