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Paleomagnetic Chronology of Pliocene-Early Pleistocene 
Climates and the Plio-Pleistocene Boundary in New Zealand 

Abstract. The paleomagnetic chronology established for a Pliocene-Early 
Pleistocene sequence of marine sediments in New Zealand reveals that marked 
climatic coolings based on Foraminifera and oxygen isotope ratios in the late 
Cenozoic preceded the Pliocene-Pleistocene boundary, which is taken to be at 
the base of the Gilsd geomagnetic polarity event (1.79 million years ago). Major 
temperature fluctuations occur from the upper Gauss (Middle Pliocene) to mid- 
dle Matuyama (Early Pleistocene). The first major Pliocene cooling spans the 
Gauss-Matuyama boundary (2.43 million years ago). A uniform and rapid (40 
centimeters per 1000 years) rate of deposition is shown for the moderately shal- 
low marine environment. 

Geomagnetic polarity reversals for 
the last 5 million years (1) have been 
used to provide ages of and correla- 
tions between many deep-sea sedi- 
mentary cores (2) but have only rarely 
been applied to studies of Cenozoic 
marine sedimentary sequences exposed 
on land (3). We have extended the 
method to relatively shallow-water 
Pliocene to Early Pleistocene marine 
sediments exposed on New Zealand. 

The remarkably complete Tertiary 
and Quaternary stratigraphic and pale- 
ontological record in New Zealand has 
enabled clear definition of relative 
paleotemperature oscillations resulting 
from periodic regional migrations of 
subantarctic water to the south and 
warmer subtropical water to the north 
(4, 5). These paleotemperature oscilla- 
tions have been difficult to correlate in 
other parts of the world, however, be- 
cause of the provincial character of 
New Zealand marine faunal assemblages 
and the local controls on paleooceano- 
graphic conditions. 

The paleomagnetic stratigraphy was 
determined in the nearly continuous 
Pliocene to Early Pleistocene sequence 
at Mangaopari Stream-Makara River 
(Fig. 1), at the southern end of the 
North Island of New Zealand. Fresh 
sediments exposed in the stream beds 
and adjacent road cuts total 650 m of 
foraminifer-rich marine mudstone, sand- 
stone, and limestone of upper bathyal 
to middle neritic depths. The section 
is of considerable importance because 
of prior biostratigraphic, paleoclimatic, 
and oxygen isotope studies (6, 7) (Fig. 
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2). Objectives of this study include 
determination of the stratigraphically 
defined Pliocene-Pleistocene boundary 
by correlation with the base of the 
marine Calabrian stage of southern 
Italy; the evaluation of relations be- 
tween this stratigraphically defined 
boundary and marked climatic cool- 
ings, including that which defines the 
currently accepted Plio-Pleistocene 
boundary determined primarily by the 
appearance of cool-water Mollusca (4, 
6, 8). Finer definition of the geomag- 
netic polarity history during the Matu- 
yama epoch (0.69 to 2.43 million years 
ago) (1) may also result from detailed 
studies of such a section. 

Three cores, 2.5 cm in diameter, were 
drilled with a gasoline-powered port- 
able drill from each of 61 sites 
throughout the section (Figs. 1 and 2), 
as well as in two slightly younger 
(Marahauan) stratigraphic horizons in 
a nearby section (9). All cores were 
oriented in geographic coordinate, while 
still attached to outcrop, to an ac- 
curacy of ? 3?. At each site vertical 
separation between the three cores was 
no greater than 30 cm, but horizontal 
separation was up to 3 m. In the lab- 
oratory each core was sliced into 
specimens 2.2 cm long for paleomag- 
netic analysis. The direction and in- 
tensity of the remanent magnetism in 
each specimen were measured with a 
spinner magnetometer, operating at 5 
cycle/sec (10), before and after appli- 
cation of alternating magnetic fields 
(11) of 50 and 75 oersteds. 

Intensities of magnetization are of 

the order of 10-7 electromagnetic unit 
per gram after the viscous components 
have been removed by the demagneti- 
zation treatments. In the log of the 
paleomagnetic polarities (Fig. 2) the 
latitude of the virtual geomagnetic pole 
(12) is used to indicate the polarity. 
Northern latitudes indicate normal po- 
larity, and southern latitudes indicate 
reversed polarity. The few results with 
latitudes between 10?N and 10?S are 
not assigned to any polarity. These are 
clearly transitional and do not repre- 
sent major polarity changes. 

