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Abstract

We have measured stable isotopic compositions of Miocene pelagic fine-fraction (6 63 Wm) carbonates from
oligotrophic deep-sea sites in the Pacific and Atlantic oceans and compared them with those of coexisting foraminifers
to test their utility as near sea-surface indicators. Fine-fraction carbonates (primarily polyspecific nannofossils) and
surface-dwelling planktic foraminiferal (Globigerinoides) stable isotopes both have been considered to reflect surface-
water hydrographic conditions. However, our results indicate that fine-fraction stable isotopes are offset from and do
not correlate well with those of Globigerinoides. In contrast, stable isotopic records of the deep-dwelling planktic
foraminifer Globoquadrina are in good correspondence with the fine-fraction records in terms of long-term (ca. s 1
m.y.) trends and temporal variability. On the basis of a time-series hydrography and flux study site in the oligotrophic
subtropical North Atlantic, we interpret the isotopic discrepancies between fine-fraction and Globigerinoides as
resulting primarily from season of calcification, as well as possible vital effects. We suggest that fine-fraction stable
isotope values from oligotrophic waters reflect late winter^early spring relatively cool, nutrient-rich shallow mixed-
layer conditions during the time of deep mixing (i.e., spring bloom), whereas Globigerinoides stable isotope values
record conditions that prevailed in the stratified surface waters in the warmer late spring^fall. This implies that paired
analyses of fine-fraction and surface-dwelling planktic foraminiferal N

18O could be applied to reconstruct
paleoseasonality of the open oceans. However, because the fine-fraction N

13C values are not representative of the
annual mean surface-water N13C, we recommend use of near surface-dwelling planktic foraminiferal N13C as a proxy
for N

13C of stratified surface waters that are more or less in equilibrium with the atmosphere with respect to pCO2.
5 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Carbon and oxygen stable isotopes (N13C and

N
18O) of ¢ne-fraction (6 63 Wm) carbonates from
deep-sea sediments have been widely used to in-
vestigate past changes in oceanic productivity and
shallow mixed-layer temperatures. This technique
is particularly useful for Cretaceous and Tertiary
pelagic nannofossil oozes and chalks that rarely
or do not contain planktic foraminiferal tests or
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are otherwise indurated or cemented and from
which unaltered foraminiferal tests cannot be sep-
arated for stable isotope analyses (e.g., Zachos et
al., 1989; Clarke and Jenkyns, 1999; Vonhof et
al., 2000). In addition, ¢ne-fraction analysis al-
lows more rapid assay of variability in a record
than does washing and picking individual fora-
minifers. Interpretations of ¢ne-fraction carbon-
ate stable isotopes in these studies are based on
the premise that bulk ¢ne-fraction carbonate is
primarily composed of shells secreted by coccolith-
ophorid phytoplankton. Coccolithophores dwell
and secrete coccolith plates within the photic zone
(Okada and Honjo, 1973), and thus the chemical
compositions of coccoliths are considered to re-
cord signals in the shallow mixed layer (Goodney
et al., 1980; Dudley et al., 1980, 1986).

Previous workers examined the utility of cocco-
lith isotopes in culture and ¢eld studies of cocco-
lithophorids (Dudley and Goodney, 1979; Dudley
et al., 1980, 1986; Paull and Balch, 1994). Cocco-
lithophores grown in culture exhibit species-spe-
ci¢c, non-equilibrium, temperature-dependent
N
18O fractionation (Dudley et al., 1980, 1986),
suggesting a possible species control on bulk poly-
speci¢c ¢ne-fraction N

18O variability. Downcore
measurement of foraminiferal and ¢ne-fraction
carbonate isotopes have further aided understand-
ing of isotope disequilibrium in coccolithophorids
and their paleoceanographic implications. Mar-
golis et al. (1975) pioneered the potential use of
calcareous nannofossil isotopic compositions by
comparing Cenozoic trends in bulk ¢ne-fraction
(6 44 Wm) and planktic foraminiferal stable iso-
topes. Later comparative studies of planktic cal-
careous microfossils have shown that nannofossil
N
18O values vary in parallel to those of planktic
foraminifers but with slightly higher amplitudes
during Quaternary glacial^interglacial cycles (An-
derson and Steinmetz, 1981; Paull and Thierstein,
1990). Dudley and Nelson (1988, 1989) considered
the nannofossil^benthic foraminiferal N13C di¡er-
ence as a paleoproductivity indicator. They found
a good positive correlation between the N

13C gra-
dient and nannofossil N18O values, which is inter-
preted as resulting from increased productivity
during glacial stages.

Despite its analytical advantages, however, the

bulk ¢ne-fraction isotope approach could be com-
plicated by various factors, such as species-speci¢c
isotopic non-equilibrium fractionation on analysis
of polyspeci¢c nannofossil assemblages (Dudley et
al., 1980, 1986; Paull and Thierstein, 1987), con-
tributions of non-coccolith carbonate particles in
the ¢ne-fraction, and diagenetic overprints (Mead
et al., 1991). Indeed, discrepancies in isotopic
trends and variability between surface-dwelling
planktic foraminifera and ¢ne-fraction carbonate
have been reported from various locations and
sediment ages (Paull and Thierstein, 1990; Mead
et al., 1991; Shackleton and Hall, 1997), and
hence the utility of ¢ne-fraction carbonate stable
isotopes as a paleoceanographic indicator is
rather uncertain (Paull and Thierstein, 1987,
1990; Shackleton and Hall, 1997).

The objective of this study is to pursue the po-
tential of ¢ne-fraction stable isotopes as indicators
of shallow mixed-layer paleohydrography for the
Miocene. In order to investigate origins of possi-
ble isotopic discrepancies among calcareous mi-
crofossil taxa, we measured N

13C and N
18O of

bulk ¢ne-fraction (6 63 Wm) carbonates in Mio-
cene pelagic sediments from Deep Sea Drilling
Project (DSDP) Sites 588 (South Paci¢c), 516
(South Atlantic), and 608 (North Atlantic), and
compared them with those from surface- and
deep-dwelling planktic foraminifera in the same
samples and from benthic foraminifera gleaned
from the literature.

2. Materials and methods

Geographic locations and information on the
deep-sea sites studied are presented in Fig. 1
and Table 1. These sites are located within oligo-
trophic oceanographic settings in order to mini-
mize the potential e¡ect of growth rate on cocco-
lithophorid isotopic disequilibrium (Goodney et
al., 1980). The modern annual mean surface-water
nitrate concentrations at Sites 516 and 588 in the
subtropical gyre are V0.5 Wmol/l (Conkright et
al., 1994). Site 608 is presently situated under
the northern margin of the subtropical gyre, and
the annual mean surface nitrate concentration at
the site is V2 Wmol/l (Conkright et al., 1994).
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During the Miocene, the three deep-sea sites used
in this study are considered to have been situated
in similar hydrographic conditions to the present.
For instance, Site 588, presently located at 26.6‡S,
moved northward from ca. 32.5‡S beginning at
about 16.2 Ma (Wright et al., 1992), within a
presumed subtropical oligotrophic regime. Simi-
larly, Site 516 has been situated in the subtropical
oligotrophic water at ca. 30‡S since the early Mio-
cene. Site 608 in the temperate North Atlantic was
at ca. 43‡N during the Miocene, slightly north of
the present latitude of 42.5‡N (Wright et al.,
1992), and the prevailing surface water properties
in the Miocene were probably similar to those at
present.

Sediment samples from DSDP Sites 516, 588,
and 608 analyzed in this study were initially
studied by Pagani et al. (1999, 2000), who mea-
sured diunsaturated alkenone and planktic fora-
miniferal stable isotopes. After the extraction of
soluble organic materials from the bulk sediment
sample (Pagani et al., 1999, 2000), the sediment
was washed under distilled-deionized water, soni-
cated, and sieved on a 63 Wm screen. The 6 63
Wm fraction was collected and suspended in a
beaker with distilled-deionized water, and then
oven-dried at 50‡C. Stable isotopic compositions
of bulk ¢ne-fraction (6 63-Wm) carbonates were
measured using a Finnigan MAT 252 mass spec-
trometer with a common acid bath carbonate de-

Fig. 1. A map showing locations of DSDP Sites 516, 588, and 608 investigated for ¢ne-fraction isotopes in this study. Also indi-
cated as black dot is a time-series hydrostation o¡ Bermuda from which data are used to generate Fig. 11.

