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Abstract

Stable oxygen isotope ratios (8 '*0) of foraminifera are widely used to reconstruct the climatic history of Earth. It is well
known that temperature reconstructions based on & '*0 are complicated by factors such as the unknown isotopic composition of
the ocean. In addition, recent experimental and theoretical work has shown that the seawater pH has a marked effect on the 8 '*0
of foraminifera. Here I employ this effect to demonstrate that reconstructions based on & '*O of foraminifera may underestimate
sea surface temperatures in the geological past. Ocean surface temperatures for the mid-Cretaceous are estimated to have been

~2-3.5°C higher than previously thought. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Oxygen isotopes; Paleotemperatures; Cretaceous; pH effect; SSTs; Cool tropics

1. Introduction

The ratio of the stable oxygen isotopes '*0/'°0 in
foraminiferal calcite from sediment cores is
commonly used to estimate ocean temperatures and
surface ocean equator-to-pole temperature gradients
during the Cretaceous (e.g. Sellwood et al., 1994;
Huber et al., 1995; D’Hondt and Arthur, 1996; Norris
and Wilson, 1998; for summary, see Frakes, 1999).
Foraminiferal 8'80 and the paleobotanical record
provide convincing evidence that the Cretaceous
period was substantially warmer than today (Crowley
and North, 1991; Spicer and Corfield, 1992). Globally
averaged temperatures were probably 6—12°C higher
than today with pronounced warming at the poles
(Barron, 1983; Barrera and Johnson, 1999). Coral
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reefs extended 5-15° of latitude poleward of their
present range and ancient organisms intolerant of
cold conditions have been discovered at high-latitudes
— a vertebrate assemblage including champosaurs, a
relative of the crocodile, has recently been discovered
in the high Canadian Arctic (~72°N paleolatitude
(Tarduno et al., 1998)). On the contrary, considering
that today’s tropical SSTs are 27-29°C, Cretaceous
tropical SSTs as derived from foraminiferal 830 are
surprisingly low, varying between 18-26°C for the
Early Cretaceous, ~130 million years ago (Ma) (cf.
Barrera, 1994), 24.4-25.9°C for the Cenomanian,
97.5-91 Ma (Sellwood et al., 1994), 20-23°C for
the Late Campanian/Maastrichtian, 74-68 Ma
(Barrera and Savin, 1999), and 20-21°C for the
Late Cretaceous, ~66 Ma (D’Hondt and Arthur,
1996).

Tropical climate is crucial to the global climate
since it controls the global heat transport, which
drives the atmospheric and oceanic circulation. It is
therefore unsatisfactory that modeling efforts using
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general circulation models to simulate Cretaceous
tropical SSTs and equator-to-pole temperature gradi-
ents as derived from foraminiferal 8'®0 proved to be
difficult (Crowley and North, 1991; Crowley, 1991;
Barron et al., 1995). In order to explain Cretaceous
climates, modeling studies focused on paleogeography,
increased levels of atmospheric CO, and increased
poleward oceanic heat transport (e.g. Barron et al.,
1995). New insight into the problem was gained by
investigating the role of water vapor and effects of
terrestrial ecosystems on Cretaceous climates (Hay
et al., 1997; Hay and DeConto, 1999; DeConto et
al., 1999). However, the problem associated with the
results of those climate models and the & 'O record is
that simulations of warm Cretaceous climate con-
ditions, assuming high atmospheric CO,, result in
high tropical SSTs (up to 34°C (Hay and DeConto,
1999)) which are incompatible with the interpretation
of foraminiferal &'®0 (D’Hondt and Arthur, 1996).

During the past decade, a number of papers and
discussions have been published on Cretaceous
temperatures in order to gain a better understanding
of this subject. The topic is highly controversial (e.g.
Crowley, 1991; Spicer and Corfield, 1992; Sellwood
et al., 1994; Barron et al., 1995; Huber et al., 1995;
Huber and Hodell, 1996; D’Hondt and Arthur, 1996;
Price et al., 1996; Norris and Wilson, 1998; Price et
al., 1998; Norris and Wilson, 1999; Price and Hart,
1999; Crowley and Zachos, 2000). Several factors,
such as shortcomings of the oxygen isotope thermo-
metry (see e.g. Poulsen et al. (1999) and Section 2),
have been called upon in order to resolve the con-
troversy. However, the pH effect on foraminiferal
8'®0 has hitherto not been taken into account. In
this paper, I attempt to quantify the effect of a lower
surface ocean pH on isotopic paleotemperatures of
Cretaceous oceans.

