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Absolute Chronology of the

Last Glaciation

Radiocarbon dating (7) has led to a
well-established chronology of the Wis-
consin stage of glaciation in North Amer-
ica, which was, until recently, considered
to be equivalent to the Last or Wiirm
Glaciation of Europe. The first step in
this direction was the dating of wood
from the Two Creeks forest bed in Wis-
consin by W. F. Libby (2) which
showed, contrary to what had been ex-
pected from other evidence such as tele-
correlation of varve sequences, that the
last major substage of the Wisconsin, the
Mankato of North America, was equiva-
lent to the Younger Dryas of Europe.

Since then, more than 60 individual

measurements by Suess and by Rubin"

and Suess (3) at the U.S. Geological
Survey in Washington, D.C., on samples
from a large number of localities in
North America have conclusively estab-
lished the times of the next previous sub-
stages, the Cary and the Tazewell. The
Tazewell substage represents, at least in
the Middle West of the United States,
the time of the maximum southward ex-
tent of the ice front, which was reached
between 17,000 and 18,000 years ago
after a more or less continuous advance
over a period of more than 10,000 years
(4, 5). The Washington radiocarbon
dates are sufficiently conclusive to allow
the calculation of rates of advance and
retreat of the ice during that interval of
time and thereafter (6, 8).

Continental Glacial Chronology

At least four episodes of colder climate
with advancing glaciers can be assumed
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to have followed the Tazewell maximum
with decreasing amplitude toward the
present time. They are listed in Table 1
on page 356.

It appears that these oscillations have
occurred at fairly regular intervals of
about 3500 years. Various oscillations of
still shorter periods can also be recog-
nized. They seem to become increasingly
conspicuous in postglacial time. For two
pre-Tazewell substages of the Wisconsin,
the Towan and Farmdale, stratigraphic
evidence and radiocarbon dates are less
conclusive. Nevertheless, it seems con-
ceivable that these episodes might rep-
resent such oscillations immediately pre-
ceding the Tazewell substage (8).

It can be shown, however, that the
Wisconsin glacial stage of North Amer-
ica does not cover the whole period of
the Last or Wiirm Glaciation as under-
stood by European workers. Penck and
Briickner (9) showed in 1909 that one
can estimate from rates of weathering
and deposition that the beginning of the
Last Glaciation was about 100,000 years
ago. Washington radiocarbon measure-
ments also indicate that the last cold
period must have begun much earlier
than is indicated by the dates on wood
from the early Wisconsin Farmdale loess
deposits of Leighton: (10) (samples W-68,
W-69, W-79, W-141, and others). Inter-
stadial forest zones in Canada and Alaska
(W-100, 121, 157, 189, 76, 77, 174, and
so forth) and the base of the interstadial
Younger Loess II of Europe (W-173) as
well as archeological remains from the
Cold Mousterian were found to be older
than the present range of the Washington
laboratory, which is about 38,000 years.

SCIENCE

Deep-Sea Sediments

Further evidence for a long duration
of the Last Glaciation comes from the
study of deep-sea sediments. The compo-
sition of these sediments, in particular
their carbonate content, depends strongly
on climatic' conditions. A series of cli-
matic oscillations during the Pleistocene
can be recognized. The extensive work of
G. Arrhenius (11) on the titanium con-
tent of decp-sea sediments of the Pacific
Ocean gives an estimated time for the
beginning of the last cold period as 100,-
000 years ago; this agrees with the Euro-
pean estimates of Penck and Briickner.
The technique involved determining the
titanium sedimentation rate by radiocar-
bon dating of codeposited carbonate
sediments (12). :

A much more quantitative and direct
approach was made by C. Emiliani (13),
who applied Urey’s paleotemperature
method (14) to a large number of sam-
ples from various Atlantic and Caribbean
cores. Emiliani identified and separated
pelagic Foraminifera tests, usually Glo-
bigerinoides sacculifera and Globigerin-
oides rubra, from samples taken in 10-
centimeter intervals along the cores. The
O18 to O ratio in the CaCO, of these
tests was measured by the mass spectro-
meter group in Urey’s laboratory (To-
shiko Mayeda, Harmon Craig, and
others) at the Enrico Fermi Institute for
Nuclear Studies of the University of Chi-
cago. As was shown by Urey (I4), this
ratio is essentially a function of the water
temperature at the time of growth of the
shells. In this way, the temperature of
surface water was obtained as a function
of depth below the top of each core.

The temperature records from all the
cores show several regular oscillations.
Emiliani finds an apparent amplitude of
7° to 8°C temperature variation. By tak-
ing into account a slight increase in the
O18 concentration during glacial times,
about 6°C actual variation of the mean
temperature of the surface water is found
at the locations where the cores were
taken. The experiments and interpreta-
tion of the results are discussed in detail
by Emiliani (13).

