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Episodes of Aleutian Ridge 
Explosive Volcanism 

The abundance of deep-sea bentonite beds must 
be considered in interpreting Cenozoic volcanism. 

James R. Hein, David W. Scholl, Jacqueline Miller 

Recent investigators have stressed the 
need to understand the nature of ex- 

plosive volcanism, especially with refer- 
ence to its ability to affect global climate 
(1-4). Knowledge of the episodes and 
magnitudes of Cenozoic volcanism is al- 
so necessary before cause-and-effect re- 
lations can be ascertained with known 
periods of global cooling and ice ages. 
Explosive volcanic activity is commonly 
associated with volcanic arc magmatism. 
The Cenozoic history of arc volcanism is 
recorded as pyroclastic beds that are in- 
terbedded with marine deposits adjacent 
to volcanic centers. The Deep Sea Drill- 
ing Project (DSDP) has sampled the sedi- 
mentary sections overlying the oceanic 
basaltic basement adjacent to most is- 
land and continental volcanic arcs. Thus, 
the material needed to decipher the time 
and amount of explosive volcanic activi- 
ty is available. 

Not surprisingly, several papers deal- 
ing with the same sets of DSDP data 
have produced contrasting interpreta- 
tions (1-3, 5). In this article we discuss 
these contradictions and present new 
data on episodic volcanism on the Aleu- 
tian Ridge and Kamchatka Peninsula 
(Fig. 1). We also demonstrate the neces- 
sity of considering deep-sea bentonite 
beds (altered ash layers) when unravel- 
ing the volcanic histories in a region. 

Ash occurs in deep-sea sediments as 
discrete layers or in a dispersed state. 
The lateral extent of ashfalls from vol- 
canic centers depends on winds and the 
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Apparently, most workers consider only 
discrete ash layers. More significantly, 
earlier workers have disregarded sedi- 
ment reworking and diagenesis in their 
interpretations. In this study, we consid- 
er not only discrete ash beds and pods as 
pyroclastic deposits but also dispersed 
ash, if it makes up more than 15 percent 
of the deposit, and bentonite beds (7, 8). 
If ash pods occur in a particular core, we 
simply add one ash layer to the count for 
that core. This gives an estimate of the 
minimum number of ash beds originally 
present. 

Another difficulty in comparing the re- 
sults of other investigators is the variety 
of techniques used in analyzing and dis- 
playing the data. For example, Ninko- 
vich and Donn (3) displayed their com- 
pilation of DSDP data by plotting the 
number of observed ash layers versus 
time, regardless of the greatly contrast- 
ing degrees of core recovery in the drill 
holes. Kennett and Thunell (1) used es- 
tablished fossil zones (planktonic foram- 
iniferal N zones) as a basis for a temporal 
division of sediment sections and nor- 
malized these to the percent core recov- 
ery at N zone 22 (the Quaternary). Be- 
cause N zones are not of equal duration, 
they also made a time-normalization cor- 
rection. Stewart (2) plotted rates of ash 
production, which he obtained by finding 
the time span represented by each core, 
counting the number of ash layers in the 
core, standardizing this information by 
calculating how many ash beds this 
would represent per 106 years, and then 
plotting this arbitrary value of rate 
against time. As Stewart has empha- 
sized, the actual number of ash layers is 
not as meaningful for assessing volcanic 
activity as the rate of ash production (2). 

Our procedure for sediment sections 
from DSDP leg 19 was to divide them in- 
to intervals of 1 x 106 years (9) and to 
count the pyroclastic deposits in these 
intervals. The number of deposits was 
adjusted for the degree of core recovery, 
and the data were displayed as rates of 
ash production per 106 years. When 
enough information is available, the 
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intensity of eruptions. Ash beds in deep- 
sea sediments can be obliterated or dis- 
rupted by reworking (currents, seafloor 
fauna, slumping), diagenesis (post- 
depositional alteration), and lithospheric 
plate motions (subduction). Dispersed 
ash may be the result of reworking or it 
may reflect the distance of the deposi- 
tional site from the point of eruption. 
Under these circumstances the average 
amount of ash supplied to a depositional 
site has been equal to or less than the 
amount of terrigenous and biogenic ma- 
terial; major volcanic eruptions form dis- 
crete ash layers up to 1000 to 2000 kilo- 
meters from the source (6). Ash pods 
found in many DSDP cores are derived 
from ash layers that have been reworked 
by seafloor fauna, but some may repre- 
sent thin ash beds that were deformed 
during the coring process. 

