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About 34 million years ago, Earth’s climate shifted from a relatively ice-free world to one
with glacial conditions on Antarctica characterized by substantial ice sheets. How Earth’s
temperature changed during this climate transition remains poorly understood, and evidence
for Northern Hemisphere polar ice is controversial. Here, we report proxy records of sea surface
temperatures from multiple ocean localities and show that the high-latitude temperature
decrease was substantial and heterogeneous. High-latitude (45 degrees to 70 degrees in both
hemispheres) temperatures before the climate transition were ~20°C and cooled an average of
~5°C. Our results, combined with ocean and ice-sheet model simulations and benthic oxygen
isotope records, indicate that Northern Hemisphere glaciation was not required to accommodate
the magnitude of continental ice growth during this time.
he abrupt shift to glacial conditions near
the Eocene-Oligocene (E-O) boundary
~33.7 million years ago (Ma) is characterized by a ~+1.5 per mil (‰) change in oxygen
isotopic (d18O) values of benthic foraminifera
(1–3) in ~300,000 years, which is indicative of
continential ice accumulation and high-latitude
cooling, and an ~1-km deepening of the global
calcite compensation depth (CCD) (2). Proposed
causes for this fundamental change in Earth’s
climate state include changes in ocean circulation
due to the opening of Southern Ocean gateways
(4), a decrease in atmospheric CO2 (5–8), and a
minimum in solar insolation (2).
How Earth’s temperature changed during ice
expansion is poorly defined, largely because benthic d18O records do not distinguish between ice
volume and temperature. Deep-sea temperature
records based on foraminiferal Mg/Ca ratios show
little change during ice expansion (9–11). As a result, benthic d18O records imply E-O ice volumes

T

that must be accommodated by Northern Hemisphere glaciation (2, 9, 12). This conclusion is
nearly untenable given scant physical evidence
for Northern Hemisphere ice sheets before the
latest Miocene (7, 12–15). Deep-water foraminiferal Mg/Ca ratios could be affected by factors
other than temperature (9, 11), including a deepening of the CCD (2) and changes in deep-water
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carbonate ion concentration that occurred during
the E-O climate transition. Indeed, shallow-water
Mg/Ca–based temperatures, from exceptionally
well-preserved foraminifera deposited above the
CCD, indicate ~2.5°C of cooling in the tropics
(14, 15) and cast further suspicion on deep-water
Mg/Ca–based temperatures across this major CCD
deepening event.
Here, we report E-O sea surface temperature
(SST) changes, which were determined with
alkenone unsaturation index (UK′37) and tetrather
index (TEX86) (16, 17), from 11 globally dispersed ocean localities. These localities include
Ocean Drilling Program/Deep Sea Drilling Project
(ODP/DSDP) sites 277, 336, 511, 913, and 1090,
with paleolatitudes between ~45° and 70° in both
hemispheres (18), and sites 628, 803, 925, 929,
998, and 1218 in the tropics (Fig. 1 and table S1)
(19). Chronologies for these sites were previously
established or refined and/or determined in this
study (table S2 and fig. S1). TEX86 indices were
converted to SST by use of a modified temperature calibration based on all published ocean
surface sediment data (fig. S2) (20). Nonetheless,
older calibrations would yield qualitatively similar
results over the temperature ranges observed.
Both UK′37 and TEX86 SSTs show substantial
high-latitude cooling between ~34 and 33 Ma (Fig.
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Fig. 1. Paleolocations of DSDP and ODP sites used in this study, superimposed on a map of
reconstructed E-O bathymetry and geography (18).
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was probably focused across latitudes higher than
those represented by our site localities. Further,
benthic d18O values reflect deep-water production
during winter months, whereas UK′37 and TEX86
values capture mean annual SSTs that were probably biased toward late spring/early autumn temperatures near the poles. Our model results also

