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(Fig. 4C). Comparison with the phase mea-
sured in the first pulse shows that the two mea-
surements were correlated (Fig. 4D). In other
words, the first measurement established a def-
inite relative phase between the two conden-
sates that may not have had a defined phase
before, and the second measurement verified
that the condensates evolved with that partic-
ular phase during the interval between pulses.

Interferometry was demonstrated by putting
an interaction time between the two pulses
and changing the outcome of the second
measurement. We briefly modified the energy
offset between the two wells during the in-
terval between the pulses, when the phase was
not being observed. Figure 4E compares the
measured phase shift with the value AEA#/h
expected from an energy offset AE applied
for a time Az. The agreement between the pre-
diction and the measurement demonstrates that
the relative phase can be engineered by ap-
plying external forces to the atoms.

Active control of the phase opens in-
teresting future perspectives: One could mea-
sure the light signal in real time and feed back
the phase measurement into the control coils
(or into the acousto-optical modulator that
controls the two laser powers, creating the
double-well potential), preparing the desired
phase at the desired time. In principle, the
uncertainty in the relative phase could even be
squeezed by the feedback, allowing sub—shot
noise interferometry (3, 10, 30).

Several physical interpretations of the
experiment are possible besides the interfer-
ence of two atom lasers. One is interference in
momentum space (2/): The zero-momentum
component of the momentum distribution of
the double condensate depends sinusoidally
on the relative phase of the condensates and is
probed with Doppler-sensitive spectroscopy
(realized by Bragg scattering). Yet another
point of view is that light scattering probes the
excitation spectrum through the dynamical
structure factor. The structure factor is phase-
sensitive and shows interference fringes with-
out requiring spatial overlap between the two
condensates, as long as the excited states
(after light scattering) have spatial overlap.
This picture emphasizes that overlap between
scattered atoms, as well as scattered photons,
is crucial to our method: No phase informa-
tion can be retrieved from two atomic wave-
packets that scatter the same light but whose
excited states are disconnected, like two con-
densates separated by a transparent glass wall.

The concept of beating atom lasers was
previously exploited to measure spatial coher-
ence in a single condensate (3/) and for ex-
periments done in optical lattices, where
atoms outcoupled from a large vertical array
of regularly spaced condensates interfered and
their beating frequency measured gravity
(3, 10). In this case, condensates were split
coherently by raising the optical lattice poten-

tial. Coupling was established by tunneling of
atoms between adjacent lattice sites and
depended exponentially on the barrier shape,
whereas the laser beams in our scheme
established a coupling through a state de-
localized over the barrier. In principle, larger
barriers could be overcome by imparting
larger momenta in the Bragg process. From
the standpoint of precision interferometry,
optical lattices have the advantage of a very
well-known and controlled displacement be-
tween condensates, whereas the optical detec-
tion that we introduce here measures the beat
frequency continuously and in real time, with
accuracy not depending on the calibration of
image magnification (3) or other disturbances
affecting atoms during time of flight.

Our scheme to nondestructively measure the
beat frequency of two previously independent
condensates, thus establishing phase coherence,
could permit us to couple condensates displaced
by tens of microns on atom chips or in other
microtraps, to explore Josephson oscillations,
phase diffusion, and self-trapping. We have
already demonstrated its potential in exploiting
the phase coherence of BECs to create a novel
type of atom interferometer.
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Cool La Nina During the
Warmth of the Pliocene?

R. E. M. Rickaby and P. Halloran

The role of El Nifio—Southern Oscillation (ENSO) in greenhouse warming and
climate change remains controversial. During the warmth of the early-mid
Pliocene, we find evidence for enhanced thermocline tilt and cold upwelling in
the equatorial Pacific, consistent with the prevalence of a La Nifia-like state,
rather than the proposed persistent warm El Nifio-like conditions. Our Plio-
cene paleothermometer supports the idea of a dynamic “ocean thermostat” in
which heating of the tropical Pacific leads to a cooling of the east equatorial
Pacific and a La Nina-like state, analogous to observations of a transient in-
creasing east-west sea surface temperature gradient in the 20th-century tropi-

cal Pacific.

