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with the (r12)MRCI curve of Gdanitz (15) indi-
cates that this ab initio method, combined with a
large basis set, recovered the true shape of the
potential. The differences between Spirko’s (20)
potential energy curve and the fitted potential
are too small to be seen as the scale of the plot
shown in Fig. 3. To illustrate the differences, the
vibrational energies and rotational constants
generated from Spirko’s (20) potential can be
compared with the present results in Table 1.
The close agreement shows that the reduced
potential curve model is capable of achieving
near spectroscopic accuracy.

The shape of the Be2 potential energy curve
is quite different from that of a standard Morse-
like potential, and it is equally far away from a
simple physical potential such as the Lennard-
Jones model. Be2 is unique in this respect as
the related dimers of closed-shell metal atoms
Mg2 (27), Ca2 (28), Zn2 (21, 29), and Hg2
(29) exhibit typical Morse–van der Waals type
potentials.

The measurements reported here resolve the
question of the dissociation energy for Be2(X)
and define the potential energy curve for inter-
nuclear distances less than 8.5 Å. The unusual
shape of the attractive limb of the ground-state
potential reflects the evolution of the configura-
tional mixing that occurs as the atoms approach.
Hence, Be2 shows atoms passing through stages
of orbital hybridization as they form an incipient
chemical bond. Theoretical analyses indicate that
chemical and physical interactions are finely ba-
lanced at the equilibrium distance (14, 17, 30).
As a result, the Be2 molecule has a weak bond,
but a bond length that is more characteristic of a

conventional covalent interaction. Our experi-
mentally determined potential energy curve es-
tablishes a benchmark for tests of high-level
theoretical methods for treatment of configura-
tional mixing and electron correlation. Given
that such interactions are also especially im-
portant in the treatment of excited electronic
states and transition state regions of the po-
tential energy surface, one can hope to assess
the reliability of quantum chemical methods in
situations where they are applied to regions of the
potential energy surface that are not easily probed
by experiment.
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Atmospheric Carbon Dioxide Concentration
Across the Mid-Pleistocene Transition
Bärbel Hönisch,1 N. Gary Hemming,1,2 David Archer,3 Mark Siddall,4 Jerry F. McManus1

The dominant period of Pleistocene glacial cycles changed during the mid-Pleistocene from
40,000 years to 100,000 years, for as yet unknown reasons. Here we present a 2.1-million-year
record of sea surface partial pressure of CO2 (PCO2), based on boron isotopes in planktic foraminifer
shells, which suggests that the atmospheric partial pressure of CO2 (pCO2) was relatively stable
before the mid-Pleistocene climate transition. Glacial PCO2 was ~31 microatmospheres higher
before the transition (more than 1 million years ago), but interglacial PCO2 was similar to that of
late Pleistocene interglacial cycles (<450,000 years ago). These estimates are consistent with a
close linkage between atmospheric CO2 concentration and global climate, but the lack of a gradual
decrease in interglacial PCO2 does not support the suggestion that a long-term drawdown of
atmospheric CO2 was the main cause of the climate transition.

Themid-Pleistocene transition (MPT) is the
period around 1250 to 700 thousand years
ago (ka), when global climate variability

changed from the dominant 40-thousand-year (ky)
orbital period of the Pliocene/early Pleistocene
to the 100-ky ice-age cycles of the past 700 ky
(1–3). Orbital variation does exert some forcing
on the 100-ky time scale, but it is relatively weak

and seems a feeble explanation for the 100-ky ice
ages. The change in periodicitywas accompanied
by a gradual increase in value and amplitude of
the oxygen isotopic composition of benthic fora-
minifer shells, suggesting that total ice volume
increased and/or deep-water temperatures prob-
ably decreased over the MPT (3, 4). It has been
suggested the MPT was caused by global cool-

ing, possibly due to a long-term decrease in atmo-
spheric CO2 concentrations (5), but the evidence
is inconclusive. Sea surface temperature (SST)
estimates from eastern basin upwelling areas
(6–9) are consistent with substantial cooling, but
estimates from the western Pacific warm pool
(WPWP) indicate relatively stable temperatures
across the transition (10, 11). Because theWPWP
is an area particularly sensitive to changes in ra-
diative forcing, that temperature stability has been
used to argue that a secular decrease in atmo-
spheric partial pressure of CO2 (pCO2) did not
occur (10). In contrast, another study observed
higher glacial SSTs before the MPTand ascribed
these to changes in greenhouse forcing (11).
Thus, there currently is no direct evidence sub-
stantiating any long-tem trend in pCO2.

