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Abstract

Depth habitats of 56 late Cretaceous planktonic foraminiferal species from cool and warm climate modes were
determined based on stable isotope analyses of deep-sea samples from the equatorial Pacific DSDP Sites 577A and
463, and South Atlantic DSDP Site 525A. The following conclusions can be reached: Planoglobulina multicamerata
(De Klasz) and Heterohelix rajagopalani (Govindan) occupied the deepest plankton habitats, followed by
Abathomphalus mayaroensis (Bolli), Globotruncanella havanensis (Voorwijk), Gublerina cuvillieri Kikoine, and
Laeviheterohelix glabrans (Cushman) also at subthermocline depth. Most keeled globotruncanids, and possibly
Globigerinelliodes and Racemiguembelina species, lived at or within the thermocline layer. Heterohelix globulosa
(Ehrenberg) and Rugoglobigerina, Pseudotextularia and Planoglobulina occupied the subsurface depth of the mixed
layer, and Pseudoguembelina species inhabited the surface mixed layer. However, depth ranking of some species varied
depending on warm or cool climate modes, and late Campanian or Maastrichtian age. For example, most keeled
globotruncanids occupied similar shallow subsurface habitats as Rugoglobigerina during the warm late Campanian,
but occupied the deeper thermocline layer during cool climatic intervals. Two distinct types of ‘vital effect’
mechanisms reflecting photosymbiosis and respiration effects can be recognized by the exceptional §'3C signals of
some species. (1) Photosymbiosis is implied by the repetitive pattern of relatively enriched &'>C values of
Racemiguembelina (strongest), Planoglobulina, Rosita and Rugoglobigerina species, Pseudoguembelina excolata
(weakest). (2) Enriched respiration '>2C products are recognized in A. mayaroensis, Gublerina acuta De Klasz, and
Heterohelix planata (Cushman). Isotopic trends between samples suggest that photosymbiotic activities varied between
localities or during different climate modes, and may have ceased under certain environmental conditions. The
appearance of most photosymbiotic species in the late Maastrichtian suggests oligotrophic conditions associated with
increased water-mass stratification.
© 2003 Elsevier B.V. All rights reserved.
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fossil planktonic foraminifera provide informa-
tion on paleohabitats, paleotemperature and pa-
leofertility. Species ranking based on isotopic sig-
nals permits determination of the relative depth
stratification within the ocean’s upper water
masses and traces various biological paleo-activ-
ities (e.g. symbiosis, metabolism, nutrition). The
accuracy and reliability of these interpretations
primarily depend on the quality of the analyzed
material (e.g. preservation, diagenesis), recogni-
tion of the effects of species biological activities
(e.g. vital effects), and effects of environmental
variability upon isotopic signals. In contrast, spe-
cies population abundance data quantify a species
response to the environmental changes recorded
in stable isotope data. The combination of stable
isotope and quantitative species analysis thus pro-
vides a powerful tool for paleoecological and pa-
leoclimatic studies, particularly of the late Creta-
ceous (for a summary, see Keller, 2001).

During the late Cretaceous planktonic forami-
nifera experienced the highest morphological and
taxonomic diversity in their evolutionary history
(Masters, 1977; Li and Keller, 1998a). A major
increase in species diversification began in the late
Campanian and reached a maximum (> 60 spe-
cies) during the early Maastrichtian (Li and Kel-
ler, 1998a, 1999). This trend corresponds to the
onset of a global cooling that began at about 73
Ma (late Campanian) and ended the Cretaceous
greenhouse climate mode. The congruency be-
tween plankton diversification and climate cooling
probably signifies the presence of new potential
niches for planktonic foraminifera in the upper
water column.

The onset of cooling in the late Campanian and
its progression into the early Maastrichtian is re-
corded at various deep-sea localities (see summery
by Barrera and Savin, 1999). 8'%0 records of sin-
gle benthic and planktonic foraminiferal species at
South Atlantic DSDP Site 525A indicate a major
temperature drop (5-6°, 4-5°, respectively) be-
tween ~73 and 70 Ma (Li and Keller, 1998a,
Fig. 1). A similar trend is recorded at the equato-
rial Pacific DSDP Site 463 by benthic foraminif-
era, though surface (planktonic foraminifera)
8130 records do not indicate a decrease in temper-
atures (Li and Keller, 1999, Fig. 2). Between 70

and 68.5 Ma temperatures temporarily warmed.
Thereafter cooling resumed and persisted until
~ 500000 years before the K-T boundary when
water temperatures reached maximum cooling for
the Maastrichtian (Li and Keller, 1998b, Fig. 1).
Between 450000 and 200000 years preceding the
K-T boundary, global climate warmed rapidly,
raising both sea surface and intermediate water
temperatures by as much as 3-4°C. Climate cool-
ing accelerated during the final 100000 kyr of the
Maastrichtian (Li and Keller, 1998a.b, Fig. 1).

Planktonic foraminiferal populations were di-
rectly affected by these extreme climatic oscilla-
tions. Throughout the late Maastrichtian species
diversification almost ceased and species extinc-
tions exceeded evolution (Abramovich et al.,
1998; Li and Keller, 1998a,c). At the Creta-
ceous—Tertiary boundary (K-T boundary) the
Cretaceous planktonic foraminiferal epoch came
to an end with the majority of species (e.g. all
tropical and subtropical species) becoming extinct
and only ecological generalist species surviving
into the Danian (summaries in Keller, 1996; Kel-
ler et al., 2002).

Few studies have examined stable isotopes of
late Cretaceous planktonic foraminifera in order
to determine their living habitats and ecological
preferences (e.g. Douglas and Savin, 1978; Boers-
ma and Shackleton, 1981; D’Hondt and Arthur,
1995). The pioneer study by Douglas and Savin
(1978) provided §'0 and 8'*C data on 11 late
Campanian and Maastrichtian species from the
Pacific (DSDP Sites 47 and 48) and Atlantic (La-
mont-Doherty RC5-12) oceans. Subsequently,
Boersma and Shackleton (1981) estimated the
depth stratification of 25 late Campanian and
Maastrichtian species based on §'80 data from
the Atlantic (DSDP Sites 356 and 384) and Pacific
oceans (DSDP Sites 463 and 465A). More re-
cently, D’Hondt and Arthur (1995) analyzed the
stable isotope composition of 39 planktonic
foraminiferal species from the latest Maastricht-
ian in three Atlantic deep-sea cores (DSDP Sites
390A and 20C; ODP Site 690C), and Barrera
and Keller (1990, 1994) analyzed select species
from DSDP Site 738 and Brazos River, Texas.
D’Hondt and Zachos (1998), Houston and Huber
(1998) and Houston et al. (1999) investigated
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Table 1

Location, paleodepths and paleolatitudes of DSDP localities used in this study

DSDP Site 463

DSDP Site 577A

DSDP Site 525A

Location Mid-Pacific mountains

Latitude 21°21'N

Longitude 174°40'E

Paleolatitude ~5°S

Paleodepth ~ 1500 m

References Boersma (1981); Li and Keller (1999)

Shatsky Rise

32°26'N
157°43'E
10°N

1500-2000 m

Zachos et al. (1985)

Walvis Ridge
29°04'S
02°59'E

36°S
1000-1500 m

Chave (1984); Li and Keller (1998a)

photosymbiotic activities of late Cretaceous spe-
cies.

The main objective of this study is to examine
the habitat patterns and ecological characteristics
of late Cretaceous planktonic foraminiferal spe-
cies based on oxygen and carbon isotope signals
of well-preserved foraminiferal tests from deep-
sea carbonates. Specific objectives include: (1) es-
tablishing a stable isotopic database for most late
Campanian and Maastrichtian planktonic forami-
niferal species from low and middle latitudes;
(2) determining the depth stratification of species
within the water column based on the relative
isotopic ranking of species; (3) identifying charac-
teristics of specific biological activities of species
(e.g. symbiosis, metabolism); and (4) reconstruct-
ing changes in species depth stratification and
biological activities in different oceanic realms
(tropical Pacific, middle Atlantic), and for differ-

ent climate modes (warm and cool late Creta-
ceous).