In 1976, the equatorial Pacific, potentially
driven by anthropogenic warming, switched
from a weak La Nifa state to one in which

Department of Earth Sciences, University of Oxford,
Parks Road, Oxford OX1 3PR, UK.

El Nifio occurs with greater frequency and
intensity (/). For the current climate system,
El Nifio years are warmer and La Nifia years
are cooler (2). In the future, more persist-
ent El Nifo could amplify global warming.
Determining what drives ENSO and how
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Fig. 1. Records of the paleotemperature proxy
Mg/Ca of G. sacculifer (filled black circles), N.
dutertrei (filled gray circles), and G. tumida (open
circles) from (A) west equatorial Pacific Site 806
and (B) east equatorial Pacific Site 847. (C and D)
Records of calcification depth temperatures cal-
culated with the equation Mg/Ca = 0.347e(0097)
for G. sacculifer without sac, Mg/Ca = 0.342e(00°T)
for N. dutertrei (40), and Mg/Ca = 0.53e(°%") for
G. tumida. The black and gray arrows indicate the
values taken for the temperature profiles recon-
structed in Fig. 2 for the recent icehouse (RI) and
Pliocene hothouse (PH), respectively. There is no

published calibration for G. tumida, and we have assumed the sensitivity to be similar to all other species (40) with an exponent of 0.09 and calculated a
pre-exponential constant of 0.53. This pre-exponential constant is similar to the calibrated pre-exponential constant for other deep dwellers such as
Globigerinella aequilateralis and has been calculated with the consideration that most of the calcite is added as a keel at the base of the photic zone,
i.e., ~ 200 m in the tropics (38). Our calibration for G. tumida is also constrained to provide a lower calcification temperature for G. tumida than for
G. sacculifer (due to depth habit) at all times in all sites. The vital effects of deeper dwelling foraminifera can lead to increased incorporation of Mg at
lower temperatures compared with shallower dwelling foraminifera (40). Our approach gives an accuracy of £1.2°C in the estimation of calcification
temperature but increases to +3.0°C for G. tumida, given the uncertainty in the pre-exponential constant. The smoothed curve through each of the
data sets represents a 50% weighted average. It seems reasonable to assume no change in seawater Mg/Ca during this period (23). (E) Records of Sr/Ca of
G. sacculifer (filled circles), and G. tumida (open circles) from WEP Site 806 (gray) and EEP Site 847 (black) compared with whole-ocean change in Sr/Ca
(39) to illustrate the minimal influence of dissolution.

the state of the Pacific thermocline has in-
fluenced past climates is critical to gain in-
sight into Earth’s response to future global
warming.

The “hothouse” (3, 4) climate of the early-
mid Pliocene [~5 to ~2.7 million years ago
(Ma), referred to as Pliocene] was the last ex-
tended period when global temperatures were
warmer than present, peaking between 3 and
4 Ma, and provides an analog for a future
global warming scenario. High-latitude air tem-
peratures were ~10°C warmer (4), but tropical
temperatures remained similar to today. De-
bate persists regarding the forcing of this
warmth. Proxy-CO, reconstructions suggest
that the perturbation was too small [~100
parts per million (ppm)] to effect such large
changes in climate (5), and attention has fo-
cused on increased deep-ocean thermohaline
circulation (6). Alternatively, teleconnections
driven by the west equatorial Pacific warm
pool (7) could propagate global warmth to
induce a permanent El Nifio—like state (8—10).
The spatial climatic patterns of the “hothouse”
largely resemble those of warm El Niio-like
conditions (/0), and there is §'30 evidence
for reduced thermocline tilt in the equatorial
Pacific (8, 11). However, the 8'%0 of car-
bonate is controlled by the temperature and

salinity of the water from which it precip-
itates. In the equatorial Pacific, zonal, depth,
and seasonal variations in salinity have the
potential to confound §'80 temperature rec-
ords. We use an independent record of sur-
face and thermocline temperature, that is,
Mg/Ca paleothermometry, to produce tem-
perature records that, when used in conjunc-
tion with 8180, yield a record of 8180 . We
use these data to test the hypothesis that the
Pacific collapsed onto a persistent El Nifio—
like state in the warm Pliocene.

