
particularly accessible because the retina is a 
thin sheet of tissue that can be readily 
isolated from the eye. It should also be 
feasible to use these techniques on brain- 
slice preparations to study serotonergic neu- 
rons in the raphe nuclei. 

Note added in proof: Sandell and Masland 
(12) have identified two morphological 
types of indoleamine-accumulating ama- 
crines in the rabbit retina by injecting Luci- 
fer yellow into cells labeled with 5,7-HT in 
retina fixed in formaldehyde. Although their 
type 1 and type 2 cells seem to correspond 
to the S1 and S2 amacrines of this study, 
Sandell and Masland reported that the den- 
dritic field diameter of type 1 cells averaged 
only 376 km, giving a coverage factor of 16 
in the peripheral retina and 50 in the visual 
streak. In fixed tissue, Lucifer yellow may 
not diffise along very thin processes, and 
the strong fluorescence of the plexus labeled 
with the 5,7-HT would mask any Lucifer 
yellow fluorescence in the S1 radial den- 
drites. 
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A Budget for Continental Growth and Denudation 

DAVID G. HOWELL AND RICHARD W. MURRAY 

Oceanic crustal material on a global scale is re-created every 110 million years. From 
the data presented it is inferred that potential sialic material is formed at a rate of about 
1.35 cubic kilometers per year, including hemipelagic volcanic sediments that accumu- 
late at a rate of about 0.05 cubic kilometer per year. It is estimated that the influx of 
1.65 cubic kilometers per year of terrigenous and biogenic sediment is deposited on the 
deep ocean, and this represents continental denudation. Because all this material is 
brought into a subduction zone, continental accretion rates, which could include all 
this material, may be as high as 3.0 cubic kilometers per year with a potential net 
growth for continents of 1.35 cubic kilometers per year. 

A LTHOUGH THE CURRENT VOLUME 

of continental crust is a relatively 
well-defined value of 7.6 x lo9  km3 

( I ) ,  the amount and rates of continental 
growth are controversial (2-5). From mag- 
netic lineations, we know that the average 
age of ocean crust is 55 million years (6). 
Applying this age to the volumes and global 
budgets of oceanic sediments, ocean crust, 
volcanic island arcs, seamounts, and circum- 
Pacific accreted terranes, we can model (i) 
continental denudation rates, (ii) the 
growth rate of new crystalline material, spe- 
cifically volcanic island arcs and seamounts, 
and (iii) the mix and percentage of rock 
types available for continental accretion. 
Comparison of these data to the area, vol- 
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m e ,  and composition of circum-Pacific ter- 
ranes provides a qualitative test for the 
hypothesis of continental growth outlined 
below. These relations support the conten- 
tion of some geologists and geochemists (5, 
7, 8) that only a small percentage of sedi- 
ment is subducted and recycled into the 
mantle. Thus, most sediment, particularly 
the clastic-terrigenous component, is accret- 
ed to continental margins along with newly 
formed volcanic rock. In this way, continen- 
tal material is recycled and the accretion of 
newly formed volcanic rock results in the 
net growth of continents. 

We used isopach maps (Fig. 1) to deter- 
mine the total volume of oceanic sediment. 
Sediment shoreward from the base of the 
continental rise is not included in our calcu- 
lations as such material is still part of the 
continental mass. Major divisional isopachs 
were plotted on equal area projections at a 

common scale of 1: 10,000,000. The volume 
between each isopach is described by vol- 
ume (cubic kilometers) = area (square 
kilometers) x thickness (kilometers). 

Summation of these volumes yields a total 
sediment volume for each ocean basin (Ta- 
ble 1'). This volume is made up of five 
ingredients: terrigenous debris, volcanic 
sediment, biogenic silica, biogenic carbon- 
ate, and porosity. We did not account for 
diagenetiE products as a separate compo- 
nent. 

The determination of the volume of ter- 
rigenous plus volcanic material (the nonbio- 
genic constituents) follows a process that 
requires as a first step biogenic sedimenta- 
tion data. 

