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Antarctic Radiolaria, Magne 
Reversals, and Climatic Chan 

Disappearances of some Radiolaria closely correlate N 

magnetic reversals during the last 5 million ye 

James D. Hays and Neil D. Op4 

Earlier (1) we reported the magnetic 
and radiolarian stratigraphy of seven 
cores from the Antarctic Ocean; the 

study established a paleomagnetic stra- 
tigraphy for antarctic deep-sea cores 
back to about 3.5 million years ago 
and verified the previously established 
(2) radiolarian stratigraphy. We now 
report the results of a study of three 

long antarctic cores containing records 
of continuous or nearly continuous 
sedimentation back to more than 4 
million years ago; one of them con- 
tains a record probably longer than 5 
million years. This longer stratigraphy 
makes possible the definition and ap- 
proximate dating of new polarity 
events and radiolarian zones; it also 
contains evidence of a major faunal 
change about 2.5 million years ago 
that appears to correlate with evidence 
of cooling in other parts of the world. 

Two (E13-3 and E13-17) of the three 
cores were taken (3) from the Bellings- 
hausen basin; one (E14-8), from the 
western flank of the Mid-Pacific Ridge 
(Fig. 1 and Table 1). Each core con- 
tains an upper layer of siliceous sedi- 
ment: diatom ooze in E13-17 (0 to 
1020 centimeters) and E14-8 (0 to 1710 
centimeters), and radiolarian clay in 
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E13-3 (0 to 1000 ce 
siliceous sediment ove 
that is barren in El3-^ 
centimeters) and E14-4 
centimeters) but interbi 
with layers of radiolari 
ceous clay (Figs. 2-4). 

Magnetic Stratigraphy 

Samples (8 cubic cl 
taken from all three c 
meter intervals. The lo 
sample was marked, a] 
tially demagnetized in 
(E14-8, 50 oersteds; El 
150 oersteds). The dire 
sity of the remnant m; 
sample were measured 
eter (5 cycles per sec 
by Foster (4). 

Inclination versus de 
is shown in Fig. 5; t 
sistency is reasonably 
and E13-3, but in E14 
the data is poor, espec 
centimeters. 

Correlation of the i 
raphy between these 
their correlation with 
stratigraphy of Cox, 
rymple (5) are evider 
Gilbert reversed-polaril 
and Table 2). 

SCIE:NC:E 

The magnetic stratigraphy of E13- 
17 has been reported by Watkins and 
Goodell (6), who determined the in- 
clination only upward or downward, 
with an astatic magnetometer; the 

tic amount of inclination was not deter- 
mined, and only one specimen in seven 

ige was demagnetized in alternating fields. 
Watkins and Goodell chose the Brun- 
hes-Matuyama boundary at 500 centi- 

with meters, which is preceded by a long 
normal interval that they identified as 

~ars. ~ the Jaramillo event. The inclination 

plot for this core (Fig. 5a) shows that, 

dyke at the point chosen by Watkins and 
Goodell as the Brunhes-Matuyama 
boundary, the inclination becomes less 
steep but never crosses the axis to be- 
come positive. It is probably because 

ntimeters). This all specimens were not demagnetized 
rlies a tan clay that Watkins and Goodell misidenti- 
3 (1000 to 1603 fled the Brunhes-Matuyama boundary. 
3 (1710 to 1830 We place the boundary at 615 centi- 
edded in E13-17 meters, which position accords with 
ian and diatoma- the paleontologic zonation since the 

X-,I boundary occurs at 690 centi- 
meters (Fig. 4). The relation between 
the paleontologic and magnetic stratig- 
raphy is well documented (1); there- 
fore the Jaramillo event as we iden- 

entimeters) were tify it is the event that Watkins and 
ores at 10-centi- Goodell called the Gilsa. Clearly there 
wer end of each is in this core no evidence of the Gilsa 
nd all were par- event as postulated by MacDougall and 

alternating fields Wensink (7). 
13-3 and E13-17, Hitherto details of the magnetic 
:ction and inten- stratigraphy within the Gilbert and be- 

agnetism of each low have remained unknown. A pre- 
on a magnetom- dominantly reversed section of core, 
cond) described which presumably represents the Gil- 

bert reversed-polarity series, lies below 

;pth in the cores the Gauss normal series in all cores. 
he internal con- Within this reversed interval are three 
good in E13-17 prominent normal events in E13-3 and 
-8 the quality of E13-17. The lower two events in E13- 

cially above 800 17 appear to be split, but the resolu- 
tion of the data is insufficient for de- 

magnetic stratig- termination of this point without ques- 
three cores and tion. In the sediment below the Gauss 
1 the magnetic normal series in E14-8 two distinct 
Doell, and Dal- normal events are defined, and the up- 
nt down to the per part of a third is present. The 

ty epoch (Fig. 1 core bottoms at 1830 centimeters, but 
the magnetic intensity drops to too low 
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Cm E13-17 E14-8 E13-3 a level for reliability below 1650 centi- 
meters. 