relative to deep-water sources as well as the seasonality of foraminifera versus organic production.
Paired benthic and planktonic d18O records during
this time show systematic offsets to at least 65°S,
and SST gradients of 7° to 10°C between mid- to
high-latitude sites such as 511 and 1090, and polar
site 690 (23), indicating that deep-water formation
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Fig. 2. High-latitude SST records during the late E-O. (A) SST reconstructions from five high-latitude sites.
The gray line represents a composite benthic d18O record (21). SST calibration equations for UK′37 and
TEX86 are SST = (UK′37 – 0.039)/0.034 (16) and SST = 50.47 – 16.33/TEX86, respectively (19). SST
uncertainty is based on 1s SE of their respective calibration regressions (fig. S3). (B) Changes in SST
represented as temperature deviations from mean values at each site before the E-O transition (~34 to 37 Ma).
The solid black line represents a 10-point running average of SST changes from all high-latitude sites and yields
~5.4°C of cooling at 33.4 Ma. The shaded region brackets the SE of the 10-point running average. The
dotted line marks zero SST change relative to the pre–E-O (~34 to 37 Ma) SST average. (C) A detailed
comparison of UK′37 and TEX86 SST values with d18O records of benthic foraminifera (22) and bulk
carbonate during the E-O transition at site 511.
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2). At sites 511 and 336, for which E-O transition
records are relatively complete, SST cooled >5°C
from the late Eocene to the early and mid-Oligocene,
whereas maximum cooling at sites 277, 913, and
1090 occurred ~33.5 Ma. High-latitude cooling averaged ~4.8°C (using a direct average of all highlatitude data ranging from ~2° to ~8°C at individual
sites) from the late Eocene (~34 to 37 Ma) to the
earliest Oligocene (~33 to 34 Ma) (table S3 and
fig. S4), or ~5.4°C at 33.4 Ma when determined
by a 10-point running average of the combined
high-latitude records (Fig. 2B). Our estimate of
SSTcooling is most likely a minimum value, given
that the full magnitude of SST change is probably
not expressed because of low resolution, core gaps,
and sediment hiatuses close to the E-O boundary
(fig. S4).
In general, the timing and pattern of highlatitude SST reconstructions from the late Eocene
to early and mid-Oligocene correlate well with
benthic d18O changes (Fig. 2) (21, 22). SST
reached the lowest values near the same time as
the maximum d18O excursion at ~33.5 Ma, particularly at site 511 (Fig. 2C). Given the resolution
of our entire data set, high-latitude SST changes
appear to be approximately synchronous with benthic d18O changes during the climate transition.
Our records also indicate that late Eocene
high-latitude SST was substantially warmer than
previous estimates. Before the E-O climate transition (~34 to 37 Ma), high-latitude SST was
~20°C [T2.7°C for UK′37 and T3.7°C for TEX86
(19)] (Fig. 2A), which is ~10°C warmer than temperatures derived from benthic and planktonic d18O
records from deep-sea cores (21, 23). Some localities, such as site 277, exhibit extraordinarly
warm SST, with temperatures reaching ~27°C.
Differences between our records and benthic/
planktonic d18O records could be explained in
various ways: diagenesis, seasonality, and/or locations of deep-water production. Diagenesis could
potentially alter both UK′37 (24) and TEX86 (25)
indices, resulting in temperature estimates warmer than original SSTs. However, there is no consistently strong evidence that UK′37 (24) or TEX86
(26) values are radically altered by diagenesis. In
addition, diagenetic pathways differ for these two
distinct proxies, yet SST estimates yield remarkably similar results (Fig. 2A). Two relatively
complete records from sites 511 and 336 indicate
that the coldest early Oligocene UK′37 SST was
only ~3° to 6°C warmer when compared with the
same locations today (table S1). Although these
warmer-than-modern temperatures are anticipated for the early Oligocene, they also constrain
warm-temperature biases introduced by diagenetic effects for Oligocene and late Eocene to
smaller than 3° to 6°C. Finally, our late Eocene
proxy records from the high latitudes are broadly
consistent with other documented marine and
terrestrial biotic changes (27, 28) and terrestrial
temperature records (29, 30).
Discrepancies between foraminiferal d18O–
and organic-based temperature estimates could
also reflect differences in the locations of our sites