The amount of biogenic silica can be 
calculated from published estimates of silica 
accumulation rates based on studies of Deep 
Sea Drilling Project (DSDP) cores (9): silica 
thickness (kilometers) = average accumula- 
tion rate (grams per cubic centimeter per 
year) x duration of core (years) x lldensity 
(112.30 &m3) x unit conversion (1 k d  
100,000 cm). 

Only 37% of the DSDP sites used in our 
calculations penetrated the entire thickness 
of sediment above the basaltic ocean floor. 
For the remaining 63% of the cores, we 
assume that the average biogenic silica value 
continues below the base of the drilled 
interval down to the basalt floor. The calcu- 
lated thickness of biogenic silica must also 
be expanded to account for in situ porosity. 
The porosity at a depth equal to half the 
total sediment thickness at the DSDP site 
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(10) is used as an intermediate value. This 
approximation assumes a uniform distribu- 
tion of biogenic silica. If in situ thickness 
(kilometers) = silica thickness (kilometers) 
x [11(100% porosity)], then per site: silica 
percentage of total thickness = in situ thick- 
ness (kilometers) x lltotal thickness (11 
kilometers) x 100.0. 

To determine the percentage of biogenic 
carbonate for each DSDP core, we followed 
an identical process, using data for porosity 
( lo) ,  a density of 2.72 &rn3 (lo) ,  and 
Sloan's carbonate accumulation rates (1 1) .  
These calculations yield the relative percent- 
age of biogenic material and its inherent 
porosity at 129 DSDP sites throughout the 
world ocean basin (Fig. 1) .  Terrigenous and 
volcanic sediments, along with pore space, 
constitute the remaining portion of the 
thickness. 

At each DSDP site, the percentage of 
terrigenous plus volcanic = 100.0 - silica 
percentage of total thickness - carbonate 
percentage of total thickness. This value, 
plotted at each DSDP site on the equal area 
maps, is considered indicative of the average 
nonbiogenic percentage for a given region. 

We assume that volcanic sediment com- 
pacts similarly to terrigenous sediment; 
therefore, a separate correction analogous to 
the expansion of biogenic sediment is not 
necessaty. Because the volcanic sediment 
volume, derived below, includes only 3% of 
the total sediment volume (Table l), this 
approximation does not significantly affect 
the final determination of terrigenous vol- 
ume. 

For each isopach area and porosity values 
from the literature (12), terrigenous plus 

Table 1. Composition of the volume between the sediment-water interface and the basaltic crust of the 
five major ocean basins of the world. Total sediment volume = 94.1 x lo6 !un3. 

Material 1 X lo6 !un3) 
Po- 

Ocean 
Total Terrig- Vol- Biogenic 

basin 
Po- rosity rosity* 

volume enous canic caco3 SiOz 
(%) 

North Atlantic 41.2 25.7 0.3 2.8 0.7 11.7 28 
South Atlantic 20.2 12.8 0 1.3 0.2 5.7 29 
North Pacific 22.4 7.3 1.7 1.7 1.2 10.5 47 
South Pacific 17.4 5.1 0.7 3.5 1.8 6.3 36 
Indian 40.7 19.4 0.2 6.6 1.1 13.4 33 

Total 141.7 70.3 2.9 15.9 5.0 47.6 34 

*Calculated as the difference between the total volume and the sum of the terrigenous, volcanic, and biogenlc 
constituents. 

volcanic volume (cubic kilometers) = per- 
centage of terrigenous plus volcanic 
X (100 - percent porosity) X area (square 
kilometers) x thickness (kilometers). Sum- 
ming of these isopach volumes yields a total 
terrigenous plus volcanic sediment volume 
per basin. 

Finally, for each basin (Table l), terrige- 
nous volume (cubic kilometers) = terrige- 
now plus volcanic volume (cubic kilometers) 
- volcanic volume (cubic kilometers). Or, 
because we know volcanic accumulation 
rates (9), terrigenous volume (cubic kilome- 
ters) = terrigenous plus volcanic volume 
(cubic kilometers) - average volcanic accu- 
mulation rate (grams per square kilometer 
per year) x [lldensity (112.2 glcm3)] x 1 
kmi100,OOO cm x basin area (square kilom- 
eters) x basin age (in years). The terrige- 
nous influx is calculated with division by the 
basin age (6): average terrigenous influx 
(cubic kilometers per year) = terrigenous 
volume (cubic kilometers) x llage (llyear). 

