in solution can be large. Interaction of
silica-rich brines with flood runoff may
cause relatively sudden supersaturation
with respect to amorphous silica, and
thereby lead to inorganic precipitation
of chert. If there is rapid mixing of
runoff with brine, much silica may re-
main in the diluted waters. If a strati-
fied lake forms, however, biogenic CO,
may be retained in the hypolimnion and
reduce the pH of the bottom brines; in
this manner the bulk of the dissolved
silica can be precipitated. Figure 1
shows that a drop in pH from 11.0 to
8.5 can cause precipitation of as much
as 3000 ppm SiO,, which corresponds
to a 1.5-mm-thick layer of chert for
each meter of depth of brine. Silica
layers that were probably formed by
this mechanism have been found in the
High Magadi beds, of Pleistocene age,
and within the Alkali Valley playa
deposits (17).
BLAIR F. JONES
: _ SHIRLEY L. RETTIG
U.S. Geological Survey,
Washington, D.C. 20242
HANs P. EUGSTER
Department of Geology,
Johns Hopkins University,
Baltimore, Maryland 21218
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Coccoliths as Paleoclimatic

Indicators of Pleistocene Glaciation

Abstract. Selected species of Coccolithophoridae from recent sediments and mid-
Wisconsin glacial sediments of the North Atlantic were examined in an attempt
to determine cooling effects. All species showed a definite shift southward during
the glacial period. The average shift in this planktonic population was 15 degrees
of latitude, with the greatest change in the eastern Atlantic. A paleoisotherm map
can be drawn on the basis of the temperature boundaries of coccolithophorids. The
species. boundaries indicate a possible shift in position of the subtropical gyral
to a glacial position roughly parallel to the 33-degree line of latitude.

The dramatic fluctuations in Pleisto-
cene climate are recorded in sediments
in the Atlantic Ocean (), but unfortu-
nately ' the means of procuring these
data are poorly developed. The only di-
rect technique available at the present
time is the use of oxygen isotopes (2).
This report deals with a new approach
—plotting the migration of biogeo-
graphic boundaries for temperature-
restricted species of Coccolithophoridae
due to Pleistocene glaciation.

Among all the microorganisms that
leave fossil records in oceanic sedi-
ments, the Coccolithophoridae probably
have the greatest potential as paleocli-
matic indicators. In addition to their
wide geographic distribution and stable
mineral skeleton (calcite), these marine
algae inhabit the upper euphotic zone
(3-5) and consequently are under di-
rect climatic control. In living species

it is possible to correlate biogeographic
boundaries with surface water isotherms
(4), and this is the basis of my report.

The method of attack, being biogeo-
graphic, requires the widest possible
geographical distribution of core ma-
terial. This is not easily obtained, for,
although the North Atlantic has been
the site of intensive sampling, there re-
main large gaps in the core distribu-
tion. A limiting factor is that large
areas of the North Atlantic basin are
below the carbonate compensation level,
with a consequent lack of coccolith
flora. Thus the 23 cores sampled
(Table 1) are restricted to three linear
belts. Two cover the shelf, slope, and
rise of both North America and Eu-
rope-Africa; the third, the Mid-Atlantic
Ridge.

Choice of the particular species to be
examined requires that two separate cri-

30°  20°

Coccolithus pelagicus = « e s soam
Umbellosphaera irregularis »«s«-eesssee
Heli o carteri

|O°— Rhabdosphaera  styliferq = ~—— —
Syracosphaera puicha « —+- == —
R=Recent
G = Glacial
0°
go° 70° 60° 5

——

r'oe

Fig. 1. Species population boundaries for Recent and mid-Wisconsin time.

SCIENCE, VOL. 158



teria be met. They must have relatively
limited temperature ranges and a good
paleontologic record. This is made dif-
ficult by the differential preservation of
coccolith structural types. Some of the
best temperature indicators are found
among the delicate caneoliths where fos-
sil recording is minimal.

Eight species, Coccolithus pelagicus,
Cyclococcolithus  leptoporus,  Heli-
cosphaera  carteri, Rhabdosphaera
stylifera, Syracosphaera pulchra, Um-
bellosphaera irregularis, Umbellosphae-
ra tenuis, and Umbilicosphaera mirabi-
lis, were selected -on the basis of preser-
vation and temperature range and their
present distribution in the North At-
lantic, compared with that of the mid-
Wisconsin (last glacial period). Counts
and identification of species were done
with the electron microscope.

