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Fig. 3. Possible crystal structures of MgSiO
perovskite above 83 GPa. (A) P2,/m and (Bi
Pmmn. Projections along pseudo-cubic axes are
shown for comparison. The crystal structures of
P2,/m and Pmmn have same tilting senses as
Pbnm and P4,/nmc, respectively. The unit cell is
shown by solid lines.

these technical improvements provide a
better sample environment for examining
the stability of MgSiO, perovskite and the
structure of SiO, at extreme conditions.

Although two earlier quench studies (9, 11)
and one in situ study (/0) performed above 88
GPa reported the existence of MgSiO, perov-
skite, none of them reported the new diffraction
feature we observed. Serghiou et al. (9) used
Raman spectroscopy for phase identification on
quenched samples. Because the phase transfor-
mation is expected to be subtle, the Raman
study, which relied on only a few major Raman
features, may not have been able to detect this
change. Fiquet er al. (/0) performed in situ
angle-dispersive XRD measurements but their
P-T conditions are generally lower than ours
(Fig. 2). Andrault (//) studied aluminum- and
iron-bearing MgSiO; perovskite samples that
were heated for a few seconds. The lack of
observation of new features in these studies
indicates that further examination of possible
perovskite structure is needed before any further
conclusions can be drawn. The presence of a
small but highly oriented unknown impurity
phase can, for example, produce unexplained
lines in an XRD pattern. Our observation that
the new line is only rarely seen upon further
heating of transformed perovskite samples indi-
cates that preferred orientation and metastability
may also be important factors.
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The principal result of this study confirms
the stability of (Mg,Fe)SiO, perovskite to 2300-
km depth conditions using in situ XRD mea-
surements and homogeneous laser heating in
both the radial and axial directions. It is also
found that the structure of SiO, is the CaCl, type
at pressures equivalent to 2400-km depth.
Above 88 GPa, we observed the appearance of
a new peak together with Pbnm MgSiO; pe-
rovskite features. One possible explanation for
this feature is transformation of Pbnm perov-
skite to one of three other perovskite structures.
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ENSO-like Forcing on Oceanic
Primary Production During the
Late Pleistocene

Luc Beaufort,” Thibault de Garidel-Thoron,” Alan C. Mix,2
Nicklas G. Pisias?

Late Pleistocene changes in oceanic primary productivity along the equator in the Indian
and Pacific oceans are revealed by quantitative changes in nanoplankton communities
preserved in nine deep-sea cores. We show that variations in equatorial productivity
are primarily caused by glacial-interglacial variability and by precession-controlled
changes in the east-west thermocline slope of the Indo-Pacific. The precession-con-
trolled variations in productivity are linked to processes similar to the Southern
Oscillation phenomenon, and they precede changes in the oxygen isotopic ratio,
which indicates that they are not the result of ice sheet fluctuations. The 30,000-
year spectral peak in the tropical Indo-Pacific Ocean productivity records is also
present in the Antarctica atmospheric CO, record, suggesting an important role
for equatorial biological productivity in modifying atmospheric CO,.

Interannual variability of the thermocline
depth is a characteristic feature of the equa-
torial Pacific Ocean that has a strong influ-

ence on oceanic primary production (/). Most
of the time, the tropical trade winds transport
surface waters westward. This lifts the ther-
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mocline along the equator in the central and
eastern Pacific but deepens the thermocline
in the western Pacific, where warm surface
waters pile up against the Australian and
Asian continents. In the Indian Ocean, an
analogous pattern exists but with a shallow
thermocline in the west (the Somalian up-
welling) and a deep thermocline in the east
(2). When trade winds relax, the slope of