Table 1
Geographic information on DSDP sites concerned in this study

Site Latitude Longitude Ocean basin location Present water
depth

Isotope data source Age
model

(m) SPF DPF BF

516 30‡16PS 35‡17PW South Atlantic, Rio Grande Rise 1313 1 1 4, 5 1
588 26‡06PS 161‡13PE South Paci¢c, Lord Howe Rise 1533 2 3 6 2
608 42‡50PN 23‡05PW North Atlantic, King’s Trough 3526 2 3 7, 8 2

Sources of planktic foraminiferal isotope data and age models applied in this paper are: (1) Pagani et al. (2000); (2) Pagani et
al. (1999); (3) Pagani (1998); (4) Woodru¡ and Savin (1989); (5) Norris et al. (1994); (6) Kennett (1985); (7) Wright et al.
(1991); (8) Wright et al. (1992). SPF: surface-dwelling planktic foraminifera (Globigerinoides) ; DPF: deep-dwelling planktic fora-
minifera (Globoquadrina dehiscens) ; BF: benthic foraminifera (Cibicidoides).
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vice in the Penn State Stable Isotope Biogeochem-
istry Lab. Each sample was reacted with 100%
anhydrous phosphoric acid at 90‡C. Carbon and
oxygen isotopic values are reported in per mil
(x) notation relative to the Vienna Peedee Be-
lemnite (VPDB) standard. Analytical precision for
N
13C and N

18O values is 0.05x and 0.08x, re-
spectively, and was monitored through multiple
analyses of the NBS-19 standard.

All surface-dwelling (Globigerinoides quadrilo-

batus, Globigerinoides primordius, and Globigeri-
noides spp.) and deep-dwelling (Globoquadrina de-
hiscens) planktic foraminiferal isotopic data
discussed in this paper are derived from Pagani
(1998) and Pagani et al. (1999, 2000). Sources of
benthic foraminiferal (Cibicidoides spp.) isotope
data from the literature are listed in Table 1.
Age models for DSDP Sites 516, 588, and 608
applied in this study are those developed by Pa-
gani et al. (1999, 2000) based on available Mio-

Fig. 2. SEM photomicrographs of ¢ne-fraction (6 63 Wm) sediments from (A) Core 588A-3-4, 14^19 cm (255.27 mbsf) and (B)
Core 608-40-2, 78^84 cm (370.01 mbsf). Scale bars represent 5 Wm and 2 Wm for A and B, respectively. These images primarily
show coccolith plates and fragments of coccolith elements. Preservation of coccolith calcites is good, and diagenetic secondary
calcite is rare.
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cene magnetobiostratigraphy calibrated to the
geomagnetic polarity timescale of Cande and
Kent (1992, 1995) and Berggren et al. (1995).

3. Preservation and composition of ¢ne-fraction

One prerequisite in using ¢ne-fraction stable
isotopes as an indicator for shallow mixed-layer
paleohydrography is that contamination by non-
coccolith carbonate particles that may mask the
primary nannofossil isotope signals, such as frag-
ments and juvenile shells of foraminifers and dia-
genetically precipitated calcite, is minimal. In or-

der to assess the composition of ¢ne-fraction
particles (6 63 Wm), we have examined smear
slides from a suite of samples under a polarizing
microscope. To evaluate the degree of preserva-
tion of coccoliths, selected samples were inspected
using a scanning electron microscope (SEM).

Smear slide observations indicate that the ¢ne-
fraction calcareous particles in the samples from
Sites 516, 588, and 608 are almost exclusively
composed of nannofossils, with less than V5%
contribution of juvenile foraminiferal shells and
other calcareous bioclastic fragments. Siliceous
microfossils such as sponge spicules and diatoms
occur sparsely. Typical SEM photomicrographs

Fig. 3. Carbon (A) and oxygen (B) stable isotope records of ¢ne-fraction carbonates from DSDP Sites 516, 588, and 608. ‘CM’
notations indicate benthic foraminiferal carbon isotope events of Woodru¡ and Savin (1991). O/M-CM: Oligocene/Miocene car-
bon isotope maximum; MCIE: Monterey carbon isotope excursion; MMCO: middle Miocene climatic optimum; EAIS: East
Antarctic ice sheet event.
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(Fig. 2) show that nannofossil calcites from Sites
516, 588, and 608 are moderately to well pre-
served, and no signi¢cant secondary calcite over-
growth is observed. Fragments and juvenile shells
of foraminifers occur only rarely on each SEM
sample stage, indicating that separation of bulk
samples using a 63 Wm screen adequately isolates
foraminiferal shells from the ¢ne-fraction compo-
nent in these samples. We estimate that the e¡ect
of remaining calcite other than nannofossils in the
¢ne-fraction component is negligible. Mass bal-
ance calculations show that a 5% contamination
of carbonates (i.e., foraminiferal fragments, sec-

ondary calcites), whose isotope value di¡ers
from that of nannofossils by 1x, in the ¢ne-frac-
tion component would o¡set the primary bulk
nannofossil isotopic value by 0.05x, which is
within analytical error.

In conclusion, smear slide and SEM observa-
tions of ¢ne-fraction samples indicate that the
contribution of calcite other than calcareous nan-
nofossils is minimal and that preservation is ad-
equate such that the bulk ¢ne-fraction carbonate
component is reasonably interpreted as a record
of the primary isotopic signals of polyspeci¢c cal-
careous nannofossils.

Fig. 4. Carbon (A) and oxygen (B) stable isotopes of ¢ne-fraction (FF) carbonate (¢lled circles), surface-dwelling planktic fora-
minifer (SPF) Globigerinoides, deep-dwelling planktic foraminifer (DPF) Globoquadrina dehiscens, and benthic foraminifer (BF)
Cibicidoides from DSDP Site 588. See Table 1 for sources of published foraminiferal isotope data. ‘Mi’ labels denote benthic fo-
raminiferal oxygen isotopic events (Miller et al., 1991). See the caption of Fig. 3 for other abbreviations.
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4. Results

4.1. Fine-fraction carbon isotopes

The ¢ne-fraction N
13C records from DSDP Sites

588, 608, and 516 from the Atlantic and Paci¢c
Oceans resemble one another in terms of the over-
all (s 1 m.y.) trends during the Miocene (Fig.
3A). This suggests that the N

13C of dissolved in-
organic carbon (DIC) in surface waters in which
coccolithophores calcify was relatively uniform
over the world oceans through the Miocene, at
least in oligotrophic regions represented by these
sites. In general, N

13C becomes more enriched
near the Oligocene/Miocene boundary (‘O/M-

CM’ in Fig. 3) and during an interval between
ca. 17 and 13 Ma (‘MCIE’ in Fig. 3). Relatively
depleted N

13C values occur at intervening times at
these sites. The latter positive carbon isotopic ex-
cursion is well documented from benthic and
planktic foraminifera worldwide and is often re-
ferred to as the ‘Monterey carbon isotope excur-
sion (MCIE)’ event (Vincent and Berger, 1985).
The MCIE recognized in benthic foraminiferal re-
cords actually consists of a series of carbon max-
ima (CM) events (Woodru¡ and Savin, 1991),
which are generally used as a tool for stratigraph-
ic correlation. Of these, CM3 and CM6, the two
most prominent ‘CM’ events of Woodru¡ and
Savin (1991), can be unambiguously recognized

Fig. 5. Di¡erences in carbon (A) and oxygen (B) isotopic values between foraminiferal species and ¢ne-fraction carbonate at Site
588. Isotopic data from Fig. 4 are smoothed and resampled in 0.2 m.y. intervals to calculate the di¡erences. See the captions of
Figs. 3 and 4 for other abbreviations.
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in ¢ne-fraction carbon isotopes from our records
(Fig. 3A). Following the MCIE, ¢ne-fraction N

13C
decreases and the most depleted N

13C values of
the Miocene occur near 9.6 Ma at both the North
Atlantic Site 608 and South Paci¢c Site 588.

4.2. Fine-fraction oxygen isotopes

Trends in the oxygen isotopic compositions of
¢ne-fraction carbonate are also reasonably consis-
tent from site to site for the Miocene (Fig. 3B).
Unlike the N

13C pro¢les, however, distinct o¡sets
exist between sites. Generally, N18O values at Site
588 (26‡06PS) in the Paci¢c are more depleted

than those at Sites 516 (30‡16PS) and 608
(42‡50PN) in the Atlantic. This site to site N

18O
o¡set is probably due to di¡erence in the (paleo-)
latitudes and thus temperature of the shallow
mixed layer in which coccolithophores calci¢ed,
and to the fact that Site 588 lies in the southern
margin of the western Paci¢c warm pool.

In general, the ¢ne-fraction N
18O records exhib-

it relatively constant or slightly decreasing trends
with an amplitude of V0.5x during the early
Miocene (Fig. 3B). The most depleted ¢ne-frac-
tion N

18O values in the entire Miocene occur be-
tween ca. 17 and 14.5 Ma. This negative N

18O
excursion has been demonstrated in benthic fora-

Fig. 6. Carbon (A) and oxygen (B) stable isotopes of ¢ne-fraction (FF) carbonate, surface-dwelling planktic foraminifera (SPF),
deep-dwelling planktic foraminifera (DPF), and benthic foraminifera (BF) from DSDP Site 608. See Table 1 for sources of pub-
lished foraminiferal isotope data and the caption of Fig. 3 for other abbreviations.
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miniferal oxygen isotope records for the world
ocean, and is considered to indicate the warmest
episode of the entire Neogene (Woodru¡ and Sa-
vin, 1989; Flower and Kennett, 1995), hereafter
referred to as the middle Miocene ‘climatic opti-
mum’ (MMCO). The MMCO negative N

18O ex-
cursion in ¢ne-fraction is followed by an increase
of ca. V0.9x between ca. 14.5 and 12.8 Ma at
Sites 588 and 608 (Fig. 3B). This positive N

18O
shift is also well known from benthic foraminifer-
al records, and has been interpreted as represent-
ing the ice-volume signal accompanying major ex-
pansion of East Antarctic ice sheet (EAIS) and
some component of global cooling as well
(Shackleton and Kennett, 1975; Kennett, 1977,
1985).

