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Global Increase in Quaternai 
Explosive Volcanis 

Volcanic ash in deep-sea sections indicates very high ra 

of explosive volcanism during the last 2 million yea 

James P. Kennett and Robert C. Thu: 

The history of volcanism is usually 
regarded as being related to local or 
regional tectonism rather than demon- 
strating any global trends (1, 2). This 
is not surprising since the theory of 
plate tectonics relates orogeny to plate 
collisions involving one or two con- 
tinents, and such collisions depend in 
part on the nature of plate geometry. 
As a result, two continents may collide 
during a time of subdued plate tecton- 
ic motions (3). The distribution of 
volcanic ash in deep-sea sequences can 
tell us much about the volcanic history 
in the source areas. Volcanic ash dis- 
charge from volcanic sources through- 
out the world could conceivably fall 
into any of several patterns. Ash dis- 
tribution could be essentially random 
from region to region (4), it could 
reflect globally synchronous changes in 
explosive volcanism, or it could be sim- 
ilar in more restricted regions such as 
the circum-Pacific if it were related to 
motions of one or two plates. Cycles 
of volcanism on a short-term historical 
basis have been linked with paleocli- 
matic change (5), while in the longer 
term, episodes of diastrophism and 
related increased volcanism occur 
throughout the circum-Pacific orogenic 
belt (6-8). A chorus of intensified 
Quaternary volcanism has been noted 
by McBirney (8), who also pointed 
out that various episodes of igneous 
activity, reflected in styles of composi- 
tion, intensity, and mode of expression, 
occurred in unison over large areas 
throughout the Mesozoic and Cenozoic 
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data were recorded for all ash occur- 
rences: age; fossil zone; depth in core; 
approximate thickness of ash layer; 
whether the ash constituted a discrete 
bed, was in the form of multiple ash 
layers, or was dispersed through the 
sediments (12); and core recovery 
(length of cores recovered for a particu- 
lar thickness drilled). It has been 
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necessary to employ the most precise 
dating method possible, the standard 
Neogene planktonic foraminiferal zones 
(N Zones) (13), which have been 
chronologically calibrated by Berggren 
(14) (Fig. 2). Little difficulty was en- 
countered in relating to the N zona- 
tion where only other biostratigraphic 
zonations were available. 

Fig. 1. Location of sites drilled during the first 34 legs of the Deep Sea Drilling 
Project. Small dots identify sites with no volcanic ash recorded in sediments of Miocene 
to Recent age (20 million years ago to Recent) or lack of sediment of this age. Other 
symbols identify the sites with Late Cenozoic volcanic ash reported: (0) single ash 
layers only; (A) multiple ash layers for Miocene to Quaternary intervals; (@) mul- 
tiple ash layers confined to Miocene or Pliocene; (A) multiple ash layers in Quater- 
nary only. The numbered sectors are the areas whose volcanic history is shown in 
Fig. 4. 
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right was calibrated to N zonation by Berggren (14). 
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Fig. 2. (A) Total 
%) Time number of recorded 

scale ash layers and dis- 
M.Y. seminated ash hori- 

zons within each 
2 N Zone [Neogene 

planktonic foraminif- 
eral zone (13)] for 

4 the Early Miocene 
to the Recent (20 

-6 million years ago 
to Recent) in all 
DSDP sites from 

-8 leg 1 to leg 34 (a 
total of 320 sites). 