2. Materials and methods
2.1. Locations and sample intervals

A total of 12 late Campanian and Maastricht-
ian time intervals were chosen for this study from
three deep-sea localities in the equatorial Pacific
(DSDP Sites 577A and 463) and South Atlantic
(DSDP Site 525A), at paleolatitudes 10°N, 5°S
and 36°S, respectively (Fig. 3; Table 1). From
each locality, specific time horizons were selected
spanning warm and cool climatic intervals be-
tween 74.3 and 65.1 Ma (Tables 1 and 2; Li
and Keller, 1998a,b, 1999). Age determination is
based on the high-resolution planktonic forami-

Table 2
Estimated ages and planktonic foraminiferal biostratigraphy of sample intervals used in this study
DSDP Sites Sample interval Depth Stage Climatic Age Calcareous
mode foraminiferal zones
(cm) (mbsf) (Ma)
Site 463 Equatorial Pacific 10-6, 97-100 80.49  Early Maastrichtian ~warm 69.3 CF6
13-3, 97-99 104.48 cool 70.3 CF7
16-6, 101-103 137.52  Latest Campanian warm 71.5 CF8a
20-1, 100-102 168.01  Late Campanian warmest 72.9 CF9
21-5, 64-66 183.15 74.3 CF10
Site 577A 13-6, 42-44 122.42  Late Maastrichtian coldest 68.3-67.74 CF4
13cc, 18-21 123.2 68.3-67.74 CF4
Site 525A  South Atlantic 40-2, 104-106  452.63  Latest Maastrichtian coldest 65.1 CF2-1 interval
40-5, 90-92 457.01  Late Maastrichtian 65.6 top CF3
41-6, 89-91 468.01 66.8 CF3-4 transition
48.3, 100-102 530.1 Latest Campanian warmest 71.5 CF8a
50-1, 100-102  546.1 Late Campanian 72.3 CF8a

For information on calibration of zones to paleomagnetic record and climatic modes see Figs. 1 and 2.
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Fig. 1. Biostratigraphy, magnetostratigraphy, paleotempera-
ture, and stable isotope records of planktonic (Rugoglobigeri-
na rugosa) and benthic foraminifera (Cibicidoides pseudoacu-
tus) of the late Campanian-Maastrichtian at DSDP Site
525A (data from Li and Keller, 1998a). The estimated ages
of the five selected sample intervals correspond to the rela-
tively warm late Campanian (72.3, 71.5 Ma), and coldest late
Maastrichtian (66.8, 65.6, 65 Ma) climate intervals. Note the
overall increase in 8'3C between ~70.5 and ~65.6 Ma, and
the rapid decrease thereafter.

niferal zonal scheme (CF zones) developed by Li
and Keller (1998a.,b, 1999) and calibrated to the
paleomagnetic record of Site 525A (Figs. 1 and 2;
Table 2). Absolute age estimates for samples are
based on average sedimentation rates within each
CF biozone and/or magnetochron (Table 2). Five
samples chosen from Site 463 represent the warm
and cooler time intervals of the late Campanian
and early Maastrichtian (Table 2; Fig. 2). The
coldest late Maastrichtian period is missing at
Site 463, but was sampled in two intervals at the
nearby Site 577A (Fig. 4). Two late Campanian
and three late Maastrichtian time intervals were
selected at Site 525A, representing the warmest
and coldest periods, respectively (Table 2; Fig. 1).

2.2. Sample preparation and specimen selection
From each selected time horizon approximately

20 cm® of sediment was disaggregated in tap
water, ultrasonically cleaned for 15-20 s, washed

over a >63-um sieve, and oven-dried at 50°C.
Planktonic foraminiferal species were identified
(Plates I-V) based on Smith and Pessagno
(1983), Robaszynski et al. (1983-1984), Caron
(1985) and Nederbragt (1991). Planktonic forami-
niferal preservation is very good in the equatorial
Pacific DSDP Sites 577A and 463, and good in
the South Atlantic DSDP Site 525A (Plate I). Test
infillings are rare (< 1%) at the equatorial Pacific
sites, but more common (~5%) at Site 525A.
Test surfaces (external and internal) are clean,
but show evidence of secondary recrystallization
and minor calcite overgrowth under the scanning
electron microscope (Plate I). In addition, frag-
mented shells (~5%) in the washed sample resi-
dues suggest some dissolution effects.

For each sample about 10-15 adult specimens
were picked from the >250-um, and 30-40 adult
specimens from the 150-250-um size fractions for
stable isotope analysis. For species with adult
specimens in both size fractions, samples were
standardized by picking only the larger > 250-
um size fraction. Intraspecies morphologic vari-
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Fig. 2. Biostratigraphy, paleotemperature, and stable isotope
records of planktonic (Rugoglobigerina rugosa) and benthic
foraminifera (Nuttalides truempyi) of the late Campanian—
early Maastrichtian at DSDP Site 463 (data from Li and
Keller, 1999). Estimated ages of the five selected sample in-
tervals correspond to warm climatic intervals in the late
Campanian (72.4, 71.5 Ma) and early Maastrichtian (69.3
Ma), and to the relatively cool climate at 70.3 Ma.
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Fig. 3. Maastrichtian paleolocations of DSDP sites used in this study: equatorial Pacific, Sites 463 and 577A, and South Atlantic,

Site 525A. Modified from Li and Keller (1999).

ability, ontogenetic, physiological and behavioral
effects (e.g. depth migration, incorporation of res-
piration CO, during calcification; Emiliani, 1971;
Lohmann, 1995; Spero and Lea, 1996) were lim-
ited by choosing only adult morphologies, partic-
ularly for Pseudotextularia elegans (Rzehak) (wide
apertures), Planoglobulina carseyae (Plummer)
(terminal multiserial chambers), Heterohelix glo-
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Fig. 4. Estimated age range between 68.3 and 67.7 Ma of
the two sample intervals selected from core 13 at Site 577A
(marked by asterisk). Maximum age defined by the top of
Chron 31IN. Minimum age defined by the base of the plank-
tonic foraminiferal Zone CF4 (first appearance of Racemi-
guembelina fructicosa). Paleomagnetic data from Bleil (1985),
magnetochron ages from Berggren et al. (1995) and CF
zones from Li and Keller (1998a).

bulosa (not including H. striata) (Ehrenberg)
(Plates II and IV). To reduce the effects of disso-
lution and secondary recrystallization on the sta-
ble isotope values, only individuals were chosen
with: (1) complete (unbroken) tests, (2) without
chamber infilling, (3) clean external test surfaces,
and (4) none or only minor calcite overgrowth on
tests. Examinations of secondary recrystallization
of planktonic foraminiferal wall structures were
performed with a light microscope and a scanning
electron microscope (Philips XL30 FEG-SEM) at
Princeton University (Plate I).

2.3. Species analysis

Stable isotope analyses of species were con-
ducted on multiple sample intervals to evaluate
the isotopic ordering and intraspecies variability
between sample intervals. The number of mea-
surements performed for each species range be-
tween 1 and 12 and depends primarily on the
species evolutionary range, biogeographic limits,
abundance and preservation state in each sample
interval (Appendix 1). A larger number of species
were analyzed from the equatorial Pacific (DSDP
Sites 577A and 463) than from the South Atlantic
(DSDP Site 525A), due to higher species richness
in lower latitudes. For example, the coldest late
Maastrichtian time intervals at Site 577A yielded
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40 species, compared to 28 species from the cor-
responding time interval at Site 525A. Similarly,
30 species were measured from the late Campa-
nian—early Maastrichtian time intervals at Site
463, compared with 15 from the late Campanian
at Site 525A (Appendix 1). Species were classified
by depth habitat or biological activities (Sections
4.2 and 4.3; Table 3) based primarily on consis-
tency in relative isotopic ordering (§'3C and 8'%0)
in the various time horizons, rather than absolute
values. The rational is that variations in the abso-
lute isotopic values of species mostly reflect envi-
ronmental differences and the degree of diagenetic
overprinting between samples, whereas relative
isotopic ordering reflects habitat distribution and
is less affected by these factors.