The most accurate archive for atmospheric
pCO2 comes from ancient air trapped in polar ice.
Ice core records reveal that pCO2 varied between
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Bristol, Bristol, UK.
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180 and 300 parts per million by volume (ppmv)
during the last four glacial cycles (12) and be-
tween 172 and 260 ppmv for the period from 800
to 450 ka (13, 14). Contrary to the suggestion that
pCO2 decreased toward the late Pleistocene, the
earlier pCO2 amplitude and average were lower
than in the more recent past. However, existing
ice core records are limited to the past 800 ky, and
no ice core data are available for the full duration
of the MPT.

Because CO2 is well mixed in the atmosphere
over the time scale of a few years, and because
CO2 is exchanged rapidly between the surface
ocean and atmosphere, marine proxy records of
past sea surface carbonate chemistry can place
constraints on past atmospheric pCO2. The boron
isotopic composition of planktic foraminifer shells
is a proxy for past seawater pH. This proxy is
based on the equilibrium reaction between the
two dominant species of dissolved boron in sea-
water and the isotope fractionation between the
two species [supporting online material (SOM)].
Atmospheric pCO2 can be estimated from the
boron isotopic composition of those shells if (i)
aqueous partial pressure of CO2 (PCO2) at the
core site is in equilibrium with atmospheric pCO2,
and (ii) another carbon parameter of the water in
which the foraminifers grew is known. Using rea-
sonable assumptions about seawater alkalinity,
quantitative replication of select intervals of the
Vostok pCO2 record from boron isotopes in the
planktic foraminifer Globigerinoides sacculifer
(15) has demonstrated the validity of this method.

Here, we extend the existing 400-ky boron iso-
tope record from Ocean Drilling Program (ODP)
site 668B beyond the MPT to 2.1 million years
ago. ODP site 668B is located on the Sierra Leone
Rise in the eastern equatorial Atlantic (4°46′N,
20°55′W) at a water depth of 2693 m. Nearby
oceanographic data (from World Ocean Circula-
tion Experiment cruise A15, station 34) indicate
that in the modern ocean, aqueous PCO2 and
atmospheric pCO2 are in equilibrium. Reconstruc-
tion of the local marine carbonate chemistry thus
allows us to estimate PCO2 and infer pCO2.

From this sediment core, we constructed a
high-resolution oxygen isotope (d18O) record
from shells of the surface-dwellingG. ruber. The
record allows us to establish an agemodel, which
is simultaneously tied (16) to the stack of 57
globally distributed benthic d18O records [the
LR04 stack (4)] and the planktic d18O record of
ODP site 677 (17). Large G. sacculifer shells
were selected from extreme glacial and inter-
glacial samples and transitional periods for boron
isotope analysis (fig. S1 and SOM). Boron iso-
topes were measured by negative thermal ioniza-
tion mass spectrometry and complemented by
Mg/Ca analyses on small shells of G. ruber for
temperature reconstruction (see SOM for further
details). Boron isotope data were then converted
into pH estimates, using the empirical calibration
for G. sacculifer (18) and following the proce-
dure outlined in (15). Mg/Ca-based SSTs were
estimated according to the method of (19). The

salinity effect on Mg/Ca temperature estimates
discovered by (20) has been considered but found
to be of negligible importance for PCO2 estimates
(SOM).