A section from lowermost Gauss to 
middle Matuyama geomagnetic polar- 
ity epochs is recorded (Fig. 2). This 
is closely similar to the established geo- 
magnetic polarity scale of Cox (1) 
(Fig. 2). Age assignments, made by 
simple comparison with the established 
scale (Fig. 2), are corroborated by the 
sedimentation rate diagram, which in- 
dicates a linear relation between age 
and sediment thickness (Fig. 3). The 
sedimentation rate was nearly constant 
at 40 cm per 1000 years. A uniform 
rate might be expected for such a sedi- 
mentary section, which consists for 
the most part of rather uniform blue- 
gray massive mudstone deposited main- 
ly in upper bathyal depths. It is un- 
likely that such a linear relationship 
(Fig. 3) would result fortuitously from 
a combination of a variable sedimen- 
tation rate and misidentification of 
magnetic boundaries. Such rapid rates 
of sedimentation fall within ranges 
more typical for flysch and molasse 
troughs (13, 14), although similar rates 
have been suggested for some nontur- 
bidite terrigenous sediments (14). 

The variation of the virtual geo- 
magnetic latitude within periods of con- 
stant polarity (Fig. 2) may reflect the 
lack of cancellation of geomagnetic 
secular variation, which might be ex- 
pected in sediments accumulating at a 
rate that is one to two orders of mag- 
nitude faster than in deep-sea sedi- 
ments (15), or it may be in part the 
result of imperfections in recording of 
the ambient geomagnetic field result- 
ing from burrowing activities of ben- 
thonic faunas (16). 

The geomagnetic stratigraphy, when 
compared with previous oxygen isotope 
and foraminiferal paleotemperature 
curves determined on the same se- 
quences (Fig. 2) by Devereux et al. 
(6), indicates pronounced cold phases 
in the New Zealand Middle Pliocene 
(Waipipian stage), the Late Pliocene 
(upper Mangapanian), and at the 
beginning of the currently accepted 

SCIENCE, VOL. 171 



Pleistocene [lower Hautawan (6)]. Ad- 
ditional cold intervals indicated by 
cold-water megafaunas (7) coincide 
with the two Hautawan limestone mem- 
bers of the Pukenui Limestone (Fig. 
2). 

In terms of magnetic stratigraphy 
and chronology the first major Pliocene 
cooling (2.50 to 2.30 million years 
ago; Middle Pliocene) spans the Gauss- 
Matuyama boundary; the late Pliocene 
cooling (2.13 to 2.10 million years ago) 
coincides approximately with the lower 
part of the Olduvai event; and the 
Early Pleistocene cooling (1.98 to 1.88 
million years ago) approximates the 
upper part of the Olduvai event (Fig. 
2). At least one and possibly two cool 
intervals (1.77 to about 1.61 million 
years ago) shown by Vella and Nicol 
(7) coincide with the Gilsa event. Ac- 
cording to the data (Fig. 2), sea tem- 
peratures during the intermediate warm- 
er oscillations were not significantly 
warmer than at present-day similar lat- 
itudes (6). Uniform warm-water con- 
ditions existed during most of Gauss 
time, except for a slight cooling coin- 
ciding approximately with the end of 
the Kaena (?) event (2.80 million years 
ago). 

The position and age of the cli- 
matically defined Plio-Pleistocene 
boundary (based on the first severe 
cooling) and the stratigraphically de- 
fined boundary (based on correlation 
with the Calabrian stage in southern 
Italy) have been examined by many 
workers (17-20). Our data are rele- 
vant to the interpretation of both defi- 
nitions, and we first discuss the posi- 
tion of 'the climatically determined 
boundary. 