2.4. Stable isotopes

Stable isotope analyses were carried out by
means of an automated carbonate preparation
system (MultiCarb) connected on-line to an iso-
tope ratio mass spectrometer (Optima, from Mi-
cromass UK Ltd.). Accuracy was checked in each
of the analytical batches by running the carbonate
standard NBS-19. External precision is £ 0.05 %o
for carbon isotopes and *0.08 %o for oxygen iso-
topes. Isotope values are reported in the d-nota-
tion relative to the Vienna-PDB standard for both
carbon and oxygen (Appendix 1). Paleotempera-
ture estimates were calculated using the equation
of Erez and Luz (1983), with seawater 880 =

—1.2%0 corresponding to continental ice free
world (Shackleton and Kennett, 1975).

3. Results
3.1. Late Cretaceous 8'80 trends

The relatively warm late Campanian climate
mode described by Barrera (1994), Li and Keller
(1998a, 1999, figs. 2 and 3), and Barrera and Sa-
vin (1999) is also reflected in the 8'%0 records of
the selected sample intervals from equatorial Pa-
cific DSDP Site 463 and South Atlantic DSDP
Site 525A (Fig. 5). Planktonic foraminiferal §'30
values of the late Campanian interval (~ 74-72
Ma) at Sites 463 and 525A vary between about
—2%0 and —1%o (Fig. 5). Preceding the Campa-
nian—Maastrichtian transition (71.5 Ma) §'%0 val-
ues increased by ~0.3%0 at Site 463, but de-
creased at Site 525A (Fig. 5). In the early
Maastrichtian (70.3 Ma interval) at Site 463
5'%0 values ranged between —1.5%0 and
—0.85%0 (Fig. 5) reflecting progressive cooling.
The temporary warm event in the early Maas-
trichtian (69.2-67.3 Ma) observed by Li and Kel-
ler (1998a, 1999, figs. 1 and 2) is recorded in the
69.3-Ma sample interval at Site 463 with 880
values between —1.9%0 and —1.15%o, reflecting
similar climatic conditions as in the late Campa-
nian. The late Maastrichtian global cooling (68.3—
65 Ma) is recorded by heavier §'%0 values at

Plate 1.

1,2 Globotruncanita stuartiformis (Dalbeiz), DSDP Site 577A, sample 13cc, 18-21 cm. Note that there is no test infilling.
3. Detail of the internal surface of G. stuartiformis in (1,2) showing secondary recrystallization.

4. Rugoglobigerina rugosa (Bronnimann), Site 577A, sample 13-6, 42-44 cm.

5,6. Detail of the external surface ridges of R. rugosa in (4). Note calcite encrustation on the external surface.
7. Pseudogeumbelina excolata (Cushman), DSDP Site 463, sample 10-6, 97-100 cm.

8. View of encrusted external surface of P. excolata in (7).

9. Heterohelix punctulata (Cushman), Site 463, sample 20-1, 100-102 cm. Note absence of test infilling.

10. Cross section of recrystallized wall of H. punctulata in (9).

11. Rosita walfischensis (Todd), Site 463, sample 10-6, 97-100 cm. Note that there is no or little test infilling.
12,13, Cross section of recrystallized surface and wall of R. walfischensis in (11).

14. Detail of clean but moderately encrusted external surface of Abathomphalus mayaroensis in (15).

15. Abathomphalus mayaroensis (Bolli), Site 525A, sample 40-5, 90-92 cm.

16. Rugoglobigerina rugosa (Bronnimann), Site 525A, sample 50-1,100-102 cm.

17. View of moderate encrustation on the external surface of R. rugosa in (16).
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Site 525A (—1.2%0 to —0.5%c0) and generally
>0.6%0 enriched at Site 577A relative to the
late Campanian at Site 463 (Fig. 5).

Major late Cretaceous global climatic changes
are also expressed by the long-term §'80 varia-
tions recorded by individual planktonic foraminif-
eral species (Fig. 5). For example, at Site 463,
8130 values of Pseudoguembelina costulata (Cush-
man) (Plate IT) vary from —2 %o in the late Cam-
panian (74.3, 72.9 Ma), to —1.5%0 in the early
Maastrichtian (70.3 Ma) and back to —1.9 %0 by
69.3 Ma. Maximum 8'%0 values of P. costulata
(—=1.35%0 and —1%o0) are recorded in the late
Maastrichtian interval (68.3-67.7 Ma) at Site
577A. At the South Atlantic Site 525A, 830 val-
ues of Heterohelix rajagopalani (Plate 11) vary
from —1%o in the late Campanian (72.3 Ma) to
—0.5%o0 in the late Maastrichtian (Fig. 5).

3.2. Late Cretaceous 83 C trends

Planktonic foraminiferal 8'*C values of the
equatorial Pacific DSDP Site 463 at the 74.3-Ma
and 72.9-Ma sample intervals vary between 2.8 %o
and 2.1%0 (Fig. 6). A temporary 83C decrease
occurred at 71.5 Ma with values ranging between
~25% and 1.6%o. Thereafter, 8'°C values
slightly increased, ranging between 2.8%0 and
1.8%0 at the 70.3-Ma and 69.3-Ma intervals
(Fig. 6). A significant increase in 8'°C values to
between 3.8 %o and 2.1 %o is observed in the early

late Maastrichtian interval (between 68.3 Ma and
~67 Ma) at both DSDP Sites 577A and 525A
(Fig. 6), as also recorded by the 8C values of
individual species. For example, at Site 525A §'3C
values of Heterohelix rajagopalani vary from
0.94-0.96%0 in the late Campanian (72.3 and
71.5 Ma) to 2.17%c in the late Maastrichtian
66.8-Ma interval. Similarly, at sites 463 and
577A, 83C values of Pseudoguembelina costulata
increased by 0.5%0 from the early to the late
Maastrichtian (Fig. 6). Similar trends were re-
corded in middle and southern Atlantic DSDP
Sites 525A (Fig. 1), 528, 690, and 689, and in
Indian Ocean Site 750 (Barrera and Huber,
1990; Barrera, 1994; Barrera and Keller, 1994;
D’Hondt and Lindinger, 1994; Li and Keller,
1998a, 1999; Barrera and Savin, 1999).

During the latest Maastrichtian between 65.6
and 65.1 Ma §"3C values decreased at Site 525A
with values ranging between ~3.1%o0 and 1.8 %o
(Fig. 6), as also indicated by the long-term iso-
topic record (Li and Keller, 1998a,b, fig. 1). This
decrease is also observed by the §'3C values of
Racemiguembelina powelli Smith and Pessagno
(Plate 1V) at Site 525A, which decreased from
3.31%0 at 66.8 Ma to 3.06%0 at 65.6 Ma and
to a minimum of 2.92%. at 65.1 Ma. Similar
latest Maastrichtian trends were recorded from
other deep-sea localities including equatorial Pa-
cific Site 577 (Zachos et al., 1985, 1989), South
Atlantic Sites 690 and 689 (Stott and Kennett,

Plate II.

1,2 Heterohelix globulosa (Ehrenberg), DSSDP Site 525A, sample 41-6, 89-91 cm.

3. Heterohelix labellosa (Nederbragt), Site 577A, sample 13-6, 42-44 cm.

4. Heterohelix planata (Cushman) DSDP Site 463, sample 16-6, 101-103 cm.

S. Heterohelix punctulata (Cushman), Site 463, sample 20-1, 100-102 cm.

6. Laeviheterohelix glabrans (Nederbragt), Site 525A, sample 48-3, 100-102 cm.
7.8. Heterohelix rajagopalani (Govindan), Site 525A, samples 40-5, 50-52 cm, and 40-2, 104-106 cm.
9. Gublerina acuta (De Klasz), Site 525A, sample 41-6, 89-91 cm.

10,11.  Gublerina cuvillieri (Kikoine), Site 577A, sample 13cc, 18-21 cm.

12. Pseudoguembelina costulata (Cushman), Site 463, sample 13-3, 97-99 cm.

13. Pseudoguembelina excolata (Cushman), Site 577A, sample 13cc, 18-21 cm.
14. Pseudoguembelina kempensis (Esker), Site 577A, sample 13-6, 42-44 cm.