show that it is possible to sustain ~20°C annual
mean temperatures in mid- to high-latitude regions,
with near-freezing winter temperatures in the polar

coastal waters that reflect deep-water formation regions (fig. S5). Recent evidence suggests that Mg/Ca
and d18O SST estimates from well-preserved early
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Fig. 3. Tropical SST records during the late E-O. (A) TEX86 SST records from six tropical sites. (B) UK′37-SST
records from sites 925 and 929. The TEX86 proxy probably overestimates the magnitude of tropical SST
changes because of tropical oceanographic perturbations associated with high-latitude cooling.

Fig. 4. Fully coupled E-O model results. The zonally and annually averaged temperature difference
between the high and low partial pressure of CO2 cases described in (19), representing late Eocene and
early Oligocene conditions, is shown. Cooling is maximized in the equatorial upper thermocline below the
mixed-layer, high-latitude oceans in the upper 2 km and in the abyss, predominately north of the equator.
The vertical scale (in meters) is stretched.
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and late Eocene planktonic foraminifera are broadly
consistent with TEX86 estimates but ~10°C warmer
than other d18O estimates from the tropics (14, 31)
and high latitudes (32), suggesting that the primary
planktonic d18O values (23) were altered by early
diagenesis (31). Although our late Eocene SST estimates from site 277 and probably site 1090 (Fig.
2A) appear particularly warm when compared with
other high-latitude sites investigated here, they
are in accord with early and mid-Eocene SST estimates from New Zealand, based on the TEX86
proxy, Mg/Ca, and d18O values from extraordinarily
well-preserved planktonic foraminifera (32). Thus,
we suggest that our high-latitude estimates, because
of biases introduced by diagenesis and seasonal
production, are probably at the warm end of but
remain close to the E-O mean annual temperatures. Physical interpretation of exceptional highlatitude warmth during the late Eocene remains an
important challenge to climate scientists.
Compared with high-latitude E-O SST, tropical
TEX86-SST records are more difficult to interpret.
Tropical SST predominantly range between 27° to
31°C before ~34 Ma and after ~32 Ma. A brief
interval (between ~33 to 34 Ma) of apparent colder
temperatures is expressed in most of our tropical
TEX86-SST records, with inferred temperature
changes varying from 0° to 15°C (Fig. 3A). However, such large tropical SST variations require
physically improbable atmospheric and oceanic
circulations when considered within the context
of spatial temperature gradients that drive wind
fields (8). Further, large tropical SST changes are
unsupported by other tropical Mg/Ca-based SST
reconstructions from well-preserved foraminifera
(14, 15). Indeed, UK′37 values from sites 925 and
929 in the tropical Atlantic indicate temperatures
>27°C and do not support the large temperature
variability suggested by some of our TEX86 records
(Fig. 3B). Given these considerations, we suggest
that large tropical TEX86 perturbations do not solely
record SST variations. Instead, extreme TEX86
values probably reflect changes in tropical watercolumn properties, associated with high-latitude
surface cooling identified here, and variations in the
population and production depths of Crenarchaeota
(20, 33). If we consider only TEX86 records with
temperature variations constrained by coeval UK′37
records (sites 925 and 929), tropical cooling does
not appear to exceed ~3°C (table S3), which is
consistent with other tropical temperature records
(14, 15).
Our results affect interpretations of ice volume
and the potential for Northern Hemisphere glaciation during the E-O climate transition. Ice-volume
calculations, based on benthic d18O records, require
an estimate of deep-ocean cooling. However, the
full change in SST from sparsely sampled localities
is not necessarily translated to abyssal depths. To
evaluate how surface temperature change was
translated into the deep ocean, we ran coupled
atmosphere-ocean simulations with Eocene boundary conditions (8) and CO2 levels representative of
pre- and posttransition atmospheric mixing ratios
(5, 6) (19). Model simulations reproduce ~5°C of
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high-latitude cooling consistent with our data, a
3.8°C volumetric-mean ocean cooling, and globalmean surface cooling of 4.4°C (Fig. 4). The model
provides clear evidence of spatially heterogenous
benthic cooling, averaging ~4°C (that is, somewhat
less than the surface temperature change). However, because (i) these model simulations do not
account for temperature feedbacks related to growing ice sheets and (ii) our estimate of ~5°C of highlatitude cooling might represent a minimum value,
model results for deep-water temperature change
also potentially slightly underestimate the magnitude of cooling. Therefore, the combination of our
model and proxy results provides a range between
3° and 5°C of benthic cooling during the E-O
climate transition, with our best estimate converging on 4°C.
Assuming that the average d18O value of
Oligocene Antarctic ice sheets was ~20 ‰ more
positive relative to today (an assumption that maximizes ice-volume estimates) (34), the growth of
continental ice implied by a +1.5 ‰ shift in
benthic d18O and a benthic cooling of 3° to 5°C is
between ~10 × 106 and 30 × 106 km3. This estimate
is equivalent to ~50 to 140% of the volume of a
simulated early Oligocene East Antarctic ice sheet
(5, 34) or ~40 to 120% of modern Antarctic ice
volume and 30 to 100% of Antarctic ice volume
during the Last Glacial Maximum. Although our
results do not contradict evidence of small localized glaciers in the northern high latitudes (13),
estimated ice volumes could be easily accommodated on Antarctica alone (34) and do not require
Northern Hemisphere glaciation (12) to explain
the magnitude of the benthic d18O shift. Finally,
between ~33 and 34 Ma, our data support a pattern
of systematic cooling in both the northern and southern high latitudes (Fig. 2A) that was approximately
in phase with benthic d18O changes (Fig. 2C)—a