The currently accepted Plio-Pleisto- 
cene boundary in New Zealand is 
climatically determined l(4) and is 
at the boundary between the Waito- 
taran (Mangapanian) and Hautawan 
stages (18). A duration of 2 to 5 
million years for the Pleistocene, sug- 
gested by a panel of five New Zealand 
scientists, was based on relative rates 
of evolutionary change and on sedi- 
mentation within the Cenozoic (19). 
Isotopic age determinations made by 
two independent groups (21, 22) show 
that the first recognized cooling is at 
2.5 million years ago, in good agree- 
ment with our paleomagnetically dated 
first cooling in the Mangaopari Stream 
section (2.50 million years ago). The 
magnetic stratigraphy shows, however, 
that this cooling took place in the mid- 
dle of the Pliocene, and not at the 
Plio-Pleistocene boundary. 
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Fig. 1. Map of the Mangaopari Stream-Makara River section showing the location of 
paleomagnetic sample sites. Opoitian (Lower Pliocene) sandstone and Hautawan 
(Lower Pleistocene) limestones and sandstones are shown. 

At Timaru (South Island of New 
Zealand), a basalt sheet with reversed 
polarity (20) overlying sedimentary 
rocks of earliest Pleistocene and Plio- 
cene age (23) was dated at 2.5 + 0.4 
million years (21). This cooling is al- 
most certainly that which spans the 
Gauss-Matuyama boundary. In the 
Wanganui Basin, the base of the 
Hautawan shell bed, which represents 
the currently accepted Plio-Pleistocene 
boundary, has been dated by extrapola- 
tion to be a maximum of 2.15 million 
years old. Beu (24) correlated this 
shell bed with the base of the Pukenui 
Limestone in southern Wairarapa, 
which we date as 1.72 million years 
(Fig. 2), coinciding with the Gilsa 
event. Either these stratigraphic units 
are diachronous or the radiometric age 
is too old by about 0.5 million years. 
The cooling events dated in Timaru 
and Wanganui are unlikely to be syn- 
chronous. Basalts thought to be at the 
Plio-Pleistocene boundary on the west 
coast of New Zealand (22) provided 
maximum ages ranging from 2.55 ?- 0.1 
million years to 2.3 ? 0.2 million years 

for the beginning of the "Pleistocene." 
It was concluded that the age data and 
limited paleomagnetic results indicated 
a first climatic cooling before the geo- 
magnetic field changed from normal 
(Gauss) to reversed (Matuyama). Our 
data confirm this interpretation but in- 
dicate that the cooling is not basal 
Pleistocene (Hautawan) in age, as sug- 
gested from previous floral analyses 
(25), but rather is the Middle Pliocene 
Waipipian cooling. 

Evidence for possible contempora- 
neous Pliocene cooling elsewhere in- 
cludes pronounced faunal change in 
antarctic cores at about 2.5 to 3 mil- 
lion years (26), glaciations recorded in 
the Sierra Nevada of the United States 
at 2.7 million years (27), tillites in 
Iceland at 3 million years (28, 29), 
and calcium carbonate peaks reflecting 
cool temperatures in the upper Gauss 
of equatorial Pacific cores (30). The 
climatic cooling we report in the lower 
and middle Matuyama (Fig. 2) there- 
fore clearly occurred elsewhere (29, 
30). 

Middle Pliocene cooling is not the 
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earliest major Late Cenozoic cooling 
reported in New Zealand. Cold-water 
faunas and evidence of a fall in sea 
level occur in the uppermost Miocene 
Kapitean stage (31, 5). The age of 
the Kapitean stage and supposed Mio- 
cene-Pliocene boundary in New Zea- 
land could not be determined in our 
study because of a disconformity at 
the base of the Opoitian stage in the 
section (32). 

There may be a relationship between 

paleoclimatic and geomagnetic polarity 
changes (Fig. 2). Cooling trends com- 
monly began at, or shortly after, geo- 
magnetic polarity changes [for example, 
at the top of Kaena (2.80 million 
years); base of Olduvai (2.13 million 
years); upper part of Olduvai (1.98 
million years); and base of Gilsa (1.79 
million years)] or cooling maxima coin- 
cided with geomagnetic reversals [for 
example, at the Gauss-Matuyama 
boundary (2.43 million years)]. Ex- 

ceptions are the Mammoth (?) event 
and base of Kaena (?) event, which do 
not coincide with any climatic changes, 
and the top of the lower part of the 
Olduvai event (2.11 million years), 
which occurred immediately before a 
warming trend. Therefore, six of eight 
definite polarity changes are close to, 
or at, climatic changes. This may be 
interpreted to be either coincidence of 
two unrelated variables or to be sup- 
port for an indirect connection between 