2. Oxygen isotope composition of past oceans

Isotopic paleotemperature reconstructions rely on
the isotopic composition of the past ocean () and
therefore depend on (i) estimates of the continental
ice-volume of the Earth, (ii) long-term variations in
0, driven by weathering and hydrothermal processes,
and (iii) the latitudinal gradient of &, in the past
which is related to the salinity gradient. Uncertainties

associated with the assumptions commonly used to
estimate mean oceanic 8, and the salinity gradient
may partially explain estimates of low tropical SSTs
of Cretaceous oceans. For instance, it is believed that
Earth was ice-free for the most part of the Cretaceous,
and mean &8, is therefore usually assumed to have
been —1.0%0 relative to SMOW (equivalent to
—1.2%0 PDB (Shackleton and Kennett, 1975)). Tropi-
cal SST estimates for Late Cretaceous oceans based
on foraminiferal & "*O approached modern values only
if mean oceanic &,, was +1.0%0 which is, however,
extremely unlikely (D’Hondt and Arthur, 1996). Lati-
tudinal changes in &0 of the surface ocean may lead
to an underestimation of tropical SSTs since tropical
surface waters are relatively enriched in '®O due to
high net evaporation rates (Norris and Wilson, 1998;
Price et al., 1998). Based on the assumption that the
salinity gradient of the past ocean was similar to the
present (Zachos et al., 1994; Poulsen et al., 1999), a
correction of tropical SSTs of 3—4°C may be applied
— which is, however, subject to controversy (Price et
al., 1996; Huber and Hodell, 1996; Price and Hart,
1999; Norris and Wilson, 1999). Even with the salinity
adjustments, in a number of cases low-latitude SSTs
are still lower than modern values (e.g. Huber et al.,
1995; Barrera and Savin, 1999), and Maastrichtian
summer SSTs approached modern values only if sea
surface salinity was 39-41 (D’Hondt and Arthur,
1996).

In summary, discussions of Cretaceous SSTs have
hitherto mainly concentrated on the unknown value of
mean ocean O, or on the salinity gradient. Here I
employ a physicochemical mechanism to demonstrate
that temperature reconstructions based on foraminiferal
80 may underestimate Cretaceous SSTs by ~2—
3.5°C. Deep ocean temperatures and the equator-to-
pole temperature gradient are discussed in Section 4.

3. Revised Isotopic Paleotemperatures

Spero et al. (1997) demonstrated that the 50 of
planktonic foraminifera decreases with increasing
carbonate ion concentration ([COg_]). This effect has
been observed in four planktonic species tested — the
magnitude of the effect appears to be species-dependent
(experiments were conducted at 17, 22, 27 and 29°C).
The observed slope of 830 vs [CO3™ ] in the planktonic
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Fig. 1.6 180 of the planktonic foraminifer Orbulina universa from laboratory experiments in the light and in the dark (open and closed circles,
respectively) as a function of pH (S = 33.5, T=22°C) (Spero et al., 1997). The pH values were calculated from total alkalinity and total
dissolved inorganic carbon of each experiment (Bijma, personal communication) and refer to the total pH scale (cf. DOE, 1994). The slope of
the solid line (—1.42%o per pH unit) (Zeebe, 1999) was derived from theory using results from inorganic precipitation experiments (McCrea,
1950; Usdowski and Hoefs, 1993). Theory predicts pH to be the key variable controlling 6 180,

foraminifer Orbulina universa, Globigerina bulloides,
Globigerinoides sacculifer, and Globigerinoides ruber
is —0.0020, —0.0045, —0.0014, and —0.0022%0
(wmol kg ™)™, respectively (Spero et al., 1999), giving
a mean slope of —0.0025%o (wmol kg ™)™\,

A theoretical study by Zeebe (1999) revealed that
this effect has a thermodynamical basis that can be
derived from inorganic carbonate precipitation
(McCrea, 1950; Usdowski and Hoefs, 1993). Briefly,
as the major component of total dissolved inorganic
carbon (3 CO,) changes from HCO;3; to CO3™ in
solution as pH increases, the isotopic composition of
the oxygen-bearing substrate for calcification
decreases (for a discussion of carbon isotopes cf.
Zeebe et al. (1999)). This is because CO%f is isotopic-
ally lighter than HCOj5 . Over the pH range shown in
Fig. 1, the theoretically derived curve is nearly linear
and the average slope of 8'°0 vs pH is —1.42%o per
pH unit. The pH values of the culture data were calcu-
lated from total alkalinity and total dissolved inor-
ganic carbon of each experiment (Bijma, personal
communication). For the calculations, the dissociation
constants as summarized in DOE (1994) were used
and pH values refer to the total pH scale.