An average accumulation rate per basin for 
each biogenic sediment type (9, 11) is deter- 
mined from a geographically unbiased selec- 
tion of DSDP sites with the highest and 
lowest value per basin disregarded (Table 
9 \ 
b l .  

Similar to the determination of the vol- 
canic volume, biogenic silica influx (cubic 
kilometers per year) = average silica accu- 
mulation rate (grams per square centimeter 
per year) x lldensity (112.30 glcm3) x 1 
kmi100,000 cm x basin area (square kilom- 
eters) and, biogenic carbonate influx (cubic 
kilometers per year) = average carbonate ac- 
cumulation rate (grams per square centime- 
ter per year) x lldensity (112.72 gl 
cm3) x 1 km/100,000 cm x basin area 
(square kilometers). Consequently, for each 
of the biogenic lithologies (Table l), sedi- 
ment volume per basin (cubic kilometers) 
= influx per basin (cubic kilometers per 
year) x basin age (year). 

In addition to the complications and as- 

Fig. 1. Goode homolosine equal-area projt:ction of the world oceans showing data sources (18-21) and DSDP sites (black dots). 
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Table 2. Average influxes to the world oceans during the past 55.3 million years. Volcanic and biogenic 
influxes are calculated directly from the average accumulation rates; terrigenous influx from the world 
ocean average age of 55.3 million years and the total terrigenous volume from Table 1. Total sediment 
influx = 1.70 km3 per year. 

Ocean 
basin 

Average influx (km3/year) 
Ace 
( 1 3  Terrig- Vol- Biogenic years) enous canic CaC03 SiOz 

- - 

North Atlantic 71.1 0.36 0.004 0.04 0.010 
South Atlantic 63.1 0.20 0 0.02 0.003 
North Pacific 58.2 0.13 0.030 0.03 0.020 
South Paclfic 43.9 0.12 0.015 0.08 0.040 
Indian 55.4 0.35 0.003 0.12 0.020 
Average age 55.3 

Total 1.27 0.052 0.29 0.093 

sumptions discussed above, other approxi- 
mations are necessary to calculate world 
sediment intlwes and volumes. 

1) The published values of silica accumu- 
lation rates (9) are stated to have a possible 
7% error. Results from smear slide analysis 
are consistently 13 percentage points higher 
than rates found at the same DSDP site 
when a normative calculation technique is 
needed (9, 13). As the normative technique 
values are not published for a large number 
of drilling locations, the discrepancy was 
accommodated by subtracting 13 points 
from each final silica percentage at the 
DSDP locations used in this study. 

2) The accumulation rates are available 
for DSDP holes only. The average area 
represented by each of the 129 sites is 
approximately 1.2 x lo6 km2 with the 
South Pacific and southern Indian oceans 
most notably lacking data points (Fig. 1). 
However, there is little sediment in the 
South Pacific (averaging less than 150 m 
thick) and most of the Indian Ocean sedi- 
ment is held in the Indus and Bengal fan 
systems. Although the data are sparse in 
some regions of the world, the overall cover- 
age appears to be adequate to generate 
meaningful values for composition of the 
sedimentary cover in the deep sea. 

3) The arctic basins were not included 
primarily because of the paucity of accurate 
data on sediment thickness and composition 
beneath the ice cap. Yet, major high latitude 
river systems draining into the Arctic Ocean 
contribute only 1.3% of the total worldwide 
sediment discharge (14). Furthermore, be- 
cause of the wide continental margins of the 
Siberian and Scandinavian Arctic, it is prob- 
able that only a small fraction of this 1.3% 
ever reaches the deep ocean basins. As such, 
the omission of the Arctic basins does not 
critically affect our data base. 