Synchronous samples from a finite
time in the Wisconsin glaciation can be
obtained by C* dates or, where these
are inadequate, by use of sedimentation
rates established by radioactive dating.
The rates for each core, expressed in
centimeters per 1000 years, can be
multiplied by a unit time in years
(24 = 24,000 years of the glacial
period) that would represent the mid-
Wisconsin. This gives a depth in centi-
meters for each core from which syn-
chronous samples are taken. While this
technique is regularly used in geologi-
cal oceanography, it is open to criticism
since one must often assume that the
sedimentation rate established for the
upper portion of the glacial section in
each core remains constant for the en-
tire section. It is necessary to bear the
limitations in mind since there is as yet
no other means of obtaining the samples
needed. The midglacial position of these
samples was verified by planktonic fora-
miniferal stratigraphy.

The data (Table 2) from eight spe-
cies, when plotted on distributional
maps (Figs. 1 and 2), indicate a marked
change in biogeographic distribution be-
tween recent and glacial sediments. The
ranges of each species are delineated
in Figs. 1 and 2 by two lines marking
the boundaries of the recent and glacial
populations. These lines are drawn on
the extreme northern or southern ap-
pearances for warm and cold species,
respectively.

Coccolithus pelagicus, the only spe-
cies limited to cold water presently rec-
ognized in the North Atlantic (4), is
restricted to subarctic and transitional
waters. Its maximum southern limit
coincides with the 14°C isotherm. At
present this species extends to 35°N
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Fig. 2. Species population boundaries for Recent and mid-Wisconsin time and percent
values for Cyclococcolithus leptoporus in diamonds with the upper recent and the lower
glacial values.
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Fig. 3. Paleoisotherm map of the mid-Wisconsin North Atlantic erected with the use of
coccolithophorid temperature data. The dark arrows indicate presumed position of the
subtropical gyral based on coccolith boundaries of subtropical forms. The jagged line
represents pack ice [after Flint].
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latitude in the cold Labrador water
found between the Gulf Stream and
the coast of North America. In the
mid-Wisconsin it ranged as far south
as 13°N latitude along the African
coast (Fig. 1). The average latitude
shift between recent and glacial is ap-
proximately 15° latitude and even great-
er between living material and glacial
(4).

At the opposite extreme in tempera-
ture tolerance is Umbellosphaera ir-
regularis (Fig. 1), a tropical species.
The minimum shift between recent and
glacial boundaries for this form is ap-
proximately 20° latitude. The accuracy
to which such shifts can be determined
reflects the spacing of core samples. Be-
tween the glacial presence (core Nos.
V16-200 and A180-72) and absence
(core No. A180-56) there is a gap of
10° latitude (see Table 1).

The temperature ranges of Helico-
sphaera carteri, Rhabdosphaera stylife-
ra, and Syracosphaera pulchra are not
as limited as those of the two preceding
species (Fig. 1). They are presently
found in subtropical to transitional wa-
ters. All show a much more limited
distribution during mid-Wisconsin time.
Helicosphaera carteri has an average
distributional difference of 10° latitude
while Rhabdosphaera stvlifera and
Syracosphaera pulchra both have an
approximate shift of 17° latitude. Note
that in these three species the recent
maximum distributional lines follow the
northern border of the subtropical gyral
(Gulf Stream) across the Atlantic
Ocean. This agrees with plankton data
from the North Atlantic, where the
boundary between subtropical and sub-
arctic species approximates the northern
border of the Gulf Stream (4).

Umbellosphaera tenuis and Umbili-
cosphaera mirabilis, while having a sat-
isfactory preservation record, do not
show as distinctive a difference in their
recent and glacial distributions as the
preceding species.

Umbellosphaera tenuis is found at
higher latitudes and is limited today
by the 16°C isotherm; it is typical of
subtropical waters. Its glacial to recent
shift is from 10° to 15° latitude (Fig.
2). It is not as abundant in glacial as
in recent sediments. This may be due
to the fragility of its macrococcoliths.

The coccoliths of Umbilicosphaera
mirabilis, like Coccolithus huxleyi, have
temperature-dependent structural varia-
tions (4, 6). While these changes are gra-
dational in C. huxleyi, U. mirabilis ap-
pears to have separate cold- and warm-
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water forms. The distribution of U.
mirabilis is today bounded by the 18°C
isotherm; this may be too high a value
since the colder-stage coccoliths are
present at higher latitudes in sediment

samples from this study than was ob-

served with either living or surface sedi-
ment material in the survey of modern
forms. It is possible that the colder
stage of U. mirabilis has a distribution
similar to that of R. stylifera and S.
pulchra. Nevertheless, the species shows
a definite shift between recent and
glacial sediments which averages 15°
latitude (Fig. 2). Further evidence in-
dicative of a cooling of the Atlantic in
glacial times is the preponderance of
cold-form coccoliths in glacial-age sedi-
ments from the mid-North Atlantic, a
situation reversed in recent surface sedi-
ments.