Methods 

The interpretation of the frequency of 
volcanic activity based on an examina- 
tion of the occurrence of ash in DSDP 
cores is evidently not consistent among 
various workers. For example, it ap- 
pears from the data of Ninkovich and 
Donn (3) that they counted only discrete 
ash layers, whereas Kennett and Thunell 
(1) included beds containing dispersed 
ash. Some investigators (1-3) do not 
clearly indicate the counting procedures 
on which they base their interpretations. 
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Fig. 1. Location of leg 19 DSDP sites. The axis of middle Miocene Aleutian arc is shown by the heavy line, and the line connecting the centers of 
Pliocene through Holocene Aleutian volcanoes by the lighter line. Active volcanism is recorded from 80 kilometers west of Buldir Island through 
the Alaskan Peninsula. The water depth is in meters. Modified from Scholl et al. (11). 

same procedure can be used for shorter 
time intervals. This technique is easily 
applied to most DSDP cores. Its appli- 
cability, like that of the other techniques, 
is limited at sites where few cores were 
taken or where recovery was poor. How- 
ever, even at some of these sites, if the 
cores taken are representative of the 
sediment sections, then trends in vol- 
canism might be discovered. 

Another major difficulty in the analysis 
of DSDP data is that some beds identi- 
fied as sand or glassy sand in DSDP ini- 
tial reports are actually ash beds. We 
found it necessary to spot-check these 
beds and make corrections. We suggest 
that deposits sampled at DSDP sites 
should be reexamined before ash layer 
counts are accepted. 

Bentonite Beds 

Bentonite beds are completely altered 
ash beds. Most commonly the ash alters 
to one of the smectite clay minerals 
(montmorillonite, nontronite, and sapo- 
nite) and a zeolite (such as clinoptilolite 
or phillipsite in deep-sea deposits). In the 
DSDP leg 19 cores (Fig. 1), these layers 
formed by the diagenesis of ash derived 
from Aleutian Ridge volcanoes (7, 8). 
Bentonite beds are abundant in upper 
Miocene and older deposits but also oc- 
cur at some sites in younger sedimentary 
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beds (8). Evidently, under typical in situ 
conditions, 4 or 5 x 106 years are re- 
quired for bentonite to form from unal- 
tered ash beds (8). This time can vary 
significantly and probably depends on 
the composition of the ash, pore-water 
chemistry, geothermal gradient, and 
type of enclosing sediment. The ratio of 
bentonite beds to unaltered ash beds in- 
creases with depth in the sections. 

Altered pyroclastic deposits are diffi- 
cult to recognize by casual inspection of 
the cores (8). Their detection often re- 

quires detailed analysis by x-ray dif- 
fraction. 

Episodes of Volcanism 

Figure 2 shows the number of upper 
Cenozoic pyroclastic beds deposited per 
106 years for eight leg 19 sites. Because 
data are more complete for younger 
Neogene and Quaternary deposits, we 
use a class or plotting interval of 0.5 x 
106 years for deposits 0 to 2 x 106 years 
old and an interval of 1 x 106 years for 
older deposits. With this procedure it is 

possible to delineate relatively short vol- 
canic episodes that occurred during the 

past 2 x106 years. This procedure de- 
creases the amplitude of peaks (peaks 
represent periods of relatively greater 
volcanic activity) in younger deposits (0 
to 2 x 106 years) relative to episodes 

that occurred earlier. For example, Figs. 
2 and 3 show data for site 186 plotted at 
different time intervals. 

