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Coupling of CO, and Ice Sheet Stability
Over Major Climate Transitions
of the Last 20 Million Years

Aradhna K. Tripati,>>* Christopher D. Roberts,? Robert A. Eagle®
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The carbon dioxide (CO,) content of the atmosphere has varied cyclically between ~180 and

~280 parts per million by volume over the past 800,000 years, closely coupled with temperature
and sea level. For earlier periods in Earth's history, the partial pressure of CO, (pCO,) is much less
certain, and the relation between pCO, and climate remains poorly constrained. We use boron/calcium
ratios in foraminifera to estimate pCO, during major climate transitions of the past 20 million years.
During the Middle Miocene, when temperatures were ~3° to 6°C warmer and sea level was 25 to
40 meters higher than at present, pCO, appears to have been similar to modern levels. Decreases in
pCO, were apparently synchronous with major episodes of glacial expansion during the Middle
Miocene (~14 to 10 million years ago) and Late Pliocene (~3.3 to 2.4 million years ago).

he response of ice sheets and climate to
I past and future changes in the partial
pressure of CO, (pCO,) remains uncertain
(I). Geologic data can be used to constrain rela-
tions between pCO, and ice sheet stability,
identify climate thresholds, and validate models
used for simulating future climate change (7).
Over the past 20 million years (My), there have
been substantial changes in global sea level
driven by the growth and decay of continental
ice sheets. Among the most pronounced of these
fluctuations are the growth of ice on East and
West Antarctica, the formation of an Arctic ice
cap in the Middle Miocene [~14 to 10 million
years ago (Ma)], and the intensification of
glaciation in the Northern Hemisphere during
the Late Pliocene (~3.4 to 2.4 Ma) (2—4). The
causes of these glacial transitions, however, are
the subject of intense debate. Proposed mecha-
nisms include changing ocean circulation due to
the closure of the Panamanian Seaway (), upper
water-column stratification in the tropics and/or
high latitudes (6), and orbitally driven variations
in the amount or distribution of insolation (2).
Other authors invoke pCO, changes to explain
glacial expansion (7-9).

Although there is speculation about the role
of the carbon cycle in driving these well-studied
climate changes, there is surprisingly little direct
evidence to support a coupling between pCO,
and climate before the ice core record (i.e., be-
fore 0.8 Ma). Estimates of pCO, for the past 20
My have been generated with the use of several
methods (/0-13), including the difference in the
carbon isotopic composition (5'°C) of alkenones
and co-occurring foraminifera, 53C of bulk
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carbon and pedogenic carbonates, boron isotope
composition (8"'B) of foraminifera, stomatal den-
sity on fossil leaves, and carbon-cycle modeling.
Most reconstructions support a decoupling be-
tween pCO, (10—13) and climate (/4) during the
Miocene and Late Pliocene, although very little
pCO, data are available, and the few published
proxy reconstructions yield conflicting results. In
addition, few pCO, proxies have replicated the
ice core data of the past 0.8 My.

To test the hypothesis that CO, and climate
were closely coupled across these major tran-
sitions, we calculated surface-water pCO, (and
pH) for three intervals [(i) 20 to 5 Ma, (ii) 3.5 to
2.4 Ma, and (iii) 1.4 Ma to the present] using
foraminiferal B/Ca ratios. Yu ef al. demonstrated
that planktic foraminiferal B/Ca ratios can be used
to estimate seawater borate/bicarbonate ratios
[B(OH)4 /HCOs5 ] (15). Seawater B(OH), /HCO;~
will respond to changes in the carbonate system
(such as pH, alkalinity, or dissolved inorganic
carbon), as well as the total concentration of dis-
solved boron. To calculate pCO, and pH from
seawater B(OH), /HCOs", Yu et al. assumed
alkalinity scaled either with surface-water salin-
ity or whole-ocean salinity and total boron con-
centrations scaled with salinity. The choice of
either of these models had a negligible effect on
the reconstruction [<10 parts per million by vol-
ume (ppmv)].