15. Pseudoguembelina hariaensis (Nederbragt), Site 525A, sample 40-4, 80-82 cm.

16-18.  Pseudoguembelina palpebra (Bronnimann and Brown), Site 525A, 41-6, sample 89-91 cm (16), Site 577A, sample 13-6,

42-44 cm (17-18).
Scale bar =100 pum
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1990), and from several land-based localities in
Tunisia (Stiiben et al., in press), and Madagascar
(Abramovich et al., 2002).

3.3. Intraspecies variation

8180 vs. 813C plots (Fig. 7) reveal maximum
intraspecies variation between the warmest late
Campanian (74.3-71.5 Ma) and coldest Ilate
Maastrichtian (68.3-65.1 Ma) sample intervals
(also see Figs. 8 and 9). At the South Atlantic
DSDP Site 525A the range of intraspecies 880
and 8'3C variation between these climatic periods
commonly exceeds 0.6 %o, and may be as high as
1.3%o, as vividly illustrated in Fig. 8. Intraspecies
variations between the late Maastrichtian inter-
vals (68.3-65.1 Ma) of Sites 577A and 525A
mostly range between 0.2%o and 0.4%o. §'%0
and 8'3C values of most species in the late Maas-
trichtian intervals are typically more enriched at
Site 577A than at Site 525A (Figs. 7-9). In addi-
tion, most late Maastrichtian planktonic forami-
niferal species show low intraspecies variations
(0.1-0.2%0) within samples of the same site
(Fig. 7). Notable exceptions are the wide isotopic
variations recorded by Racemiguembelina spp.,
Pseudoguembelina spp. (Site 577A), Heterohelix
globulosa (Site 525A) and Rugoglobigerina pennyi
Bronnimann (Site 525A; Fig. 8).

Late Campanian intervals of Sites 525A and
463 show greater intraspecies variation between
localities and within samples of the same site
than late Maastrichtian intervals (Fig. 7). For ex-
ample, in the 71.5-Ma interval, the range of intra-

species 8'80 and 8'3C variation between Sites
525A and 463 is commonly >0.5% and
>0.3%0, respectively, and occasionally exceeds
1%0 (8'80 keeled globotruncanids; Figs. 7 and
8). Similarly, Globotruncana linneiana (d’Orbigny)
shows 0.96 %o variation in 8'%0 between 74.3 and
72.9 Ma at Site 463. These ranges reflect an over-
all isotopic species enrichment at Site 463 relative
to Site 525A, as well as variations in the relative
isotopic ordering of some species (see Section 3.4).

3.4. Relative §'°0 ranking

8'80 ranking of species in the late Maastricht-
ian sample intervals of equatorial Pacific Site
577A and South Atlantic Site 525A demonstrates
that all members of the genus Pseudoguembelina
(e.g. P. costulata, P. excolata, P. hariaensis Neder-
bragt, P. kempensis Esker and P. palpebra Bron-
nimann and Brown; Plate II) are consistently
lighter than most coexisting species (Figs. 7 and
8). The same isotopic ranking of this genus is
recorded in the late Campanian and early Maas-
trichtian intervals of Site 463, where 8!30 values
of P. costulata are lighter than most coexisting
species.

At Site 525A the endemic species Heterohelix
rajagopalani (Plate 1I) defines the opposite ex-
treme of the 8'®0 ranking during the late Maas-
trichtian and late Campanian, with 8'®O values
typically heavier than all other taxa, except for
Globotruncanita stuartiformis (Dalbiez) in the
65.1-Ma interval (Figs. 7 and 8). At Site 577A
Planoglobulina multicamerata (Plate 1V) shows

Plate III.

1,2 Globigerinelliodes aspera (Ehrenberg), DSDP Site 525A, sample 40-5, 90-92 cm.

3. Globigerinelliodes subcarinatus (Bronnimann), Site 577A, sample 13-6, 42-44 cm.

4, Globigerinelloides aff. ultramicrus (Subbotina), DSDP Site 463, sample 16-6, 101-103 cm.

5,6. Rugoglobigerina rugosa (Bronnimann), Site 577A, sample 13-6, 42-44 cm.

7,8. Rugoglobigerina rotundata (Bronnimann), Site 577A, sample 13cc, 18-21 cm.

9,10. Rugoglobigerina scotti (Bronnimann), Site 577A, sample 13-6, 42-44 cm.

11. Rugoglobigerina hexacamerata (Bréonnimann), Site 525A, 41-6, sample 8§9-91 cm.

12-14.  Abathomphalus mayaroensis (Bolli), Site 525A, samples 40-5, 90-92 cm (11), and 41-6, sample 89-91 cm (12,13).
15. Globotruncanella havanensis (Voorwijk), Site 525A, sample 40-2, 104-106 cm.

Scale bar=100 pm
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the heaviest 8'80 values. This species evolved only
in the later part of the Maastrichtian and was
generally restricted to low latitudes (e.g. not
present at Sites 463 and 525A; Nederbragt,
1998). The two morphovariants of the Globotrun-
canella—Abathomphalus lineage, G. havanensis and
A. mayaroensis (see Robaszynski et al., 1983-
1984, and Plate III), and the species Laevihetero-
helix glabrans and Gublerina cuvillieri (Plate II)
also show relatively heavy 8'80 values, though
lighter than P. multicamerata at Site 577A and
H. rajagopalani at Site 525A (Figs. 7 and 8)

Species with intermediate §'30 values show dis-
tinct ordering in late Maastrichtian intervals at
Sites 577A and 525A. Within this group, 8'%0
values of Pseudotextularia spp., Planoglobulina
spp. (except P. multicamerata; Plate 1V), and Ru-
goglobigerina spp. (Plate III) generally overlap
and are relatively heavier than Pseudoguembelina
species and lighter than most keeled globotrunca-
nids (Fig. 8 and details in Fig. 7). Rosita walfi-
schensis (Todd) and Globotruncana rosetta (Car-
sey) at Site 577A next to Globotruncana mariei
Banner and Blow (Plate V) at Site 525A show
8'80 values similar to or lighter than Rugoglobi-
gerina. Among keeled globotruncanids (Plate V),
8180 values of Globotruncanita stuartiformis are
consistently heavier than those of Globotruncana
arca (Cushman) in the late Maastrichtian inter-
vals of both Sites 577A and 525A.

8'30 ordering of keeled globotruncanids in the
late Campanian and early Maastrichtian intervals
is less distinct than observed in late Maastrichtian
intervals. At Site 463, §'%0 values of most keeled

globotruncanids (except Globotruncana linneiana)
are heavier or overlap with those of Rugoglobige-
rina (Fig. 8). Most extreme variations in the §'30
of keeled globotruncanids are observed in the late
Campanian of Site 525A, where most species of
this group (except G. arca) show exceptionally
depleted 8'80 values (Figs. 7 and 8).

Strong variation in relative §'0 ranking is also
recorded by Racemiguembelina spp. (Plate IV),
Globigerinelloides spp. (Plate I11), and the domi-
nant Maastrichtian species Heterohelix globulosa
(Plate II). For example, late Maastrichtian §'30
values of Globigerinelloides aspera (Ehrenberg)
and H. globulosa are typically lighter than those
of most keeled globotruncanids at Site 577A, and
in the 65.1-Ma interval at Site 525A (Figs. 7 and
8). On the other hand, in the 66.8-Ma and 65.6-
Ma intervals at Site 525A, 8!30 values of these
species are considerably more enriched. The 880
ordering of Racemiguembelina spp. varies from
similar ranking as Pseudoguembelina spp. at the
66.8-Ma interval at Site 525A to intermediate
ranking of keeled globotruncanids at Site 577A.

3.5. Relative 8" C ranking

The 8'3C values of the late Maastrichtian Ra-
cemiguembelina lineage (i.e. Racemiguembelina
Sfructicosa (Egger), R. powelli, R. intermedia De
Klasz; Plate 1V) are consistently more enriched
than most other species in the Atlantic and Pacif-
ic, and are typically more depleted in the South
Atlantic DSDP Site 525A than in the equatorial
Pacific DSDP Site 577A (particularly 65.1 Ma;

Plate IV.