In order to translate the pH estimates into
PCO2, a second parameter of the carbonate system
is required, such as [CO3

=] or alkalinity. An eval-
uation of methods to estimate this second param-
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Fig. 1. 2.1-million-year estimation of atmospheric pCO2 from marine proxies recorded at ODP site
668B in the eastern equatorial Atlantic. (A) The LR04 benthic oxygen isotope stack (4) reflects the
change from the dominant 40-ky periodicity of glacial cycles before 1200 ka to the 100-ky ice-age
cycles of the past 700 ky. The MPT is indicated by the horizontal gray bar and describes the transition
period. (B) Planktic d11B data reflect extreme glacial and interglacial times and few transitional
periods, selected from the d18O record, and are complemented by (C) Mg/Ca SST estimates and (E)
local salinity estimates computed from (D) modeled global sea level (21). (F) Surface seawater pH on
the seawater scale (SWS) was calculated as a function of d11B, SST, and salinity. (G) Alkalinity
estimates are based on a modeled global ocean estimate (3), adjusted to modern local alkalinity at
the core site and varying sea level. (H) Surface ocean aqueous PCO2 was then calculated as a function
of pH, alkalinity, SST, and salinity. Comparison with the ice core record of atmospheric pCO2 [dark red
line in (H)] reveals a remarkable match for the period from 800 ka to the present. Average glacial and
interglacial PCO2 is indicated by solid horizontal black lines for different intervals in (H). Dashed lines
indicate G/I averages. Error bars indicate the propagated error of the individual pH, SST, salinity, and
alkalinity uncertainties on the PCO2 estimate (see SOM for details).
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eter is given in the SOM. We followed a similar
procedure to that outlined in (15), bracketing the
potential variations in whole-ocean inventory of
alkalinity between two possibilities: (i) Alkalinity
remained constant in the past (constant alkalinity
scenario); and (ii) alkalinity varied as a function
of past terrestrial weathering, ocean CaCO3 pro-
duction, and sediment dissolution rates [varying
alkalinity scenario, after (3)]. The degree to which
local salinity and alkalinity were increased during
glacial periods, when sea level was lower, was
approximated with the global sea-level estimate
determined by (21) relative to average ocean depth
(see the SOM for further details and additional
validation of this approach).

The pH, temperature, and PCO2 estimates are
shown in Fig. 1. The pre-MPT ocean chemistry
revealed from d11B is characterized by less basic
glacials (pH 8.24 T 0.03, 1 SD) relative to the
post-MPT (pH 8.29 T 0.02), whereas interglacial
pH is comparable between the two intervals (pH
8.14 T 0.02 and 8.14 T 0.03, respectively). Several
uncertainties were considered for the PCO2 cal-
culation (SOM) but were found to be of minor
importance. The only significant PCO2 difference
stems from the choice of alkalinity, where a total
difference in alkalinity of up to 221 mmol kg−1

between scenarios results in a maximum PCO2

difference of 27 microatmospheres (matm) and
an average difference of 17.7 matm (fig. S1 and
SOM). The PCO2 estimates presented here are
based on the varying alkalinity scenario [after
(3)], in which weathering of the Canadian Shield
modulates 4%of global weathering rates. Although
all PCO2 estimates are very similar, this one yields
the best match with the measured atmospheric
pCO2 over the past 800 ky (fig. S1 and SOM).
According to this scenario, our proxy estimates
translate into pre-MPT interglacial PCO2 similar to
that of the most recent interglacials (283 matm) but
relatively higher pre-MPTglacialPCO2 (213 matm).
In comparison, the constant alkalinity scenario
yields PCO2 ~ 10 to 20 matm higher for the entire
record (fig. S1 and SOM). The large uncertainty
in alkalinity thus results in only a small difference
in the PCO2 estimate and indicates that seawater
pH is a a sensitive parameter for calculatingPCO2.
Because changes in ocean alkalinity were proba-
bly accompanied by similar changes in total dis-
solved inorganic carbon, they appear to exert only
a small impact.

Considering only extreme glacial/interglacial
(G/I) samples, as determined by the oxygen iso-

tope stratigraphy, the values and amplitudes of
our reconstructed PCO2 cycles show good agree-
ment with ice core measurements (Table 1). The
ice core pCO2 data for the intervals 0 to 418 ka
(180 to 300 ppmv range, 239 ppmv average) and
540 to 800 ka (172 to 260 ppmv range, 221 ppmv
average) (12–14) are remarkably consistent with
our marine proxy estimates for those intervals
(184 to 297 matm range, 241 matm average; and
181 to 252 atm range, 217 matm average, respec-
tively). In addition, the exceptionally low pCO2
(172 ppmv) measured in ice cores during marine
isotope stage (MIS) 16 is reflected in a similarly
low boron isotope estimate of 167 T 13 matm.