All sites except site 184 show that vol- 
canic activity has been increasing signifi- 
cantly for at least the last 106 years (not 
enough core was recovered at site 184 to 
permit an evaluation of the record of 
Quaternary volcanism there). Three sites 
located on or near the Aleutian Ridge 
(sites 184, 185, and 186) and site 192 in 
the far northwestern Pacific received 
abundant pyroclastic debris about 2.5 x 
106 years ago. Sites 188, 189, and 191 
show that explosive volcanism occurred 
around 4.5 to 5.0 (+) x 106 years ago. 
Thus volcanic activity is recorded at two 
or more widely separated DSDP sites at 
approximately 5.0, 2.5, and 0.5 x 106 
years ago. Minor or local pulses of activ- 
ity are recorded at 5.5, 1.8, 3.5, and 
1.5 x 106 years ago at sites 184, 188, 190, 
and 192, respectively. A major episode 
of volcanism equal to or greater than that 
of the last 106 years occurred between 
6.5 (+) and 8.5 x 106 years ago. It is re- 
corded at all sites where deposits of this 
age were recovered (sites 184, 185, 189, 
190, and 192). Only sites 184 and 192 
contain deposits older than this period 
centered near 7.5 x 106 years ago. Sites 
184 and 192 recorded other pulses cen- 
tered at 10.5 (+) and 16.5 x 106 years 
ago, respectively. A small pulse at 21 x 
106 years ago is also indicated by benton- 
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ite beds at site 192. In summary, periods 
of increased volcanic activity recorded 
in leg 19 cores are clustered around 0.5, 
2.5, 5.0, 7.5, 10.5 (+), 16.5, and 21.0 x 
106 years ago, or roughly every 2.5 x 106 
years for the last 10 x106 years and 
every 5.0 x 106 years back to 21 x 106 
years ago. 

The magnitudes of the volcanic epi- 
sodes that occurred prior to 5 x 106 
years ago (prior to 3 x 106 years ago at 
site 188) are minimums because they are 
based on bentonite beds; as explained by 
Hein and Scholl (8), it is unlikely that all 
the bentonite layers in leg 19 cores were 
detected. Figure 3 shows the episodes of 
volcanism recorded at sites 188 and 192 
on the basis of ash beds only. At site 192, 
for example, the significant volcanic 
pulses at 8.5, 16.5, and 21.0 x 106 years 
ago would not have been detected if ben- 
tonite beds had not been studied. Clear- 
ly, bentonite beds represent a significant 
part of the older volcanic record. The ex- 
clusion of bentonite beds has a less strik- 
ing, but nevertheless important, effect on 
the magnitude and representation of vol- 
canic pulses recorded at the other sites. 

Discussion 
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have developed (see text). Solid lines with dots represent intervals at which data are plotted: 
at 0.5 x 106 year intervals for the deposits 0 to 2 x 106 years old and at 1.0 x 106 year inter- 
vals for older deposits. Dotted lines represent extrapolation in areas with no cores within the 
0.5 x 106 or 1.0 x 106 year interval being considered. Fig. 3 (right). Periods of increased 
volcanic activity at sites 188 and 192 as recorded by ash beds and pods only; bentonite beds 
are not included. All relatively old pulses of volcanism are not seen by this technique. Site 186 
is replotted from Fig. 2 at a uniform 1.0 x 106 year interval. The relative amplitudes of the 
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A recent study of DSDP cores by Ken- 
nett and Thunell (1) has stimulated inves- 
tigation of synchronous global volcanism 
and its possible effects on climate. Their 
main emphasis was that a major increase 
in explosive volcanism occurred during 
the Quaternary. Large quantities of dust 
introduced into the atmosphere at this 
time would have decreased incoming so- 
lar radiation and thereby triggered 
Pleistocene glaciation. They also sug- 
gested that lithospheric plate motions 
may have had some effect on the com- 
pleteness of the record of volcanism as 
determined by deep-sea ash layers; how- 
ever, they argued that this effect was not 
important. 

Subsequently, Ninkovich and Donn 
(3), using piston core and DSDP data, 
delineated areas of the seafloor adjacent 
to volcanic arcs that contain Quaternary 
ash layers. They suggested that the in- 
crease in Quaternary ash layers de- 
scribed by Kennett and Thunell (1) is on- 
ly apparent and is attributable to the 
moving of DSDP sites into areas (by 
plate motion) where ashfalls could be 
recorded. Thus, early Neogene and older 
episodes are not recorded at the DSDP 
sites because the sites of deposition were 
too distant from volcanic sources. 
Therefore, Ninkovich and Donn dis- 
counted the idea of an increase in Qua- 
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ternary explosive volcanism and any pri- 
mary influence it may have on climate 
modification. 