1. Pseudotextularia deformis (Kikoine), DSDP Site 577A, sample 13cc, 18-21 cm.
2. Pseudotextularia elegans (Rzehak), Site 525A, 41-6, sample 89-91 cm.

3.4. Racemiguembelina intermedia (De Klasz), Site 577A, sample 13-6, 42-44 cm.

5,6. Racemiguembelina powelli (Smith and Pessagno), sample 40-5, 90-92 cm.
7.8. Racemiguembelina fructicosa (Egger), Site 577A, sample 13cc, 18-21 cm (7), and Site 525A, sample 41-6, 89-91 cm (8).

9. Planoglobulina carseyae (Plummer), Site 577A, sample 13cc, 18-21 cm.

10. Planoglobulina brazoensis (Martin), Site 525A, sample 40-2, 104-106 cm.

11. Planoglobulina acervulinoides (Egger), Site 577A, sample 13-6, 42-44 cm.

12. Planoglobulina multicamerata (De Klasz), Site 577A, sample 13cc, 18-21 cm.

Scale bar=100 pm
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Figs. 7 and 9). Within the Racemiguembelina lin-
eage, the largest youngest and most developed
morphovariant R. fructicosa shows the heaviest
813C values, whereas the §'3C values of R. powelli
are typically lighter than those of R. fructicosa
and mostly heavier than those of R. intermedia
(Figs. 7 and 9). The latter defines a transitional
form between R. powelli and the species Pseudo-
textularia deformis (Kikoine), a probable ancestor
of the Racemiguembelina lineage (Smith and Pes-
sagno, 1983). At Site 577A, the 8C values of
P. deformis are relatively enriched compared
with most species, and lighter than those of
R. intermedia. In contrast, in the late Maastricht-
ian at Site 525A, P. deformis shows intermediate
813C values at the 65.1-Ma and 65.6-Ma intervals.

Other species that typically display relatively
enriched 8'3C values include all morphotypes of
the Rosita (i.e. Rosita patelliformis (Gandolfi),
Rosita Plicata (White), Rosita plummerae (Gan-
dolfi), R walfischensis; Plate V) and Planoglobu-
lina groups (except P. multicamerata; Figs. 7 and
9). In the late Maastrichtian intervals at Site
577A, the 83C values of Planoglobulina species
generally overlap with those of Racemiguembelina
intermedia, but at Site 525A they are significantly
more depleted. Rosita species overlap with Plano-
globulina at Site 577A and Racemiguembelina po-
welli at Site 525A. Rugoglobigerina species display
enriched 8'3C values in the late Campanian and

early Maastrichtian intervals at Site 463, but in-
termediate values in the late Campanian intervals
at Site 525A and at Site 577A (Figs. 7 and 9).
Other species with intermediate §'3C ranking in-
clude all members of the keeled globotruncanid
group, Pseudotextularia elegans, Heterohelix glo-
bulosa and species of the genera Globigerinelloides
and Pseudoguembelina. Among Pseudoguembelina
species, the 8'°C values of P. kempensis and
P. costulata are typically more depleted than those
of P. excolata and P. palpebra (Figs. 7 and 9)

Species that consistently display relatively de-
pleted 8'3C values include Abathomphalus maya-
roensis (at Site 525A), Planoglobulina multicame-
rata (Site 577A), Globotruncanella havanensis,
Gublerina acuta and Heterohelix planata. Within
this group, the late Maastrichtian species A.
mayaroensis (Plate 11T) exhibits the most depleted
values at both Pacific and Atlantic sites (Figs. 7
and 9). The species P. multicamerata (Plate 1V),
Heterohelix rajagopalani (Plate II) are typically
heavier than A. mayaroensis but lighter than
G. havanensis (except in 65.1 Ma; Fig. 7)

4. Discussion
4.1. Diagenesis and paleotemperature

The presence of secondary recrystallization and

Plate V.

2. Globotruncana arca (Cushman), DSDP Site 525A, sample 48-3, 100-102 cm.
5. Globotruncana linneiana (d’Orbigny), DSDP Site 463, sample 20-1, 100-102 cm.

Globotruncana orientalis (El Naggar), Site 577A, sample 13cc, 18-21 cm.

1
3
6. Globotruncana bulloides (Vogler), Site 463, sample 16-6, 101-103 cm.
7
8

Globotruncana aegyptiaca, Site 577A, sample 13-6, 42-44 cm.

9. Globotruncanita angulata (Tilev), Site 577A, sample 13cc, 18-21 cm.
10,11.  Globotruncanita stuarti (De Lapparent), Site 463, sample 13-3, 97-99 cm.
12. Globotruncanita stuartiformis (Dalbiez), Site 577A, sample 13-6, 42-44 cm.
13. Globotruncanita calcarata (Cushman), Site 463, sample 21-5, 64-66 cm.
14. Globotruncanita subspinosa (Pessagno), Site 463, sample 21-5, 6466 cm.
15,16.  Gansserina gansseri (Bolli), Site 463, sample 13-3, 97-99 cm.

17. Rosita fornicata (Plummer), Site 463, sample 21-5, 64-66 cm.

18. Rosita plummerae (Gandolfi), Site 525A, sample 50-1, 100-102 cm.

19. Rosita walfischensis (Todd), Site 463, sample 10-6, 97-100 cm.

20. Rosita patelliformis (Gandolfi), Site 577A, sample 13-6, 42-44 cm.

Scale bar=100 um
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Table 3

Classification of late Cretaceous planktonic foraminiferal species into mixed layer (surface, subsurface), thermocline, and sub-ther-
mocline (deep) dwellers: (A) coldest late Maastrichtian; (B) cool early Maastrichtian in the equatorial Pacific; (C) warmest late
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Campanian interval

A. Late Maastrichtian coldest intervals

mixed layer

surface

subsurface

thermocline

sub-thermocline
(deep)

Pseudoguembelina excolata
P. kempensis

P. costulata

P. hariaensis

Globotruncana aegypiiaca
G. inariei (65.1)

G. rosetta

Rosita walfischensis
Rugoglobigerina rugosa

AR. hexacamerata

R. milamensis
R. rotundata
Globigerinelloides aspera
G. subcarinatus
Gublerina acuta
Pseudotextularia deformis
P. elegans

Heterohelix globulosa

H. labellosa
Planoglobulina carsevae
Pacervulingides
P. brazoensis

NG.duepeblei

Globotruncana arca

G. falsostarti
G. mariei

G. orientalis
G. ventricosa
Globotruncanita angulata

G. stuarti

Rosita patelliformis
Racemiguembelina fructicosa

R. intermedia

R. powelli

Rugoglobigering pennyi  {66.8)
Heterohelix glo 6.8, 6
Globigerinetloides a

Planoglobulina multicamerata
Heterohelix rajagopalani
Abathomphalus mayaroensis
Globotruncanella havanensis
Gublerina cuvillieri
Globotruncana stuartiformis?

B. Early Maastrichtian
cool interval (70.3 Ma)

Pseudoguembeling costulata
Gublerina acuta

Globotruncana bulloides
G. linneiana
Rugoglobigerina rugosa
R. hexacamerata
Globigerinelloides aspera
G . aff. ultramicra
Pseudotextularia elegans
Heterohelix globulosa

H. punctulata

H. planata

Globotruncana aegyptiaca
G. arca

G. insignis

G. stuarti

G. ventricosa
Globotruncanita angulata
Ganssering gansseri

C. Late Campanian warmest
intervals

Globotruncanita calcarata

Gfﬂbamw G. stuarti

G. bulloides G. stuartiformis

G. linneiana G. subspinosa
Rosita plummerae Globotruncana arca

G. bulloides

G. linneiana

Rosita plummerae
Pseudotextularia elegans
Heterohelix globulosa

H. planata
Globigerinelloides aspera
G . aff. wltramicra

Gublerina acuta

Heterohelix rajagopalani
Laeviheterohelix glabrans

Gray shaded species display different depth ranking in the mid-latitude Atlantic than in the equatorial Pacific. Intermediate dwell-
ing species in the late Campanian are not further classified due to the high isotopic variations in the mid-latitude Atlantic, and

isotopic overlap in the equatorial Pacific (see Fig. 7).

calcite overgrowth of foraminiferal tests implies
early diagenesis under low temperature conditions
and a positive §'%0 shift towards heavier (cooler)
values (Wu and Berger, 1990; Schrag et al., 1995;
Schrag, 1999; Pearson et al., 2001). Pearson et al.
(2001) argued that up to 50% of the original cal-
cite can be replaced by early diagenetic calcite
even in well preserved foraminiferal tests and
the subsequent positive shift in planktonic forami-
niferal 8'*O values can reduce paleotemperature

estimates by up to 10-15°C. Early diagenetic ef-
fects are expected to be most pronounced in deep
water carbonates of low latitudes, because surface
dwelling planktonic foraminifera of tropical
oceans are prone to diagenetic overprints due to
the large 8'80 differences between their original
380 values and the values in equilibrium with
the cold bottom water (Schrag et al., 1995;
Schrag, 1999; Pearson et al., 2001).

