32,000 than that found in the emissions
from the industrial powerhouse burning
coal and fuel oil. One explanation for the
large difference in TCDD concentration
may be the nature of the fuel sources (in-
cluding the total chlorine content). For
the same reason, the findings of signifi-
cant amounts of chlorinated dibenzo-p-
dioxins in emissions from refuse and
chemical waste incinerators (2, 16)
should not be used to infer that these
compounds are also significant products
of fossil-fueled power plants. In fact, we
find that a commercial coal-fired power
plant will emit less than 1 ug of TCDD
per hour on fly ash particles from the
combustion of 200 tons of coal. As this
result is many times less than the amount
found in the emissions from the chemical
plant powerhouse, we believe it is inval-
id to extrapolate the latter result to the
conclusion that **. . . fossil-fueled pow-
erhouses are sources of both airborne
and waterborne particulates which con-
tain chlorinated dioxins.”’

B. J. KIMBLE
Laboratory for Energy-Related
Health Research, University
of California, Davis 95616

M. L. Gross
Department of Chemistry,
University of Nebraska, Lincoln 68588
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Vertical Distribution and Isotopic Composition of Living

Planktonic Foraminifera in the Western North Atlantic

Abstract. Thirteen species of planktonic foraminifera collected with vertically
stratified zooplankton tows in the slope water, Gulf Stream cold core ring, and north-
ern Sargasso Sea show significant differences in their vertical distributions in the
upper 200 meters of these different hydrographic regimes. Gulf Stream cold core
rings may be responsible for a southern displacement of the faunal boundary associ-
ated with the Gulf Stream when reconstructed from the deep-sea sediment record.
Oxygen isotope analyses of seven species reveal that nonspinose species (algal sym-
biont-barren) apparently calcify in oxygen isotope equilibrium, whereas spinose spe-
cies usually calcify out of oxygen isotope equilibrium by approximately —0.3 to —0.4
per mil in 80 values. The isotope data indicate that foraminifera shells calcify in
depth zones that are significantly narrower than the overall vertical distribution of a

species would imply.

The interpretation of species-specific
differences in the '®0Q/'*O and “C/'*C
ratios in the calcite (CaCO;) shells of
planktonic foraminifera samples from
deep-sea cores is still a fundamental
question in marine geology (/). The oxy-
gen isotopic composition of calcite that
is precipitated in equilibrium with sea-
water has been predicted theoretically
and verified experimentally (2). Al-
though there is a general consensus that
planktonic foraminifera do not deposit
their calcite shells in carbon isotopic
equilibrium, conflicting evidence exists
concerning equilibrium versus nonequi-

librium precipitation of oxygen isotopes
measured in living planktonic foraminif-
era (3).

Answers to questions concerning spe-
cies-specific isotopic differences are fur-
ther complicated when they are derived
from individuals taken from Holocene
core-top sediments, which are a com-
posite of species whose abundances in
the overlying water are seasonally and
vertically distributed in unknown pro-
portions. Although the surface (upper 1
m) distribution and seasonal succession
of planktonic foraminifera at particular
localities have been determined (), very
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little is known about the vertical distribu-
tion and abundance of planktonic forami-
nifera and how species abundances vary
vertically throughout the year and during
their life-span (5). In addition, we know
little about the environmental control of
these distributions.

We determined the quantitative distri-

Slope water Cold core ring D Sargasso Sea

bution and isotopic composition of seven
foraminiferal species with samples from
a comprehensive set of vertically strati-
fied zooplankton tows collected from
distinct hydrographic regimes in the
western North Atlantic. Our results sug-
gest that spinose species of planktonic
foraminifera calcify their shells out of