10 The curve is based 
on a total of 84 
sites that contain 

-12 any ash of this age. 
(B) Percentage re- 

-14 covery of each N 
Zone for the total 
set of DSDP sites 

-16 containing volcanic 
ash of the above 

-18 age. For each site, 
a zone was recorded 

B as present even if 
20 it was only partially 

hiatus. The chronology at the 

Evidence for Exceptional Quaternary 

Volcanism and for Global Synchronism 

Tabulation of observed volcanic ash 
horizons in each N Zone (Fig. 2) in- 
dicates that the number of horizons 
during the Quaternary was 5 times the 
number during any previous Neogene 
interval and in general 13 times the 
average number for all Neogene in- 
tervals. It is necessary to normalize 
these data, however, since the rate of 
core recovery is not equal between 
zones because of drilling differences 
and sedimentary hiatuses. Furthermore 
the zones are of different duration, 
which creates unequal opportunities 
for ash deposition if constant explosive 
volcanism is assumed. The percentage 
recovery (Fig. 2) for N Zones in the 
total set of cores containing ash de- 
creases with increasing age as follows: 
Quaternary, 92 percent; Late Pliocene 
to Late Miocene, 70 to 75 percent; 
Middle Miocene, 60 percent; and Early 
Miocene, 50 percent. Recovery per- 
centages and zone durations were 
normalized relative to the Quaternary, 
which is 1.8 million years in duration 
(14). The average length of cores re- 
covered within specific Late Cenozoic 
intervals (Table 1) shows no signifi- 
cant difference throughout and there- 
fore would not influence our results. 
After normalization of the raw data, 
the global curve (Fig. 3) clearly shows 
a peak in Quaternary volcanism (at a 
total of about 270 ash levels), approxi- 
mately four times higher than the Neo- 

gene average and about twice as high 
as a Middle Pliocene peak. A peak also 
coincides with the Middle Miocene. The 
curve indicates that the Early Miocene, 
Late Miocene, and Late Pliocene were 

relatively quiescent volcanically. 
To determine the extent of these 

trends, the sites have been grouped 
into eight areas (Fig. 1). The resulting 
curves (Fig. 4) show that a con- 

spicuous Quaternary peak occurs in all 

regions, while other peaks occur dur- 

ing the Middle Pliocene in the North- 
west Pacific, Southwest Pacific, and 
Central America and in the Early Plio- 
cene in the Southwest Pacific, the Mid- 
dle East, and Central America. Our 
curves also show that during the Mid- 
dle Miocene volcanicity was widespread 
around the Pacific Ocean, supporting 
previous interpretations based on the 
land-based record (9, 15). The regions 
with greatest distribution of ash hori- 
zons are the Western Pacific, Central 

America, and the Northeast Pacific- 
Aleutians areas. Sampling is inadequate 
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off western South America, an active 
volcanic region. 

The percentage of distinct ash layers 
and disseminated ash horizons through 
time (Table 2) shows that, except for 
the Early Miocene, the frequency of 
distinct ash layers decreases with in- 

creasing age. This could reflect either 
a general decrease of highly explosive 
volcanism with age or postdepositional 
change within the sediment. In total, 
74 percent of the ash occurrences are 
represented by distinct layers, while 26 
percent are disseminated ash horizons. 

Other Possible Effects on Ash 

Distributions 

Island arc volcanoes, such as those 
found along the perimeter of the West- 
ern Pacific, are major contributors of 

volcanogenic material to deep-sea sedi- 
ments. The volcanogenic material pre- 
served in the sediments from the 
DSDP sites is virtually all airborne 
volcanic ash (glass shards). The range 
over which such material is distributed 
is a function of several factors, includ- 

ing the volume of material ejected, 
height of ejection (explosivity), par- 
ticle size, and wind speed (16). Since 
this study is based mostly on the identi- 
fication of coarse, sand-sized ash (12) 
the material mostly reflects deposition 
close to the volcanic source (within 
1000 to 2000 km). Elimination of the 
fine fraction, which is very difficult to 
work with quantitatively (17), simpli- 
fied the identification of periods of in- 
ceased volcanism. As a consequence, 
the global picture can only be deter- 
mined by examination of ash data from 
worldwide marine stratigraphic sec- 
tions. 

No studies have yet considered the 

possibility of extensive diagenetic 
change of volcanic ash in deep-sea 
sediments of Middle to Late Cenozoic 
age. On the other hand, no evidence 
suggests that postdepositional chemical 
alteration to either cherts, zeolites, or 
montmorillonite clays has reduced the 
number of ash layers in the older 
levels. Alteration of siliceous sediments 
(possibly including volcanic ash) to 
form cherts largely occurs in sediments 
older than Miocene. Of the 84 sites con- 
taining ash, only 5 are reported to 
have cherty layers within the Late 
Cenozoic: one (site 84) in the Late 
Miocene, three (sites 33, 34, and 158) 
in the Middle Miocene, and one (site 
288) in the Early Miocene. The zeo- 
lite phillipsite is often found in Mio- 
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cene and younger sediments, but is 
confined to central areas of the sea 
floor and forms from the alteration of 
basic volcanic material (18). This al- 
teration would have little effect on our 
data, as volcanic ash is largely of 
silicic origin. Another zeolite, clinoptil- 
olite, does form from such material, 
but the considerable time for formation 

generally restricts it to Cretaceous to 
Eocene sediments (18). Substantial al- 
teration of pyroclastic material has 
been reported in the Late Miocene to 
Recent San Blas Formation in the 