Early diagenesis can explain the relatively low
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sea-surface temperatures (SST) estimated for the
late Cretaceous equatorial Pacific DSDP Sites 463
and 577A by D’Hondt and Arthur (1996), Barrera
and Savin (1999), Li and Keller (1999), and this
study. For example, at Site 577A the maximum
late Maastrichtian SST (~ 19°C; Fig. 5) is about
8°C cooler than the modern average SST at this
locality (Schweitzer, 1993). Similarly, at Site 463
the maximum late Campanian SST is about 6.5°C
cooler than the modern average SST at this local-
ity (~28°C; Fig. 5). On the other hand, the max-
imum SSTs at the South Atlantic DSDP Site
525A are generally 2°C warmer than the average
modern SST at this locality (~16°C), and 7°C
warmer in the late Campanian interval (Fig. 5).
These relatively small temperature differences, in
addition to the error introduced by secondary re-

crystallization and calcite overgrowths at Site
525A (Plate 1), suggest that the original late Cre-
taceous SSTs at this locality were probably signif-
icantly warmer than the calculated values.
Temperature differences recorded between the
Pacific Sites 577A and 463 and the Atlantic Site
525A demonstrate that the SST gradients between
the equatorial and middle latitudes were particu-
larly low and even inverse to the modern SST
gradient. For example, at 71.5 Ma the maximum
SST at Site 525A was about 3°C warmer than at
Site 463, and only ~1.5°C cooler than at Site
577A in the late Maastrichtian (Fig. 5). This trend
is considerably different from the average modern
geographic gradient that records as much as
~11°C decrease in SSTs between the equator
and 36°S (Schweitzer, 1993). D’Hondt and Arthur

Late Campanian Early Maastrichtian Late Maastrichtian
1 71.5 Equatorial Pacific: |modem
23 L7 S (1 Ste 463 59;; o 24
v O Site 577A ~28 o2
i 729 4,5 Y - Middle Atlantic:
E [u] v v 0 V7 Site 5254 ~16 - 2.0
. i LS ey PRI B R e e 1 e e PO e L — e BT L S e e T R S
I g % H 18
SR 68.3-67.7
| o 70.3 16 o
- =
S 19 e o %g ............ B | O . S
& H B B - 14 <
S T A < o | 3
2 E B VE E % o O 668 Yy 12~
e ¥
p I 8 R e e S ¥, Bl E ............... g VA V§ --1.0
] B O %
o 71.5 g § g 08
Lo e ] (| LS L7 gg - -06
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Fig. 5. Oxygen isotope and paleotemperature records of the eleven sample intervals selected from DSDP Sites 463 and 577A
(equatorial Pacific) and DSDP Site 525A (South Atlantic). Note that the substantially cooler temperatures of the latest Maas-
trichtian intervals are also demonstrated by the 880 trends of Pseudoguembelina costulata and Heterohelix rajagopalani. Also
note that maximum late Cretaceous temperatures are mostly cooler than the modern average SST (particularly in the equatorial
Pacific), indicating the effect of bottom deep-sea diagenesis. Modern SST data from Schweitzer (1993).
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(1996) suggested that the reduced latitudinal SST
gradient in the late Cretaceous resulted from a
greater heat transport from the tropics to higher
latitudes. However, such a mechanism cannot ex-
plain the inverse SST gradient recorded between
Sites 525A and 463 at 71.5 Ma, which suggests
that diagenetic alteration in the tropics is partly
responsible for the observed late Cretaceous SST
gradient.

4.2. Depth ranking

4.2.1. Deep dwellers

880 values of foraminiferal calcite generally
increase with depth due to decreasing tempera-
tures (Fairbanks et al., 1982), and 8"*C values
decrease with depth due to selective removal of

12C by photosynthesis in the photic zone and ac-
cumulation of '?C in deeper water due to organic
matter decay (Bouvier-Soumagnac and Duplessy,
1985). Accordingly, deep planktonic foraminiferal
species are expected to display the heaviest §'%0
and lightest 8'3C values, characteristic of cold and
respiration-dominated environments below the
thermocline.

Deep dwellers identified in this study include
Planoglobulina multicamerata, Heterohelix rajago-
palani, Abathomphalus mayaroensis, Globotrunca-
nella havanensis and Gublerina cuvillieri in the late
Maastrichtian, and Heterohelix rajagopalani and
Laeviheterohelix glabrans in the Late Campanian
(Plates II-1V; Table 3). No deep dwellers were
analyzed for the early Maastrichtian. The tropical
species Planogobulina multicamerata (Figs. 7 and

Late Campanian Early Maastrichtian Late Maastrichtian
4.3 5
1 |Equatorial Pacific:
i O Site 463
384|0 Site577A | _ . _ 8 ___________
v
1| Middle Atlantic:
1 W Site 525A 8 o v
3.3__ ------------------------------------------------- 0 8? S
- 1 72.9 69.3 B ¥ *3 65.1
g 28] i O : @
o '?43 """" B 7 "8 1 | B - T ek ~ ]
) J - v
L | B 715715
_ g8
P 25 S — A E ........ E ................... B T SRR v
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1 - vH u | 68.3-67.7 656
1 v
s T 1EdP. costulata |~ V2l ettt Rttt
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Fig. 6. Carbon isotope records of the eleven sample intervals selected from DSDP Sites 463 and 577A (equatorial Pacific) and
525A (South Atlantic). Note the §'*C increase in the early-late Maastrichtian indicated by the species Pseudoguembelina costulata
and Heterohelix rajagopalani, and the decrease in the latest Maastrichtian indicated by Racemiguembelina powelli at Site 525A.
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8) has the heaviest 880 values and apparently
inhabited the deepest and coldest plankton habi-
tat in the equatorial Pacific (Table 3) and other
localities (e.g. Douglas and Savin, 1978; Boersma
and Shackleton, 1981; D’Hondt and Arthur,
1995; D’Hondt and Zachos, 1998; Houston and
Huber, 1998; Houston et al., 1999). The endemic
species H. rajagopalani (Plate II) inhabited the
deepest and coldest plankton habitat in the South
Atlantic throughout the late Cretaceous (Table 3),
as indicated by 8'%0O and relatively depleted 8'*C
signals (Figs. 7 and 9; see also D’Hondt and Ar-
thur, 1995).

The cosmopolitan late Maastrichtian species
Abathomphalus mayaroensis (Plate I11) inhabited
somewhat shallower depths than Heterohelix ra-
jagopalani in the South Atlantic, and Planogobu-
lina multicamerata in the equatorial Pacific, as in-
dicated by lighter 8'%0 signals (Table 3; Figs. 7
and 8). Similar results are reported from the
North and South Atlantic Sites 390A and 20C
(D’Hondt and Arthur, 1995), though Pearson et
al. (2001) reported intermediate 8'%0 ranking for
A. mayaroensis in one sample from Lindi, Tanza-
nia. The reason for the discrepancy between the
deep-sea 8'%0 localities and the Tanzania sample
is unclear and needs further evaluation. §*C val-
ues of A. mayaroensis in all localities are signifi-
cantly lighter than most other species (Figs. 7 and
9). The relatively shallower depth habitat of
A. mayaroensis with respect to H. rajagopalani
and P. multicamerata suggests that the low
813C values record conditions other than a deep
ambient environment (see discussion in Section
4.3.2).