temporal pattern also observed in other tropical
records (14, 15). These results are consistent with
a scenario of global cooling forced by a reduction
in greenhouse gas concentration rather than the
more regionalized effects of ocean gateways (5–8).
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Real Space by Nanoscale
Electron Focusing
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The Fermi surface that characterizes the electronic band structure of crystalline solids can be
difficult to image experimentally in a way that reveals local variations. We show that Fermi surfaces
can be imaged in real space with a low-temperature scanning tunneling microscope when
subsurface point scatterers are present: in this case, cobalt impurities under a copper surface.
Even the very simple Fermi surface of copper causes strongly anisotropic propagation
characteristics of bulk electrons that are confined in beamlike paths on the nanoscale. The induced
charge density oscillations on the nearby surface can be used for mapping buried defects and
interfaces and some of their properties.
he coherent propagation of electrons in
solids is central for a variety of phenomena that are at the core of modern physics.
Scanning tunneling microscopy (STM) has been
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used to manipulate atoms and create structures
that allow standing electron wave patterns to be
visualized (1). C. R. Moon et al. (2) extended this
line of investigations to the retrieval of quantum-
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phase information in nanostructures with the
scanning tunneling microscope. Another facet
of electron propagation has been revealed by
measurements (3) of exchange interaction between adatoms and wires mediated through the
Ruderman-Kittel-Kasuya-Yosida (RKKY) mechanism (4) on a platinum surface. All of these
effects depend on a fundamental property of
the electron sea: It rearranges itself to minimize
the disturbance caused by foreign atoms. These
Friedel oscillations (5) may cause technologically important effects such as the formation of
diluted magnetic semiconductors, spin-glasses, or
the interlayer exchange coupling between magnetic layers (6) exploited in read heads of magnetic hard discs.
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