0 Below the three events in E13-17 is 
| ^^I| ^^^B-~~ _ _ an interval from 2000 to 2070 centi- 

/100 n | meters that is reversely magnetized. A 
20in ̂^BB 0 ~. , [L _ ~covoid in the core extends from 2090 

200 I i to 2180 centimeters, and the magnetic 
-^^~- A ~v H> 1~z determinations from the specimens im- 

300 mediately above and below this void 
l- -| -/ ic must be regarded as suspect. From 

400 2200 to 2500 centimeters the core is 

^ |^ l . l |X U predominantly normally magnetized, 
500 i ! I with one short reversed section at about 

---I _^- ?l l a l2225 centimeters. 
600 I I I These cores provide strong evidence 

ypBBk / \ of the existence of three short polarity 
700 > X / \ I events in the Gilbert reversed-polarity 

epoch; their existence has been con- 

800 I / firmed in cores from other regions. 
Below these events in E13-17 are a re- 

900 I teQO \ l _ versed interval and then a long normal 

• 
. ? 

^^ [_ ^ H I- h' -"' interval of epoch proportions. We pro- 

/000 ^^M'^fT I x P_ -T-2 E pose establishment of the beginning of /000 
j z _ | ?k 0 ? 1l ^the Gilbert reversed-polarity series at 

11/00 I I LLB^ \ l the base of the reversed section of core 
that precedes the three newly estab- 

/200 L i \ l l lished events. 
,~1200 L 

lz'\ _The JOIDES deep-sea drilling pro- 

i^/300 /^ rBBy- , \ gram will provide for study cores that 
/ \ < span significantly longer periods than 

J400a] * / I / = X \ X | do cores obtained by piston-coring 1 X r400 \ 0 techniques. Thus the present system of 
la Z^ I \ 
2 naming epochs of magnetic polarity 

1500 i Hco = I3 after great magneticians, and events 
j | 5 g LSl1^ L H D after geographic localities, will lead to 

/600 great proliferation of names, since one 

/7*00 ; ^LP^^-?~~~~~~ rmay obtain a single deep-sea core span- 
1700 n r lr I 

" 
ning possibly 60 million years of the 

Z | | j earth's magnetic history. It seems rea- 
/800 [ sonable to restrict the present systems 

11 [ l lof naming (5) to epochs and events 
/900 a that have already been defined on the 

I?Hl Tm^1i~ -c( X | basis of correlation by potassium- 
2000 w 4 argon decay. Barring a major break- 

l> 0 Xthrough in the precision of potassium- 
2/00 I I I argon dating techniques, it seems un- 

H- likely that the present system can be 

2200 w.B IaJ extended much beyond the Gilbert re- ~L)m versed-polarity epoch. 
2300 n I - We therefore propose a numbering 

l 23~~~~.00^^~~~~ l lsystem that could be tied eventually to 

2400 s 50_-- I classical stratigraphic nomenclature and 
_!BB '? .^_ I I ^^to the absolute time scale; it has the 

2500 J U ^^ - !i 15 advantage of simplicity and allows a 
worker to recognize the positions of 

C/^^ + x \ events and epochs in the sequence with- 
/y ^\ out need to memorize a long list of 

) A E(144-8 'E1 3-?3 * Fig. 1. Correlation of magnetic stratigra- 
^E1_ 8 x . E13-17 . _ q;I ^ phy in three antarctic cores. Solid black 

+::s' t iS_ _ represents normally magnetized core: 
-;?^? JPss^ ; 5 +1^white, reversely magnetized. Greek letters 

^^^S 
O 

l ?x denote faunal zones (2). Magnetic stratig- 
joC,^ .p*,20j&^ ^raphy, in right-hand column down to the <b 