The 8'%0 values of Globotruncanella havanensis
(Plate III), the ancestor of the Globotruncanella—
Abathomphalus lineage, indicate a similar water
depth as Abathomphalus mayaroensis (Figs. 7
and 8; Table 3), as also reported by D’Hondt
and Arthur (1995). The 8'80 values Gublerina cu-
villieri (Plate II) suggest shallower depths than for
A. mayaroensis in the equatorial Pacific, but sim-
ilar depths in the South Atlantic (Figs. 7 and 8).
Laeviheterohelix glabrans (Plate 1I) also indicates
a deeper water habitat than most other species in
the South Atlantic Site 525A (Figs. 7 and 8; see
also D’Hondt and Arthur, 1995).

4.2.2. Thermocline dwellers

Species living in the thermocline layer are de-
fined by their intermediate 8'80 signals, with §'3C
values generally heavier than for deep dwellers,
reflecting primary productivity at these depths.
This group includes most keeled globotruncanids
(Plate V), Globigerinelloides spp. (at Site 525A;
Plate III), and Heterohelix globulosa (late Maas-
trichtian, Site 525A; Table 3). The 8'%0 trends
recorded among these species suggest that during
the late Maastrichtian intervals analyzed most
keeled globotruncanids inhabited the deeper or
cooler thermocline layer. The &'®0 variation
among keeled globotruncanids suggests that dur-
ing the late Maastrichtian Globotruncana arca in-
habited somewhat shallower depths than Globo-
truncanita stuartiformis (Figs. 7 and 8; Table 3),
as earlier observed by Douglas and Savin (1978).
During the warm late Campanian and early
Maastrichtian in the equatorial Pacific most
keeled globotruncanids inhabited intermediate to
subsurface depths (Table 3). In contrast, during
the warm late Campanian interval of South At-
lantic Site 525A most keeled globotruncanids (ex-
cept G. arca) inhabited the shallowest water depth
as suggested by their exceptionally depleted §'30
values (Figs. 7 and 8). This pattern could be ex-
plained by absence of a distinct thermocline layer
during the warm late Campanian interval in the
South Atlantic.

The 8'%0 values of the Racemiguembelina spe-
cies are highly variable, implying a wide range
between thermocline to surface depth habitats.
However, a possible source for the wide §'%0
range of Racemiguembelina is the vital effect of
photosymbiotic activity, which typically results
in a negative 8'80 shift from the ambient water
environment (e.g. Spero and Deniro, 1987; Spero,
1992, discussed below).

Late Maastrichtian 8'®0O records of Globigeri-
nelloides species suggest that they inhabited some-
what shallower depths than most keeled globo-
truncanids in the equatorial Pacific (Fig. 7;
Table 3). However, in the South Atlantic Site
525A, the 8'80 values of this species are generally
more enriched and correspond to temperatures as
cold as those of the deep dwellers Abathomphalus
mayaroensis, and Globotruncanella havanensis
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(Figs. 7 and 8). Similarly, Heterohelix globulosa
changed habitats between localities and during
different climate modes. For example, in the late
Maastrichtian 66.8-Ma and 65.6-Ma intervals of
South Atlantic Site 525A, the §'%O values of
H. globulosa are as enriched as those of the
deep dweller 4. mayaroensis (Figs. 7 and 8; Table
3), suggesting a relatively cool or deep environ-
ment (Table 3). On the other hand, in the 65.1-
Ma interval at Site 525A and the equatorial Pa-
cific the 880 values of H. globulosa are more
depleted and correspond to subsurface depths.

4.2.3. Mixed layer dwellers

Mixed layer dwellers are primarily defined by
their depleted 8'30 signals, which reflect the warm
temperatures of the oceans’ mixed layer. These
813C signals are typically heavier than those for
deep dwellers. In every late Cretaceous planktonic
foraminiferal assemblage analyzed Pseudoguembe-
lina species (P. excolata, P. costulata, P. kempen-
sis, P. hariaensis, P. palpebra) and Gublerina acuta
(Plate II) display the most 8'%0 depleted values,
suggesting that they inhabited the warmest or
shallowest parts of the mixed layer (Figs. 7 and
8; Table 3). In addition, Pseudoguembelina species
are also considerably more common in the equa-
torial Pacific Sites 577A and 463 than in the
South Atlantic Site 525A (except for P. palpebra
and P. hariaensis), which suggests that they were
optimally adapted to warm temperatures at low
latitudes (see also Malmgren, 1991; Nederbragt,
1998). Similarly depleted 8'%O values were also
observed by Douglas and Savin (1978) and Boers-
ma and Shackleton (1981) from Atlantic and Pa-
cific deep sea sites, although D’Hondt and Arthur
(1995) reported intermediate depths for Pseudo-
guembelina species at South Atlantic Site 20C.
The relatively enriched 8'3C values of P. excolata
(and perhaps P. palpebra) may reflect some

degree of photosymbiotic activity (see discussion
below).

The 8'%0 trends recorded by species of the gen-
era Rugoglobigerina, Pseudotextularia, and Plano-
globulina (except P. multicamerata) suggest that
they generally inhabited somewhat deeper depths
than Pseudoguembelina species but shallower
depths than most keeled globotruncanids during
the late Maastrichtian in the South Atlantic and
equatorial Pacific (Figs. 7 and 8). During this pe-
riod, the subsurface environment in the equatorial
Pacific was also populated by Heterohelix globu-
losa and Globigerinelloides spp. (see discussion
above), in addition to several keeled globotrunca-
nids (e.g. Globotruncana rosetta). Furthermore,
the relatively depleted 8'O signals of planktonic
foraminifera in the late Campanian intervals, and
the lack of a distinct isotopic ordering among
Rugoglobigerina  spp., Globigerinelloides  spp.,
Pseudotextularia and keeled globotruncanids im-
ply week upper water-mass stratification and ab-
sence of a permanent thermocline layer. Most
planktonic foraminifera probably inhabited sur-
face and subsurface depths during this relatively
warm climatic period.

4.3. Vital activities

4.3.1. Photosymbiosis

Photosymbiosis is a well-recognized feature
among many modern planktonic foraminiferal
species. Recent studies indicate that photosymbio-
sis in fossil planktonic foraminifera can be recog-
nized by: (1) significantly enriched 8'*C values
due to the preferential uptake of '>C in photosyn-
thesis (Spero and Deniro, 1987; Spero, 1992);
(2) a strong positive shift in 8'*C values with in-
creasing test size due to increased photosymbiotic
activity and algal concentration during ontoge-
netic growth (Houston and Huber, 1998; D’Hondt

Fig. 7. Stable isotope records of analyzed late Cretaceous planktonic foraminifera from DSDP Sites 463 and 577A (equatorial
Pacific) and 525A (South Atlantic). Note that Planoglobulina multicamerata (Site 577A) and Heterohelix rajagopalani (Site 525A)
are the most §'8O-enriched species, whereas Pseudoguembelina spp. are typically the most depleted, suggesting that they were the
shallowest dwellers. Keeled globotruncanids mostly display intermediate values. Data in Appendix 1. Key to species: P. ele=
P. elegans; P. palp=P. palpebra; P. kem=P. kempensis; H. lab=H. labellosa; R. rug=R. rugosa; G. hav=G. havanensis;
R. rot=R. rotundata; G. ori=G. orientalis; P. def=P. deformis; G. aeg=G. aegyptiaca.
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depleted values of keeled globotruncanids in the late Campanian at Site 525A.

and Zachos, 1998; Houston et al., 1999); (3)
lighter 8'80 values compared with coexisting
asymbiotic taxa that reflect a high calcification
rate in photosymbiotic taxa (Spero, 1992; Norris,
1996); and (4) poor covariance between size-re-
lated changes in 8'%0 and §'3C values (Houston
et al., 1999). Based on these criteria, several late
Cretaceous planktonic foraminiferal species can
be interpreted as photosymbiotic, including spe-
cies of the genera Racemiguembelina, Pseudogeum-
belina, and Rugoglobigerina, as well as Planoglo-
bulina acervulinoides and Heterohelix globulosa
(D’Hondt and Zachos, 1998; Houston and Hu-

ber, 1998 ; Houston et al., 1999). In addition, it was
suggested that Rugoglobigerina species represent
symbiosis hosting chrysophytes, which generally
exhibit a less steep correlation between test size
and 8'3C values, and generally lighter 8'*C values.