What is the continental growth potential? 
The 1.27 km3 per year total terrigenous 
influx to the world ocean basins (Table 2) 
equals 21% of the total suspended and 
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bedload sediment discharge of all rivers 
(14); the remaining 79% is deposited on the 
submerged parts of continents. We assume 
the dissolved load component of river dis- 
charge is manifest either in the biogenic 
sediments or possibly as a minor diagenetic 
component. The total terrigenous and bio- 

Table 3. Areal distribution of accreted terranes of 
the circum-Pacific during the last 200 million 
years. Continental fragments are considered as 
separate from remaining lithologies as they repre- 
sent no net addition to the world crustal volume. 

Depositional and tectonic Area of 
environments of dominant accretion 

lithologies (%) 

Oceanic volcanic island arcs 
Volcanic arcs with probable 

Precambrian basement 
Subtotal 

Oceanic rocks mixed with 
terrigenous sediments 

Oceanic rocks, crust, sea- 
mounts, hot spot tracks 

Subtotal 
Continental fragments 

with Precambrian 
basement 

Composite terranes 
Subtotal 

Total 

Table 4. Relative volumes of material available for 
accretion in the Pacific basins and the entire world 
oceans. The high volume of island arc material in 
the Pacific is due to the many convergent plate 
margins that characterize the region's "ring of 
fire." 

Pacific World 
Basin components basins ocean 

(%) basins 

Volcanic arcs 51.7 36.6 
Terrigenous sediments 18.1 42.3 
Seamounts 14.7 6.7 
Biogenic sediments 12.0 12.7 
Volcanic sediments 3.5 1.7 

Total 100.0 100.0 

genic discharge flux (1.65 km3Iyear) to the 
ocean floor represents an effective rate of 
continental denudation. The amount of 
crustal material added to continents must 
surpass this denudation if continental 
growth is to be realized. 

Some data suggest a yearly growth of 
seamounts at a rate of 0.2 km3 per year and 
subduction related volcanic edifices at ap- 
proximately 1.1 km3 per year (1); we esti- 
mate the yearly influx of terrigenous, bio- 
genic, and volcanic material to the ocean is 
1.70 km3 per year (Table 2). Until more is 
known about- how much of the material 
entering a subduction zone actually pro- 
gresses into the mantle, we cannot compute 
actual rates of continent growth. Nonethe- 
less, the above figures suggest that 3.00 km3 
per year of material is available for continen- 
tal crustal accretion. This available material 
minus the denudation estimate of 1.65 km3 
per year equals a maximum potential for 
continental growth of 1.35 km3 per year 
(approximately 43 m3 per second). 

The compilation of circum-Pacific tec- 
tonostratigraphic terranes (15) offers a qual- 
itative test to assess the rates and relative 
percentages of oceanic material accreted to 
continents. These terranes are fault-bounded 
crustal bodies that form the building blocks 
of orogenic systems along the margins of 
continents (16). The accretion and rear- 
rangement of terranes causes continents to 
grow and change shape. The circum-Pacific 
terranes are characterized either by the base- 
ment rock type (for example, volcanic arcs) 
or principal rock type (for example, oceanic 
rock with terrigenous sediment). Because 
the crustal depth of each terrane is not 
known, we can only calculate the relative 
percentages based oh the areal distribution 
(Table 3). This comparison assumes that the 
area of outcrop of &rranes is representative 
of and seemingly proportional to the vol- 
umes of terranes. Clearly, deep crustal data 
are needed to test this a s s ~ k t i o n .  We 
restrict our analysis to terranes accreted 
since the breakup of Pangaea approximately 
200 million years ago. 

The comparison of what has been accret- 
ed (Table 3) to what is currently available 
for accretion within the Pacific Ocean or the 
global oceans overall (Table 4) strengthens 
the argument for continental growth. 
Though a one-to-one correlation is not evi- 
dent, the two are remarkably similar, but for 
seveial notable exceptions. ~eamoun;s in the 
Pacific account for 14.7% (within all the 
modern ocean basins 6.7%), both values are 
larger than the 3.4% found in the terrane 
collage. The same is true for biogenic (pe- 
lagic) sediment where it represents approxi- 
mately 12% of potentially accretable vol- 
ume, but is too small a percentage to depict 
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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. 

C 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 

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 bther; 
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 
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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