Our records of Mg/Ca in three species of
planktonic foraminifera from the east and
west equatorial Pacific (EEP and WEP) (72)
refute that El Nifio—like conditions prevailed
during the Pliocene hothouse (Fig. 1) (8, 11).
A feature of our temperature records is the
divergence of surface and deeper water tem-
peratures with time. Globigerina sacculifer,
believed to calcify in the mixed layer, indi-
cates that the sea surface temperature (SST)
of the WEP warm pool remained relatively
stable and consistently warmer than the EEP.
The surface waters of the EEP warmed by
~5°C between 3 and 4 Ma. At each site,
Globorotalia tumida, which adds calcite down
to depths of 200 to 250 m, records a cooling
of ~6°C. Neogloboquadrina dutertrei, with

habitats ranging from 50 to 150 m, also shows
a cooling trend similar to G. tumida in the
WEP. The effects of dissolution are likely to
be minimal (/3).

We have reconstructed vertical profiles of
contrasting cold Pleistocene and warm Plio-
cene surface hydrographies to show the evo-
lution of the equatorial Pacific thermocline
(Fig. 2). Between 3 and 4 Ma, the WEP ther-
mocline shallowed. This cooling of subsur-
face waters could be related to the Cenozoic
bottom-up cooling of the deep oceans and
increased stratification in the Quaternary ice-
house (/4). By contrast, between 4 and 6 Ma
in the EEP, the cold temperatures of the
mixed layer and thermocline are identical,
implying increased upwelling during the Plio-
cene. The EEP thermocline deepens to ap-
proach modern-day conditions.

Rather than indicating extreme El Nifio—
like conditions during hothouse climates
evolving toward the modern east-west gradi-
ent in surface hydrography ~4 Ma (8, 10),
our data imply that the equatorial Pacific ther-
mocline tilt was more extreme during the Plio-
cene, which indicates stronger trade winds,
increased eastern upwelling, and La Nifa—
like conditions (/5). Other evidence supports
our notion. Aeolian sediments in the EEP sug-
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Fig. 2. (A) Schematic of the
Pacific thermocline under nor-
mal conditions, illustrating the
deepening beneath the west
Pacific warm pool and shal-
lowing to the east (adapted
with permission from the Trop-
ical Atmosphere Ocean Proj-
ect, NOAA/Pacific Marine
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accuracy of +1.2°C in the estimation of calcification temperature from
published calibrations (40), which matches the scatter in our tem-
perature records from the weighted average line from Fig. 1, C and D,
and *+3.0°C for G. tumida to reflect the uncertainty in the pre-
exponential constant. This envelope in temperature defines the depth
error bar by comparison with the modern profiles, and we have
assumed these errors to be the same for the Pliocene. The depth error
bar encompasses the influence of a ~—2°C glacial cooling (42) on the
modern temperature profile, which would result in an approximate 25 m
shallowing of the thermocline (and our inferred depths) in both the EEP and
the WEP. By comparison with (47), G. sacculifer consistently records colder
temperatures than its mixed-layer habitat and appears to add calcite in

Temperature (°C)

the upper thermocline. G. tumida is described as a basal photic zone
dweller. The tropical photic zone is deepest in the global ocean and is
generally quoted at 200 m. G. tumida fits best with the modern-day
temperature profile at a depth of 210 to 240 m, which is consistent
with other observations that G. tumida can add calcite down to depths
of 200 to 250 m (43). N. dutertrei, which is commonly described as a
seasonal thermocline dweller associated with the deep chlorophyll
maximum, calcifies at depths ranging from 60 to 150 m in the modern
ocean. Compared with the modern profiles, the calcification temper-
ature of N. dutertrei implies that it lives at 165 m in the WEP and at 45
m in the EEP. These depth habitats are also supported qualitatively by
our reconstruction of 3780, in Fig. 3.