The author is a research geochemist at the
Scripps Institution of Oceanography, La Jolla,
California.
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Table 1. Approximate time of maximum extent of glaciers in North America as deter-

mined from radiocarbon dates (4, 5).

Time of max. extent

Substage or advance before present (yr)

Pertinent samples

Post altithermal advance 3,000°?

Cochrane 6,500 to 7,500
Mankato 10,000 to 11,000
Cary 13,500 to 14,500
Tazewell 17,000 to 18,000

8, W-33
7

Table 2. Apparent radiocarbon ages of carbonate from three deep sea cores determined
at the U.S. Geological Survey (9, 6). The sedimentation rate for Core A 179-4 (from
samples W-160 and W-159) was 2.78 cm/1000 yr or 1 ¢cm/360 yr; the sedimentation rate
for Core A 172-6 (from samples W-236 and W-247) was 3.70 cm/1000 yr or 1 cm/270
yr; the sedimentation rate for Core A 180-73 (from samples W-280 and W-278) was 2.44

e¢m/1000 yr or 1 cm/410 yr.

Sample No. Depth (cm) Material Apparent age (yr)

Core A 179—4: lat. 16°36'N, long. 74°48'W, depth 2965 m (Caribbean Sea)
W-160 0- 10 Total carbonate 3,950+ 250
W-158 23—~ 30 Fine fraction 13,500 + 400
W-159 23— 30 Coarse fraction 11,800 £ 300
W-134 30— 35 Total carbonate 15,700 £ 400
W-164 60— 65 Total carbonate 21,300 + 800
W-162 70— 77 Coarse fraction 27,600 + 1000
W-135 150-155 Total carbonate 35,000 £ 3000
W-147 260-265 Total carbonate 35,000 + 3000

Core A 172-6: lat. 14°59'N, long. 68°51'W, depth 4160 m (Caribbean Sea)
W-236 0- 10 Coarse fraction 3,700+ 200
W-237 51— 61 Coarse fraction 17,500+ 500
‘W-238 114-125 Coarse fraction 36,000 + 3000
W-239 240~-250 Coarse fraction > 38,000
Core A 180-73: lat. 0°10’'N, long. 23°0'W, depth 3749 m (Mid-Atlantic Ocean)
W-280 0- 8 Coarse fraction 2,960 = 300
W-278 30— 38 Coarse fraction 15,300 £ 300
W-276 80— 88 Coarse fraction 27,000 + 1500
30
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Fig. 1. Paleotemperatures of Foraminifera tests (Globigerinoides sacculifera) from O™
measurements at the University of Chicago (13) versus their age from C* measurements
at the U.S. Geological Survey (5, 6) for three deep-sea cores from the Lamont Geological

Observatory, Palisades, New York.
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Carbon-14 determinations were car-
ried out at the U.S. Geological Survey
radiocarbon laboratory on three of these
cores (5, 6), which had been investigated
for O'® by Emiliani, for the purpose of
determining rates of deposition and, from
this, the temperatures as a function of
time.

The core material was supplied by D.
Ericson of the Lamont Geological Ob-
servatory, who selected cores that ap-
peared as homogeneous and as free as
possible from the effects of turbidity cur-
rents, erosion, or slumping. The respec-
tive levels for C14 dating were selected
by Emiliani on the basis of O trends.

Table 2 lists the results of these C1#
measurements, expressed in terms of ap-
parent ages, which were obtained by tak-
ing for present-day carbonate the C4 to
C12 ratio of modern wood (15) and 5568
years for the C14 half-life (7). The true
G4 to C'2 ratios of modern sea car-
bonate are not accurately known, in par-
ticular with respect to possible geo-
graphic variations, but the uncertainty in
the ages will, for this reason, not exceed
a few hundred years. For two other rea-
sons, the apparent ages may well deviate
from the true ages to a considerably
greater degree. (i) The core material
may contain redeposited old carbonate
incorporated in some way from stirred-
up or dissolved older sediments. (ii) It
may also contain some modern carbon-
ate as a result of exchange with atmos-
pheric CO, during the handling and dry-
ing in the laboratory.

The statistical standard error of each
measurement is given in the table. It ex-
presses the uncertainty in the C4 deter-
mination only, and not the uncertainty
in age that results from admixture of for-
eign carbonate. An indication of admix-
ture of old carbonate can be seen from
the fact that the total carbonate in the
fine fraction has an apparent age some-
times greater by almost 2000 years than
the coarse fraction, which consists mainly
of Foraminifera tests. All considerations
are based on measurements from sieved
fractions (greater in size than 74 mi-
crons) prepared by Fricson at the La-
mont Geological Observatory. The addi-
tion of old carbonate, provided that it
was constant, only affects absolute age
values and not the rates of deposition
that are calculated from them. Addition
of young carbonate, however, affects the
older dates (greater than 20,000 years)
to a much greater degree than younger
ones. That such an addition has, in some
instances, actually taken place can be
seen from the measurements for samples
W-135 and W-147. The age of these lay-
ers was undoubtedly much greater than
the apparent age of 35,000 years. Such
an addition is insignificant for,younger
dates (less than 20,000 years); the
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younger dates were used for calculating
rates of deposition.