Nonetheless, on the basis of studies of 
DSDP cores recovered at sites 178, 183, 
and 192 in the far North Pacific, Stewart 
(2) also suggested that there was an in- 
crease in Quaternary volcanism. How- 
ever, there is abundant evidence for a 
major episode of middle Miocene vol- 
canism and associated plutonism on the 
Aleutian Islands (10, 11), but Stewart did 
not note middle Miocene ash in offshore 
deposits. Stewart (2) suggested that the 
absence of middle Miocene ash is due to 
plate motion. 

Kennett and Thunell (1) believed that 
diagenesis has not reduced the number 
of ash layers in middle and upper Ceno- 
zoic deep-sea deposits. Other workers 
have also not considered diagenesis in 
evaluating the record of volcanism (2, 3). 
A significant part of the middle and late 
Cenozoic ash record is obscured by 
diagenetic processes. Moreover, there is 
an increase in Quaternary volcanism in 
the North Pacific, as previously de- 
scribed (1, 2) and originally emphasized 
by Coats (10). This Quaternary episode, 
however, is not unique in duration or 
magnitude; it is matched, and in some 
cases exceeded, by late and middle Mio- 
cene episodes (Fig. 2). The apparent ab- 

sence of a pre-late Miocene volcanic rec- 
ord at site 192 (Fig. 3) is the result not of 
plate motion, as previously suggested (2, 
3), but rather of the diagenesis of ash lay- 
ers. This may also be true at other DSDP 
sites. Leg 19 sites, other than site 192, 
are stationary relative to the Aleutian 
and Kamchatka volcanic sources and 
therefore have continuously recorded 
the volcanic activity from the adjacent 
Aleutian Ridge and Kamchatka Penin- 
sula. An accurate delineation of the his- 
tory of volcanism cannot be obtained 
from a casual perusal of DSDP initial re- 
ports; rather it must include detailed 
mineralogical study of the cores from 
each area of concern and, where pos- 
sible, the volcanic record preserved at 
the eruptive sites themselves. 

We conclude that there has been a ma- 
jor episode of explosive volcanism dur- 
ing the Quaternary as well as during 
the Miocene. Important volcanic pulses 
have occurred about every 2.5 x 106 
years for the past 10 x 106 years and 
perhaps every 5.0 x 106 years for the 
10 x 106 years before that. Ash beds in 
older deposits are difficult to recognize 
because they blend with the surrounding 
sediment as the result of diagenetic pro- 
cesses. Because older pyroclastic depos- 
its are occult, workers (1, 2) have con- 
cluded that the Quaternary period of in- 
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creased volcanic activity is unique. 
Moreover, plate motion in the far North 
Pacific since the early Neogene has not 
been great enough to move distant sites 
(those beyond the limits of Aleutian ash- 
falls) into the area where contemporary 
ash deposits commonly accumulate. 

Regional volcanism. Two phases of ig- 
neous activity are recorded by Aleutian 
Island rocks. The most recent, a Quater- 
nary phase, formed the impressive 
stratovolcanoes of the Aleutian Ridge. 
During the middle Miocene, volcanism 
accompanied the emplacement of grano- 
dioritic plutons (10, 11). The last pan- 
Aleutian magmatism probably occurred 
in middle Miocene time. More recent 
volcanic activity is restricted to the cen- 
tral and eastern Aleutian Ridge. Thus, 
site 188 and those sites to the east record 
late Cenozoic volcanism on the Alaskan 
Peninsula and Aleutian Ridge, whereas 
the western DSDP sites document late 
Cenozoic volcanic activity on the Kam- 
chatka Peninsula and Kuril Islands. The 
middle and early Miocene pulses at site 
192 record western Aleutian Ridge or 
Kuril Island volcanism. 

Upper Cenozoic ash layers occur in 
deposits of the same age at western and 
eastern Bering Sea and North Pacific 
sites. This coincidence implies that vol- 
canic pulses were synchronous in the 
North Pacific area along the Aleutian and 
Kuril-Kamchatka arcs. This synchro- 
neity is not limited to the far North Pacif- 
ic but can be traced along other parts of 
the Pacific rim. Volcanism broke out 
along the Cascade Range in Oregon at 
about 5.0 x 106-year intervals, centered 
at 1.0, 5.0, 10.0, and 15.0 x 106 years 
ago (12, 13). Equivalent episodes are re- 
corded for the volcanic rocks of the 
Snake River Plain (13). Ninety-nine per- 
cent of the extensive flows of the Colum- 
bia River Basalt Group erupted during 
early and middle Miocene time (13.5 to 
16 x 106 years ago) (14). Farther to the 
south, early and middle Miocene (14 to 
18 x 106 years ago) volcanism was wide- 
spread in the western interior and Pacific 
coastal United States (15). Major periods 
of volcanism occurred in parts of the An- 
des of South America at about 40, 20, 14, 
and 10.5 to 4 x 106 years ago (16); the 
middle Miocene pulse was especially in- 
tense. Middle Miocene and Quaternary 
volcanic episodes appear to be especially 
widespread not only around the Pacific 
but in the central part of the plate as well 
(17). These remarkable temporal similar- 
ities imply a circum-Pacific tectonic 
mechanism for the episodes and a possi- 
bly cyclic nature of continental-margin 
and island-arc volcanism. 