equatorial Eastern Pacific (19), form- 

ing large amounts of green montmoril- 
lonite (20). Thus alteration products 
of volcanogenic materials are generally 
conspicuous when they occur. Large 
decreases in volcanic ash in young in- 
tervals such as the Late Pliocene and 

the Late Miocene are further evidence 
that our curves are not caused by di- 

agenetic alteration. 
In some areas, the general increase 

of volcanic ash with decreasing Late 
Cenozoic age (Fig. 3) may have been 
partly affected by plate motions trans- 
porting ocean floor closer to the sources 
of volcanic ash in the areas of sub- 
duction. The sites most likely affected 

by such motions occur in the North- 
west Pacific (Fig. 1) where a wedge 
of volcanogenic sediments within 1000 
km of the Asiatic area reflect dia- 
chronous deposition as the plate moved 
closer to the source (21). About seven 
of the DSDP sites in this region (sites 
47, 49 to 51, and 194 to 196) lack ash 
older than Late Pliocene, and thus the 
curve from this area (Fig. 4) may be 
biased. Nevertheless, this curve is very 

Table 1. Average length of cores containing ash recovered at DSDP sites in seven regions for 
specific intervals of time, and overall averages for the same intervals of time. The maximum 
length of any drilled core is 9 m. Indonesian sites containing ash do not contain sediments 
older than Pliocene. Sediments of Middle Miocene age were not recovered in the Mediterranean 
because of insufficient penetration and disconformities. 

Average length of cores recovered (m) 

Region Pleisto- Plio- Late Middle Early 
cene cene Miocene Miocene Miocene 

Eastern Atlantic 2.7 8.5 8.25 6 7.2 
Central America 6.7 7.1 7.2 6.3 7.2 
Eastern Pacific 5.0 4.3 4.95 6.25 3.2 
Western Pacific 5.9 4.5 5.1 4.5 5.4 
South Pacific 6.4 7.3 6.1 4.0 3.2 
Mediterranean 5.1 5.5 2 1.5 
Indonesia 7.4 6.3 

Average 5.6 6.2 4.8 5.4 4.6 

Number of volcanic ash layers Fig. 3. Total number of volcanic ash 
N and zones in all DSDP sites Time layers and disseminated ash horizons with- 

Zones (normalized) scale in each planktonic foraminiferal N Zone 
0 50 100 150 200 250 _ 

. 50 lo.0 
150 200 _250 

M.Y (13) for the Early Miocene to the Re- 
Quat 22 cent in all DSDP sites from leg 1 to 

_or-- _^----^'-2 leg 34 (total, 320 sites). The curve is 
au 21 based on normalization for differences in 

U' 
20 sediment recovery during drilling of the 

. 19 -4 84 sites containing ash of this age and 
1a8. 6 for age differences between N Zones. Vol- 
- 18 i -6 canic ash distribution for each zone has 

.Ofl, _I~ (ibeen normalized to the percentage re- 
S 17 -8 covery of N 22 (Quaternary), as shown 

.o _in Fig. 2. Ash distribution in each N Zone 
16 . has also been normalized to the duration 

a 15 / 1 of N 22 (Quaternary), which is 1.8 mil- 
j14 1 lion years. The chronology at the right 
12 12 was calibrated to N zonation by Berggren 

1C 10 1 (14). The effect of normalization on the 
? _T9_ -14 curve varies according to the duration of 

8 the individual N Zones. Although we have 
a 6 used the biochronological scheme of 

o + / -16 Berggren (14), optional schemes exist 
5 7 /(69) which show similar duration of the 

> / -18 N Zones in the Pliocene and Quaternary 
w5 5 but may differ somewhat for the Miocene. 

._. .......20 - However, whichever scheme is adopted, 
the resulting normalized curves for the 

Miocene vary only in detail, and all show the same basic pattern: a peak of volcanic 
activity in the Middle Miocene and low activity during the Middle and Late Miocene. 
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similar to those representing the vol- 
canic history in the Northeast and 
Southwest Pacific (Fig. 4), which ap- 
parently were not affected by such plate 
motions. Sites north of the Aleutian 
Trench were unaffected by plate mo- 
tions (22); only two sites (83 and 
192) occur seaward of the subduction 
zone and their sedimentation record 

suggests a history of limited or no mo- 
tion (22, 23). If the distribution of 
volcanic ash was controlled by plate 
motions, a decrease in thickness of ash 

layers would be expected with increas- 

ing age. No such trend exists (Table 
2) and distinct ash layers have re- 
mained approximately constant in aver- 

age thickness throughout the Late 
Cenozoic. 