4.3. Comparison of ¢ne-fraction and foraminiferal
N
13C records

Isotopic records of surface- and deep-dwelling
planktic and benthic foraminifera from the liter-
ature (see Table 1 for sources) are plotted along
with ¢ne-fraction data for Sites 588, 608, and 516
in Figs. 4, 6, and 8, respectively. Distinct o¡sets in
isotopic values between ¢ne-fraction and forami-
nifera generally support the conclusions of micro-
scopic examination that exclude the possibility of
contamination of foraminiferal fragments in the
¢ne-fraction component. Di¡erences between fo-
raminifera and ¢ne-fraction isotopes (vNforam�FF)
are plotted for Sites 588 (Fig. 5) and 608 (Fig. 7).

Fine-fraction N
13C values are, on average, de-

Fig. 7. Di¡erences in carbon (A) and oxygen (B) isotopic values between foraminiferal species and ¢ne-fraction carbonate at Site
608. Isotopic data from Fig. 6 are smoothed and resampled in 0.2 m.y. intervals to calculate the di¡erences. See the captions of
Figs. 3 and 4 for other abbreviations.
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pleted with respect to the corresponding surface-
dwelling planktic foraminifer Globigerinoides
throughout the Miocene for all sites studied
(Figs. 4A, 6A, and 8A). The magnitude of this
o¡set (vN13CSPF�FF) ranges from 0x to
V1.5x (Figs. 5A and 7A). In contrast, deep-
dwelling planktic foraminiferal (Globoquadrina de-
hiscens) N13C values are very similar to or slightly
depleted relative to the coexisting ¢ne-fraction
N
13C. The di¡erence between G. dehiscens and
¢ne-fraction N

13C (vN13CDPF�FF) remains within
V0.6x throughout the Miocene (Figs. 5A and
7A). It appears that the long-term trend in ¢ne-
fraction N

13C is more similar to deep-dwelling
G. dehiscens than to surface-dwelling Globigeri-
noides at all sites studied. Correlation coe⁄cients
between ¢ne-fraction and planktic foraminiferal
N
13C are better for G. dehiscens than Globigeri-
noides (see Table 2 for the least square correlation
coe⁄cients between ¢ne-fraction and foraminifer-
al isotopes). Furthermore, ¢ne-fraction N

13C cor-
relates even better with benthic foraminifera than
with surface-dwelling planktic foraminifera (Table
2).

Across the Oligocene/Miocene boundary, the
¢ne-fraction N

13C values converge with Globigeri-
noides at all sites studied (Figs. 4A, 6A, and 8A).
Following this carbon isotope maximum (O/M-
CM), the trend of ¢ne-fraction N

13C diverges
from Globigerinoides and approaches that of rela-
tively depleted Globoquadrina dehiscens through
the early Miocene, with the di¡erences between

the two planktic foraminiferal N
13C curves re-

maining relatively constant for the rest of Mio-
cene (Figs. 5A and 7A). During the MCIE event,
the di¡erences between N

13C of ¢ne-fraction and
benthic foraminifera (vN13CBF�FF) and G. dehis-
cens (vN13CDPF�FF) approach zero (Figs. 5A and
7A). The MCIE is generally characterized by the
most enriched N

13C values of the entire Miocene
for planktic and benthic foraminifera (Vincent
and Berger, 1985), whereas the O/M-CM is char-
acterized by greater ¢ne-fraction 13C enrichment
than that in the MCIE at all sites studied. Follow-
ing CM6 of the MCIE, ¢ne-fraction N

13C exhibits
a decreasing trend that roughly parallels that of
coexisting G. dehiscens into the late Miocene. The
most depleted ¢ne-fraction N

13C values of ca.
0.7x, at ca. 9.6 Ma, converge with benthic fora-
miniferal N13C values (Figs. 5A and 7A).

4.4. Comparison of ¢ne-fraction and foraminiferal
N
18O records

The long-term (s 1 m.y.) trend in ¢ne-fraction
N
18O records is similar to those of benthic and
deep-dwelling planktic foraminifera with o¡sets
persisting over the entire Miocene. In general,
¢ne-fraction N

18O values are more enriched than
the coexisting surface- and deep-dwelling planktic
foraminifera at all sites studied (Figs. 4B, 6B, and
8B). The magnitude of N

18O enrichment during
the EAIS expansion event for ¢ne-fraction and
Globoquadrina dehiscens is similar but slightly

Table 2
Correlation coe⁄cients (r2) between ¢ne-fraction and foraminiferal isotopes

Site 516 Site 588 Site 608

N
18O N

13C N
18O N

13C N
18O N

13C

SPF 0.03 0.06 0.03 0.36 0.17 0.27
n=59 n=76 n=85

DPF 0.47 0.08 0.34 0.67 0.74 0.44
n=45 n=47 n=74

BF 0.65 0.14 0.60 0.58 0.75 0.28
n=17 n=59 n=74

Correlation analyses for surface- and deep-dwelling planktic foraminifera (SPF and DPF) are performed using coexisting speci-
mens and ¢ne-fraction from the same sample. Analyses between ¢ne-fraction and benthic foraminifera (BF) are based on
smoothed and resampled data. Age of smoothed data analyzed for site 516 is 14.8^18.0 Ma. Isotopic data between 20.6 and
23.6 Ma for Site 588 and 22.6 and 23.6 Ma for Site 608 are not considered due to lack of available measurements for these inter-
vals.
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smaller than that for benthic foraminifera. It ap-
pears that, particularly at the low-latitude Site
588, the magnitude of the EAIS N

18O increase
for Globigerinoides is smaller than for other fora-
miniferal taxa and the ¢ne-fraction. This tendency
is apparent in the o¡set between Globigerinoi-
des and ¢ne-fraction (vN18OSPF�FF) in that this
di¡erence becomes larger after the EAIS event
in the late middle Miocene whereas the di¡eren-
ces between G. dehiscens and ¢ne-fraction
(vN18ODPF�FF) stay relatively constant throughout
the Miocene (Figs. 5B and 7B). Correlation coef-
¢cients between ¢ne-fraction and planktic forami-
niferal isotopic compositions indicate that the
¢ne-fraction N

18O variability corresponds more
closely to that of deep-dwelling G. dehiscens
than to the near-surface species Globigerinoides
(Table 2).

The N
18O of the benthic foraminifer Cibici-

doides at Site 588 is more enriched than ¢ne-frac-
tion N

18O (Figs. 4B), whereas at Sites 608 and 516
they overlap for most of the Miocene (Figs. 6B

and 8B). The correlation coe⁄cients between ¢ne-
fraction and Cibicidoides N

18O indicate good cor-
respondence as compared to those between ¢ne-
fraction and planktic foraminifera (Table 2). The
rapid increase in ¢ne-fraction and benthic forami-
niferal N

18O at Site 516 starting at ca. 15.5 Ma
(Fig. 8B) may be due to poor age constraints
for the early middle Miocene at this site (Pagani
et al., 2000).

5. Factors causing isotopic discrepancies between
coccolithophorid and foraminiferal shells

Coccolithophorids are haptophyte algae that
occur in tropical to temperate, and less commonly
in subpolar, open oceanographic settings, and
constitute important calcite-secreting taxa respon-
sible for carbonate export production. Because
the coccolithophore production occurs within
the photic zone (Okada and Honjo, 1973), the
stable isotopic values of coccolith carbonate are

Fig. 8. Carbon (A) and oxygen (B) stable isotopes of ¢ne-fraction (FF) carbonate, surface-dwelling planktic foraminifera (SPF),
deep-dwelling planktic foraminifera (DPF), and benthic foraminifera (BF) from DSDP Site 516. See Table 1 for sources of pub-
lished foraminiferal isotope data and the caption of Fig. 3 for other abbreviations.
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considered to re£ect shallow, mixed-layer hydrog-
raphy. Therefore, the ¢ne-fraction carbonate com-
ponent of deep-sea sediments, primarily com-
posed of nannofossils, is expected to exhibit
isotopic compositions similar to those of sur-
face-dwelling planktic foraminifera, in considera-
tion of the assumed similar shallow mixed-layer
habitat of these two planktic taxa.