TCNRS-CEREGE, BP 80, 13545 Aix-en-Provence Cedex
04, France. 2College of Oceanography and Atmo-
spheric Sciences, Oregon State University, Corvallis,
OR 97331, USA.
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this basin-wide thermocline changes in-
tensely. The thermocline rises in the west-
ern Pacific and in the eastern Indian Ocean,
whereas it deepens on the other sides of
these two basins [i.e., causing a typical El
Nifio-Southern Oscillation (ENSO) event in
the Pacific]. Although the two oceans appear to
be climatically independent of each other (2,
3), a synchronism of equatorial wind intensi-
ty has been observed between the Pacific and
Indian oceans on decadal scales (4, 5). A
shoaling of thermocline produces an increase
in primary production. Thus, the ENSO-re-
lated thermocline slope variability has been
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160°W

recognized as responsible for the “largest
known natural perturbation of the global car-
bon cycle” on decadal scales (/). Here, we
document long-term variations in the slope of
the equatorial thermocline on the basis of
patterns of changing primary productivity
during the last two glacial cycles and its
relation to global climate and orbital forcing.

We analyzed the coccolithophore commu-
nity preserved in nine deep-sea cores taken
from the tropical Indian and Pacific oceans
(Fig. 1) (6). A precise chronology was ob-
tained by tuning oxygen isotope records from
foraminifera in most of the cores to the
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Fig. 1. (A) Map showing core locations and sea level anomalies
relative to a 3-year mean recorded by Topex-Posidon during El Nifio
1997 (cycle 193); scale is on the right. (B) Record of primary produc-
tion from each core estimated on the basis of human (blue or red
curves) and automated (neural network) counts (36)(dashed lines) of
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coccoliths. (C) Spectral analysis (multitaper method) of ePP records.
Amplitude spectra are in orange; the significance values of the peaks
(F test) are in blue. Shaded areas indicate the orbital periods of 100,
41, and 23 to 19 ky. Significant peaks with a period of about 30 ky are
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Fig. 2. (A) The 500-year av- 0
erage NINO3 index from 0.6
Zebiak-Cane model forced
with Milankovitch solar vari-
ations (76) (solid red line).
EOF-1 from the 20-ky
bandpass-filtered ePP series
(dashed blue line) with
chronology based on U-Th
date from Gallup et al. (19)
(red dots) and Henderson
and Slowey (20) (black
squares). The data in (A) are
shifted by 5 ky to match -0.6 —
visual thermocline dynamics ime shif}
expressed in (B) and (C) -3
(shaded areas correspond to

high EOF-1f values). (B) -2
EOF-2 from eight raw ePP
records on reverted scale
(red) and EOF-1 (EOF-1f)
from the 20-ky bandpass-fil-
tered ePP series (blue). (C)
Productivity records added
by pairs of cores: western 2
Pacific (M38 added to M40
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in dark blue), central Indian 3
Ocean (M63 added to M48
in red), and eastern Pacific
(20-ky filters of W84 added
to 20-ky filter of core R13in
light blue). (D and E) Spec-
tral analysis (muititaper
method) of ENSO model (D)
and EOF-2 (E). Amplitude
spectra are in red; the signif-
icance values of the peaks (F
test) are in light blue. Shad-
ed areas indicate the orbital
periods of 100, 41, and 23 to

19 ky.

400
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M38+M40

200
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300

Primary Production (g m2 yr-1)
M63+M48

200

SPECMAP stacked record (7) so that our
sampling achieves a temporal resolution of
0.7 to 3 thousand years (ky). Six records span
at least the last 240 ky, two shorter cores
(M38 and M40) the last 180 ky, and one
(M74) the last 150 ky. Most of the coccolith-
ophore species live in near-surface waters
where light for photosynthesis is abundant.
Phytoplankton also requires nutrients, and
thus thrives where a shallow thermocline
brings subsurface nutrients into the upper
euphotic zone. In contrast, the coccolith-
ophore Florisphaera profunda lives in the
deep-photic zone, where nutrients are rela-
tively abundant but light is rare (8). Where
the thermocline is deep, total primary produc-
tivity is low, and the dominant coccolith spe-
cies in fossil assemblages is F. profunda (9).
As productivity increases, the relative abun-
dance of F. profunda decreases. Thus, esti-
mates of primary productivity (ePPs) are
made from counts of the relative abundance
of F. profunda (%Fp) (6, 10). The data are
given as productivity estimates because,
within tropical systems, productivity is high-
ly correlated with the depths of the nutricline

Central Indian

Western Pacific

Eastern P

100 128

Age (Kyr)

50

150

and the thermocline (/, /1, 12).