gest very strong southeast trade winds 8 to
5 Ma, reducing in intensity until ~4 Ma (16).
Higher rates of biogenic sedimentation occur
along the equator during this interval (/7)
and reinforce our concept of increased diver-
gent wind-driven upwelling enhancing produc-
tivity in the EEP prior to 4 Ma.

What could drive a La Nifia—like state
during Pliocene warmth? An “ocean thermo-
stat” mechanism describes how greenhouse
gas heating of the tropical Pacific leads to a
cooling in the EEP (18, 19), arising from the
different SST response in the EEP and the
WEDP. In the west, where the thermocline is
deep, the SST rises thermodynamically to at-
tain a new equilibrium. In the east, where the
thermocline is shallow, dynamic upwelling of
cold waters counteracts the warming tenden-
cy. SST increases more in the west than in the
east, enhancing the zonal temperature gradi-
ent. The atmosphere responds with increasing
trade winds, which increase upwelling and
thermocline tilt, cooling the surface waters in
the east and further enhancing the temperature
contrast. This “climatological” Bjerknes feed-
back reflects a shift in the mean state of the

1950

Pacific thermocline, which we invoke for our
Pliocene La Nifia-like state. External heating
for a Pliocene feedback likely derives from a
combination of greenhouse gases (~-100 ppm)
and reduced planetary albedo due to enhanced
oceanic heat transport to high latitudes (3, 6).
Alternative mechanisms to drive a persistent
La Nina-like state or create a positive feed-
back to the Bjerknes mechanism are to en-
hance the thermocline tilt by increased flux of
the Indonesian Throughflow (ITF) (20) or de-
crease the Pliocene temperature of the Equa-
torial Undercurrent (EUC), which ventilates
the equatorial thermocline (27).

We reveal qualitative insight into the evolv-
ing character of the EUC by deconvolving
the 8180 (8180, of seawater) from existing
8180 foraminifera data (8) using the Mg/Ca-
derived temperature for each species (Fig. 3).
The error in this 3!80_, reconstruction from the
combination of proxies is ~+0.6 (22), whereas
whole-ocean §'80_ during this period is poor-
ly constrained to be <0.5%o (23), within the
scatter of our data. At each Pacific site, the
habitat of the deep dweller G. rumida stays
at a relatively constant 3'%0_ . In the WEP,

G. sacculifer and N. dutertrei experience wa-
ters that are consistently isotopically heavier
than G. tumida. This 3'80_ signature implies
that G. sacculifer captures the signature of
the subsurface salinity maximum associated
with the eastward thermocline flow of the EUC
(Fig. 3C) by calcifying over a range in water
depth, thus integrating the mixed layer and
thermocline signatures (24, 25). This is corrob-
orated by the cooler-than-expected temper-
atures reconstructed from G. sacculifer Mg/Ca
for the modern-day surface waters in the WEP
(Fig. 2). There is a hint of an increase in
3180, from G. sacculifer in the WEP over
the past 2 million years (My), and from the N.
dutertrei record in the EEP. The most striking
feature, greater than the reconstruction error
and modern seasonal variations, is the shift of
3180, derived from G. sacculifer in the
EEP from —0.6%o in the Pliocene to 0.9%o
in the Pleistocene [equivalent to a Pliocene
freshening of ~2.6 = 1.8%o (26)].