Slope water Cold core ring D Sargasso Sea
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Fig. 1. Slope water, ring, and Sargasso Sea planktonic foraminifera distributions during daylight
(numbers per 1000 m®) during the November 1975 Knorr cruise 53. Values within each profile
are integrated number of forams per square meter in the upper 200 m. Data are plotted for the
following foraminifera: Globigerina bulloides, G. falconensis, Globorotalia inflata, G. trunca-
tulinoides, Globigerinoides conglobatus, G. ruber, Globigerinella aequilateralis, Pulleniatina
obliquiloculata, Globoquadrina dutertrei, Orbulina universa, Globigerinoides sacculifer, Glo-
borotalia menardii and Hastigerina pelagica.
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Fig. 2. Oxygen isotope composition of various size fractions of seven foraminifera species, as a
function of depth in slope water and cold core ring D in November 1975. Size fractions are
based on microscopic measurements of maximum diameter which range from 200 to 750 wm.
Only Globigerinoides conglobatus showed small but consistent variations in 80 with increas-
ing size fractions. Species were analyzed only at depths where their estimated shell mass ex-
ceeded 0.6 mg of CaCOj;. The solid line is the calculated equilibrium CaCO,-'%0 variation with
depth.
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oxygen isotope equilibrium. Nonspinose
species (symbiont-barren) apparently
calcify in oxygen isotope equilibrium
within depth zones that are significantly
narrower than the species overall verti-
cal distribution would imply. Significant
differences exist in the vertical distribu-
tion pattern of a given species in the dif-
ferent hydrographic regimes studied. In
addition, in Gulf Stream cold core rings,
which we have used to examine the ef-
fects of slowly changing environmental
parameters on the absolute abundance
and vertical distribution of planktonic
foraminifera, we have been able to fol-
low specific species populations through
time.

A Gulf Stream cold core ring is created
when a large meander of the Gulf Stream
breaks away, forming a ring of swiftly
moving Gulf Stream water (150 to 250
cm/sec) around a core of seawater of
slope water origin (6). As rings age they
decay, and this process of physical and
chemical change can be seen in the
warming and increasing salinity of the
water, the lessening nutrient content of
the water column, and the deepening of
the oxygen minimum zone (7).

Figure 1 illustrates the vertical distri-
bution of living planktonic foraminifera
(“‘living’’ here means full of protoplasm)
sampled at three stations in November
1975: slope water (38°55'N, 67°53.7'W),
cold core ring D (33°54.3'N, 71°46.7'W),
and the Sargasso Sea (32°44'N,
71°09.8'W). We collected eight stratified
oblique samples which integrated 25-m
intervals from 0 to 200 m, using a mul-
tiple opening-closing net and environ-
mental sensing system (MOCNESS)
with 333-um mesh nets (8).

Compared to the slope water fauna,
ring D shows a substantial decrease in
the colder-water species Globigerina
bulloides, G. falconensis, Globorotalia
inflata, and G. truncatulinoides and a
concomitant increase in the relative and
absolute abundance of warmer-water
species, for example, Globigerinoides
conglobatus and G. ruber (Fig. 1). Spe-
cies vertical abundance profiles also
change markedly, with a general decline
in abundance from the surface to 200 m
in MOC-1-38 (slope water) to relatively
constant values from 0 to 125 m (surface
to the base of the mixed layer) in MOC-
1-28 (ring D). The exception to this trend
is Globorotalia truncatulinoides, whose
distribution we discuss separately be-
low. These differences in vertical abun-
dance correspond closely to the dif-
ferences in chlorophyll distribution (food
source) of the upper 200 m between
MOC-1-38 and MOC-1-28 (9).