Supporting Evidence from the 

Land Record 

Much evidence from land shows that 
the Late Cenozoic has been a period 
of structural rejuvenation, certainly 
throughout the Pacific (6) and proba- 
bly globally (3). Our deep-sea record 
in general indicates that volcanicity 
has increased within the Late Cenozoic, 
reaching a peak of activity in the 

Quaternary. The land-based record 
also provides substantial evidence for 
increased and widespread Quaternary 

volcanism. In certain areas it is clear 
that Quaternary volcanism represents 
a maximum for the Neogene, while in 
others, although a distinct episode of 

Quaternary volcanism exists, earlier 

Neogene volcanic episodes are of 

greater intensity. For most regions 
knowledge of volcanic history is inade- 

quate to determine relative intensities 
of Neogene volcanic episodes in any 
detail. 

Hays et al. (19) have observed that 
the circum-Pacific area is marked by a 
"recent" phase of volcanism. In New 
Zealand, the recent phase of volcanism 

began with the eruption of the Taupo- 
Rotorua ignimbrites, which range in age 
from 0.8 to 0.2 million years (24). 
Ash layers of similar age range occur 
in marine sediments to the east of 
New Zealand (19, 25). In eastern 
Australia, volcanic activity seems to 
have occurred at nearly a constant 
rate over the last 20 million years, ex- 

cept for a distinct increase in lava field 
provinces during the last 3 million 

years (26). The intensification of ex- 

plosive volcanic history in the North 
Pacific during the Quaternary recorded 
in the deep-sea drilled sites (22) and 

piston cores (27) is paralleled by the 
rccord on land, where some of the old- 
est rocks associated with the volcanoes 
of the Aleutian Arc are dated at 2 mil- 
lion years ago (22, 28). Increased vol- 

canism in this region has been con- 
sidered to be due to a quickened pace 
of relative motion between the North 
American and Pacific plates (22). In- 
creased Quaternary volcanism is also 

reported for the Kurile-Kamchatka 

region (29). In Japan, increased vol- 
canism is reported from the latest Mio- 
cene (Kitaura Stage) with andesitic 
and dacitic activity as well as large 
ignimbrite flows (19, 30). Andesitic 
and rhyolitic explosive volcanism in 

Japan has continued through the Late 
Pliocene and Quaternary with some 
indication of increased intensity in the 

Quaternary (19, 30). In Hawaii, where 
volcanism has occurred in episodes 
throughout the Cenozoic, the latest 

phase, which began 5 to 6 million 

years ago, is marked by increasing 
volumes toward the present (3, 31). 
In the Indonesian region, a major 
orogenic phase commenced in the Late 
Pliocene and has been continuing to 
the present day (32). Intense Early 
Miocene andesitic volcanism in the 
New Hebrides apparently was followed 

by a relatively quiescent cycle and 
then by basaltic volcanism during the 
Late Pliocene and Quaternary (33). 
The South American Andes developed 
during the Late Cenozoic with in- 
creased tectonism and volcanism dur- 

ing the Late Pliocene and Quaternary 
(34). Most of the volcanic rocks of 

N Number of volcanic ash layers and ash zones 

Zones 

Time 
scale 

6 16 
a + 

i 

i3 5 Northwest Northeast Southwest Central Eastern Mediter- Middle 
Pacific Pacific Pacific America Atlantic ranean East Indonesia 20- 

Fig. 4. Total number of volcanic ash layers and disseminated ash horizons within each N Zone (13) for the Early Miocene to 
Recent in DSDP sites located within the eight oceanic sectors shown in Fig. 1. Each curve is subject to the same normalization 
process described in the legend to Fig. 3. The chronology at the right was calibrated to N zonation by Berggren (14). Note 
that the Middle East and Eastern Atlantic curves (*) probably represent mainly volcanism associated with accreting plate mar- 

gins and hot spots such as Afar, Iceland, and the Azores, Cape Verde, and Canary Islands. Other curves primarily represent 
island arc volcanism. 
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El Salvador are of Late Pliocene age 
and younger, representing similar in- 
creased volcanism (35). However, vol- 
canism has been reported as being con- 
tinuous in Nicaragua and Guatemala 
during the Late Cenozoic (36, 37), al- 