Cyclococcolithus leptoporus (Fig. 2)
is among the most eurythermal of the
Coccolithophoridae. Today it ranges
from the equator to Arctic waters.
There is no apparent difference in
maximum range between recent and
glacial, although this is probably due
to the lack of core material further
north than the line Sp 10-1 through
R 10-2 (see Table 1). There is a marked
change in percentage distribution be-
tween recent and glacial populations,

Table 1. Core locations in the North At-
lantic and the depth of the glacial sample in
each core.

Depth

(li?re Location o a?cfial

0 sample
Latitude Longitude (cm)
A153-146 33°43'N 44°45'W 80
Al156-4 34°49'N T4°41'W 844
A156-5 37°07'N 73°37W 95
A164-59 38°42'N 67°52'W 245
A167-13 31°39'N 75°21'W 300
Al67-14 31°28'N 76°28'W 300
A179-13 23°56'N 75°45"W 97
A179-17 28°00'N T3°47'W 280
A180-9 39°27'N 45°57T"W 115
A180-16 38°21'N 32°29'W 140
A180-32 29°07T'N 26°15'W 59
A180-48 15°19'N 18°06'W 488
A180-56 12°15'N 17°46'W 207
A180-72 00°36'N 21°4TW 120
RS5-36 46°55'N 18°35'W 162
R5-54 25°52'N 19°03'W 35
RS5-57 19°40'N 19°06'W 270
R10-2 56°59'N 12°28'W 100
SP8-4 32°50'N 18°32'W 65
SP9-3 53°53'N 21°06'W 220
SP9-4 50°02'N 14°46'W 200
SP10-1 51°23'N 38°04'W 150
V16-200 01°58'N 37°04'W 120

with the higher percentage (which today
occurs in this species in transitional
waters) indicative of the optimum range.
Thus the line representing percentage
change may be a rough indicator of
the subtropical boundary in the Wis-
consin. This type of subtle biogeograph-
ic change will require further work
before definite conclusions can be
drawn. ‘

A number of other species showed
some degree of biogeographic change
by a shift in maximum boundaries;
however, they are not plotted because
of relative rarity in the core material.
In the case of the ubiquitous euryther-
mal species (Coccolithus huxleyi and
Gephyrocapsa oceanica), their distri-
bution is similar to that of Cyclococ-
colithus leptoporus.

One interesting change, presently not
usable for paleoclimatic work but im-
portant in systematics, is the reversal
in dominance of Coccolithus huxleyi
and Gephyrocapsa oceanica from gla-
cial to recent (Table 2).

In today’s ocean Coccolithus hux-
leyi usually constitutes over 50 percent
of the flora, but in the mid-Wisconsin
it shared and in some latitudes was
dominated by Gephyrocapsa oceanica.
I consider that Coccolithus huxleyi is
a relatively recent form, none being
found before the Pleistocene, and that
it evolved from the Gephyrocapsa
oceanica complex during the late Pleis-
tocene. Similarities in form and ecology,
combined with the finding of intermedi-
ate forms in Pleistocene core samples
that T am now investigating, support
this theory.

A comparison of the latitudinal
change in flora from northern cold wa-
ters to southern warm waters in recent
and glacial sediments indicates the
dominance of cooler water forms in
lower latitudes during the mid-Wiscon-
sin. Umbilicosphaera mirabilis and Syra-
cosphaera pulchra constituite a much
larger percentage of the flora in glacial
times in this area, while Cyclococ-
colithus fragilis and Umbellosphaera ir-
regularis, subtropical to tropical forms,
are nearly absent during glacial time
from the North Atlantic.

The biogeographic boundaries of Coc-
colithophoridae species in today’s seas
can be correlated with surface water
isotherms (4). If we assume that the
present temperature ranges of the spe-
cies held for the last glacial period,
then the paleogeographic boundaries of
species can also be assigned tempera-
ture values. If all these boundaries are
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Table 2. Species composition of recent and glacial samples for each core (expressed as percentages). Since only eight species are reported from
the total flora, the percentage values do not equal 100. Abbreviations: R, recent; G, glacial; x represents values that are less than 1 but

greater than 0.5 percent.