However, the overall trends of ¢ne-fraction and
corresponding surface-dwelling planktic forami-
niferal isotope pro¢les presented in this study
are at odds with this standard interpretation.
Fine-fraction N

13C values are clearly more 13C-de-
pleted than surface-dwelling planktic foraminif-
era, and converge with those of benthic forami-
nifera at times. Furthermore, ¢ne-fraction N

18O is
more 18O-enriched than deep-dwelling planktic
foraminifera and even overlaps benthic foraminif-
eral N18O values. A similar relationship between
¢ne-fraction (6 63 Wm) and Globigerinoides iso-
topic trends for the Miocene is reported from
Site 926 on the Ceara Rise, western equatorial
Atlantic (Shackleton and Hall, 1997). Taken at
face value, these isotopic results would imply
that coccoliths were produced in the cooler ther-
mocline well below the mixed layer, and that sup-
pression of primary productivity, i.e., collapse of
the surface (¢ne-fraction) to deep (benthic forami-
niferal) N

13C gradient (e.g., Zachos et al., 1989;
D’Hondt et al., 1998), occurred in some intervals
during the Miocene. This interpretation seems un-
likely in light of our understanding of the depth
habitat of calcareous nannoplankters in the mod-
ern oceans. Because we can eliminate the possibil-
ity of diagenetic alteration and contamination of
non-coccolith calcite in the ¢ne-fraction compo-
nent, other factors are needed to explain the iso-
topic discrepancies found in this study.

5.1. Vital e¡ects

One of the candidate explanations for this dis-
crepancy in relative isotopic di¡erences is a ‘vital
e¡ect’ ^ e.g., non-equilibrium isotopic fractiona-
tion induced by physiologic factors. Vital e¡ects
of carbon and oxygen isotopes on biogenic calcite
deposition have been investigated for various ma-
rine organisms (Wefer and Berger, 1991). Species-

speci¢c isotope disequilibrium has been recog-
nized for planktic foraminifera (e.g., Spero and
Lea, 1996; Bemis et al., 2000), but only a few
experiments have been performed to document
trends in isotope fractionation for modern calcar-
eous nannoplankters (Dudley et al., 1980, 1986).

5.1.1. Oxygen isotopes
Marine coccolithophores cultured under condi-

tions of constant temperature and growth rate
exhibit species-speci¢c temperature dependence
of N18O during secretion of coccoliths that nearly
parallels the equilibrium precipitation of calcium
carbonate (Dudley et al., 1980, 1986). The cul-
tured species fall into two distinct groups of tem-
perature-dependent N18O disequilibrium ^ isotopi-
cally ‘heavy’ and ‘light’ groups that depart ca.
+1.1x and ca. 33x, respectively, from oxygen
isotopic equilibrium at 15^20‡C (Fig. 9). This

Fig. 9. Comparison of temperature prediction equations
(modi¢ed from Dudley et al., 1986). Nc (x vs. PDB) and Nw

(x vs. SMOW) denote oxygen isotopic compositions of cal-
cite and water, respectively. (1) Calcite ‘equilibrium’ equation
of Craig (1965) derived from molluscan shells. (2) Experi-
mental N

18O equilibrium fractionation relationships between
inorganic calcite and water determined by Kim and O’Neil
(1997) ¢tted to a quadratic equation (Bemis et al., 1998).
(3) Culture experiment of surface-dwelling planktic foramini-
fer Globigerinoides sacculifer (Erez and Luz, 1983). (4) Cul-
ture experiment of oxygen isotopically ‘heavy’ coccolitho-
phorid species (Dudley et al., 1986). (5) Culture experiment
of oxygen isotopically ‘light’ coccolithophorid species (Dud-
ley et al., 1986).
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rather extreme variation indicates the potential
in£uence of nannofossil species composition on
bulk ¢ne-fraction isotopes (Dudley et al., 1986).
The ‘heavy’ N18O group in the Dudley et al. (1986)
experiments consists of Emiliania huxleyi and Ge-
phyrocapsa oceanica, the most abundant cocco-
lithophore species in the modern ocean. Today,
production and export £ux of the ‘light’ N18O coc-
colith species, such as Cricosphaera carterae, Cal-
cidiscus leptoporus, Umbellosphaera hulburtiana,
and Umbellosphaera sibogae (Dudley et al.,
1986), is much smaller than for the ‘heavy’ group
in the subtropical oligotrophic waters (e.g., Reid,
1980; Knappertsbusch and Brummer, 1995;
Broerse et al., 2000; Haidar et al., 2000; Haidar
and Thierstein, 2001).

Since the surface-dwelling planktic foraminifer
Globigerinoides deposits calcite in near equilibri-
um with oxygen isotopic compositions of the am-
bient water (Fig. 9), the ca. +0.9 to +1.8x en-
richment of Miocene ¢ne-fraction N

18O relative to

Globigerinoides in this study (Figs. 5B and 7B)
could suggest that the majority of nannofossils
in the studied sections fall into the ancestral line-
age of ‘heavy’ isotope species and that the contri-
butions from ‘light’ species are not signi¢cant.
Although the nannoplankton species cultured by
Dudley et al. (1980, 1986) evolved after the Mio-
cene, similar oxygen isotopic disequilibria might
have existed in the dominant nannoplankton spe-
cies during Miocene. Since the vN

18OSPF�FF gra-
dient remains s 0.9x throughout the Miocene
(Figs. 5B and 7B), one possibility is that the dom-
inance of the ‘heavy’ coccolith species might have
persisted through the Miocene in oligotrophic
waters.

The overlap of ¢ne-fraction N
18O with the

benthic foraminifer Cibicidoides at Sites 516 and
608 (Figs. 5B and 6B) is likely a result of disequi-
librium e¡ects on N

18O of calcite for both cocco-
liths and Cibicidoides. As described above, 18O
enrichment in ¢ne-fraction carbonate, relative to

Fig. 10. Disequilibrium-corrected oxygen stable isotopes of ¢ne-fraction (FF) carbonate, surface-dwelling planktic foraminifera
(SPF), deep-dwelling planktic foraminifera (DPF), and benthic foraminifera (BF) from Sites 588 (A) and 608 (B), based on iso-
topic records from Figs. 4B and 6B, respectively. Isotopic correction factors applied are shown in Table 3. The e¡ect of local sa-
linity is not considered in deriving the corrected isotopic values. See the caption of Fig. 3 for other abbreviations.
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surface-dwelling planktic foraminifera, may result
from disequilibrium precipitation of coccolith cal-
cite leading to ca. +1.1x enrichment (Fig. 9). On
the other hand, Cibicidoides are considered to
have shell N18O values lower than equilibrium by
ca. 0.64x (Shackleton et al., 1984; Shackleton
and Hall, 1997). Therefore, the adjusted N

18O
(correcting to equilibrium values) for ¢ne-fraction
and Cibicidoides for Sites 516 and 608 would re-
sult in a di¡erence between them of ca. 1.74x.

Fig. 10 shows disequilibrium-corrected ¢ne-
fraction and foraminiferal N18O records for Sites
588 and 608. In order to present ‘equilibrium’
oxygen isotopic values for the ¢ne-fraction and
foraminiferal taxa on a same scale, all isotopic
disequilibrium corrections are made by adjusting
to the equilibrium temperature equation of Kim
and O’Neil (1997) who determined the experimen-
tal N

18O equilibrium fractionation relationships

between inorganic calcite and water. Correction
factors applied to plot Fig. 10 are derived from
arithmetic di¡erences in Nc^Nw (di¡erence in N

18O
between carbonate and water) between the tem-
perature equations of Kim and O’Neil (1997) and
the respective equations at certain temperatures
(Fig. 9; Table 3). For instance, the correction
factor of 30.12x for Globigerinoides at Site
588 (see Table 3) was determined by taking an
arithmetic di¡erence in Nc^Nw between the Erez
and Luz (1983) and Kim and O’Neil (1997) equa-
tions at 24‡C (Fig. 9). Correction factors for ¢ne-
fraction are based on the disequilibrium oxygen
isotopic departure for the ‘heavy’ coccolith group
(Dudley et al., 1986) from the calcite equilibrium
curve. Although the e¡ect of local salinity on iso-
topic disequilibrium is not taken into account,
Fig. 10 depicts the relative di¡erences in the oxy-
gen isotopic compositions of water masses within
which each of the taxa (i.e., coccoliths, foraminif-
era) precipitated calcite. Assuming that we have
made appropriate corrections for disequilibrium
‘vital e¡ects’ with respect to N

18O, there remains
a variable di¡erence between Globigerinoides and
¢ne-fraction at the sites studied (Fig. 10). The dis-
equilibrium-corrected ¢ne-fraction N

18O values re-
main between those for Globigerinoides and ad-
justed Globoquadrina, from which we can infer
that the ¢ne-fraction N

18O records represent prop-
erties of water masses between the surface (Globi-
gerinoides) and thermocline (Globoquadrina).