In Fig. 1, the O'® temperatures (de-
rived from Globigerinoides sacculifera)
as determined at the University of Chi-
cago are plotted as a function of age,
which was obtained from the rate of de-
position that results from C'* determi-
nations at the U.S. Geological Survey.
It was assumed that this rate was con-
stant and equal to that at which the up-
per part of the cores was deposited. De-
spite the obvious uncertainties of this as-
sumption, it can be seen that the tem-
perature trends as a function of time in
the three cores investigated so far agree
surprisingly well. If the rate of deposi-
tion was different during glacial times
from that during the more recent period,
then this difference must have been
nearly the same in the three cores.

Assuming that this difference was neg-
ligible, one finds that a period of de-
creasing temperatures began about 80,-
000 years ago. The temperature reached
a minimum about 15,000 years ago; this
time coincides within the accuracy of the
method with the time of the maximum
extent of the North American ice sheet.
Thereafter, a relatively rapid tempera-
ture increase took place, leading to con-
ditions resembling those of the present.
Although no indications for fluctuations
of a 3500-year period can be recognized,
the record from the core material seems
to parallel the continental glacial and
postglacial events in a crude but unmis-
takable way. Extrapolating backward in
time, we find that the record shows a
less pronounced temperature minimum
about 55,000 years ago that preceded a

relatively moderate period about 45,000
years before the present. The warm pe-
riod of about 90,000 years ago may be
correlated with the Sangamon time of
North America, and the moderate period
of 45,000 years ago may be correlated
with a yet unnamed oscillation that is
recognized in Pleistocene stratigraphy of
the northern areas of North America
(3). With respect to European glacial
chronology, the sequence resembles that
proposed by Zeuner (16) if one corre-
lates the temperature interstadial of 45,-
000 years ago with LG 2/3 and the time
about 85,000 years with LG 1/2. Such
correlation with the respective Wiirm
phases may well require revision. How-
ever, a certain similarity of the tempera-
ture record in the core material with the
astronomical insolation curve of Milank-
ovitch (I7), on which Zeuner’s chro-
nology is based, cannot be denied. This,
at least, is the conclusion that Emiliani
(13) derives from the combined tem-
perature records of his cores, which in
some instances go back to the beginning
of the Pleistocene, and from sedimenta-
tion rates estimated from various meth-
ods of dating. In particular, the 40,000-
year period in the obliquity of the earth’s
axis (18) seems to be reflected in these
records. The minima in the obliquity,
however, precede the temperature min-
ima by nearly 10,000 years.

Summary
It appears that there is evidence for two

main types of climatic fluctuations that
have occurred during the Last Glaciation

Program of the

Gordon Research Conferences

The Gordon Research Conferences of
the American Association for the Ad-
vancement of Science for 1956 will be
held from 11 June to 31 August at
Colby Junior College, New London,
N. H.; New Hampton School, New
Hampton, N. H.; and Kimball Union
Academy, Meriden, N. H.
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Purpose. The conferences were estab-
lished to stimulate research in universi-
ties, research foundations, and industrial
laboratories. This purpose is achieved by
an informal type of meeting consisting of
scheduled lectures and discussion groups.
Sufficient time is available to stimulate
informal discussions among the mem-

on two different time scales, one of the
order of 40,000 years and another of the
order of 3500 years. The Last Glaciation
embraces at least two of the long periods
(Fig. 1) upon which are superimposed
oscillations of the short period (Table
1). Apparent contradictions in radio-
carbon dates (I19) are at least in part
the result of miscorrelations between
events on these two different time scales

(20).
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bers of a conference. Meetings are held
in the morning and in the evening, Mon-
day through Friday, with the exception
of Friday evening. The afternoons are
available for recreation, reading, or par-
ticipation in discussion groups as the
individual desires. This type of meeting
is a valuable means of disseminating
information and ideas that otherwise
would not be realized through the nor-
mal channels of publication and scien-
tific meetings. In addition, scientists in
related fields become acquainted, and
valuable associations are formed that
often result in collaboration and coop-
erative efforts between different labora-
tories.

It is hoped that each conference will
extend the frontiers of science by foster-
ing a free and informal exchange of

The author is director of the Gordon Research
Conferences and head of the department of chem-
istry at the University of Rhode Island.
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