Interestingly, Scheidegger and Kulm 
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(5) showed three periods of fluctuations 
in the chemical properties (Larsen dif- 
ferentiation index and silica content) of 
ash deposits recovered at site 178 (Gulf 
of Alaska): at 0.5, 2.5, and 5.0 x 106 
years ago. These changes in chemical 
composition correlate with our three 
most recent peaks in volcanic activity. 
This apparent correlation of a 2.5 x 106 
year long cycle of rock chemistry with 
episodes of volcanic activity is an in- 
triguing one. The cycles may be related 
to fluctuations in spreading rates and 
consequent changes in the rates of plate 
convergence (5). 

Probably the most popular explanation 
for episodic volcanism at continental 
margins and island arcs is changes in 
ocean ridge spreading rates and plate 
motions (1, 5, 11, 16, 18). The Pacific 
plate has rapidly accelerated relative to 
the North American plate during the past 
15 x 106 years (19). If this increase in 
relative motion occurs in steps rather 
than continuously, perhaps there is a ge- 
netic relationship between volcanic 
pulses and pulses in plate motion. Mo- 
tion of the Pacific plate relative to North 
America was slow prior to 15 x 106 
years ago (19). The beginning of rapid ac- 
celeration between these two huge plates 
at that time may have initiated the appar- 
ently widespread Pacific margin vol- 
canism. Increased volcanism 22 x 106 
years ago may correlate with a change in 
the absolute rate of rotation of the Pacif- 
ic plate that occurred 20 to 25 x 106 
years ago (20). Alternatively, Jackson et 
al. (17) suggested that the periodicity is 
caused by rotational motions in the plane 
of the Pacific plate. Vogt (21) suggested 
that many of these periods of increased 
volcanism coincide with global synchro- 
nism in mantle plume convection. He ar- 
gued that this coincidence may be the 
connection between apparent variations 
in plate motions and increased volcanism 
at plate margins. 

Volcanism and climate. There is great 
concern about whether explosive vol- 
canism can cause changes in climate, es- 
pecially to the extent of precipitating 
great ice ages. Apparently, synchronous 
volcanic events during the past 50 mil- 
lennia are closely in tune with periods of 
regional glacial advance (4). In general, 
volcanic pulses precede the regional gla- 
cial pulses by 100 to 300 years (4). How- 
ever, the cause of great worldwide ice 
ages is unknown. Major, apparently 
global volcanic episodes occurred at 
least twice in the last 20 x 106 years. 
Yet, only one major glacial epoch (the 
Pleistocene) has occurred. One can con- 
clude that, even though glaciation coin- 
cided with an increase in Quaternary vol- 

canism, the increased volcanism itself 
may not have caused global cooling. It is 
possible that periods of increased vol- 
canism are the most likely times for the 
occurrence of glacial epochs, but that 
within any volcanic period a specific 
combination of events is necessary. One 
possible combination of events that 
could trigger extensive glaciation might 
involve several major eruptions in rapid 
succession (that preserve the winter 
snow through several seasons), at the ap- 
propriate latitudes and in widely spaced 
locations [see (1-4, 21) for additional dis- 
cussions]. 