Theory predicts that pH is the variable that controls

8'%0 and not CO3~ because pH determines the ratio
of HCO;3 to CO3™ in solution. In a series of experi-
ments with O. universa in which the pH was held
constant and carbonate ion concentration varied over
a wide range from ca. 100 to 800 wmol kg ™', virtually
no effect was observed on 830 (Bijma et al., 1999).
This observation corroborates the theoretical prediction.
If pH and CO? covary as in the experiments reported
by Spero et al. (1997), one may express the effect on
830 either in terms of pH or CO3 . The theoretical
slope then is —0.0024%o ( wmol CO3 kg ™)' (Zeebe,
1999) which is in excellent agreement with the mean
slope observed in all planktonic foraminifera tested
and with the slope in O. universa.

In the following, the pH effect on 80 is examined
using O. universa as a model species (for a discus-
sion of the pH effect on other species cf. Section 4).
For example, a decrease of modern seawater pH
from 8.2 by 0.6 units to 7.6 would result in a
0.85%0 heavier shell of O. universa than at pH
8.2, equivalent to a 4.1°C increase (if corrected) of
isotopic paleotemperature (Bemis et al., 1998) (Fig.
2). The magnitude of this correction is comparable
to the effect of melting of the entire Antarctic Ice
Sheet, which has been estimated (Shackleton and
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Fig. 2. Illustration of the effect of 8,, and pH on the calculated seawater temperatures from foraminiferal calcite (8'*0,) using the paleotem-
perature equation of O. universa: T(°C) = 16.5 — 4.80 (5, — 8,,) (Bemis et al., 1998). The solid line represents average modern ocean
conditions (8,, = —0.28%. with respect to the PDB standard (Shackleton and Kennett, 1975), pH = 8.2). Assuming a largely ice-free world
and no change in surface ocean pH (8,, = —1.2%0, pH = 8.2) the correction for 8, yields a temperature ca. 4.3°C lower than at present (dashed
line). On the contrary, assuming the same change of 8, and a decrease of surface ocean pH (8,, = —1.2%0, pH = 7.6) the correction for pH
yields a temperature very similar to that at present (dot-dashed line).
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Fig. 3. Isocontours of surface ocean pCO, in patm as a function of total dissolved inorganic carbon (3 CO,) and total alkalinity (Ay) at 7= 20°C
and S = 35 (thin lines). Starting at modern ocean conditions, one moves along the calcite compensation line (thick line) when > CO, or Ay are
changed. For example, for pCO, = 1000 patm, surface ocean carbonate chemistry is set by the intercept of the 1000 patm contour and the
calcite compensation line.
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Fig. 4. (a) Estimates of atmospheric CO, during the past 110 Ma, where R, is CO, at time ¢ divided by 300 ppmv. Scenario I: solid line, based
on the long-term carbon cycle model (Berner, 1994). Scenario II: dashed line, assuming CO, to have been ~8 times today’s value in the mid-
Cretaceous. Also shown are independent estimates of CO, for the Cretaceous based on (i) differences in 8 °C of specific biomarker compounds
and CaCO; (diamonds, (Freeman and Hayes, 1992)) and (ii) 8BC of palaeosols (shaded vertical bar (Ghosh et al., 1995); dark vertical bar
(Cerling, 1991); filled squares (Ekart et al., 1999)). (b) Surface ocean pH calculated (DOE, 1994) using the CO, curves depicted in (a) and the calcite
compensation line (Fig. 3). The correction of SSTs taking into account the pH effect on foraminiferal 8'*0 is indicated by the right vertical axis.

Kennett, 1975) to result in a decrease of &, (and
thus also of foraminiferal 8'80) by about 0.9%0
(4.3°C).