We reconstructed surface-water B(OH), /
HCO;™ at sites 806 and 588 located in the western
tropical Pacific Ocean (fig. S1). Surface-water
pCO, at these sites should reflect atmospheric
pCO,, as today this region is close to equilibrium
with the atmosphere (table S2), not strongly
affected by upwelling, and characterized by low
productivity. Although ocean stratification has
probably changed over the past 20 My, the west-
ern tropical Pacific probably experienced much
smaller fluctuations than other regions (the east-
ern sides of ocean basins, mid-latitude settings,
high-latitude settings) (6, 16, /7). Surface temper-
atures in this region are also thought to have been
relatively stable over long time scales (18, 19),

with fluctuations of <6°C, in contrast to other
areas (16, 17). Both sites were drilled in shallow
waters (table S1), with well-preserved planktonic
foraminifera (10, 17-20).

We measured B/Ca ratios, Mg/Ca ratios,
and 5'%0 values in monospecific samples of the
surface-dwelling species Globigerinoides ruber
and G. sacculifer (tables S3 and S4). Average re-
producibility for B/Ca ratios of separately cleaned
samples was 3.5%. B/Ca ratios were converted to
seawater B(OH), /HCO; ratios with the use of
an appropriate value for the apparent partition
coefficient (Kp). Kp was calculated for each
sample by applying a species-specific calibra-
tion between Kp and temperature (table S7) to
Mg/Ca-derived estimates of temperature. Calcu-
lated B(OH), /HCOs5 ™ ratios (and pCO, values)
for 20 replicates typically differ by less than 4%
(table S8), and values calculated using 78 pairs of
G. ruber and G. sacculifer from the same sample
agreed to within 3%, on average (table S9) (21).

To estimate pH and pCO, from B(OH), /
HCO;™ ratios, a further assumption is required
to fully constrain the carbonate system. We use
seawater B(OH), /HCOj3™ ratios and estimates of
alkalinity or carbonate ion concentration to de-
termine pH and pCO, [section F of supporting
online material (SOM)]. We tested the sensitivity
of calculated pH and pCO, values to the assump-
tion used, including the following assumptions:
(i) alkalinity scaled with salinity, (ii) constant
carbonate ion concentration, and (iii) variable
carbonate ion concentration. Seawater B has an
oceanic residence time of ~11 to 17 My (22).
Although we do not know how seawater B has
evolved over the past 20 My, variations in sea-
water B(OH), /HCO;™ ratios on time scales of a
few million years should reflect changes in the
seawater carbonate system. We assumed total B
(fig. S7) may have followed one of five modeled
histories (22). The equations that we used for our
calculations are provided in sections G to I of
the SOM.

In total, we used 28 models to calculate pH
and pCO, from B(OH), /HCO5 ratios (figs. S5
to S8 and table S12). The range of calculated
values defines the shaded regions in Figs. 1 and
2. The variable alkalinity model is shown in Figs.
1 and 2 (gray and green circles), because it is
typically within 5 ppmv of the average of all 28
models. pCO, values calculated using the 28
models agree to within 40 ppmv over the last
800 thousand years (ky), with the difference be-
tween minimum and maximum calculated values
increasing farther back in time (50 ppmv from 0
to 5 Ma, 60 ppmv from 5 to 10 Ma, and 100 ppmv
from 10 to 20 Ma).

The pCO, reconstruction accurately repro-
duces ice core measurements from 0 to 0.8 Ma
(Fig. 1). If the variable-alkalinity model is con-
sidered (Fig. 1, gray circles), ~30- to 50-ppmv
offsets are observed for three (of 41) samples,
which may be due to differences in age models
[128 and 374 thousand years ago (ka)] or in-
accuracies in the reconstruction (at 581 ka). For
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the whole population of pCO, estimates from
this interval (n = 39 samples), the root mean
square error of the residuals (the difference be-
tween observed pCO, values from ice cores and
reconstructed pCO, from foraminiferal B/Ca
using the variable-alkalinity model) is 13 ppmv
(fig. S9). If the other 26 models are consid-
ered, then all 41 values lie within error of the
ice core record. Although only moderate in
resolution, the record shows the change in the
amplitude of the 100-ky cycle at 650 ka seen in
ice cores (23). Our results for the past 1.4 Ma
are very similar to those reported in a recently
published 8''B record (11).