5.1.2. Carbon isotopes
The physiological e¡ects that in£uence carbon

isotopic partitioning upon coccolith calcite secre-
tion are not well understood because there have
been no attempts to conduct controlled culture
experiments or ¢eld observations to measure
N
13C of coexisting coccolithophores and water-
mass DIC. Analyses of N

13C of ¢ne-fraction and
planktic foraminifers from the same sediment
samples indicate that, in general, ¢ne-fraction
N
13C is depleted relative to the coexisting sur-
face-dwelling planktic foraminifera (e.g., Good-
ney et al., 1980; Shackleton and Hall, 1997; this
study).

This depleted coccolith N
13C could be due in

part to metabolic or kinetic isotopic disequilibri-

Table 3
Correction factors applied to derive the ‘equilibrium’ oxygen
isotopic values

Site 588 Site 608 Ref.

Corr. Temp. Corr. Temp.
(x) (‡C) (x) (‡C)

SPF 30.12 24 30.18 18^19 1
DPF +0.29 15^16 +0.19 11 2a

FF 31.17 20^21 31.10 14^15 3
BF +0.19 3^6 +0.19 3^6 4b

Correction factors applied to plot the disequilibrium-cor-
rected ¢ne-fraction and foraminiferal N

18O pro¢les at Sites
588 and 608 (Fig. 10). Correction factors are calculated
based on arithmetic di¡erences between the Kim and O’Neil
(1997) and respective reference equations. These equations
are (1) Erez and Luz (1983); (2) Ortiz et al. (1996); (3) Dud-
ley et al. (1986); (4) Shackleton (1974). SPF: surface-dwelling
planktic foraminifera (Globigerinoides) ; DPF: deep-dwelling
planktic foraminifer (Globoquadrina) ; BF: benthic foramini-
fer (Cibicidoides) ; FF: ¢ne-fraction carbonate.

a The correction factor of +0.4x given by Ortiz et al.
(1996) was adjusted to the Kim and O’Neil (1997) equation
from the Epstein et al. (1953) ‘equilibrium’ equation from
which Ortiz et al. (1996) derived the value.

b The widely used correction factor of +0.64x for Cibici-
doides (i.e., Shackleton and Hall, 1997) was corrected based
on di¡erences in Nc^Nw between the Kim and O’Neil (1997)
and Shackleton (1974) equations. Shackleton (1974) pre-
sented the ‘equilibrium’ equation for a benthic foraminiferal
genus Uvigerina.
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um fractionation. As recognized in other calcium
carbonate-secreting marine organisms (McCon-
naughey, 1989; Wefer and Berger, 1991; McCon-
naughey et al., 1997; Heikoop et al., 2000), incor-
poration of 13C-depleted respiratory carbon in the
coccolithophorid intracellular £uid pool would re-
sult in precipitation of 13C-depleted coccolith cal-
cites (Goodney et al., 1980; Paull and Thierstein,
1987). Paull and Thierstein (1987) separated Qua-
ternary ¢ne-fraction (6 38 Wm) sediment into
smaller subfractions from the same core sample
and measured N

13C and N
18O for each grain size

(dominated by a speci¢c taxonomic composition),
and recognized size (or species)-speci¢c isotope
values and a linear relationship between N

13C
and N

18O of individual splits. They suggested
that the bulk ¢ne-fraction stable isotopic values
are a¡ected by £oral compositional variations,
and that the linear correlation between N

13C and
N
18O is explained by increasing incorporation of
respiratory carbon with increasing ambient water
temperature.

Photosynthetic carbon isotope determination
for organic compounds is in£uenced by various
factors, such as growth rate, CO2 concentration,
and cell geometry (Hinga et al., 1994; Bidigare et
al., 1997, 1999; Rau et al., 1997; Popp et al.,
1998). In particular, organic compounds pro-
duced by haptophyte algae in photosynthetic- or
growth rate-limited environments (i.e., nutrient-
depleted) tend to yield relatively depleted carbon
isotopic values (Bidigare et al., 1997; Eek et al.,
1999). Calci¢cation rate could also in£uence ex-
tent of disequilibrium isotope fractionation
(McConnaughey et al., 1997). However, one
would expect a positive relationship between
¢ne-fraction N

13C and N
18O, which is not observed

in this study.
Potential species-speci¢c N

13C disequilibrium
precipitation during coccolith secretion can be as-
sessed by comparing nannofossil £oral assemblag-
es and ¢ne-fraction isotopic compositions from
the same samples. However, a quantitative analy-
sis of Miocene nannofossil assemblages has not
been performed for this study. At Site 608, minor
changes in nannofossil assemblage (relative abun-
dance of selected species) occur near magneto-
chron C4/C4A (ca. 8.7 Ma) and C5/C5A (ca.

11.9 Ma) boundaries (Gartner, 1992). However,
these £oral changes are not accompanied by
changes in the ¢ne-fraction isotopic records (Fig.
6), implying that the dominant coccolith assem-
blage yielded a similar relative isotopic o¡set from
equilibrium throughout the Miocene at this site.

5.2. Depth habitat

The other factors that contribute to the appar-
ent discrepancy in isotopic trends between nanno-
fossil and planktic foraminifera are the properties
of the water in which plankton skeletal carbonate
was precipitated ^ i.e., di¡erences in depth habitat
and growth season. These latter two factors are a
matter of interest for the studies of UK0

37 paleother-
mometry that utilize concentrations of alkenone
compounds biosynthesized by haptophyte algae,
primarily of coccolithophorid species Emiliania
huxleyi and Gephyrocapsa oceanica in the modern
oceans (e.g., Volkman, 2000).

5.2.1. Coccolithophores
The water depth of coccolithophore growth is

limited to within the photic zone (the upper V150
m of the water column), and the depth of max-
imum production varies with latitude (Honjo,
1976; Okada and Honjo, 1973). Sediment trap
and ¢ltration experiments in the North Atlantic
spanning subtropical to temperate latitudes indi-
cate that the majority of coccolithophore settling
occurs in the upper V60 m of the water column,
centered at around 10^40 m (Knappertsbusch and
Brummer, 1995; Haidar et al., 2000; Haidar and
Thierstein, 2001). At a time-series £ux study site
near Bermuda in the oligotrophic Sargasso Sea
(Fig. 1), the depth of primary production, based
on in situ 14C incubations, is centered in the upper
V40 m of the water column (Michaels and Knap,
1996; Steinberg et al., 2001) that coincides with
the peaks in coccolithophore concentration in
terms of depth and phase (Haidar et al., 2000;
Haidar and Thierstein, 2001). Another time-series
£ux study site near Hawaii, also situated in a
subtropical oligotrophic setting, shows that the
production of the dominant coccolith species Emi-
liania huxleyi occurs between ca. 40 and 100 m
below sea surface, centered at 50^75 m in the
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mid-to-upper photic zone (Corte¤s et al., 2001).
These works suggest that the bulk of the coccolith
assemblage accumulating on the sea £oor repre-
sents isotopic signals of the shallow mixed layer
or upper photic zone.

In contrast, the depth range of haptophyte algal
production, inferred from alkenone unsaturation
index (UK0

37 ) and experimental UK0

37^temperature
calibrations, using materials from core-top sedi-
ments and sediment traps, exhibits deeper subsur-
face or lower photic zone habitat (Prahl et al.,
1993; Ohkouchi et al., 1999). Particularly, Oh-
kouchi et al. (1999) suggested that alkenones,
and thus their source phytoplankton Emiliania
huxleyi, are produced in the cooler thermocline
waters (i.e., s 100 m) in the oligotrophic mid-lat-
itude North Paci¢c. Their inference regarding
depth of the alkenone production does not agree
with the long-term time-series observations in the
subtropical oligotrophic settings near Bermuda
(Haidar et al., 2000; Haidar and Thierstein,
2001) and Hawaii (Corte¤s et al., 2001), where
E. huxleyi production occurs in the upper photic
zone in the mixed layer.

Of several possible factors, we consider the fol-
lowing two sources of uncertainty responsible for
the lower estimates of UK0

37 -based temperatures in
mid-latitudes by Ohkouchi et al. (1999). First, the
application of an UK0

37^temperature calibration of
Prahl et al. (1988) may not be appropriate. Pre-
vious workers have pointed to the e¡ect of region-
ality, species, and strains within a species on UK0

37^
temperature calibrations (e.g., Mu«ller et al., 1998;
Volkman, 2000; Herbert, 2001). Ohkouchi et al.
(1999) noted that the application of the Prahl et
al. (1988) calibration, which uses Emiliania hux-
leyi from the northeast Paci¢c, is appropriate for
their Paci¢c sediment samples. However, another
culture experiment of E. huxleyi derived from the
southeast and northeast Paci¢c (Sawada et al.,
1996) yields a UK0

37^temperature calibration that
is o¡set from the Prahl et al. (1988) calibration
by ca. +5‡C at UK0

37 = 0.6. If this calibration is
applied to the UK0

37 data of Ohkouchi et al.
(1999), the resulting temperature estimates would
be in good agreement with the Levitus and Boyer
(1994) temperature pro¢le for the mid-latitude
North Paci¢c, but not applicable for high lati-

tudes (i.e., low UK0

37 values). Second, although Oh-
kouchi et al. (1999) asserted that their samples
were Holocene in age, core-top samples of slowly
deposited pelagic red clay from the mid-latitude
oligotrophic region they analyzed may contain
material from the last glacial. The sedimentation
rate of red clay in the abyssal mid-latitudes is very
low at 6 1.5 mm/kyr (Goldberg and Koide, 1962;
Opdyke and Foster, 1970). This suggests that the
upper 2^4 cm of the core-top sediments analyzed
by Ohkouchi et al. (1999) could well contain pre-
Holocene materials, and hence the mid-latitude
UK0

37 temperature estimates could be biased to
cooler temperatures.