^"S^^ / _^^B^top of the Gilbert reversed, is from Cox 
o6^~ ?^>/ ^^?^^et al. (5). Inset: sources of cores. 
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names. We propose to label the polarity 
epochs with Arabic numerals; events 
are labeled with letters from youngest 
to oldest within an epoch. By this sys- 
tem, for example, the Brunhes polarity 
epoch would be 1; the Matuyama, 2; 
and the Jaramillo and Olduvai events, 
2a and 2b, respectively. If, after the 
system is established, new events are 
found, they may be inserted between 
the established events. If a new event 
were found between the Jaramillo and 
Olduvai events it could be designated 
event 2a-b. Thus a long set of magnetic 
stratigraphy can be usefully designated 

and eventually, through absolute or 
paleontologic dating, incorporated into 
normal stratigraphic nomenclature. We 
do not intend this system to supersede 
the one now used for the last 3.5 mil- 
lion years of the earth's history, but 
rather intend it to be used to describe 
the sequential arrangement of epochs 
and events that will be found in the 
near future in oceanic cores. In this 
article we propose to designate the 
three new events in the Gilbert a, b, 
and c, from youngest to oldest, and 
the long normal interval lying below 
the Gilbert as magnetic epoch 5. 

Rates of Sedimentation 

Rates of sedimentation, with paleo- 
magnetic stratigraphy used as a refer- 
ence, have been published for seven 
antarctic cores (1). Generally the rates 
in these cores vary with time. Our 
E13-3 seems to have a remarkably 
constant rate of sedimentation. By use 
of 0.7 million years as the age of the 
Brunhes-Matuyama boundary, 2.5 mil- 
lion years for the base of the Matu- 
yama, and 3.35 million years for the 
Gauss-Gilbert boundary (8), a time 
versus depth plot for this core produces 
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Fig. 2. Ranges of radiolarian species in core E13-3. Right-hand columns show lithology, magnetic stratigraphy, and faunal zones. 
Graticule at right indicates radiolarian samples. Arrow at far right shows lower limit of ice-rafted material. 
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a nearly straight line (Fig. 6). The rate 
of accumulation varies between 2.94 
millimeters per 1000 years for the 
Gauss normal series and 3.56 milli- 
meters per 1000 years for the Matu- 

yama series. 
The relative amounts of biogenic 

silica in these cores can be reliably 
estimated by inspection of the cores 
and study of the washed coarse frac- 
tions in samples taken at closely spaced 
intervals. Core E13-3 has a low con- 
tent of biogenic silica throughout, con- 

sisting primarily of the shells of Radio- 

laria, although diatoms occur in subor- 
dinate amounts. 

The longest core studied, E13-17, 
does not have a constant rate of sedi- 
mentation (Fig. 6). The rate (millime- 
ters per 1000 years) in the Brunhes 
series is 8.8; in the Matuyama series, 
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Fig. 3 (above). Ranges of radiolarian species in core E14-8. Right-hand column shows lithology, magnetic stratigraphy, and faunal 

zones. Graticule at right indicates radiolarian samples. Fig. 4 (right). Ranges of radiolarian species in core E13-17. Right-hand 

columns show lithology, magnetic stratigraphy, and faunal zones. Graticule at right indicates radiolarian samples. Arrow at far 

right shows lower limit of ice-rafted material. Hachures show where corrosion makes estimates of abundance difficult. 
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3.34; and in the Gauss normal series 
3.88. The top 950 centimeters of this 
core is rich in diatoms and Radiolaria, 
but these fossils are rare below 10 
meters, occurring only in thin layers 
(Fig. 4). The higher rate of accumula- 
tion during the Brunhes than during the 
Matuyama or Gauss can be accounted 
for by the relatively large number of 
diatoms and Radiolaria present in the 
top 1000 centimeters. 

Core E14-8, like E13-17, has a high- 
er sedimentation rate (millimeters per 
1000 years) in the Brunhes (7.7) than 
in the Matuyama (3.1) or Gauss (2.4); 
this variation also can be explained by 
the content of biogenic silica, which 
is high in the top 700 centimeters; be- 
low this depth, diatoms and Radiolaria 
decrease in abundance to 1085 centi- 
meters (just above the Gauss normal 
series). The biogenic silica is least abun- 
dant between 1085 and 1230 centi- 
meters, an interval falling within the 
Gauss normal series. Between 1230 and 
1650 centimeters the diatom content 
increases to a diatom ooze. 