Results for the Miocene and Late Pliocene
support a close coupling between pCO, and cli-
mate (Fig. 2). Relative to today, surface waters
appear to have been more acidic and pCO,
values higher (Fig. 2, A and B) during the Early
and Mid-Miocene (~20 to 15 Ma). This interval
was characterized by global warmth, with little
evidence for substantial (i.e., similar to modern)
ice storage in Antarctica or Greenland (3, 14, 24).
The highest estimates of pCO, occur during the
Mid-Miocene Climatic Optimum (MMCO), ~16
to 14 Ma, the only interval in our record with
levels higher than the 2009 value of 387 ppmv.
Climate proxies indicate that the MMCO was
associated with reduced ice volume and globally
higher sea level (25 to 40 m) (3), as well as
warmer surface- and deep-water temperatures
(2, 20). These results are consistent with foram-
iniferal 8''B data that indicate that surface waters
were more acidic ~20 Ma (12).

After the MMCO in the Mid-Miocene (~14 to
10 Ma), surface-water pH increased and pCO,
decreased by ~200 ppmv. This pattern mirrors
long-term trends in 8'0 records and is correlated
with the appearance and growth of ice in both
hemispheres, consistent with CO, driving this
transition. Global cooling appears to have begun at
~14.2 Ma (2), and subsequent glacial expansion
drove a 0.7 to 1.0 per mil increase in seawater and
benthic foraminiferal 5'30 (25), as well as a low-
ering of sea level (~40 £ 15 m) (3). In the Northern
Hemisphere, this fall in pCO, coincides with the
onset of perennial Arctic sea ice cover (26), the
development of substantial ice storage (/4), and
the first Miocene occurrence of ice-rafted debris
in the North Atlantic, indicating that glaciers
reached sea level (24). In the Southern Hemi-
sphere, decreasing pCO, is associated with the
change from wet- to cold-based alpine glaciers in
the McMurdo Dry Valleys (27), the transition to
cold polar conditions and the growth of ice on
West Antarctica (28), and the re-initiation of a
large ice sheet on East Antarctica (2, 29).

During the Late Miocene (~10 to 7 Ma), sea-
water pH was relatively high, and pCO, was low
and stable (~220 ppmv). Small ice sheets on West
Antarctica and in the Northern Hemisphere are
thought to have expanded while temperatures
cooled (/3). In the latest Miocene (~7 to 5 Ma),
pH and pCO, exhibit large-amplitude variations,
although the trends are poorly defined. This in-

terval has been interpreted as generally being
warm, with interglacials representing complete
deglaciation of marine-based regions of Antarc-
tica (30), consistent with the limited data on our
pCO; curve.

Our B/Ca record indicates a large increase in
pH and a fall in pCO, (~150 ppmv) during the
Late Pliocene (~3.4 to 2.4 Ma) (Fig. 2, C and D).
This evidence for a decline in pCO, coincident
with the intensification of glaciation is consistent
with the hypothesis that pCO, was the major
driver of ice growth at this time. Model simula-
tions also support the idea that changing pCO,,
and not ocean heat transport, triggered glaciation

REPORTS I

(31). Comparison with other records indicates that
decreasing pCO, is synchronous with the inten-
sification of continental glaciation in the North-
ern and Southern Hemispheres, as indicated by
increased foraminiferal §'30 (32), the onset of
ice rafting in the North Pacific, and increased
rates of ice rafting in the North Atlantic (24, 33)
and Southern Ocean (34). In addition, the interval
of low pCO, at ~2.5 Ma is associated with the
onset of large-amplitude (glacial-interglacial)
cycles in deep-sea oxygen isotope records (32).
These results show that changes in pCO, and
climate have been coupled during major glacial
transitions of the past 20 My, just as they have
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Fig. 1. B(OH); /HCOs™ ratios, pH, and pCO, from 0 to 1.4 Ma from B/Ca ratios of surface-dwelling
foraminifera compared with Antarctic ice core data (solid line) (23). Data are mean * average c. There is a
3.5% analytical uncertainty in B/Ca ratios (average 16), based on analyses of replicate samples (table S8), and
a 4% uncertainty in reconstructed seawater B(OH), /HCO;™ ratios, based on 78 paired measurements of G.
ruber and G. sacculifer (table S9). This uncertainty in B(OH), /HCO;™ equates to a 10- to 20-ppmv uncertainty
(16) in pCO, (~5 to 6%) and a 0.02 uncertainty in pH (~0.2%). The gray shaded region brackets all calculated
pCO, values. Gray circles are for a model with a value similar to the average of all 28 models. Vertical dashed
lines show Early-to-Mid Pleistocene and Mid-to-Late Pleistocene boundaries. Horizontal solid and dashed lines
approximately mark shifts in mean and amplitude of values for a model shown in gray. For comparison, 5*B-
based pCO, estimates indicate pCO, of ~220 to 300 ppmv from 0.8 to 1.4 Ma (11).