Among the techniques used in previous studies
to identify photosymbiotic species, test dissection
of single specimens has proved the most successful
since it records trends that are unequivocally on-
togenetic (Houston et al., 1999). In addition, de-
tection of a positive 8'3C trend with increasing
test size is considered a decisive factor in linking
fossils species with photosymbiotic activity be-
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cause it rules out other possibilities as the source
for enriched §'3C values (e.g. affiliation of species
to fertile environments or conditions). Neverthe-
less, the test dissection method requires consider-
able extra labor (careful removal of individual
chambers) and therefore can be applied to only
a few designated species. Consequently, photo-
symbiosis of other species is still unknown. In
this report we introduce an alternative approach
for preliminary detection of potential photosym-
biotic species based on the relative 8'3C ordering
of species within assemblages. This approach is
based on the rational that species which consis-

tently display heavier 8'3C values than species
with similar depth affiliations were likely photo-
symbiotic.

The strongest signals of photosymbiotic activity
are recorded by the late Maastrichtian Racemi-
guembelina species (e.g. R. fructicosa, R. powelli,
R. intermedia; Plate 1V) that exhibit the most en-
riched §'3C values (Figs. 7 and 9). D’Hondt and
Arthur (1995) observed the same trend in the
North and South Atlantic Sites 390A and 20C,
but Pearson et al. (2001) reported a relatively de-
pleted 8'3C values of R. fiucticosa in one Maas-
trichtian sample from Lindi, Tanzania. This dis-
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Fig. 9. Carbon isotope ranges of major planktonic foraminiferal species and genera) in the late Maastrichtian (A), and in the late
Campanian—early Maastrichtian (B). Key: Rf, Racemiguembelina fructicosa; Ri, Racemiguembelina intermedia; Rp, Racemiguem-
belina powelli. Note that the isotopic ordering among the Racemiguembelina species suggests an increase in photosymbiosis along
the development of the morphoseries. The enriched 8'3C values of the Rosita species relative to other keeled globotruncanids im-

plies that they were also photosymbiotic.
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crepancy is most likely due to the undeveloped
stage and small size of the R. fructicosa specimens
in the Tanzanian sample (Pearson, pers. commun.
2002). In general, 8'3C values of Racemiguembeli-
na spp. are more depleted in the Atlantic Site
525A than in the Pacific Site 577A (Fig. 9), par-
ticularly in the latest Maastrichtian intervals at
65.6 and 65.1 Ma. This may indicate some differ-
ences in the intensity of photosymbiotic activity of
Racemiguembelina between the two localities. A
distinctive increase in the 8'3C trend is recorded
among the Pseudotextularia deformis—Racemi-
guembelina morpho-series in the late Maastricht-
ian of the Atlantic and Pacific (Fig. 9) that may
signify increased algal density in response to shell
size increase.

The 8'3C data of late Cretaceous planktonic
foraminifera in this study are generally consistent
with the results of previous studies (e.g. Houston
and Huber, 1998; D’Hondt and Zachos, 1998;
Houston et al., 1999), and indicate that photo-
symbiotic activity of the Racemiguembelina group
was stronger than among Planoglobulina, Pseudo-
guembelina excolata, and Rugoglobigerina species.
Our results also suggest that all morphotypes of
the Rosita lineage (Plate 1) were photosymbiotic
(Fig. 9), though additional analyses on individual
dissected specimens of Rosita are needed to eval-
uate whether enriched §'3C values may reflect a
preference for high productivity environments. In
addition, our results suggest that photosymbiotic
activities varied among localities (e.g. Racemi-
guembelina and Planoglobulina and Rugoglobige-
rina) and different climate modes (e.g. P. excolata),
and may not have existed in certain environments.
These observations imply that test dissections of
specimens taken from a single sediment sample at
a particular locality are not sufficient for charac-
terizing the photosymbiotic activities of these spe-
cies. Instead, test dissection should be undertaken
on specimens selected from various localities and
different climate modes.

4.3.2. High respiration

Experiments on extant foraminiferal taxa that
quantify the effects of respiration on the concen-
tration of !2C within the foraminiferal shells
(Spero et al., 1991, 1993; Spero and Lea, 1996)

suggest that depleted 8'3C values can result from
various metabolic processes. For example, incor-
poration of metabolic CO, during calcification
decreases the shell 3'3C values. At higher respira-
tion rates characteristic of early ontogenetic stages
or of small species, a greater percentage of meta-
bolic CO; is incorporated into the shell resulting
in lighter 8'*C values. The type of nutrition con-
sumed by foraminifera also has an effect on the
shells’ 8'3C signals. Feeding determines the §'3C
value of the respired CO, and, consequently, con-
sumption of different types of food results in dif-
ferent 8'°C values of respired CO, (Spero and
Lea, 1996).

Among the late Cretaceous species analyzed for
this study, Abathomphalus mayaroensis, Heterohe-
lix planata, and Gublerina acuta (Plates I1-111) dis-
play exceptionally depleted §'3C values that are
considerably lighter than expected from their in-
ferred ambient environments (see Section 3.5;
Figs. 7 and 9), and therefore may indicate an
isotopic contribution of some kind of respiration
vital effect mechanism. Depleted 8'°C values of
A. mayaroensis are also recorded at the middle
and south Atlantic Sites 390A and 690C
(D’Hondt and Arthur, 1995). It is interesting
that A. mayaroensis, H. planata, and G. acuta
do not share morphological features. Moreover,
their distinct 8'3C signals cannot be attributed
to ontogenetic development because only adult
specimens were collected for this study. It is pos-
sible that the exceptionally depleted §'3C values
of these species signify a feeding source that is
particularly enriched with light carbon.

5. Summary and conclusions

(1) Carbon and oxygen isotope ranking of 56
planktonic foraminiferal species from late Campa-
nian, early, middle and late Maastrichtian inter-
vals permit grouping into deep (sub-thermocline),
thermocline, and mixed layer habitats (surface
and subsurface). Surface and deep-water habitats
were occupied by relatively few species (deep
dwellers: Planoglobulina multicamerata, Heterohe-
lix rajagopalani, Abathomphalus mayaroensis, Glo-
botruncanella havanensis, Gublerina cuvillieri, and



S. Abramovich et al. | Palaecogeography, Palaeoclimatology, Palaeoecology 202 (2003) 1-29 25

Laeviheterohelix glabrans; surface: Pseudoguembe-
lina species).

(2) Most species occupied subsurface depths,
though assemblages varied between the thermo-
cline layer and the subsurface mixed layer during
cool and warm intervals. During cool climatic in-
tervals, keeled globotruncanids (and perhaps Glo-
bigerinelliodes, and Racemiguembelina) occupied
the thermocline layer, whereas Rugoglobigerina,
Pseudotextularia, Planoglobulina and heteroheli-
cids inhabited the subsurface mixed layer. During
the warm climate intervals of the late Campanian,
most keeled globotruncanids inhabited the sub-
surface mixed layer similar to Rugoglobigerina in
the equatorial Pacific, and even the surface mixed
layer in the South Atlantic.

(3) Two distinct types of ‘vital effect’” mecha-
nisms are recognized: (1) photosymbiosis is iden-
tified by a repetitive pattern of relatively enriched
813C values, and (2) enrichment of respiration '>2C
products within the shells, as suggested by dis-
tinctly depleted values. Photosymbiotic species in-
clude Racemiguembelina, Planoglobulina, Pseudo-
guembelina excolata, Rugoglobigerina and Rosita.
The coincident appearance of most photosymbi-
otic species in the late Maastrichtian suggests that
this evolutionary development was triggered by
oligotrophic conditions associated with increased
water-mass stratification.
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Appendix 1

For the stable isotope (%0 ) and paleotempera-
ture (°C) data of planktonic foraminiferal species
in the selected sample intervals of DSDP Sites
525A, 577A and 463 see Table Al
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