though large andesitic cones did not 

develop in Guatemala until the Quater- 
nary (37). In central Mexico, major 
volcanic episodes have been recorded 

during the middle Late Miocene and 
latest Miocene to earliest Pliocene 
(38), although explosive volcanicity 
has been important during the Quater- 
nary (39). Significant volcanism in the 
Canadian Cordillera suggests recent 
subduction of the Juan de Fuca Plate 
below the American Plate, as does the 

presence further inland of the Late 
Cenozoic volcanic belt of the Cascades 

(40). 
Although the Atlantic region and 

Iceland have long volcanic histories 

(41), there is some evidence for in- 

creasing Late Cenozoic volcanism. 

Vogt (3) has presented evidence from 

topography and crustal thickness for 

accelerating Late Cenozoic discharge 
of basaltic lava toward the present in 
marine areas around Iceland. Further- 

more, volcanicity in Iceland during the 
last 10,000 years has been three to five 
times more vigorous than during previ- 
ous Late Cenozoic intervals (42). Vol- 
canism in the Lesser Antilles has ac- 
celerated from 5 million years ago to- 
ward the Quaternary (43). In the 
Antarctic Peninsula major episodes of 
volcanism occurred during the Mid- 
dle to Late Miocene and during the 

Quaternary (44), while elsewhere in 
Antarctica there have been considera- 
ble accumulations of volcanic material 

during the Quaternary (45). A major 
increase in tectonically related Late 
Pliocene to Quaternary volcanism has 
occurred in the East African rift val- 

ley, for more than 1500 km from 

Ethiopia to Tanzania (46, 47). At 
least in southern Ethiopia, this was 

preceded by a relatively quiescent 
period dating from about the Early 
Miocene (47). At Maruj Assuad, 

Libya, which is the largest volcanic 

province in North Africa, most flows 

presently exposed are younger than 
about 2 million years (48). In north- 
ern Israel, widespread plateau basalts 
were formed during the Quaternary; 
these followed phases of less frequent 
activity during the Early Pliocene and 
Middle Miocene (49). These refer- 
ences are by no means exhaustive, but 

represent supporting evidence from 
both "subduction" and "hot spot" 
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Table 2. Percentages of distinct ash layers 
and zones of disseminated ash and average 
thickness of distinct ash layers. Values are 
given for specific intervals of time for the 
total set of Late Cenozoic cores containing 
volcanic ash. Distinct ash layers represent 74 
percent of ash occurrences; disseminated ash 
horizons are not included in thicknesses. 

Av. 
Percentage of Av. 

thick- 
Time*r-~ ~ness Tme 

Ash Dissem- of ash 
layers inated layers 

ash (cm) 

Quaternary 81.6 18.4 13.6 
Fliocene 72.8 27.2 10.7 
Late Miocene 57 43 12.6 
Middle Miocene 41.5 58.5 13.5 
Early Miocene 70.5 29.5 14.9 

areas for widespread Quaternary vol- 
canism which in many cases was more 
intense than that during earlier Neogene 
intervals. This constitutes further evi- 
dence that the ash distribution in the 

deep-sea sequences is not generally 
controlled by diagenesis. 

Climatic Implications 

Holmes (2, p. 726) stated in 1965 that 

geologically no correlation had yet 
been demonstrated between times of 

glaciation and periods of prolonged or 

exceptionally intense volcanism. Our 
work now shows that greatly increased 
volcanism during the last 2 million 

years closely coincides with that in- 
terval of earth history marked by ma- 
jor and rapidly oscillating climatic 
conditions related to glacial-interglacial 
cycles in the Northern Hemisphere 
(50). Shackleton and Kennett (51) 
dated the initiation of continental 
glaciations in the Northern Hemisphere 
at 2.4 million years ago. Since then 
there have been major and rapid fluc- 
tuations in Northern Hemisphere ice 
sheets, global climates, and sea level 
(51, 52). This general synchronism is 
almost certainly not coincidental, al- 
though our data are too general to 
discriminate among any of the cause 
and effect relations that have often 
been suggested (46, 53). Chappell 
(54) calculated that explosive vol- 
canicity may need to be increased at 
least 40 percent within a period of a 
few thousand years for glaciation to 
be initiated by dust veil effects. Al- 

though our data show a general in- 
crease in volcanism much greater than 
this, the present resolution of the data 
does not permit us to deal with finer 
variations in volcanic output during 
the Quaternary. 