www.sciencemag.org SCIENCE VOL 326 4 DECEMBER 2009

Downloaded from www.sciencemag.org on December 5, 2009

1395


http://www.sciencemag.org

REPORTS

been over the last 0.8 My, supporting the hy-
pothesis that greenhouse gas forcing was an
important modulator of climate over this interval
via direct and indirect effects. Variations in pCO,
affect the radiative budget and energy balance of
the planet. Such changes will inevitably have con-
sequences for temperature, the hydrologic cycle,
heat transport, and the accumulation and ablation
of sea ice and glacial ice. The data presented here
do not preclude alternative mechanisms for driv-
ing climate change over the past 20 Ma. How-
ever, they do indicate that changes in pCO, were
closely tied to the evolution of climate during the
Middle and Late Miocene and the Late Pliocene
glacial intensification, and therefore, it is logical to
deduce that pCO, played an important role in
driving these transitions. High-resolution records
of pCO, and other climate parameters should help

to resolve whether pCO, was a trigger and/or
feedback (or both).

These results provide some constraints on
pCO, thresholds for the advance and retreat of
continental ice sheets in the past, which is also
relevant in the context of anthropogenic climate
change because it is uncertain how continental
ice sheets will respond over the coming centu-
ries to increased levels of pCO, (/). By com-
paring our reconstruction to the published data
sets described above, we are able to estimate
past thresholds for the buildup of ice in different
regions. When pCO, levels were last similar
to modern values (that is, greater than 350 to
400 ppmv), there was little glacial ice on land or
sea ice in the Arctic, and a marine-based ice mass
on Antarctica was not viable. A sea ice cap on the
Arctic Ocean and a large permanent ice sheet
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Fig. 2. pCO, for Miocene and Late Pliocene from B/Ca ratios of surface-dwelling foraminifera compared with
climate records. Error bars are the same as in Fig. 1. The gray shaded region brackets all calculated pCO,
values. Gray circles are for a model with a value similar to the average of all 28 models. (A) B(OH); /HCO5™
ratios and pH for 20 to 5 Ma. (B) pCO, and compilation of benthic foraminiferal 520 (14) for 20 to 5 Ma. The
numbered bars at the bottom of the panel denote the timing of: (1) the MMCO (2, 3, 14, 20, 24) and (2) Mid-
Miocene glacial expansion (2, 3, 8, 14, 24-29). (C) B(OH); /HCO5™ ratios and pH for 3.4 to 2.4 Ma. (D) pCO,
and benthic foraminiferal 520 (32) for 3.4 to 2.4 Ma. The dark blue bar at the bottom of the panel denotes
the reported timing of Late Pliocene glacial expansion (14, 24, 32—34). V-PDB, Vienna Pee Dee belemnite.

were maintained on East Antarctica when pCO,
values fell below this threshold. Lower levels
were necessary for the growth of large ice masses
on West Antarctica (~250 to 300 ppmv) and
Greenland (~220 to 260 ppmv). These values are
lower than those indicated by a recent modeling
study, which suggested that the threshold on East
Antarctica may have been three times greater
than in the Northern Hemisphere (35).

This work may support a relatively high climate
sensitivity to pCO,. pCO, values associated with
major climate transitions of the past 20 Ma are
similar to modern levels. During the Mid-Miocene,
when pCO, was apparently grossly similar to
modern levels, global surface temperatures were,
on average, 3 to 6°C warmer than in the present
(2, 25). We suggest that the Mid-Miocene may be
a useful interval to study to understand what ef-
fect sustained high pCO, levels (i.e., a climate in
equilibrium with near-modern pCO, values) may
have on climate.
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Indirect Emissions from Biofuels:

How Important?
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A global biofuels program will lead to intense pressures on land supply and can increase greenhouse
gas emissions from land-use changes. Using linked economic and terrestrial biogeochemistry

models, we examined direct and indirect effects of possible land-use changes from an expanded
global cellulosic bioenergy program on greenhouse gas emissions over the 21st century. Our model
predicts that indirect land use will be responsible for substantially more carbon loss (up to twice as
much) than direct land use; however, because of predicted increases in fertilizer use, nitrous oxide
emissions will be more important than carbon losses themselves in terms of warming potential. A global
greenhouse gas emissions policy that protects forests and encourages best practices for nitrogen
fertilizer use can dramatically reduce emissions associated with biofuels production.

xpanded use of bioenergy causes land-
Euse changes and increases in terrestrial car-

bon emissions (/, 2). The recognition of
this has led to efforts to determine the credit
toward meeting low carbon fuel standards (LCFS)
for different forms of bioenergy with an accounting
of direct land-use emissions as well as emissions
from land use indirectly related to bioenergy pro-
duction (3, 4). Indirect emissions occur when
biofuels production on agricultural land dis-
places agricultural production and causes addi-
tional land-use change that leads to an increase
in net greenhouse gas (GHG) emissions (2, 4).
The control of GHGs through a cap-and-trade or
tax policy, if extended to include emissions (or
credits for uptake) from land-use change com-
bined with monitoring of carbon stored in veg-
etation and soils and enforcement of such
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policies, would eliminate the need for such life-
cycle accounting (3, 6). There are a variety of
concerns (5) about the practicality of including
land-use change emissions in a system designed
to reduce emissions from fossil fuels, and that
may explain why there are no concrete proposals
in major countries to do so. In this situation,
fossil energy control programs (LCFS or carbon
taxes) must determine how to treat the direct and
indirect GHG emissions associated with the car-
bon intensity of biofuels.

The methods to estimate indirect emissions
remain controversial. Quantitative analyses to
date have ignored these emissions (/), con-
sidered those associated with crop displace-
ment from a limited area (2), confounded these
emissions with direct or general land-use emis-
sions (6-8), or developed estimates in a static
framework of today’s economy (3). Missing in
these analyses is how to address the full dy-
namic accounting of biofuel carbon intensity
(CI), which is defined for energy as the GHG
emissions per megajoule of energy produced (9),
that is, the simultaneous consideration of the
potential of net carbon uptake through enhanced
management of poor or degraded lands, nitrous
oxide (N,O) emissions that would accompany
increased use of fertilizer, environmental effects
on terrestrial carbon storage [such as climate

change, enhanced carbon dioxide (CO,) concen-
trations, and ozone pollution], and consideration
of the economics of land conversion. The estima-
tion of emissions related to global land-use
change, both those on land devoted to biofuel
crops (direct emissions) and those indirect changes
driven by increased demand for land for biofuel
crops (indirect emissions), requires an approach to
attribute effects to separate land uses.

We applied an existing global modeling sys-
tem that integrates land-use change as driven by
multiple demands for land and that includes dy-
namic greenhouse gas accounting (10, 11). Our
modeling system, which consists of a comput-
able general equilibrium (CGE) model of the
world economy (70, 12) combined with a process-
based terrestrial biogeochemistry model (13, 14),
was used to generate global land-use scenarios
and explore some of the environmental conse-
quences of an expanded global cellulosic biofuels
program over the 21st century. The biofuels sce-
narios we focus on are linked to a global climate
policy to control GHG emissions from industrial
and fossil fuel sources that would, absent feed-
backs from land-use change, stabilize the atmo-
sphere’s CO, concentration at 550 parts per million
by volume (ppmv) (15). The climate policy makes
the use of fossil fuels more expensive, speeds up
the introduction of biofuels, and ultimately in-
creases the size of the biofuel industry, with addi-
tional effects on land use, land prices, and food
and forestry production and prices (/6).

We considered two cases in order to explore
future land-use scenarios: Case 1 allows the con-
version of natural areas to meet increased demand
for land, as long as the conversion is profitable;
case 2 is driven by more intense use of existing
managed land. To identify the total effects of bio-
fuels, each of the above cases is compared with a
scenario in which expanded biofuel use does not
occur (/6). In the scenarios with increased bio-
fuels production, the direct effects (such as changes
in carbon storage and N,O emissions) are esti-
mated only in areas devoted to biofuels. Indirect
effects are defined as the differences between the
total effects and the direct effects.

At the beginning of the 21st century, ~31.5%
of the total land area (133 million km?) was in
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