The ePP records (Fig. 1) show large am-
plitude variability with regional similarities
and contrasts that are explored using empiri-
cal orthogonal functions (EOFs). EOFs re-
duce the set of observations to a small num-
ber of spatiotemporal patterns (an EOF se-
ries) that can adequately describe the data
(13, 14). It also provides statistics (loading)
on how each original record contributes to the
EOF series. Two significant EOF series
(EOF-1 and EOF-2) have been extracted for
the last 180 ky from the eight cores (Figs. 2,
3; the maximum duration represented by
cores M38 and M40 is 180 ky). They describe
60% of the total variance in all eight cores.
EOF-2 reflects a straightforward mechanism
and is discussed first.

EOF-2 accounts for 19% of the total vari-
ance and opposes essentially the western Pa-
cific with the central Indian Ocean (6), and it
clearly fluctuates with the 23-ky cycle of
Earth’s precession (Fig. 2E). However, the
eastern Pacific ePP records show weak pre-
cession cycles in comparison with the 41- and
100-ky cycles, and consequently they do not
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contribute significantly to EOF-2. We repeat-
ed the EOF analyses on 23-ky bandpass-
filtered ePP records. This filtering technique
suppresses the influence of the large glacial-
interglacial variability on the eastern Pacific
productivity records. The first component of
this new test (EOF-1f) approximates that of
EOF-2, although it gives a much clearer pic-
ture of the opposition in dynamic between the
western and eastern Pacific ePPs (Fig. 2) (6).
This cyclic opposition can also be seen when
comparing basin average regional records
(Fig. 2C). Contemporary interannual variabil-
ity in ENSO shows a similar spatial opposi-
tion in the altimetric anomaly (Fig. 1), ther-
mocline depth, and hence productivity fluc-
tuations in the equatorial Pacific (/) and
equatorial Indian oceans (2). Thus, the oppo-
sition we found is likely to reflect similar
variations in equatorial thermocline slope, al-
though on a much longer time scale (/5).
Interestingly, in every core analyzed, ePP
records lead by about 2 ky the 3'%0 records
in the precession band (6). This lead indicates
that insolation is the direct cause of ePP
fluctuations, and that polar ice volume vari-
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Fig. 3. (A) Purple line, first component of the EOF; red line, SPECMAP stack; blue line, SPECMAP
stack transformed in the following manner: the stack was filtered at 100, 41, and 20 ky. The 20-ky
filter was inverted for interglacial periods (unshaded areas) and kept as initial in glacials and during
terminations (shaded area). The three filtered series were then added together. At the bottom
positive part of 30-ky Gaussian filters (37) (centered on 0.034 ky " with a band width of 0.004 with

cutting at period of 26.6 and 34.3 ky) of EOF

(purple), transformed SPECMAP (blue), 23-ky

sine-wave frequency modulated by 100- and 40-ky cycle from SPECMAP (green) (38), and —CO,
from Vostok (orange) (30). (B to D) Spectral analysis (37) (multitaper method) of SPECMAP (B),
EOF-1 (C), and transformed SPECMAP (D). Amplitude spectra are in red; the significance values of
the peaks (F test) are in light blue. Shaded areas indicate the orbital periods of 100, 41, and 23 to

19 ky. The extra 30-ky period is also indicated.