5.2.2. Planktic foraminifera
The planktic foraminifer Globigerinoides is re-

garded as a surface-water dweller and its isotopic
composition has been commonly used for recon-
struction of Neogene sea-surface temperatures
(SSTs). Multi-speci¢c oxygen and carbon isotopic
comparisons of living (Erez and Honjo, 1981;
Curry et al., 1983; Ravelo and Fairbanks, 1992)
and fossil (Keller, 1985; Savin et al., 1985; Gas-
peri and Kennett, 1992, 1993; Pearson and
Shackleton, 1995) planktic foraminifera indicate
the shallowest depth-ranking for Globigerinoides
species. Plankton tows in the tropical Atlantic in-
tercept the majority of Globigerinoides ruber and
pre-gametogenic Globigerinoides sacculifer at 20^
40 m, indicating their shallow mixed-layer habitat
(Ravelo and Fairbanks, 1992). Furthermore,
Deuser (1986, 1987) suggested that, based on sea-
sonal variation in shallow-water temperatures and
N
18O of deep sediment trap-collected G. ruber in
the Sargasso Sea, G. ruber calci¢es in the upper
25 m of the water column.

These experiments illustrate that the depth hab-
itat for the surface-dwelling planktic foraminifer
Globigerinoides is very close to that of nanno-
plankters within the upper photic layer. This sim-
ilar depth habitat implies that the depth of calci-
¢cation is not a major factor accounting for the
isotopic o¡set and discrepancies between ¢ne-
fraction and Globigerinoides. However, the surface
waters are subject to seasonal £uctuations associ-
ated with development of seasonal thermocline
and vertical mixing, and thus surface-water prop-
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erties (e.g., nutrient contents and temperatures)
vary annually. Therefore, despite the same depth
of calci¢cation, the two surface-dwelling plankton
taxa coccolithophorids and Globigerinoides may
exhibit di¡erent chemical signals re£ecting a par-
ticular season of growth.

5.3. Time of calci¢cation

Oxygen isotope-based estimates of paleo-SST
are generally derived from measurement of a sin-
gle surface-dwelling planktic foraminiferal species.
Seasonal variations in the £ux abundance of indi-
vidual species have been recognized (e.g., Be¤,
1960; Tolderlund and Be¤, 1971; Sautter and Thu-
nell, 1991), implying that the species of interest
may record isotopic values that re£ect the hydro-
graphic conditions (i.e., intensity of upwelling, de-
velopment of seasonal thermocline) of a particular
season in which the shell precipitated (Deuser et
al., 1981; Williams et al., 1981; Deuser, 1987;
Deuser and Ross, 1989). In this sense, multi-spe-
ci¢c (or taxa) downcore analyses of plankton iso-
topes from the same sediment samples may eluci-
date the history of surface-water hydrography for
di¡erent seasons, or annual hydrologic events.
This, in turn, may partly account for the isotopic

di¡erences between nannofossils and surface-
dwelling planktic foraminifera, and it is impor-
tant, therefore, to consider the optimal season
for calci¢cation in various plankton groups.

Coccolithophore production occurs nearly year-
round in the tropics to subpolar regions, but it is
punctuated by strong seasonal £uctuations due to
changing availability of nutrients associated with
seasonal upwelling and/or deep mixing of surface
waters. In general, the coccolithophore cell den-
sity is highest in early spring when the seasonal

Fig. 11. Annual composite of various hydrographic and £ux
parameters at the Bermuda Atlantic time-series study site in
the Sargasso Sea (Fig. 1). Shaded area indicates vertical-mix-
ing (spring bloom) period. (A) Mixed-layer temperature
smoothed over the 1991^1994 period (Gruber et al., 1998).
(B) Carbon isotopic compositions of DIC at 10 m smoothed
over the 1991^1994 period (Gruber et al., 1998) and nitrate
concentration at 20 m smoothed over 1992^1998 (Ono et al.,
2001). Early spring (shaded area) N

13CDIC is generally de-
pleted due to entrainment of nutrient-rich subsurface water
mass. Coccolithophores precipitated during this period are
relatively enriched in 18O and depleted in 13C. (C) Depth-in-
tegrated (0^200 m) coccolithophore standing stock averaged
over 1991^1994 (Haidar et al., 2000). Solid line is total coc-
colithophores, dashed line is Emiliania huxleyi, and dotted
line is percent content of E. huxleyi over the total coccolitho-
phore concentration. (D) Flux of planktic foraminifera inter-
cepted by a sediment trap moored at 3200 m averaged be-
tween 1978 and 1984 (Deuser, 1987; Deuser and Ross,
1989). Solid line is a sum of surface-dwelling Globigerinoides
species including G. sacculifer, G. conglobatus, and G. ruber
(white and pink). Dashed line is the G. sacculifer £ux only.
Dotted line is the Globigerina bulloides £ux.

MARMIC 888 21-10-02

A. Ennyu et al. /Marine Micropaleontology 46 (2002) 317^342 333



thermocline is weakly developed and the upper
water column is relatively cool and rich in nu-
trients, particularly in the oligotrophic subtropical
gyral regions (Haidar et al., 2000; Corte¤s et al.,
2001; Haidar and Thierstein, 2001). Long-term
time-series £ux experiment data provide insights
for interpreting the chemical compositions of
plankton shells extracted from sediments based
on the presumed seasonal factor in plankton pro-
duction.

5.3.1. Seasonal hydrologic and £ux variations in
the Sargasso Sea

At a hydrostation near Bermuda in the oligo-
trophic Sargasso Sea (Fig. 1), SST reaches the
annual minimum in the late winter to early spring
(Fig. 11A) when the mixed layer deepens (Mi-
chaels and Knap, 1996; Steinberg et al., 2001).
During this period, nutrient-rich subsurface
waters are entrained in the surface water mass
and the carbon isotopic composition of DIC
(N13CDIC) in the surface water becomes relatively
depleted (Fig. 11B). Most of the coccolithophore
production, dominated by Emiliania huxleyi, oc-
curs during this period of nutrient enrichment be-
tween January and April, and the peak of this
bloom is centered in February^March (Fig.
11C). The coccolith standing stock exhibits a
peak, which constitutes nearly 50% of the annual
total coccolithophore standing stock, during the
period of annual temperature minimum. During
this spring bloom period, V83% of the total coc-
colithophore assemblage is composed of E. hux-
leyi, the ‘heavy’ N

18O species of Dudley et al.
(1986), and the spring bloom E. huxleyi is respon-
sible for V40% of the annual total coccolitho-
phore £ux.

A small increase in coccolithophore standing
stock in fall (Fig. 11C) is dominated by a single
nannoplankton species Florisphaera profunda
(Haidar et al., 2000; Haidar and Thierstein,
2001), which calci¢es in the lower photic zone
below 100 m, centered at V150 m, and a water
temperature of s 10‡C (Okada and Honjo, 1973;
Okada and McIntyre, 1979; Reid, 1980). This
subsurface water mass (i.e., isopycnal horizon)
crops out at the surface during the late winter^
early spring vertical mixing (Michaels and Knap,

1996; Steinberg et al., 2001). Therefore, the iso-
topic compositions of the water masses in which
F. profunda and Emiliania huxleyi calcify are pre-
sumably similar to one another. These observa-
tions suggest that the chemical signals recorded
in the polyspeci¢c coccolith assemblage deposited
on the sea £oor, or bulk ¢ne-fraction component
in the sediments, in the Sargasso Sea are weighted
to the late winter^early spring surface water hy-
drographic conditions of relatively cool and nu-
trient-rich (depleted in N

13C) water masses (Fig.
11A,B).

The £ux of planktic foraminifera in the Sargas-
so Sea shows strong species-speci¢c seasonal £uc-
tuations (Be¤, 1960; Tolderlund and Be¤, 1971;
Deuser, 1987; Deuser and Ross, 1989). The sur-
face-dwelling species of Globigerinoides occur
throughout the year in Bermuda, punctuated by
low £ux period between December and March
(Fig. 11D). Globigerinoides £ux increases during
the later half of the spring bloom period towards
the summer, and reaches its highest level in the
fall between October and November (Deuser,
1987; Deuser and Ross, 1989). This fall peak is
mainly constituted by Globigerinoides ruber
(white) and Globigerinoides conglobatus (Deuser,
1987; Deuser and Ross, 1989). On the other
hand, although their abundance is small, the other
Globigerinoides species, such as G. sacculifer and
G. ruber (pink), exhibit their maximum £ux in
summer and minimum during the spring bloom
period (Fig. 11D). Therefore, the isotopic compo-
sitions of Globigerinoides may represent, on a
weighted averaged basis, hydrographic features
of warmer, nutrient-poor (enriched in N

13C),
post-spring bloom surface waters (Fig. 11A,B).
In contrast, the appearance of Globigerina bul-
loides is restricted to December through April,
and reaches extremely low abundances during
summer^fall (Tolderlund and Be¤, 1971; Deuser
and Ross, 1989).

