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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- 
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nal standard was 22 /,l of a 0.25 ng/,zl solution of 
37CL-TCDD in benzene. Each sample was ex- 
tracted four times with 20 ml of a mixture of hex- 
ane and acetone (equal volumes) and then cen- 
trifuged, and the supernatants were filtered. The 
solvent extracts were washed with aqueous 
KOH, water, concentrated H2SO4, water, and 
aqueous Na2CO3; the resulting hexane solutions 
were dried with anhydrous Na2CO3, concen- 
trated under a stream of N2, and fractionated on 
alumina columns. The TCDD fractions were 
evaporated to dryness, dissolved in 60 /l of tolu- 
ene, and sealed under vacuum in a glass tube 
until analyzed by gas chromatography-high res- 
olution mass spectrometry (Perkin-Elmer Sigma 
II and Kratos MS-50). The gas chromatographic 
column (180 cm by 2 mm inside diameter, glass) 
contained 0.60 percent OV-17 + 0.40 percent 
Poly S-179 coated on 100 percent methyl sili- 
cone bonded to 80/100 mesh Chromosorb W- 
AW and was operated with a helium flow rate of 
15 ml/min. The temperature was held at 250?C 
for 1.5 minutes and then increased linearly to 
300?C at a rate of 10?C per minute. The entire 
effluent from the gas chromatographic column 
was admitted to the mass spectrometer ion 
source and ionized with 70-eV electrons. The 
source temperature was 250?C, the accelerating 
voltage 8 kV, and the mass spectral resolution 
10,000 (10 percent valley definition). The 
2,3,7,8-TCDD and other isomers that elute at 
the same time (between 3.3 and 4.4 minutes) 
were quantitated by dual ion monitoring using 
peak matching. One channel was centered at m/z 
327.8848 (37C4-TCDD, the internal standard) 
and the other at m/z 321.8936 (the most abun- 
dant molecular ion of TCDD having natural iso- 
topic elemental abundances). The complete 
peak profiles were acquired by scanning at a fre- 
quency of 2 Hz, corresponding in each case to a 
mass range of 300 ppm (0.096 atomic mass unit). 
The output was accumulated with a signal aver- 
ager (Nicolet model 1170), and the resulting sig- 
nals were submitted to a three-point smoothing 
routine prior to printout (Fig. 1). The concentra- 
tion of TCDD was calculated using the ratio of 
the intensities (maximum peak heights) at m/z 
327.8848 and 321.8936; if no signal was ob- 
served, the detection limit was set at 2.5 times 
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the noise amplitude [a 2.5:1 signal-to-noise cri- 
terion as described'in (2)]. 

14. This assumption is consistent with the vapor 
condensation model proposed by D. F. S. 
Natusch [Environ. Health Perspect. 22, 79 
(1978)]. The model is substantiated by the mea- 
sured concentrations of volatile trace elements 
[G. L. Fisher and C. E. Chrisp, inApplication of 
Short-term Bioassays in the Fractionation and 
Analysis of Complex Environmental Mixtures, 
M. D. Waters, S. Nesnow, J. L. Huisingh, S. S. 
Sandhu, L. Claxton, Eds. (Publication EPA-600/ 
9-78-027, Health Effects Research Laboratory, 
Environmental Protection Agency, Research 
Triangle Park, N.C., September 1978), p. 441] 
and by the relative mutagenic activities (12) that 
are enhanced for the smallest-sized particles be- 
cause these are surface-associated parameters. 

15. The measurements of surface area (in square 
meters per gram) for each of the fractions and 
the fractional weight contributions to an isoki- 
netic sample were provided by A. R. Biermann 
(personal communication). 

16. K. Olie, P. L. Vermeulen, O. Hutzinger, 
Chemosphere 6, 455 (1977); H. R. Buser, H.-P. 
Bosshardt, C. Rappe, ibid. 7, 165 (1978). 

17. We thank D. J. Bunker for careful sample prepa- 
rations and Dr. P. A. Lyon, J. O. Lay, and D. 
L. Lippstreau for mass spectrometric analyses. 
We are particularly grateful to Dr. A. R. Bier- 
mann (Lawrence Livermore Laboratory) for 
providing the surface area and isokinetic sam- 
ple data used in our calculations and to 
Dow Chemical Company for providing the 
packing material for the gas chromatographic 
column. We also thank Drs. G. L. Fisher, O. G. 
Raabe, M. Shifrine, and G. G. Meisels for help- 
ful discussions. This work was supported by the 
Department of Energy, Office of Health and En- 
vironmental Research, under contract DE- 
AMO3-76SF00472, with the University of Cali- 
fornia, Davis; by the National Science Founda- 
tion Regional Instrumentation Facility Program 
for the Midwest Center for Mass Spectrometry 
(grant CHE78-18572); and by the Environmental 
Protection Agency (Cooperative Agreement CR 
806847-01). 
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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 ofthefaunal 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 880 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. 
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The interpretation of species-specific 
differences in the 180/160 and 13C/12C 
ratios in the calcite (CaCO3) shells of 
planktonic foraminifera samples from 
deep-sea cores is still a fundamental 
question in marine geology (1). 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- 
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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 (4), very 
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little is known about the vertical distribu- bution and isotopic composition of seven 
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- 
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Fig. 1. Slope water, ring, and Sargasso Sea planktonic 
(numbers per 1000 m3) during the November 1975 Kn, 
are integrated number of forams per square meter in t 
following foraminifera: Globigerina bulloides, G. falc( 
tulinoides, Globigerinoides conglobatus, G. ruber, Gi 
obliquiloculata, Globoquadrina dutertrei, Orbulina un 
borotalia menardii and Hastigerina pelagica. 

-1.0 

25- 

50- 

75- 

E 100- 

-E 
. 125- 

a 

150- 

175 - 

200 - 

g180 (PDB) 
1.0 2.0 

i i ittt 

i i ttit 

tt tt 

tt 
ft 

Fig. 2. Oxygen isotope composition of various size frac 
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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 
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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 
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, . , , v ^the water column, and the deepening of 

W^?? H T??PG. sacculifer the oxygen minimum zone (7). 
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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 foraminifera distributions during daylight 
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t= G. truncatulinoides distribution we discuss separately be- 

:tions of seven foraminifera species, as a low. These differences in vertical abun- 
) in November 1975. Size fractions are dance correspond closely to the dif- 
meter which range from 200 to 750 /tm. ferences in chlorophyll distribution (food )nsistent variations in 81O0 with increas- 
hs where their estimated shell mass ex- s b n 
:d equilibrium CaCO3-180 variation with 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 m3 in 
the upper 200 m of ring D as compared to 
50 per 1000 m3 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 
4 JANUARY 1980 

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 6180 values are distributed 
bimodally, with a group occurring from 
25 to 125 m at 8180 = -0.23 + 0.09 per 
mil and a second group from 125 to 200 m 
at 6180 = 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 8180 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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