Cyclococco- Helico- Rhabdo- Syraco- Umbello- Umbello- Umbilico-
Core Coccolithus lithus sphaera sphaera sphaera sphaera sphaera sphaera
No. pelagicus leptoporus carteri stylifera pulchra irregularis tenuis mirabilis

R G R G R G R G R G R G R G R G
A153-146 X 5 9 6 1 2 1 X 1 0.5 X 1 1 4 3
Al156-4 X 1 X X 1
A156-5 X X 2 X
A164-59 X X 3 x 6 x 2 2 4
Al167-13 1 3 5 1 1 1 X
Al167-14 X 2 3 2 4 1 1 X 1
A179-13 2 4 2 3 2 6 2 4 2 2 7
A179-17 X 5 X 1 X 1 3 3 4 6 X
A180-9 18 7 10 6 2 1 X 1 b 3
A180-16 X 1 10 5 1 2 X 1 2.5 2 1 3 1
A180-32 1 9 15 2 3 2 1 1 X 2 1 4 8
A180-48 3 x 10 4 1 1 1 2
A180-56 : 2 2 6
A180-72 13 27 2 2 1 1 1 1 2 1 X 7 11
RS5-36 X 6 25 18 1 X 1 1 X
R5-54 1 3 6 2 4 2 2 3 1 4 4 1 9 5
R5-57 X 1 8 11 3 1 1 1 9 1 2 1
R10-2 4 2 16 1 2 4
SP8-4 0.5 8 9 1 0.5 1 X 1 1 X 2 2 3 1
SP9-3 1 1 14 5 2
SP9-4 1 5 6 6 X X
SP10-1 30 3 13 8 4 X 6 2
V16-200 5 8 2.5 3 2 X X 2 4 1 3 1 14 22

plotted on a map and each boundary
is given the present value of the maxi-
mum temperature (isotherm), it should
be possible to draw a paleoisotherm map
for the glacial period. Having laid out
the temperature lines for the species
and interpolating between overlapping
ranges, I found it possible to draw
a tentative paleoisotherm map (Fig.
3). Although insufficient core coverage
makes any fine adjustment of these
lines impossible (a gap remains in the
northwest portion of the Atlantic), two
lines, the 14° and the 22°C isotherms,
are established on the basis of a num-
ber of overlapping species. The addi-
tion of more core material and the
mapping of other species boundaries
should result in a paleoisotherm map

that will be an accurate representa- .

tion of the average temperature of sur-
face water of the glacial North Atlantic.

In seven species the amount of latitu-
dinal shift between glacial and recent
is greatest along the eastern side of
the Atlantic. In the three species with
subtropical to transitional ranges it is
a factor of 2 to 3. This distributional
difference is presumably the result of
the main current system in existence
today and in the Wisconsin. At present
the distribution of R. stylifera, H. car-
teri, U. tenuis, and S. pulchra is en-
compassed by the northern boundary
of the subtropical gyral (Gulf Stream).
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This boundary rises from approximate-
ly 40°N latitude off North America to
over 55°N latitude off Europe. This is
also true for other subtropical coc-
colith species not included in this re-
port. In the mid-Wisconsin the line of
species presence is relatively horizontal,
running roughly parallel to the 30°
latitude line with a slight southern turn
along the eastern edge of the Atlantic
(Fig. 3).

Admittedly the core density is some-
what low; nevertheless, the core cover-
age is sufficient to allow no more than
a 5° fluctuation in latitude without a
major change in azimuth of this line
since it is bracketed by cores. If one
compares data (Figs. 1 and 2), it is
possible to say that the northern border
of the subtropical gyral during mid-
Wisconsin time flowed along or near
the 33° latitude line.

From this first report, based on in-
formation gained from modern species
of Coccolithophoridae, it appears that
coccoliths can be used for paleoecologic
studies and that the application of these
studies to the problem in this report
has led to the following conclusions
about the effect of cooling on the North
Atlantic during the Wisconsin glacia-
tion: (i) That the maximum cooling in
the mid-Wisconsin resulted in a south-
ward shift of planktonic populations
of approximately '15° latitude, with the

greatest shift occurring in the eastern
Atlantic; (ii) that it may be possible
to erect paleoisotherm maps of surface
water with the use of population bound-
aries of Coccolithophoridae species of
known temperature range as isotherms,
particularly if greater core coverage can
be combined with data on additional
species; and (iii) that the northern
boundary of the subtropical gyral,
from a present position of approximate-
ly 40° latitude off North America to
over 55° latitude off Europe, was dis-
placed to a position extending from ap-
proximately 30°N latitude off North
America to approximately 38° off
Europe.

ANDREW MCINTYRE
Lamont Geological Observatory,
Palisades, New York
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