If surface ocean pH was lower in the past, the stable

oxygen isotope fractionation between water and for-
aminiferal calcite would have been greater (Fig. 1),
resulting in isotopically heavier shells, which are
erroneously interpreted as lower temperatures. The
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Table 1

Calculated seawater carbonate chemistry from pCO, and calcite compensation (All values at 7= 20°C and S = 35 using dissociation constants

as given in DOE (1994).)

pCO, (natm) S°CO, (uwmol kg ™) Ar (pmol kg ™" CO% (wmol kg™ pH*
300 2000 2340 244 8.16
500 2482 2790 239 8.04
1000 3350 3610 230 7.88
2000 4539 4737 218 772

* Total pH scale.

crucial question is, if there is evidence for Cretaceous
surface ocean pH to have been different from modern
values. The pCO, of the Cretaceous atmosphere has
been estimated to have been 2—10 times higher than
today (Cerling, 1991; Berner, 1994; Ekart et al., 1999)
(see Fig. 4a). Provided that the partial pressure of CO,
of the atmosphere and that of the surface ocean were
approximately in equilibrium, also the concentration
of dissolved carbon dioxide (CO,(aq)) of the surface
ocean must have been higher, suggesting that
seawater carbonate chemistry in the Cretaceous was
different from that of today. Given a value of
[CO,(aq)], one has to specify one more parameter of
the carbonate system in order to determine the carbon-
ate chemistry of the Cretaceous surface ocean, i.e. pH,
alkalinity or > CO,.

First of all, it is very unlikely that paleo-pH was
similar to modern pH. Assuming pCO, to have been
four times higher, while keeping pH at its present
value, the carbonate saturation state of the surface
ocean would also have been four times higher than
at present (assuming the concentration of Ca** to be
similar to today’s value). This appears to be unrealis-
tic because the saturation state of the ocean is buffered
by the dynamics of the lysocline, which maintains the
saturation state at an approximately constant value by
calcite compensation (e.g. Sundquist, 1986; Broecker
and Sanyal, 1998). This constraint can be used to
determine the carbonate chemistry of the Cretaceous
surface ocean.

Starting at conditions typical for the modern ocean,
a change in total dissolved inorganic carbon (3 CO,)
or total alkalinity (Ar) results in a change in the
carbonate chemistry that follows the calcite compen-
sation line (Fig. 3). Given a value for pCO, in the surface
ocean, the intercept of the corresponding pCO,-
isocontour and the calcite compensation line yields

oceanic > CO, and Ar (cf. Sundquist, 1986). From
these values, the carbonate chemistry and, in particu-
lar, the surface ocean pH can be calculated (Table 1).
For the calculations presented in this paper, dissoci-
ation constants as summarized in DOE (1994) at T =
20°C and S = 35 were used and all pH values refer to
the total pH scale.

In the following, possible paleo-pH scenarios of the
Cretaceous surface ocean are examined. Since our
knowledge of Cretaceous seawater chemistry is
incomplete, calculated pH values should be con-
sidered to be approximate values. Scenario I and II
assume that Rcq, (atmospheric CO, at time ¢ divided
by 300 ppmv) (Berner, 1994) has decreased from ~3
and ~8 in the mid-Cretaceous, respectively, to
Rco, = 1 in the Quaternary (Fig. 4a). Using the
calcite compensation constraint, corresponding
changes of surface ocean pH during the past 110 Ma
can be determined (Fig. 4b). From the pH change, a
correction of isotopic paleotemperatures (AT; (°C)) at
any time for each scenario (i) can be calculated
according to:

AT,(°C) = ApH, b s (1)

where ApH; is the difference in pH between
modern ocean and past ocean for scenario i,
b= —4.80°C (%o)_l is the coefficient of the linear
term of the paleotemperature equation (Bemis et al.,
1998), and s = —1.42%o per pH unit is the slope of
880 of calcite vs pH as derived from theory (Fig. 2).
The fact that the effect of pH on 8'*0 has a thermo-
dynamical basis, enabling us to derive the slope
theoretically, corroborates the general applicability
of the pH effect to planktonic foraminifera. Since
hitherto published paleotemperature estimates are
based on a variety of species, the calculated slope
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was used for the correction of isotopic paleotempera-
tures (for discussion, see Section 4).

Depending on the scenario of pH change, SSTs of
the mid-Cretaceous surface ocean are then estimated
to have been between 2 and 3.5°C higher (correspond-
ing to pH values of ~7.9 and ~7.7) than the tempera-
tures calculated without taking into account the effect
of pH on foraminiferal oxygen isotopes. These correc-
tions do not depend on any assumptions concerning
the unknown isotopic composition of the ocean; i.e.
regardless of the value chosen for 6, if surface ocean
pH was lower in the past, then SSTs as calculated
from foraminiferal 8'®0 without taking into account
the pH effect are too low.