Our data indicate that the rate of 
accumulation of sediment containing 
little biogenic silica is fairly constant 
in all three cores, ranging between 2.4 
and 3.9 millimeters per 1000 years, 
and that the high rates occurring in 
the top portions of E13-17 and E14-8 
can be accounted for by the high 
content of biogenic silica. 

In discussing the radiolarian stratig- 
raphy of antarctic cores, Hays (2) sug- 
gested that the change from highly 
diatomaceous sediments in the tops of 

Table 1. Sources of cores. 

Water 
Core Latitude Longitude water Length Region Core () depth Region (S) (W) (cm) 

E13-3 57?00' 89?29' 5090 1603 Bellingshausen basin 
E13-17 65041' 124006' 4720 2642 Bellingshausen basin 
E14-8 59040' 160?17' 3875 1830 Flank of Mid-Pacific Ridge 

Table 2. Intervals of magnetic series and events in three cores. 

Series Event 
E13-17 E14-8 E13-3 

Brunhes 0-615 0-535 0-225 
Matuyama 615-1215 535-1100 225-865 

Jaramillo 745-765 ? 325-355 
Olduvai 995-1045 845-915 605-655 

Gauss 1215-1545 1100-1300 865-1115 
Mammoth 1425-1465 1195-1225 995-1025 

these cores to sediments containing few 
siliceous fossils below was caused by 
recently increased productivity in ant- 
arctic waters due to intensification of 
vertical oceanic circulation associated 
with ice formation around the con- 
tinent. Our study supports this hypoth- 
esis, in showing that the clay sedi- 
ments represent slow sedimentation 
rather than rapid clay deposition mask- 
ing the biogenic silica. 

Using the rates of sedimentation de- 
termined for the Gauss normal series, 
one can extrapolate to the three new 
events in the Gilbert reversed-polarity 
series to obtain rough estimates of 
their ages (Table 3). In E13-3, where 
extrapolation is probably most signifi- 
cant, the three events would span the 
time between 3.86 and 4.39 million 

years ago. In E13-17 the three events 
end at 3.79 million years ago, while 
they would begin at 4.67 million years. 
The variable content of biogenic silica 
in the lower part of E14-8 makes ages 
extrapolated from this core subject to 
large errors. 

In a recent paper Dalrymple et al. 
(9) have dated a reversal which occurs 
at 3.7 ? 0.1 million years ago 
(W1OR/N). This probably represents 
the upper boundary of event "a," the 
age of which, by our extrapolation, is 
very close to the age they obtained. 
Ozima et al. (10) record magnetic re- 
versals in New Mexico at 3.7 and 4.5 
million years ago which are also prob- 
ably associated with these events; how- 
ever, because of the errors involved, 
exact correspondence is difficult to es- 

I MAMMOTI 

0 1 2 3 4 5 6 22 23 24 25 26 

DEPTH IN METERS 

Fig. 6. Time versus depth plots of magnetic stratigraphy for three cores. 
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tablish. For example, the reversal dated 
by Cox et al. is from reversed polarity 
below to normal polarity above, at 3.7 
million years ago, and the one by 
Ozima et al. is from normal polarity 

PERCENT 

below to reversed polarity above, with 
the same age. Nevertheless, evidence 
for the existence of the events is pres- 
ent in lava flows on land. 

iOne can also estimate the date of 

the beginning of the Gilbert epoch. 
Core E13-3 ends at 1600 centimeters 
and is reversed to its end; the ex- 

trapolated age of its base is 4.8 mil- 
lion years, so the beginning of the 

PERCENT 

Fig. 7 (top left). Percentages of individuals of species, not found 
in Recent antarctic sediments, in, core E13-3. 

Fig. 8 (above). Percentages of individuals of species, not found 
in Recent antarctic sediments, in core E14-8. 

Fig. 9 (left). Percentage of individuals of species, not found 
in Recent antarctic sediments, in core E13-17. Broken hachures 
show where corrosion makes estimates of abundance difficult. 
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Gilbert is unlikely to be younger. It is 
difficult to pick the beginning of the 
Gilbert in E13-17 because of a gap 
in the core between 2100 and 2200 
centimeters; however, it is definitely 
normally magnetized below 2200 cen- 
timeters. If we extrapolate from the 
base of the Gauss normal series, using 
the rate of accumulation within the 
Gauss, we obtain an age of 5.25 
million years for the top of epoch 5, 
which is probably a maximum age. 
Therefore an estimated age of 5 mil- 
lion years for the beginning of the Gil- 
bert is reasonable but may be in error 
by as much as 200,000 years. 