Causes of Increased Volcanism 

It is logical to relate increased 
Quaternary volcanism to increased 
orogenesis. Stille (55) considered that 
all orogenic phases are synchronous 
and worldwide in nature, although 
others, for example Gilluly (56), main- 
tain that there is no periodicity to 
orogenesis and that orogenies have 
been continuous through geological 
time with no peaks in activity. Brook- 
field (57) considered that orogenies 
involving an oceanic plate underthrust- 
ing a continental margin or other 
oceanic plate (continental edge orog- 
enies) should be synchronous. On the 
other hand, orogeny resulting from 

plate collisions involving one or two 
continents is in part dependent on the 
accidents of plate geometry and may 
occur during periods of subdued plate 
tectonic motions (3). Much of the 
volcanic ash in the DSDP sites is de- 
rived from areas of subduction and 
andesitic volcanism. In such areas the 
source of magma is commonly thought 
to be near the Benioff Zone, between 
100 and 200 km in depth, with fric- 
tional heat playing an important role 
in magma genesis (54, 58). If this is 
the case, magma genesis and volcanism 
may vary with rate of plate con- 
vergence (54), and since one midocean 
ridge is related to several continental 
margins, synchroneity in increased sub- 
duction and hence increased volcanism 
might be expected (57). 

Hays et al. (19) suggested that in- 
creased volcanism would occur when 
the underthrust oceanic plate reached 
a depth of between 100 and 200 km, 
where conditions are suitable for the 
production of andesitic magma. They 
suggested that a major change in the 
pattern of sea-floor spreading in the 
North Atlantic, the Pacific, and the 
Indian Ocean about 10 million years 
ago initiated a new regime of under- 
thrusting, resulting in a Late Cenozoic 
phase in volcanism. Vogt (3), how- 
ever, has suggested that for the last 
60 million years the history of "plume" 
discharge has varied on a global basis 
(Fig. 5) and is related to the kinetics 
of crustal plates. His curve for Hawai- 
ian discharge (Fig. 5) is in general 
similar to the curve for global vol- 
canic ash output (Fig. 3), having a 

peak in activity at about 15 million 
years not significantly different from 
the peak in the ash curve at 13 million 

years, and showing increasing discharge 
commencing about 5 million years ago. 
The general similarity of the curves 
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suggests that global synchronism in 
mantle plume activity, as determined 
by episodes of oceanic island (hot 
spot) volcanism (for example, Hawaii, 
the Middle East, the Eastern Atlantic), 
is in harmony with cycles of explosive 
andesitic volcanism centered mainly in 
the zones of subduction. Thus explosive 
volcanism in subduction areas might 
be expected to be synchronous with 
changes in sea-floor spreading and 
plate motions, rather than to show any 
delay as previously suggested (19). 

If plate coupling is assumed, syn- 
chronous global volcanism should oc- 
cur at least at certain times. Recent 
seismic evidence (59) suggests that the 
world's seismic belts (plate boundaries) 
are strongly coupled globally. Thus 
episodes of volcanism imply episodes 
in sea-floor spreading. Such episodic 
sea-floor spreading has been recognized 
by some (60, 61), while others (62) 
prefer to assume constant spreading. 
It would probably be difficult to detect 
any increase in sea-floor spreading rates 
during the last 2 million years from 
the study of oceanic magnetic anom- 
alies. However, an acceleration propor- 
tional to the order of magnitude in- 
creases in volcanic discharge indicated 
by our results can be ruled out. An 
earlier discontinuity in sea-floor spread- 
ing rates has been reported at about 
5 million years ago (between anomalies 
3 and 4) in the Atlantic (61, 63) and 
the North Pacific (64) with some evi- 
dence of subsequent increased spread- 
ing rates (61). Future work may show 
that volcanic discharge rates represent 
sensitive "amplifiers" to small spread- 
ing rate variations. On the other hand, 
if rates of sea-floor spreading are sub- 
sequently shown to have been con- 
stant over the last 3 to 4 million years, 
it will be necessary to look for further 
possible fundamental mechanisms that 
control episodic volcanism over wide 
regions and yet have essentially no ef- 
fect on rates of sea-floor spreading 
(9). 