ations (3'*0) do not significantly affect the
low-latitude climate dynamics in that time
scale. An ENSO modeling experiment over
the past glacial-interglacial cycles has shown
that changes in low-latitude insolation induce
variations in the frequency and intensity of
ENSO events (16). A very good agreement is
found between the predictive ENSO model
and EOF-2-1f time series, although an almost
constant shift of about 5 ky occurs between
the model and the EOFs (Fig. 2). This offset
may partly be explained by the use of the
SPECMAP chronology for our age model
(7), because new radioisotope dates point to
significantly older ages for most of the iso-
topic record than previously estimated [com-
pare (17-20) with (7)]. Calibrating the §'30
chronology based solely on the recent U/Th
dates, the EOFs offer a better synchronism
with the ENSO model (Fig. 2A). Although
chronology is beyond the objective of this
work, it appears that older ages in the SPEC-
MAP chronology would reconcile model pre-
dictions and observed/measured data. Hence,
the observed long-term variations of the
equatorial thermocline slope would seem to
be related to variations in the intensity of
ENSO events driven by precession-related
insolation changes.
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EOF-1 accounts for 40% of the total vari-
ance. It characterizes productivity variations
common to all sites (Fig. 3) (6). Because it
contains significant periods close to the 100-
ky (eccentricity) and 41-ky (obliquity) bands,
and because EOF-1 broadly covaries with the
SPECMAP stacked oxygen isotope record
(Fig. 3), EOF-1 expresses the dominant influ-
ence of glacial variability on equatorial pro-
ductivity. High EOF-1 values (i.e., high-pro-
ductivity conditions) occur during maximum
glacial conditions, low EOF-1 values (i.e.,
low-productivity conditions) during intergla-
cial times. EOF-1 varies in phase with 8'*0O
in the eccentricity band and lags it in the
obliquity band, indicative of a significant re-
sponse of low-latitude productivity dynamics
to glacial-interglacial variability. These spec-
tral characteristics are shown by each ePP
series (6), except the central Indian Ocean
one (/0). The process that increases primary
production during glacial in the equatorial
Indo-Pacific remains uncertain. It cannot cor-
respond to an increase in the strength of zonal
winds, because that would produce an in-
crease of the slope of thermocline in the
Pacific, a fact that is not observed for EOF-1
(6). Such a general rise of nutrient in the
equatorial upper photic zone could be related

to a global increase of nutrient concentration
in the intermediate waters that upwell into the
photic zone. More likely it results from a
weakened and/or shoaled stratification that
permits an increased flux of new nutrients. A
decrease of equatorial sea surface tempera-
tures (14, 21, 22) relative to the intermediate
water temperatures during glacial periods
would weaken the stratification, and the ther-
mocline would shoal (23). Dry weather condi-
tions in the western Pacific (24) would further
reduce stratification because a reduction of
heavy rains would reduce fresh surface water
inputs and its strong specific halocline. It has
been shown that the global climate variability
modulates the ENSO (23) by altering the
background state and in particular the depth
of the thermocline: Warmer climate increases
the frequency and strength of the El Niio.
The general fluctuations of the thermocline
depth as recorded by EOF-1 are in complete
agreement with those of the influence of the
global climate on low-latitude oceanography.

Finally, the spectra of EOF-1, and to a
lesser degree of EOF-2, reveal significant
peaks at 30 and 19 ky (Figs. 2 and 3). These
spectral peaks are interpreted as reflecting
the phase modulation of precession in ePP:
The time series of EOF-1 seems to be in
phase with those of SPECMAP during max-
imum glacial and deglaciation (stripped in gray
in Fig. 3A) conditions, but in anti-phase during
interglacial periods. To illustrate this; we invert-
ed the precession signal of the SPECMAP
record for each interglacial period. The spectral
signature of this new series (transformed
SPECMAP, Fig. 3A) shows a distinct 30-ky
period and a shift of the precession period
from 23 ky to 19 ky (Fig. 3D). These spectral
signatures are those of EOF-1. Therefore, the
30-ky component that occurs in EOF-1 as
well as in most of the ePP series (Fig. 1)
corresponds to a cyclic phase shift of the
precession parameter. Two forcings are act-
ing in phase opposition at a 20-ky time scale
and in amplitude opposition at a 100-ky time
scale. The mechanism involved is uncertain,
but could be linked to the boreal summer
monsoon (BSM) dynamics. Present climate
studies show that the strengths of BSM and
ENSO are often correlated with stronger
BSMs during La Nifia events [for example,
(25)]. But on Milankovitch time scales, this is
not the case: BSMs intensify during intergla-
cial periods (26), whereas we have shown
that ePPs (La Niha equivalent) increase dur-
ing glacial periods. It is therefore plausible
that during interglacials, intense BSMs some-
how altered the path of the thermocline depth
dynamics described above and were respon-
sible for that 30-ky period.