The surface waters of the EEP should expe-
rience a decrease in precipitation-evaporation
(P-E) as the WEP “fresh pool” shifts westward
in a La Nifia-like Pliocene. Although Pliocene
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Fig. 3. The evolution of seawater
5180, for G. sacculifer (black circles),
N. dutertrei (gray circles), and G.
tumida (open circles) from (A) Site
806 and (C) Site 847, calculated with
the Mg/Ca calcification temperature
and the paleotemperature equation
T(°C)=16.0-5.17 [3'®O_- (8'¢O,, -
0.27)] - 0.092[3'®0_ - (8'®0,, -
0.27)]2, where the factor 0.27 was
used to convert from water on the
standard mean ocean water scale
to calcite on the PeeDee Belemnite
Scale. (B and D) Vertical profiles of
the seasonal range in salinity (47)
for (B) WEP Site 806 and (D) EEP
Site 847. The likely depth habitats
of the different species at each site
are indicated. Although a quanti-
tative reconstruction of paleosalinity
from these combined proxy data is
limited by likely error estimates be-
tween 0.6 and 1.8%o (26), our recon-
structed depth habits of G. sacculifer
and N. dutertrei are strengthened
by their reflection of more positive
8180, values in the WEP, indicative
of the subsurface salinity maximum.
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Fig. 4. A map of annual
sea surface salinity (0-m
depth) ranging from
32 to 37%o, showing
contours every 0.5%o
or practical salinity unit
(PSU) taken from (47)
to illustrate the con-
trasting salinities in the
northern and southern
hemisphere source areas
of water for the EUC.
Also shown are se-
lected paths of water
parcels over a period
of 16 years after sub-
duction off the coasts
of California and Peru,
as simulated by means

30°N

Latitude
o

30°5H

60°S|-

of a realistic general- 120°€ 150°E

circulation model forced

180° 150°W
Longitude

120°W 90°W

with the observed climatological winds. From the colors, which indicate the depth of the parcels, it
is evident that parcels move downward, westward, and equatorward unless they start too far west
of California, in which case they join the Kuroshio Current. Along the equator, they rise to the
surface while being carried eastward by the swift EUC, after (27).

precipitation is thought to have increased by
~5%, models suggest little change in P-E
across the equatorial Pacific (27). The
inference that G. sacculifer integrates a sig-
nature of the subsurface reconciles best our
Mg/Ca-derived temperatures with existing
studies of 8'30. G. sacculifer captures the
nature of the EUC and records a change
from cooler, fresher water during the Plio-
cene hothouse to warmer, saltier waters in
the Quaternary icehouse. The increasing G.
sacculifer 380 may be interpreted as a
change in conditions of the source waters of
the EUC from relatively cold and fresh dur-
ing the Pliocene to warm and salty in the mod-
ern day. Today, the main subduction sites for
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surface waters entering the EUC are in the
eastern and central South and North Pacific
subtropical gyres and in the South and North
Equatorial Currents (20, 28); some typical path-
ways are shown in Fig. 4. Today, the con-
tribution from warm and salty southern sources
is more than double that of cool and fresh
northern sources (29). To alter the charac-
ter of the EUC to fresher and cooler during
the Pliocene, either subtropical sources were
fresher and cooler, or the dominant source
of the EUC moved to higher latitudes, or the
source changed from predominantly cold and
fresh Northern hemisphere waters (NHW) dur-
ing the Pliocene to warm and salty Southern
hemisphere waters (SHW) today.

1
0 1 2 3 4 5 6 7

847 East Equatorial Pacific
1 1

Age (Ma)

An interesting conjecture is that tectonic
motions around the ITF switched the dom-
inant source of the Pliocene EUC to be cold-
er, fresher NHW (9, 29). The emergence of
Halmahera and the northward drift of New
Guinea restricted the Indonesian seaway 3 to
4 Ma and diverted the ITF from 3°S to 2°N.
The ITF plays an important role in determin-
ing the thermocline of the equatorial oceans.
During the Pliocene, when the wider gateway
caused a greater ITF flux, the contribution of
cooler, fresher NHW dominated the Pacific
EUC (20). Further, when the ITF opening is
south of the equator, as in the Pliocene, warm
and salty SHW tend to feed the ITF, and cold,
fresh NHW supply the EUC. Conversely, when
the opening is to the north, the ITF is primar-
ily supplied by cold, fresh NHW, and there
is a stronger southern component in the up-
welling of the EEP.