Radiolarian Stratigraphy 

Four stratigraphic zones have been 
established in antarctic sediments on 
the basis of the upward sequential dis- 
appearance of species of Radiolaria 
(2); they have been named I, (oldest), 
X, I, and Q0 (youngest). The base 
of the 0 zone has been dated radio- 
metrically at about 400,000 years (11). 
The base of the I zone (0.7 million 
years) and the base of the X zone 
(about 2 million years) have been 
dated paleomagnetically (1), while the 
base of the q zone has not yet been 
defined. Previously the faunal work 
ended near the top of the I, zone, for 
in antarctic sediments south of the 
Antarctic Polar Front the sediments 
in many areas become barren below 
the --X boundary (2). 

The three cores selected for detailed 
study by us contain Radiolaria older 
than any previously reported from the 
floor of the Antarctic Ocean. Cores 
E13-3 and E14-8 have continuous 
radiolarian-bearing sequences back to 
about 3 and 4 million years ago, re- 
spectively, while E13-17 contains Ra- 
diolaria intermittently back to probably 
more than 5 million years ago. 

In previous work (1, 2) certain spe- 
cies having restricted stratigraphic 
ranges were selected for study. We in- 
clude 32 species constituting, in the 
time period studied, more than 90 per- 
cent of radiolarian fauna; the taxon- 
omy of most has been discussed (2), 
and a report on the others (Larcopyle 
sp. No. 1, Larcopyle sp. No. 2, and 
Triceraspyris sp.) is in preparation. Al- 
together 296 slides were examined for 
Radiolaria; counts of at least 300 (usu- 
ally 500) individuals were made on 
the 180 slides bearing sufficient Radio- 
laria. The results of these counts were 
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reproducible within 6 percent. From 
these data the stratigraphic ranges of 
the species were determined (Figs. 2- 
4), as well as the percentages of in- 
dividuals in the sample belonging to 
species not found in the most recent 
antarctic sediments (Figs. 7-9). 

The top four faunal, zones in these 
cores bear the same relation to mag- 
netic reversals as in cores previously 
reported (Figs. 2-4, Table 4) (1). The 
bottom of the 0 zone falls in the cen- 
tral portion of the Brunhes series. The 
X-I boundary falls near but below 
the base of the Brunhes series, and 
the ,I-X boundary occurs just below 
the Olduvai event. The upper limit of 
the range of Clathrocyclas bicornis is 
near the top of the Olduvai event. 

Both E13-3 and E14-8 contain a 
considerable thickness of radiolarian- 
bearing sediments below the I-X 
boundary. The next-older major faunal 
change occurs at the upper limit of two 
species (Desmospyris spongiosa and 
Helotholus vema) having similar upper 
limits (E13-3, 840 centimeters; E14-8, 
1085 centimeters) just above the Gauss- 

Matuyama boundary (Figs. 2 and 3). 
This faunal change permits more pre- 
cise definition of the 1 zone as the 
interval in antarctic deep-sea sediments 
containing individuals of Clathrocyclas 
bicornis and Eucyrtidium calvertense 
above the last common occurrence of 
D. spongiosa and H. vema. The sedi- 
ments underlying the (c zone and 
commonly containing D. spongiosa and 
H. vema will be designated the upsilon 
zone (Y). Near the Y-(b boundary 
there is a sharp upward decrease in 
the occurrence of species that no long- 
er live in antarctic waters, and a con- 
comitant increase in abundance of spe- 
cies that comprise the Recent Antarctic 
assemblage, making the Y-< bound- 

ary the most striking faunal boundary 
yet studied. In fact the Y zone in 
both E13-3 and E14-8 is characterized 
by high percentages of extinct species 
(Figs. 7 and 8). Although the Y-q, 
boundary is not present in E13-17, the 
interval containing Radiolaria within 
the Gauss normal series (1380 to 1440 
centimeters) contains Y-zone species 
(D. spongiosa and H. vema) as well 
as relatively high percentages of species 
not found in the most recent antarc- 
tic sediments (Fig. 9). 