Ring D, which is estimated to have
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been about 9 months old at the time of
sampling MOC-1-28 (10), has physical
and chemical properties in the upper 200
m that are more similar to the Sargasso
Sea than to the parent slope water. How-
ever, the standing stock of planktonic
foraminifera average 900 per 1000 m? in
the upper 200 m of ring D as compared to
50 per 1000 m? in the upper 200 m of the
Sargasso Sea. Since cold core rings may
occupy between 6 and 13 percent of the
surface area of the northern Sargasso
Sea as defined by Ortner et al. (11), pro-
duction of slope water assemblages in
young cold core rings south of the Gulf
Stream may cause an apparent southern
shift of this important hydrographic
boundary when reconstructed from the
deep-sea sediment record. If we use our
November standing crop data from
MOC-1-28 and MOC-1-23 as being repre-
sentative of an average ring and Sargasso
Sea, respectively, then we calculate that
foraminifera tests from cold core rings
represent 50 to 75 percent of the tests ar-
riving at the surface of the sediment in
the northern Sargasso Sea. Although
warm core rings form about as often as
cold core rings, they generally have a
shorter life-span and carry a very sparse
foraminifera assemblage in the nutrient-
poor Sargasso Sea water (Fig. 1). There-
fore, Gulf Stream ring production may
result in a southerly shift of the northern
boundary of the central gyre foraminifer-
al assemblage found on the sea floor.
Globigerinoides ruber, G. congloba-
tus, and Globigerinella aequilateralis , all
spinose species, have an oxygen isotope
composition which averages —0.35 per
mil different from the coexisting non-
spinose species Pulleniatina obliqui-
loculata, Globoquadrina dutertrei, and
Globorotalia inflata, which calcify in ox-
ygen isotope equilibrium (12) (Fig. 2).
The difference is significant and indicates
that at least all the species under consid-
eration cannot be simultaneously in oxy-
gen isotope equilibrium with the mixed
layer conditions. The isotope data from
MOC-1-28 very weakly suggest that the
departure of the spinose species from
isotope equilibrium decreases with in-
creasing depth, possibly because of the
attenuation of light with depth and its ef-
fects on the activity of the algal sym-
bionts. Alternately, the patterns may re-
sult from specimens of Globigerinoides
ruber and G. conglobatus growing at
cooler temperatures in the thermocline
and subsequently mixed into the over-
lying water. Globorotalia truncatuli-
noides is isotopically heavier (enriched
in 180) than equilibrium values when this
species occurs above the thermocline, it
appears to be in isotopic equilibrium
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when it is found on the thermocline, and
it is markedly depleted with respect to
180 when it is collected below the
thermocline. Globorotalia inflata col-
lected below the thermocline is also iso-
topically light with respect to equilibrium
values.

The oxygen isotope data suggest to us
that G. inflata found below the mixed
layer are expatriated from the overlying
main population. Furthermore, these in-
dividuals are not calcifying at their deep-
er habitat; otherwise, we would see a
shift toward heavier oxygen isotopic val-
ues below 75 m. The main population of
Globorotalia truncatulinoides is found
between 125 to 175 m but has oxygen iso-
topic values comparable to those pre-
dicted for 75 m. It appears that G.
truncatulinoides living between 125 and
175 m have descended from the top of
the thermocline and that the G. trunca-
tulinoides 80 values are distributed
bimodally, with a group occurring from
25 to 125 m at §'®0 = —0.23 = 0.09 per
mil and a second group from 125 to 200 m
at §%0 = 0.05 = 0.06 per mil. If we as-
sume that the samples occurring below
125 m had an original composition of
—0.23 per mil, then we can account for
its new composition of 0.05 per mil by
the addition of approximately 10 percent
calcite in equilibrium with their new
depth. We do not now understand the
isotopically heavy values for this species
at 0 to 25 m. Although it cannot be dem-
onstrated from these data alone that G.
truncatulinoides has migrated as op-
posed to having deposited its calcite at
near constant §'80 regardless of temper-
ature, we have observed that during
those times of the year when G. trunca-
tulinoides occurs only in the mixed lay-
er, it is found to be in oxygen isotopic
equilibrium with ambient seawater (13).
We suggest that this is strong support for
the vertical migration or dispersion mod-
el presented above.

We conclude that six of the seven spe-
cies calcified exclusively in the mixed
layer and that Globorotalia truncatuli-
noides calcified at the top of the thermo-
cline. Although G. truncatulinoides and
G. inflata show a wide vertical range,
they calcified over a very narrow tem-
perature range. From a geological per-
spective, the histograms in Fig. 1 do not
represent vertical distributions that are
useful in interpreting the portion of the
water column in which calcification is
taking place. The 80 data demonstrate a
very restricted environment of calcifica-
tion which offers promise that significant
relationships will be identified between
statistical comparisons of species abso-
lute abundance and depth of calcification

and physical, chemical, and nutrient
phytoplankton and zooplankton distribu-
tions in the more than 120 such MOC-
NESS series sampled around the year.
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