Another mechanism that may have 
played some role in increased Quater- 
nary explosive volcanism is climatically 
related. Glacio-eustatic changes in sea 
level were large and relatively rapid 
throughout the last 2 million years be- 
cause of fluctuations in the Northern 
Hemisphere ice sheets. Related changes 
in ocean volume caused the ocean 
basins to respond isostatically to eu- 
static loading and unloading (65, 66). 
This might have created periodic large- 
scale movements within the mantle, 
causing stress release and enhanced 
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Fig. 5. History of volume discharge rate 
of basic volcanic rocks over last 60 mil- 
lion years for the Hawaiian-Emperor and 
Greenland-Iceland-Faeroe aseismic ridges; 
after Vogt (3). Vogt argued that the 
discharge curve for the Hawaiian hot 
spot mirrors the total world hot spot 
curve. In both curves note the increase 
in lava discharge toward the Pleistocene 
and Recent. 

volcanism (65). Under this hypothesis 
a significant correlation was predicted 
between periods of unusual volcanic 
activity and Quaternary glaciation (65). 
This hypothesis is apparently not un- 
reasonable when it is considered that 
arguments exist to show that volcanic 
eruptions may be triggered by lunar 
and solar tidal stress (67, 68). Indeed 
some workers have considered possible 
relations between volcanism and astro- 
nomical motion, with relatd edi ed k 
to paleoclimatic change (54, 68). 

Summary 

The worldwide distribution of vol- 
canic ash has been determined from 
320 deep-sea sections drilled during 
the Deep Sea Drilling Project. The ash 
distribution in the deep-sea sections, 
which span the last 20 million years, 
indicates that there has been a much 
higher rate of explosive volcanism 
from both island arc and hot spot 
volcanoes during the last 2 million 
years. This episode, and perhaps an- 
other in the Middle Miocene, corre- 
lates with previously reported wide- 
spread synchronism in increased vol- 
canicity in certain oceanic islands. In- 
creased Quaternary volcanism coin- 
cides approximately with that episode 
of the Cenozoic marked by major and 
rapidly fluctuating climatic change. 
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It has become increasingly clear in 
recent years that man is environmental- 
ly exposed to a wide variety of chemi- 
cals, some of which are mutagens 
(agents that induce mutations). The 
possibility therefore exists that human 
beings may be exposed, now or in the 
near future, to chemicals with individu- 
ally or collectively powerful mutagenic 
effects. We describe here the ways in 
which environmental mutagens may be 
detected, possible methods of estimat- 
ing the resulting adverse effects on hu- 
man health, and regulatory principles 
that bear on the problem of preventing 
environmental mutagenesis. 

Mutation consists of abrupt heritable 
changes in the composition or arrange- 
ment of genes, which are composed of 
deoxyribonucleic acid (DNA). Most mu- 
tations producing effects large enough 
to be observed are deleterious, although 
other mutations may produce effects of 
little or no consequence, and certain 
rare mutations may even be advanta- 
geous. The magnitudes of spontaneous 
mutation rates, the way selection acts 
on various gene combinations, and the 
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size and structure of human popula- 
tions are sufficient to maintain a rich 
source of genetic variability. An arti- 
ficially increased mutation rate, how- 
ever, is potentially capable of producing 
a general decline in genetic health un- 
less balanced by increased selection 
against deleterious mutant genes; while 
such selection occurs extensively in 
most natural populations, the efficacy 
of modern medicine may increasingly 
tend to reduce selection against deleteri- 
ous traits in many human populations. 

Many geneticists believe that man's 
genes constitute his most precious heri- 
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tage, and that a deterioration in gene 
quality can result in a corresponding 
decrease in the quality of life. Steady 
progress in the control of infectious 
diseases, lengthening human life spans, 
and improved procedures for identifying 
genetic disorders have revealed an im- 
portant residue of genetic disease in 
human populations. An impressive pro- 
portion of hospital admittances, for 
instance, are now recognized as reflect- 
ing genetic disabilities (1). The prospects 
for directly curing the resulting genetic 
diseases, in contrast to merely alleviat- 
ing their symptoms, are poor, and are 
not likely to improve in the near future. 
Furthermore, the wide variety of mech- 
anisms by which radiations and chemi- 
cals induce mutations (2) make it very 
unlikely that generalized schemes can 
be devised to protect against mutagens, 
except by avoiding them in the first 
place. 

Considerations such as these have 
recently led geneticists throughout the 
world to seek test systems capable of 
detecting environmental mutagens. A 
number of reports about the environ- 
mental mutagenesis problem have al- 
ready appeared (3, 4), and a special sec- 
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