The literature concerning the causes of 
glacial periods is extensive and spans a 
wide range of possibilities. For example, 
some proposed causes of major glacia- 
tions include flexure of the galaxy, su- 
pernova of relatively close stars, fluc- 
tuations in solar luminosity, changes in 
earth magnetism, orbital eccentricity and 
precession of the earth, variation of sum- 
mer insolation at high latitudes, orogene- 
sis-upwarp of continents, changes in at- 
mosphere-ocean interactions and circu- 
lation, and volcanic episodes (22). The 
real cause could be one, or any combina- 
tion of the above, or a yet-to-be pro- 
posed mechanism. Theories abound and 
more will come, but the materials are 
now available (DSDP cores) to test the 
significance of volcanism as a cause of 
modifications of the global climate. 
However, to decipher volcanic episodes, 
analysis must include detailed mineral- 
ogy in order to recognize not only vol- 
canic ash deposits but also their com- 
pletely altered counterparts. 

Summary 

Earlier workers have overlooked 
deep-sea bentonite beds when unravel- 
ing the Cenozoic volcanic history of an 
area. In the North Pacific, identification 
of Miocene and older volcanic episodes 
is possible only if both altered (benton- 
ite) and unaltered ash beds are recog- 
nized. Our study, which includes ben- 
tonite beds, shows that volcanism on the 
Aleutian Ridge and Kamchatka Penin- 
sula has been cyclic. Volcanic activity 
seems to have increased every 2.5 x 106 

years for the past 10 x 106 years and 
every 5.0 x 106 years for the time span 
from 10 to 20 x106 years ago. The 
middle and late Miocene and the Quater- 
nary were times of greatly increased vol- 
canic activity in the North Pacific and 
elsewhere around the Pacific Basin. The 
apparent absence of a volcanic record 
before the late Miocene at Deep Sea 

Drilling Project site 192 is the result not 
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of plate motion, as suggested by Stewart 
and by Ninkovich and Donn, but rather 
of the diagenesis of ash layers. 

Major, apparently global volcanic epi- 
sodes occurred at least twice in the last 
20 x 106 years. Yet, only one major gla- 
cial epoch (the Pleistocene) has oc- 
curred. Therefore, even though glacia- 
tion coincided with an increase in 
Quaternary volcanism, the increased 
volcanism itself may not have been the 
primary cause of global cooling. 
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Over the past 7 years several reviews 
of the world carbon budget have con- 
firmed that there is an annual increase in 
the carbon dioxide content of air that is 
worldwide and is almost certainly man- 
caused (1-7). The source of the carbon 
that is accumulating in the atmosphere 
has been commonly assumed to be the 
combustion of fossil fuels. Because the 
amount of CO2 accumulating in the at- 
mosphere is less than half the total re- 
leased from fossil fuels, other sinks for 
CO2 have been sought. The major sink is 
the oceans, but mixing rates appear to be 
too low for the oceans to accommodate 
all the CO2 that is thought to be released 
in excess of that accumulating in the at- 
mosphere. The question of whether the 
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terrestrial biota could be another sink 
was raised in 1970 (1), and the assump- 
tion was made that the biota might be a 
sink, especially in view of the stimula- 
tion of photosynthesis under greenhouse 
conditions by enhanced concentrations 
of CO2. More recently the assumption 
that increased CO2 in air stimulates pho- 
tosynthesis worldwide has been ques- 
tioned (8-11). So has the assumption that 
the biota is a net global sink for CO2 (3). 
A series of current appraisals suggests 
that, quite contrary to the previous esti- 
mates, the biota is probably an additional 
source of C02 (12-16). 

In this article we review briefly current 
knowledge of the world carbon budget 
with special emphasis on the question of 
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whether the biota is now a source or a 
sink for CO2. The analysis shows 
through convergent lines of evidence 
that the biota is not a sink and may be a 
source of CO2 as large as or larger than 
the fossil fuel source. The issue is impor- 
tant because of the potential that 
changes in the CO2 content of air have 
for changing climate worldwide (2, 10). 

Two aspects of the world carbon bud- 
get are conspicuous at the moment be- 
cause they are easily measured: the an- 
nual increase in the concentration of CO2 
in air, and the winter-summer oscillation 
in CO2 concentration that is apparent in 
the middle latitudes, especially in the 
Northern Hemisphere. These variations 
trace the interplay among physical, 
chemical, and biotic factors of atmo- 
sphere, oceans, and the biota as affected 
by man. Although the world circulation 
of carbon is not well enough known to 
allow precise interpretation of past inter- 
actions, and predictions are still more 
tenuous, various analyses suggest that 
human activities in the near future could 
release large additional amounts of CO2 
into the atmosphere with results that are 
substantially unpredictable. 
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