Fig. 2. Paleomagnetic stratigraphy, stratigraphic succession, and paleoclimatic trends (6, 7) at Mangaopari Stream-Makara River, New Zealand. Sample positions, ranges of some key fossils, local stratigraphic units, and possible Europeari correlations are shown 
(M.Y., million years). Magnetic polarity in the section (left polarity column) is interpreted from the latitude of the virtual magnetic 
pole (12); black is normal polarity and clear is reversed polarity, which corresponds to the latitude of the virtual geomagnetic pole 
being higher than 10'N and 10?S, respectively. Latitudes between 10?N and 10?S are not assigned to polarity changes for reasons in- 
cluding the inherent uncertainty of the position of the spin axis and axial dipole in terms of present geographic coordinates. The estab- 
lished geomagnetic polarity scale (1) is given at the far right for comparison. The ages of the polarity column are substantiated 
by Fig. 3. Note that the data points at each site result from the mean remanent magnetism from three separate cores after demag- netization: solid circles have a resultant vector, corresponding to a mean direction, which, for three specimens, is nonrandom at the 95 percent confidence level, whereas the few open circles represent a 5 percent possibility of randomness. For nonrandomness at the 95 percent level when there are three cores per site, the resultant vector must be 2.62, when a unit vector is assigned to each core 
(39). Two sites from a nearby section (9), which is stratigraphically slightly younger than the highest sample in this section, are both of reversed polarity (40). The paleoclimatic curves are, from left to right: (a and b) oxygen isotope ratios of planktonic and benthonic foraminiferal tests; (c) abundance of Globigerina pachyderma as a percentage of all planktonic foraminiferal tests. Note that the position of the Plio-Pleistocene boundary and the base of the Calabrian have been modified from that previously determined by Devereux et al. (6). 
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polarity changes, climatic variations, 
and faunal changes (33). 

We now examine the evidence for 
the position of the stratigraphically de- 
fined Plio-Pleistocene boundary. In the 
first attempt at determining this bound- 
ary in New Zealand, Fleming (34) cor- 
related the base of the Hautawan with 
that of the Calabrian on paleoclimatic 
evidence. A further attempt was based 
on the biostratigraphic succession at 
Mangaopari Stream (6), where the 
boundary was placed at the first appear- 
ance of Globorotalia truncatulinoides 
(at the base of the Hautawan stage) 
corresponding Ito the upper Olduvai 
event as shown in Fig. 2. The first 
definite appearance of G. truncatuli- 
noides (6), however, is at a level coin- 
ciding with the base of the Gilsa event 
and near the middle of the Hautawan 
stage. Rare, atypical specimens, pre- 
viously reported below this level as G. 
truncatulinoides, have been reexamined 
and are referrable to the G. crassaformis 
complex. The first appearance of G. 
truncatulinoides in tropical deep-sea 
cores occurs within the major normal 
event in the Matuyama epoch (35), 
which has often been called the Olduvai 
but is now regarded as the Gilsa (1, 
36), the base of which is dated at 1.79 
million years (1). The first appear- 
ance of G. truncatulinoides gives cor- 
relation with the type Calabrian (37), 
at the base of the type Italian Pleis- 
tocene. The age of the base of the 
Gilsa (1.79 million years) is close to 
the age of 1.8 million years for the 
Plio-Pleistocene boundary in the Ca- 
labrian type section based on extrapo- 
lation of sedimentation rates (38). 

We therefore place the stratigraphi- 
cally defined Plio-Pleistocene boundary 
at the base of the Gilsa and first def- 
inite appearance of G. truncatulinoides. 
This level occurs near the middle of 
the Hautawan stage, the base of which 
is the generally accepted position for 
the Plio-Pleistocene boundary in New 
Zealand. The coincidence of the first 
appearance of G. truncatulinoides with 
the base of the Gilsa in our section 
strongly supports the coincidence of the 
Gilsa event with at least part of the 
Calabrian stage. As both Italy and New 
Zealand are in temperate latitudes, it 
is likely that there was little or no lag 
between the two areas in the first ap- 
pearance of G. truncatulinoides. 

We conclude that marked cooling 
occurred much earlier than the strati- 
graphically defined beginning of the 
Pleistocene, which is at the base of 
the Gilsa geomagnetic polarity event. 
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