Consideration of the time of calci¢cation based
on a long-term time-series £ux study discussed
above suggests that the isotopic signals of the
planktic foraminifer Globigerinoides and polyspe-
ci¢c coccoliths both re£ect dominance during cer-
tain seasons. We suggest that polyspeci¢c cocco-
lith stable isotopes, along with those of the
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planktic foraminifer Globigerina bulloides, re£ect
surface-water hydrographic conditions during
the upwelling season or the period of vertical mix-
ing (late winter-early spring) when the surface
waters are enriched in nutrients, whereas Globi-
gerinoides re£ect the post-deep-mixing, relatively
warmer (late spring to fall) strati¢ed surface
waters, at least in subtropical and warm-temper-
ate oligotrophic oceanographic settings. There-
fore, the isotopic record of a particular taxon,
Globigerinoides or polyspeci¢c nannofossils, from
sediments probably does not indicate the annual
mean sea-surface conditions but is biased to spe-
ci¢c seasonal windows. This factor could account
for the apparent isotopic discrepancy between
¢ne-fraction and the planktic foraminifer Globi-
gerinoides from the oligotrophic waters (Figs. 4,
6, and 8). However, this seasonal e¡ect on plank-
ton £ux, as observed in the mid-latitude oligotro-
phic Sargasso Sea, may vary with regional ocean-
ographic settings (i.e., upwelling and eutrophic
waters, equatorial and subpolar latitudes).

6. Discussion

The Miocene isotopic o¡set and discrepancies
between ¢ne-fraction and surface-dwelling
planktic foraminifera and the parallel trends rec-
ognized between ¢ne-fraction and deep-dwelling
planktic foraminifera (Figs. 4, 6, and 8) could
be explained primarily by the seasonality and as-
sociated physical oceanography (i.e., strength of
strati¢cation) factors, and, to a lesser extent, by
physiologic e¡ect on non-equilibrium calcite de-
position. Provided that the seasonal cycles in sur-
face-water hydrography and plankton £ux at the
oligotrophic deep-sea sites examined in this study
are similar to those at the time-series study site in
the subtropical Sargasso Sea (Fig. 11), stable iso-
topic records of ¢ne-fraction from deep-sea sedi-
ments represent late winter^early spring cool sur-
face-water conditions whereas those of surface-
dwelling planktic foraminifera may represent
post-deep-mixing warmer strati¢ed surface waters.

Fig. 12. Time-series contour plots of temperature for the
upper 200 m of the water column at DSDP sites (A) 588
and (B) 608 from the Levitus and Boyer (1994) ocean climate
atlas. Colder subsurface water masses outcrop into the sur-
face in the late winter^early spring when the seasonal ther-
mocline deepens. The majority of coccolithophore production
may occur during this period (hatched areas), whereas the
surface-dwelling planktic foraminifer Globigerinoides calci¢es
mainly during relatively warmer late spring^fall period in the
surface waters (shaded areas). Globoquadrina calci¢es deeper
than V200 m below sea surface where annual temperature
£uctuation is small (see text).
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6.1. Modern hydrography at Sites 588 and 608

Fig. 12 shows time-series depth-temperature
contour plots for the modern water columns at
Sites 558 and 608 (data from Levitus and Boyer,
1994). At Site 608, the annual SST amplitude is
higher and the summer strati¢cation is more pro-
nounced than for the lower latitude Site 588.
Early spring deepening of the seasonal thermo-
cline occurs between June and October at Site
588 (Fig. 12A) and January and April at Site
608 (Fig. 12B). Provided that the majority of coc-
colithophore production occurs in the upper V40
m of the water column during the time of this
early spring vertical mixing of near-surface waters
at the locations investigated (hatched areas in Fig.
12), stable isotopic compositions of polyspeci¢c
coccoliths may re£ect the relatively cool, nu-
trient-rich 13C-depleted subsurface water mass
that crops out at the surface as documented in
the Sargasso Sea (Fig. 11).

Indeed, a £ux experiment site south of Site 608
in the subtropical northwestern North Atlantic
exhibited pronounced seasonality in the coccolith
£ux; s 90% of the annual coccolith £ux, domi-
nated by Emiliania huxleyi (relative abundance ca.
70%), occurred during the early spring SST mini-
mum between January and March (Broerse et al.,
2000). If similar bloom patterns prevailed in the
Miocene, the downcore stable isotopic records of
¢ne-fraction (polyspeci¢c nannofossils) would
represent late winter^early spring surface water
conditions. At lower latitude Site 588, the spring
coccolithophore production could occur slightly
deeper than at Site 608 due to warmer water tem-
peratures (Fig. 12), considering the fact that the
coccolithophore (E. huxleyi) cell density is cen-
tered at 50^75 m during the spring bloom period
at a time-series experiment site near Hawaii
(Corte¤s et al., 2001).

6.2. Paleoseasonality and sea-surface N
13C

variability

By considering the seasonal factor on calci¢ca-
tion of plankton, paired analysis of ¢ne-fraction
(late winter^early spring cool) and Globigerinoides
(late spring^fall warm) N18O would enable extrac-

tion of temporal records of paleoseasonality of
the open oceans. Seasonality is an important pa-
leoclimatic parameter that constrains the nature
of climatic events and associated biotic events,
particularly those potentially controlled by
changes in the winter temperature associated
with global cooling (Ivany et al., 2000). Changes
in paleoseasonality in the coastal waters have
been assessed by sclerochronologic geochemical
analyses of ¢sh otolith and molluscan fossil car-
bonates (e.g., Ivany et al., 2000; Kobashi et al.,
2001). However, the potential e¡ects of seasonal-
ity changes on the pelagic plankton community
have not been explored. Based on absolute di¡er-
ences between N

18O of Globigerinoides and ¢ne-
fraction (vN18OSPF�FF), the seasonal sea-surface
N
18O amplitude is slightly higher at Site 608
than Site 588 (by ca. 0.2x on average) during
Miocene (Figs. 5B and 7B). This higher
vN

18OSPF�FF gradient at Site 608 is consistent
with modern SST variations in that Site 608 ex-
hibits higher seasonality than Site 588 by V1‡C
(Fig. 12). In addition, it appears that the
vN

18OSPF�FF gradients become larger across the
EAIS event (by ca. 0.4x), particularly at Site
608. This implies that seasonality increased during
the EAIS event and that this increase was more
pronounced at the higher latitude Site 608.

Miocene vN
13CSPF�FF gradients vary, ranging

from 0x to V1.5x at deep-sea sites studied
(Figs. 5A and 7A). This vN

13CSPF�FF variability
cannot be fully explained by the seasonal £uctua-
tion in the surface water N

13CDIC of ca. 0.2x as
observed in the oligotrophic Sargasso Sea (Fig.
11B). Fine-fraction N

13C may be a¡ected by met-
abolic isotope disequilibria towards more depleted
values, but the e¡ect of physiologic factors on
coccolithophorid 13C partitioning is not known
because conclusive experimental studies have not
been performed. The apparent similarity in the
¢ne-fraction N

13C records from the two separate
oceanic basins (Sites 588 in the Paci¢c and 516
and 608 in the Atlantic) suggests that they may
represent the global trend of N13C in the subsur-
face water mass that crops out during vertical
mixing, at least in the oligotrophic settings.
Nevertheless, other factors, such as surface- to
intermediate-water circulation, should be consid-
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ered to reasonably explain the behavior of the
Miocene ¢ne-fraction N

13C records, particularly
the early Miocene enrichment of ¢ne-fraction
N
13C (Figs. 4, 6, and 8). More analysis of ¢ne-
fraction isotopes from various oceanographic set-
tings is needed to further understand factors that
a¡ect the nannofossil stable isotopes.

Fine-fraction N
13C records are often regarded as

a proxy for sea-surface N
13CDIC (e.g., Zachos et

al., 1989; D’Hondt et al., 1998; Vonhof et al.,
2000). However, based on time-series ocean £ux
experiment studies, we conclude that the ¢ne-frac-
tion (polyspeci¢c nannofossils) N

13C re£ects that
of the DIC of subsurface water masses that crop
out at the surface during the late winter^early
spring deep mixing, and is not representative of
the annual mean sea surface, at least in oligotro-
phic settings. On the other hand, the isotopic
compositions of surface-dwelling planktic forami-
niferal species, such as Globigerinoides, are not
biased towards the narrow deep-mixing seasonal
window, but are more likely to represent the near
sea-surface N

13CDIC.