Core E13-3 becomes barren shortly 
below the Y-q, boundary, so only in 
E14-8 can one determine the upper 
boundary of the next-lower faunal 
change. Below 1540 centimeters in 

Table 3. Apparent dates (by extrapolation 
from two cores) of beginnings and ends of 
three normal-polarity events in Gilbert re- 
versed-polarity epoch. 

Date (X 106 years ago) 
Event 

Beginning End 

Core E13-3 
a 3.86 3.95 
b 4.08 4.15 
c 4.25 4.39 

Core E13-17 
a 3.79 3.87 
b 4.08 4.26 
c 4.44 4.67 

E14-8, an undescribed spyroid (Tri- 
ceraspyris sp.) is abundant; it is prob- 
ably closely related to Desmospyris 
spongiosa, since the latter is abundant 
only above the upper limit of Tricer- 
aspyris sp. Since the upper limit of 
the range of Triceraspyris sp. is based 
solely on its range in E14-8, only ten- 
tatively do we designate the upper 
limit of this species the base of the 
Y zone and the top of the T zone. 
The upper limit of the T zone falls 
within event a of the Gilbert polarity 
series. 

Relations of Faunal Boundaries 

to Temperature Changes 

The only reliable evidence of past 
warmer conditions in antarctic sedi- 
ments is the deep occurrence in cores 
of species that are normally restricted 
to Recent sediments north of the Ant- 
arctic Polar Front. Evidence (2) has 
been presented of a change from 
warmer to cooler conditions across the 

Table 4. Depths in two cores to faunal 
boundaries and nearest reversals. 

Depth (cm) 
Faunal 

boundary Boundary Nearest 

Co re versa14-8 
Core E14-8 

?k-1, 230 No reversal 
X-+I 530-540 530-540 

Upper limit of 
C. bicornis 860-870 840-860 
4-X 950-970 910-920 
T-, 1085-1095 1095-1105 
T-T 1550-1570 1540-1550 

Core E13-3 
+-DI- 50-70 No reversal 
X-, 240-250 220-230 

Upper limit of 
C. bicornis 560-570 600-610 
'Q-X 650-660 650-660 
T-,I 860-870 860-870 
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X-' boundary, but the other faunal 
boundaries down to the -1I-X bound- 
ary have shown no evidence of change 
in temperature. 

Both E13-17 and E13-3 show defi- 
nite evidence of warmer conditions at 
depth. In E13-17, below 2000 centi- 
meters (4.5 million years) are various 
warm-water radiolarian species, includ- 
ing Axoprunum stauraxoniunz and 
Heliodiscus asteriscus. In all samples 
below 2180 centimeters (5.0 million 
years) are fragments of the diatom 
species Ethmodiscus rex; although it 
has not been reported south of 30?S 
(12), Burckle has seen fragments of this 
distinctive species in samples of Recent 
sediment from a core raised from the 
southern part of the Argentine basin 
(48 08'S,403 1'W). The occurrence 
of E. rex in E13-17 is therefore nearly 
20 degrees farther south than the south- 
ernmost known occurrence of this spe- 
cies in Recent sediments. 

In E13-3, the northernmost of the 
three cores, several species of warm- 
water Radiolaria occur commonly be- 
tween 860 centimeters (Y-1; 2.4 mil- 
lion years) and 980 centimeters, where 
the core becomes barren. 

There is no strong evidence in E14- 
8 of warmer conditions at depth, but 
below 1100 centimeters (Y-4 bound- 
ary; 2.4 million years) several warm- 
water Radiolaria occur intermittently 
down to the point where the core be- 
comes barren, at 1710 centimeters. 

Evidence of change from warmer 
to cooler conditions exists in all three 
cores; the change took place approxi- 
mately 2 million years earlier in E13- 
17 than in the two northern cores. 

In spite of the differences in latitude 
between these cores and of the cor- 
responding temperature differences, the 
faunal boundaries occur at about the 
same time in all three cores. Changes 
in temperature may have caused the 
disappearance of some of the species 
marking faunal boundaries, but this 
evidence opposes the possibility. Even 
more convincing is the fact that in a 
core taken north of the Polar Front 
(RC8-52; 41 06'S,101 25'E), in which 
the vast majority of species are warm- 
water species, the ranges of Eucyrti- 
dium calvertense and Clathrocyclas bi- 
cornis are not significantly extended; 
in fact their upper limits bear a rela- 
tion to the lower and upper boundaries 
of the Olduvai event resembling that 
found in cores taken from beneath the 
colder waters to the south of the Polar 
Front (Fig. 10). 
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Discussion 

The limited geologic ranges of some 
planktonic organisms and their wide- 
spread distribution have made them ex- 
cellent guide fossils, yet no completely 
satisfying explanation of the factor 
limiting their ranges has been proposed. 
Our data show with hitherto-unequaled 
precision that the upper limits of the 
ranges of certain radiolarian species 
are nearly isochronous over a broad 
area. In fact the magnetic-polarity 
epochs, down to the base of the Gauss 
normal-polarity series, can be charac- 
terized by their content of Radiolaria. 