A 30-ky period has been found in series
from the tropical Pacific [see discussion in
(14)] and tropical Indian (27-29) oceans, but
so far not from the tropical Atlantic. We
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speculate that the 30-ky cycle is restricted to
the tropical Indo-Pacific Ocean (/4), because
the ENSO is characteristic of that area. How-
ever, the CO, record from the Vostok ice core
also reveals a 30-ky cycle (30). Cross-spec-
tral analyses indicate that the productivity
series are highly coherent with the CO,
record at the 30- and 23-ky periods, and that
low CO, values are associated with high
productivity (Fig. 3) (6). It is therefore pos-
sible that, with primary production acting as a
significant sink in the carbon cycle, the 30-ky
record in global CO, is the signature of
ENSO-like control of biological production
in the equatorial Indo-Pacific. This is consis-
tent with a significant role of the low-latitude
biological pump in controlling atmospheric
CO, concentrations (31).

We have identified two independent
forcings responsible for 60% of the long-
term equatorial Indo-Pacific productivity
dynamics. The first forcing concerns the
response of the depth of the equatorial ther-
mocline to global climatic variations. The
second forcing is related to changes in the
equatorial east-west thermocline tilt and is
linked to the 23-ky period of Earth’s pre-
cession. This precession-related variability
could reflect the influence of low-latitude
insolation on ENSO, as a predictive ENSO
model stipulates (/6). A similar dual “pre-
cession-glacial” forcing has been described
recently on New Guinea corals (32). The
23-ky signal precedes ice volume varia-
tions by about 2 ky. Thus, long-term ENSO
dynamics provide a possible causality for
the growing body of evidence that low-
latitude climates are early responders to
orbital forcing (9, 10, 22, 33-35). Although
minor, a 30-ky period is also evidenced. It
is characteristic of the equatorial Indo-Pa-
cific coherent with a similar period found
in Vostok CO, record. That coherency at-
tests to the importance of biological carbon
fixation in the equatorial Indo-Pacific in
controlling variations of atmospheric CO,,.
Therefore, because of its early response and
its possible effect on the carbon cycle, the
23-ky ENSO-like cycle is likely to have
played a significant role in global climate
dynamics.
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Embryonic Skulls of Titanosaur

Sauropod Dinosaurs
Luis M. Chiappe,’* Leonardo Salgado,” Rodolfo A. Coria®

Little is known about the cranial anatomy of the taxonomically diverse and
geographically widespread titanosaurs, a paucity that has hindered inferences
about the genealogical history and evolutionary development of the latest
sauropod dinosaurs. Newly discovered fossil eggs containing embryonic re-
mains from the Late Cretaceous of Argentina provide the first articulated skulls
of titanosaur dinosaurs. The nearly complete fetal skulls shed light on the
evolution of some of the most notable cranial features of sauropod dinosaurs,
including the retraction of the external nares, the forward rotation of the
braincase, and the abbreviation of the infraorbital region.

Chiappe et al. (I) reported embryonic re-
mains of sauropod dinosaurs from incom-
plete skull remains from the Late Creta-
ceous nesting site of Auca Mahuevo (Pat-
agonia, Argentina) (2). Six newly discov-
ered eggs from this site containing
exquisitely preserved skulls provide nearly
complete and articulated cranial material of
sauropod embryos (3, 4). The subtriangular
skulls (Fig. 1) have large, circular orbits
exceeding one-third of the cranial length. A
large, triangular antorbital fenestra perfo-
rates the short snout, whose dorsal margin
is slightly stepped. A tall premaxilla broad-
ly sutures to a robust maxilla bearing slen-
der and cylindrical teeth. The enamel of the
tooth crowns is smooth and devoid of ser-

rations. The dentigerous portion of the
maxilla occupies the rostral half of the
element. The maxilla defines the rostral
margin of a large ventral notch (Fig. 1A),
which is caudally bound by the jugal and
the quadratojugal. A similar large, ventral
notch was reported for the Malagasy titano-
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