Our reconstructed pH and PCO2 changes also
agree well with the climate signal recorded in
the LR04 stack (4): Extreme interglacial benthic
d18O was relatively constant over the course of
our 2.1-million-year record [3.2 to 3.5 per mil
(‰)], but extreme glacial benthic d18O increased
from 4.3‰ at 2.1 Ma to 5.1‰ for the post-MPT
glacials (Fig. 1). The relatively less extreme gla-
cials of the pre-MPTare thus reflected in a smaller
land ice extent and/or warmer deep-sea tempera-
tures and correlate well with higher glacial pCO2.
Our data are also consistent with SST reconstruc-
tions from the WPWP indicating warmer glacial
SSTs pre-MPT as compared to post-MPT, but
similar interglacial SSTs (11). Strong correlations
also exist between sub-Antarctic alkenone SST
and ice core change in temperature and between
the abundance of alkenones in ODP site 1090 and
pCO2 measured in ice cores (22). The record covers
only 1.1 million years but agrees well throughout
with our boron isotope reconstruction. In particu-
lar, the alkenone record shows exceptionally high
SST and exceptionally low alkenone abundance
for MIS 25 (950 ka), suggesting high pCO2 of
≥300 ppm. This observation agrees well with the
warmest interglacial SSTs observed in the WPWP
for MIS 25 (11) and is consistent with our boron
isotope estimate, which indicates higher than aver-
agePCO2 (308 matm) forMIS 25. Comparisonwith
independent climate records of polar ice extent and
deep ocean temperature (4), sub-Antarctic SST (22),
and WPWP SSTs (11) thus corroborates the va-
lidity of our estimates and supports the notion
that interglacial atmospheric pCO2 before the MPT
was similar to that in the preindustrial period, but
that pre-MPT glacial pCO2 was ~31 matm higher
than during post-MPT glacials.

In order to estimate climate sensitivity from the
observed CO2 changes, we focus on the pre-MPT

glacials, because pre- and post-MPT interglacial
PCO2 are statistically indistinguishable (Table 1).We
use a logarithmic climate sensitivity equation (23)
with an average equilibrium temperature change
of 5 K for doubling CO2. This temperature change
is at the high end of CO2 sensitivity estimates on
short time scales but is more appropriate for the
longer time scales considered here, which include
slow feedbacks such as ice-sheet albedo effects
(24). Based on this sensitivity, the global average
surface air temperature during pre-MPT glacials
was 1.06 K warmer than during post-MPT gla-
cials. In comparison, the mean global tempera-
ture change from the Last Glacial Maximum to
the preindustrial period is 3.3 to 5.1 K [as esti-
mated by the Paleoclimate Model Intercomparison
Project (25)]. Consequently, the average pre-MPT
G/I global temperature change was ~30% smaller
than during the past 400 ky. However, the smaller
temperature range does not imply a gradual decline
in greenhouse forcing over the MPT. Although the
average G/I pCO2 was ~7 matm higher before the
transition (Table 1), this difference is entirely a re-
sult of higher glacial pCO2. The higher glacial pCO2
is consistent with the warmer glacial SSTs, ice ex-
tent, and/or deep-sea temperatures, but interglacial
pCO2 was similar before and after the transition.We
therefore conclude that CO2 was unlikely to have
been themain driver of theMPT.We also conclude
that present-day atmospheric pCO2 is the highest it
has been for the past 2.1 million years, requiring a
search for an analog for present-day conditions,
possibly during the time before the acceleration of
Northern Hemisphere glaciation before 2.7 million
years ago.
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Fossil Plant Relative Abundances
Indicate Sudden Loss of Late Triassic
Biodiversity in East Greenland
Jennifer C. McElwain,1* Peter J. Wagner,2 Stephen P. Hesselbo3

The pace of Late Triassic (LT) biodiversity loss is uncertain, yet it could help to decipher causal
mechanisms of mass extinction. We investigated relative abundance distributions (RADs) of
six LT plant assemblages from the Kap Stewart Group, East Greenland, to determine the pace of
collapse of LT primary productivity. RADs displayed not simply decreases in the number of taxa, but
decreases in the number of common taxa. Likelihood tests rejected a hypothesis of continuously
declining diversity. Instead, the RAD shift occurred over the upper two-to-four fossil plant
assemblages and most likely over the last three (final 13 meters), coinciding with increased
atmospheric carbon dioxide concentration and global warming. Thus, although the LT event did not
induce mass extinction of plant families, it accompanied major and abrupt change in their
ecology and diversity.