Of the multitude of factors that may 
extinguish pelagic organisms, only a 
few leave decipherable records in sedi- 
ments. One factor that is frequently 
credited with causing extinctions is 
change in temperature; our data show 
that, at least for two species Eucyrti- 
dium calvertense and Clathrocyclas 
bicornis), it is unlikely that change in 
temperature was responsible. This prob- 
ability does not preclude the possi- 
bility that temperature change was in- 
volved in the disappearance from 
antarctic sediments of other radiolarian 
species such as those that disappear 
at the X-, boundary, several of 
which are still living north of the 
Polar Front. 

It has been suggested (1) that, be- 
cause some antarctic Radiolaria disap- 
peared near reversals, the reversals in 
some way influenced their disappear- 
ance. The faunal boundaries are 
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Fig. 10. Stratigraphic ranges of Clathro- 
cyclas bicornis and Eucyrtidium calver- 
tense compared with magnetic stratigraphy. 
Graticule at right indicates radiolarian 
samples. 

drawn at the last common occur- 
rences of -the --indicator- species. The 
I-2 boundary has no corresponding 
reversal, although the other four 
faunal zones are usually associated 
with reversals (Table 4). Since nearly 
all species used in the definition of 
faunal zones survived a number of re- 
versals before disappearing near one, 
we can only assume that, if a reversal 
did affect a species, either the effects 
of reversals differed or the reversal 
was a contributor to other environ- 
mental stresses that tended to weaken 
the species. In several instances a 
faunal boundary and a reversal coin- 
cide within the sampling interval (Table 
4). The lack of coincidence in other 
instances may be due to postdeposition- 
al displacement of either the magnetic 
or the faunal boundary. It is possible, 
however, that the reversals and faunal 
limits are separated by thousands of 
years. Nevertheless there remain tanta- 
lizingly close correlations between four 
of the five faunal boundaries and re- 
versals (Table 4). We hope that other 
students of pelagic organisms will ex- 
amine their data in the light of these 
results. 

Pliocene-Pleistocene Boundary 

Stratigraphic boundaries traditionally 
have been drawn on the basis of faunal 
changes, regardless of whether these 
changes were climatically induced. It 
has been recommended (13) that "In 
order to avoid ambiguities, the Lower 
Pleistocene should include as its basal 
member in the type-area the Calabrian 
formation (marine) together with its 
terrestrial (continental) equivalent the 
Villafranchian. . . . [According] to 
evidence given, this usage would place 
the boundary at the horizon of the 
first indication of climatic deteriora- 
tion in the Italian Neogene succession." 
The cooling trend in the Calabrian, 
evidenced by the first appearance of 
several cold-water species, has been 
taken to signal the initiation of glacia- 
tion in the Alps (14). 

While direct faunal comparison be- 
tween our three cores and the type 
locality of the Pliocene-Pleistocene 
boundary is difficult, indirect correla- 
tion is now possible. In the Antarctic 
the base of the Pleistocene was tenta- 
tively drawn by Hays (2) at the ,-X 
boundary. Recently Banner and Blow 
(15) have established a planktonic for- 
aminiferal zonation of the Neogene. 
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The boundary between their zones N21 Antarctic Glaciation 
and N22, based on the evolutionary 
transition from Globorotalia (G) to- 
saensis to Globorotalia (G) truncatu- 
linoides, occurs near the base of the 
stratotype Calabrian at Santa Maria di 
Catanzaro (16), the agreed earliest 
Quaternary (13). Berggren (17) has 
shown that this same evolutionary 
transition, marking the boundary be- 
tween zones N21 and N22, occurs with- 
in the Olduvai event in a core from 
the North Atlantic. Since the Pliocene- 
Pleistocene boundary falls within the 
Olduvai event, the 1-X boundary, fall- 
ing near the base of the Olduvai event, 
represents a close approximation of the 
boundary in antarctic sediments. 