6.3. Thermocline structure

The overall correlation (Table 2) of isotopic
values between the ¢ne-fraction and deep-dwelling
planktic foraminifer Globoquadrina dehiscens in
the Miocene also can be explained by the seasonal
calci¢cation of dominant coccolithophores in the
shallow mixed layer due to entrainment of subsur-
face water masses to the surface. A £ux experi-
ment of deep-dwelling planktic foraminiferal spe-
cies indicates that Globoquadrina hexagona, for
example, calci¢es between ca. 250 and 600 m be-
low sea surface (Ortiz et al., 1996). Since the
water temperature and salinity are fairly stable
in the permanent thermocline, i.e., no seasonal
variations (Levitus and Boyer, 1994; Levitus et
al., 1994), Globoquadrina N

18O should re£ect the
annual mean temperature of the thermocline. As
for N

13C of Globoquadrina, the e¡ect of season-
ality is uncertain but it may also re£ect annual
mean values because the seasonal £uctuation in
nutrient concentration and thus N

13CDIC in the
permanent thermocline is presumably relatively
small. Hence we suggest that the stable isotopes

of fossil Globoquadrina re£ect the annual mean of
the permanent thermocline, whereas those of ¢ne-
fraction are a ‘snapshot’ of the upper part of the
permanent thermocline that crops out at the sur-
face during the early spring deep-mixing period.
Therefore, the properties of the ambient water in
which the spring bloom coccolithophores calcify
is more similar to relatively stable thermocline
waters, and thus ¢ne-fraction isotopes tend to
correlate well (Table 2) with the thermocline-
dwelling species Globoquadrina rather than Globi-
gerinoides that calci¢es in the late spring^early fall
warmer, 13C-rich surface waters (Fig. 11).

The o¡set between N
18O of Globoquadrina de-

hiscens and ¢ne-fraction (vN18ODPF�FF), therefore,
may represent the temperature gradient between
upper (subsurface waters beneath the seasonal
thermocline) and lower (ca. 250^600 m) depths
of the permanent thermocline. At Sites 588 and
608, the vN

18ODPF�FF remains consistent with a
range of only V0.5x throughout the Miocene
(Figs. 5B and 7B), implying that the vertical tem-
perature gradient of the permanent thermocline
was fairly stable during the Miocene. Similarly,
the temporal record of the vN

13CDPF�FF gradient
(Figs. 5A and 7A) may indicate variability in the
vertical N

13CDIC gradient within the permanent
thermocline. The overall parallel trends between
N
13C records of ¢ne-fraction and deep-dwelling
G. dehiscens during the mid-late Miocene (Figs.
4A and 6A) suggest that the vertical N13CDIC gra-
dient between upper and lower part of the perma-
nent thermocline was relatively stable as well.

6.4. Discrepancies in paleo-SSTs from multiproxy
approach

Using a multi-proxy approach it has been rec-
ognized that other paleotemperature proxies, such
as planktic foraminiferal Mg/Ca ratios and faunal
assemblages and UK0

37 paleothermometry, di¡er in
indicated paleotemperatures from one another
(Nu«rnberg et al., 2000; Bard, 2001). For example,
Nu«rnberg et al. (2000) compared Mg/Ca ratios of
Globigerinoides sacculifer and UK0

37 on the same
Pleistocene core material from the equatorial cen-
tral Atlantic, and found that the SST derived
from UK0

37 is higher than the Mg/Ca-estimated pa-
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leotemperature by ca. 2‡C. They postulated that
the UK0

37 ratio re£ects the annual mean SST (0^10
m) whereas the temperature implied by planktic
foraminiferal Mg/Ca ratio re£ects the fall^winter
upwelling period beneath the mixed layer down to
50 m below the sea surface.

However, this interpretation of Nu«rnberg et al.
(2000) does not agree with conventional ¢eld ex-
periments in that the Globigerinoides £ux occurs
after peak upwelling/deep mixing, during rela-
tively warmer SST periods as observed in the sub-
tropical regions (e.g., Be¤, 1960; Tolderlund and
Be¤, 1971; Williams et al., 1981; Deuser, 1986,
1987; Deuser and Ross, 1989; Sautter and Thu-
nell, 1991; Curry et al., 1992). Although seasonal
records are not available for the tropics, a £ux
study in the eastern equatorial Atlantic suggests
that Globigerinoides ruber and pre-gametogenic
Globigerinoides sacculifer calcify mostly shallower
than ca. 40 m within the mixed layer in April
(Ravelo and Fairbanks, 1992). The timing of
UK0

37 production implied by Nu«rnberg et al.
(2000) is inconsistent with various ¢eld experi-
ments in that coccolithophore production, partic-
ularly that of the alkenone producer Emiliania
huxleyi, is generally centered during the upwell-
ing/vertical-mixing period in the subtropics (e.g.,
Broerse et al., 2000; Haidar et al., 2000; Sprengel
et al., 2000; Corte¤s et al., 2001; Haidar and
Thierstein, 2001).

This discrepancy between the Nu«rnberg et al.
(2000) interpretation and a number of £ux studies
could be attributed to regional factors in£uencing
the UK0

37^temperature gradient, or to possible er-
rors derived from the foraminiferal Mg/Ca-based
temperature estimates (i.e., diagenesis or incorrect
Mg/Ca^temperature calibration). Presently avail-
able UK0

37^temperature calibrations are based on
culture studies of Emiliania huxleyi and Gephyro-
capsa oceanica derived from extra-tropical waters
(e.g., Prahl et al., 1988, 1993; Sawada et al., 1996;
Conte et al., 1998). As evident in these calibra-
tions, haptophyte algal specimens from di¡erent
oceanographic regions, or individual strains with-
in a species, exhibit independent calibrations
(Mu«ller et al., 1998; Volkman, 2000; Herbert,
2001). Although it has not been tested, hapto-
phyte algae from the tropics might yield an inde-

pendent UK0

37^temperature calibration which
would bring lower SST estimates for the tropics.

In contrast to the multi-proxy approach of
Nu«rnberg et al. (2000) for the equatorial Atlantic,
a downcore comparison of paleo-SST estimates
under the oligotrophic subtropical North Paci¢c
near Hawaii suggests that the UK0

37 -based SST is
consistent with the winter SST based on the
planktic foraminiferal faunal assemblage, while
Globigerinoides ruber N18O-based SST is consistent
with the planktic foraminiferal assemblage-based
summer SST (Lee et al., 2001). This multi-proxy
approach for the subtropical Paci¢c is more con-
sistent with the seasonal cycles observed at long-
term time-series study sites in the oligotrophic
Paci¢c (Corte¤s et al., 2001) and the Sargasso
Sea (Fig. 11) in terms of the seasonal timing of
coccolithophore and planktic foraminiferal pro-
duction. More time-series, multiple-depth water
chemistry and plankton £ux experiments in vari-
ous oceanographic settings are needed to clarify
the relations between regional and seasonal varia-
tions in surface water properties and plankton
production.

7. Conclusions

We have pursued the potential of stable iso-
topes of deep-sea ¢ne-fraction (6 63 Wm) carbon-
ate, primarily composed of polyspeci¢c nannofos-
sils, as indicators of conditions in the shallow
mixed layer by comparing these records with
those of coexisting planktic foraminifera (Figs.
4^8), and developed a conceptual framework to
explain the origins of isotopic discrepancies be-
tween ¢ne-fraction and surface-dwelling planktic
foraminifera. Based on records of downcore mul-
ti-taxa isotopic trends and a long-term time-series
hydrographic and £ux study site in an oligotro-
phic subtropical setting, we suggest that the ¢ne-
fraction isotopes re£ect surface-water hydro-
graphic conditions of the late winter-early spring
period when relatively cool, nutrient-rich (de-
pleted in N

13C) subsurface (or the uppermost per-
manent thermocline) water mass is entrained into
surface waters by vertical mixing. In contrast, the
£ux of the surface-dwelling planktic foraminifer
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Globigerinoides is at a minimum during the spring
bloom period, and thus its isotopic composition is
biased towards warmer surface water conditions
of the late spring^fall. Therefore, we suggest that
the isotopic o¡set between ¢ne-fraction and sur-
face-dwelling planktic foraminifers can be ex-
plained primarily by di¡erence in the season of
calci¢cation, at least in oligotrophic regions.

This seasonality e¡ect on plankton production
suggests a potential for quantifying open-ocean
paleoseasonality by performing paired analysis
of ¢ne-fraction and surface-dwelling planktic fo-
raminiferal N18O. The inter-oceanic similarity be-
tween the ¢ne-fraction N

13C records recognized in
this study suggests that they re£ect the global
N
13CDIC trend of subsurface water masses in oli-
gotrophic regions. Because the ¢ne-fraction N

13C
represents subsurface, or a seasonally biased sig-
nal of surface-water N13CDIC, we suggest that sur-
face-dwelling planktic foraminiferal N

13C is the
suitable proxy for strati¢ed surface water
N
13CDIC in the past.
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