Ecological theory shows that relative abun-
dance distributions (RADs) provide impor-
tant information on the ecological assembly

rules for communities in both the present (1, 2)
and past (3). The general ecological rules that
underpin community assembly are also inde-
pendent of species composition, thus providing
a metric of past diversity that is applicable to
communities of disparate composition, phylo-
genetic history, and age (1, 2). Differences among
RADs reflect differences in dominance and
rarity as well as richness. RADs describe dom-
inance and rarity more exactly than does even-
ness (i.e., uniformity of abundances) alone (4).
Hypotheses of ecological deterioration make
predictions about changes in RADs over time
without necessarily predicting extinction (5, 6).
Therefore, if prolonged ecological deterioration
precedes a mass extinction, then RADs could
reveal ecological deterioration better than rich-
ness or evenness alone.

We use RADs to examine the pace of diver-
sity loss leading to the Triassic-Jurassic boundary
(TJB). The TJB extinction is one of the five

greatest in Earth history (7), but the pace of bio-
diversity loss remains uncertain (8–12). This ham-
pers our ability to distinguish between competing
hypotheses on the causal mechanisms of the TJB
mass extinction. Gradual extinction patterns have
been reported. RADs offer an opportunity to re-
examine the pace of LT biodiversity change in
greater detail than provided by either changes in
richness or evenness.

We assessed trends in RADs over six tapho-
nomically similar Rhaetian aged fossil plant beds
from Astartekløft, East Greenland (10). First, we
determined the most likely RAD model for each
bed based on the expected number of taxa with x
specimens given the observed sample size (3).
We considered four RAD models: geometric and

the zero-sum multinomial, which are governed
largely by ecological succession (1, 2); and log-
normal and Zipf, which are governed by increasing
ecospace due to facilitation or niche construction
(1). Because the different RADs do not represent
special cases of each other, we use Akaike’s mod-
ified information criterion to choose the best
model (3, 13).

Second, we assessed a series of increasingly
complicated temporal models of LT plant diver-
sity change. We did this by assessing the like-
lihood of a range of models, and thus the joint
likelihood that 2+ assemblages shared the same
RAD. Because not all beds fit the same RAD
model, we labeled each model with a more gen-
eral aspect of diversity: the hypothesized number
of genera (S) with frequency greater than 10−6

(Sf >10−6). In order of increasing complexity, we
considered (i) uniform diversity over the whole
Rhaetian-aged portion of the Astartekløft section
(∆Sf >10−6 = 0); (ii) linear diversity decrease over
the same interval (∆Sf >10−6 < 0); (iii) static diver-
sity followed by linear decrease in the later Rhaetian
portion of the section; (iv) static diversity followed
by curvilinear decrease in the later Rhaetian portion
of the section.

The simpler temporal models are special cases
of the more complicated temporal models. Thus,
we can use log-likelihood ratios to test whether a
more complicated temporal model is significantly
better than a simpler one (14). We tested hypoth-
esized RAD shifts by how well those hypotheses
predict observed abundances given the best gen-
eral RAD model and the hypothesized shift in
Sf >10−6, not by how well they predict the best ex-
act model. Second, we reach identical conclu-
sions using Sf >10−5 or Sf >10−4.
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Table 1. Modified Akaike’s information criteria (AICc) for best examples of each general RAD model.
AICc = −2 × lnL[H|data] × n/(n − k −1), where H is the best hypothesis from each model, n is the number
of specimens, and k is the number of parameters (k = 1 for geometric; otherwise k = 2). The lowest AICc
value (bold) gives the best fit (13).

RAD model AICc

Bed Taxa n Geometric Zero sum Lognormal Zipf

1 13 224 91.6 96.9 97.2 123.3
1.5 9 62 50.8 54.4 52.6 52.4
2 12 258 96.8 99.0 98.9 107.6
3 9 525 68.0 124.3 62.3 62.6
4 11 876 96.1 97.5 124.3 162.5
5A 7 275 52.4 60.9 63.4 76.1
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