We posit that the more southerly position of
New Guinea ~5 Ma made cold, fresh NHW
the dominant source of the EUC, which through
upwelling in the EEP created an enhanced
Bjerknes feedback, stronger southeasterly trade
winds, Walker circulation, and a La Nina-like
state. Can this La Nifia—like state be recon-
ciled with the warmer Pliocene climate?

The answer appears to be yes. Palacoceano-
graphic proxies suggest that deep thermohaline
flow and heat transport to high latitudes was
more vigorous during the Pliocene (6, 30). Our
proposed Pliocene La Nifia—like state is con-
sistent with elevated heat transport to high
latitudes from two points of view. First, the
reduced equator-pole temperature gradient
of the Pliocene results in reduced intensity
of Hadley cell circulation, a direct function of
meridional pressure/temperature gradients (37).
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Anomalies in the strength of the Hadley cells
are inversely correlated with anomalies in the
strength of the Walker oscillation (I8, 31):
Weakened Hadley cells correlate with epi-
sodes of La Nifa and strong Walker circula-
tion. Second, the stronger oceanic heat flux to
the high latitudes is consistent with enhanced
Ekman flow of warm water poleward as a re-
sult of increased Walker circulation. The con-
straint of a balanced heat budget during the
Pliocene implies that this increased heat loss
at high latitudes through vigorous deep-ocean
thermohaline circulation is accompanied by a
shoaling of the tropical thermocline (32). Most
oceanic heat gain occurs in low and mid-
latitude upwelling zones and is large (small)
when the thermocline is shallow (deep). Dur-
ing the Pliocene, the deeper thermocline in the
WEP argues that thermocline tilt must be great-
er to allow shoaling of the EEP thermocline.
Our data rebut the hypothesis that “hothouse™
climates collapse onto an El Nifio-like state,
in agreement with Eocene hothouse studies
(33), and indicate that the tropical upper-ocean
structure during the warm Pliocene was indic-
ative of a La Nina-like state consistent with
the dynamical “ocean thermostat.” Twentieth-
century global warming has also resulted in a
stronger east-west SST gradient (34) on a
contrastingly rapid time scale. Both of these
scenarios, reflecting mean and transient Pacif-
ic states, respectively, support the role of the
Bjerknes feedback inhibiting an El Nifio posi-
tive feedback to global warming. Interestingly,
during the Pliocene the increase in east-west
SST gradient is due to eastern cooling, whereas
during the 20th century it is due to WEP warm-
ing. In the near future, if the warming of the
WEP warm pool reaches a limit without a
compensating cooling in the east (afforded
by the EUC during the Pliocene), could the
Bjerknes feedback be reversed to incite accel-
erated warmth of an El Nino-like state?
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Soft-Tissue Vessels and Cellular
Preservation in Tyrannosaurus rex

Mary H. Schweitzer,"%3* Jennifer L. Wittmeyer,1 John R. Horner,?
Jan K. Toporski*t

Soft tissues are preserved within hindlimb elements of Tyrannosaurus rex
(Museum of the Rockies specimen 1125). Removal of the mineral phase reveals
transparent, flexible, hollow blood vessels containing small round micro-
structures that can be expressed from the vessels into solution. Some regions
of the demineralized bone matrix are highly fibrous, and the matrix possesses
elasticity and resilience. Three populations of microstructures have cell-like
morphology. Thus, some dinosaurian soft tissues may retain some of their
original flexibility, elasticity, and resilience.

A newly discovered specimen of Tyranno-
saurus rex [Museum of the Rockies (MOR)
specimen 1125] was found at the base of the

Hell Creek Formation, 8 m above the Fox
Hills Sandstone, as an association of disartic-
ulated elements. The specimen was incorpo-
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