Although the faunal change across 
the ?,-X boundary is significant, the 
greatest faunal change in these cores 
occurs at about 2.5 million years ago; 
evidence in E13-3 and E14-8 indicates 
a change from warmer to cooler con- 
ditions near this boundary. 

Mathews and Curtis (18) have dated 
a so-called Pliocene-Pleistocene bound- 
ary in New Zealand at "more than 2 
million years and probably nearer to 
2.5 million years ago." This boundary 
is placed at the first indication of cool- 
ing conditions in a New Zealand pol- 
len sequence (19); such cooling in New 
Zealand probably correlates with cool- 
ing indicated at the Y-4 boundary 
in antarctic cores E13-3 and E14-8. 

Rutten and Wensink (20) have 
found that the first glacial till in Ice- 
land falls in the middle of the Gauss 
normal-polarity series, so that it is about 
3 million years old; this paleomagnetic 
age has recently been confirmed by 
potassium-argon dating (7). A similar 
age of 2.7 million years for a lava 
flow overlying the oldest till yet found 
in the Sierra Nevada of California has 
been reported (21). 

Conolly and Ewing (22) determined 
that the first appearance of ice-rafted 
debris in several antarctic cores fell 
somewhat below the ?-X boundary; 
this level was dated (1) at about 2.5 
million years ago. Thus it appears that 
the major faunal change in antarctic 
cores during the last 5 million years 
occured at about the same time as 
evidence of deteriorating climatic con- 
ditions in other parts of the world. The 
time between 3 and 2.5 million years 
ago seems to have been critical in 
Neogene history and may have been 
the prelude to widespread glaciation in 
more temperate regions. 
24 NOVEMBER 1967 

Evidence is now available that glacial 
conditions existed on Antarctica well 
before the 3-million-year date reported 
(20) for Iceland. There is evidence (23) 
of glacial action probably older than 
10 million years in the Jones Moun- 
tain area. 

Preliminary examination (24) of our 
three antarctic cores shows that the 
age of the lower limit of ice-rafted 
debris varies from core to core. Core 
E13-3, the northernmost of the three, 
has ice-rafted grains in all samples 
above 650 centimeters (about 2 mil- 
lion years ago). In E13-17, the south- 
ernmost ice-rafted debris occurs to a 
depth of 1970 centimeters (more than 
4 million years ago). Core E14-8 has 
ice-rafted material throughout; the age 
of its base is uncertain but probably 
exceeds 4 million years. 

In age of its ice-rafted grains, E13-3 
resembles nearby cores (22). The 
earlier appearance of glacial debris 
in the two western cores (E13-17 
and E14-8) may indicate earlier gla- 
ciation of East than of West Ant- 
arctica. In any event our data indicate 
widespread glaciation on Antarctica at 
least 4 million years ago. 

Summary 

Our study extends the continuous 
record of the earth's magnetic field to 
more than 5 million years ago; it 
defines three new magnetic normal-po- 
larity events and one new normal-polar- 
ity epoch. One core (E13-3) has a suf- 
ficiently constant rate of sedimentation 
to enable one to make reliable esti- 
mates of the ages of the three new 
events. The age of the upper boundary 
of the new polarity epoch is estimated 
at 5 million years. Because of the 
many new magnetic events and epochs 
that will be found through study of 
deep-sea sediments, we propose a num- 
bering system that may simplify desig- 
nation and increase the usefulness of 
marine magnetic stratigraphy. 

The rate of deposition of clay in the 
cores is relatively constant, fluctua- 
tions being largely due to variation in 
amount of biogenic silica. 

The cores contain a radiolarian stra- 
tigraphy similar to that reported (1, 2), 
and they also record disappearances of 
other species that make possible the 
definition of two new faunal zones. 

The upper boundary of one of these 
zones (Y) is the most striking faunal 
change yet encountered, occurring at 
about the same time as evidence of 
climatic deterioration in other parts of 
the world. 

All the faunal boundaries are time- 
dependent; four coincide with rever- 
sals, or almost so. Change in tempera- 
ture may have been responsible for 
some of the boundaries, but not ap- 
parently, for at least one. The close 
correspondence between reversals and 
faunal boundaries, whether or not 
changes in temperature were involved, 
adds a new dimension to the perplex- 
ing question of planktonic extinctions. 
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