4. Discussion

The revision of isotopic paleotemperatures for the
Cretaceous surface ocean presented in this paper
depends on the pH of the surface ocean at a given
time. As stated earlier, uncertainties remain concern-
ing the exact change of the surface ocean pH in the
past because our knowledge of Cretaceous seawater
chemistry is incomplete. However, there is a strong
case for appreciably lower pH during the Cretaceous
when the atmospheric pCO, and the calcium carbon-
ate saturation state of the ocean are taken into account.
Different scenarios have been presented in order to
cover a possible range of surface ocean pH changes
during the Cretaceous.

One might ask whether the pH effect on foramini-
feral oxygen isotopes as observed in recent species is
applicable to Cretaceous planktonic foraminifera.
This approach appears to be reasonable for mainly
two reasons. Firstly, the effect has a well-understood
thermodynamical basis from which the slope of %0
vs pH can be predicted. Secondly, all planktonic for-
aminiferal species cultured so far clearly showed a
decrease of 8'®0 with increasing pH (the mean
slope observed in culture experiments being very
close to the theoretically predicted slope). These
results suggest that the pH effect is a universal
phenomenon, although the magnitude of the effect
may be species-dependent.

Spero et al. (1999) studied the effect of seawater
carbonate chemistry on stable oxygen isotopes in three
symbiotic and in one non-symbiotic foraminiferal

species (Globigerina bulloides). The slope of 850
Vs [CO§_] observed in G. bulloides was about twice
the slope observed in the symbiotic species. From the
analysis of the 8'®0- and 6 "°C-shell size relationship
of 10 Cretaceous planktonic species, Norris and
Wilson (1998) concluded that these taxa lacked algal
symbionts. If so, and provided that non-symbiotic
species show a correspondingly larger respond to
pH changes than symbiotic species do, the correction
of isotopic paleotemperatures for the Cretaceous
would be even larger.

As pointed out previously, the physicochemical
mechanism described in Zeebe (1999) should be
applicable to organisms that build their calcium
carbonate shells from a mixture of HCO; and CO?
in equilibrium with the surrounding medium. This is
obviously the case for the low-latitude species tested
in the temperature regime 17-29°C (Spero et al.,
1999). Based on the assumption that Cretaceous and
modern low-latitude planktonic foraminifera behave
similarly, revisions of isotopic paleotemperatures
were presented in this paper. The question to be
asked is: is the proposed mechanism also applicable
to high-latitude or benthic foraminifera?

A priori there is no reason to assume that the 8'°0
of those species is immune to the described physico-
chemical mechanism. However, in order to gain more
confidence in the applicability of the pH effect to the
‘low-temperature’ regime (i.e. ~0-10°C), it is very
desirable to establish whether the pH effect can
be observed in modern high-latitude and benthic
foraminifera as well. Then, based on the assumption
that Cretaceous and modern species behave similarly,
the following conclusions could be drawn. If low- and
high-latitude planktonic foraminifera show a similar
response, the flat equator-to-pole temperature gradient
as derived from differences in 8'°0 of low- and high-
latitude foraminifera would remain unchanged
because temperature estimates increase for both the
tropics and the high latitudes. On the other hand,
if responses for the two temperature regimes are
different, it is possible that the thermal gradient was
stronger, i.e. more similar to the modern gradient, or
even flatter than previously thought.

Statements regarding deep ocean temperature
corrections are more complicated. Even if the pH
effect is applicable to modern and Cretaceous benthic
species, estimates of deep ocean pH changes during
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the Cretaceous are hindered due to the unknown
seawater carbonate chemistry of the deep ocean.
Whereas atmospheric and surface ocean pCO, can
be assumed to be roughly in equilibrium, this is not
the case for atmospheric and deep ocean pCO,. As
discussed in Section 3, this constraint, and the calcite
saturation state, is crucial for estimating pH changes
of the past ocean.

Errors in the estimates of the oxygen isotope
composition of seawater and the surface ocean
salinity during the Cretaceous introduce uncertainties,
which are likely to result in low tropical SST recon-
structions. However, even with salinity adjustments,
estimated Cretaceous tropical SSTs are often lower
than today’s tropical SSTs, which is difficult to
bring into line with climate modeling results. It is
concluded that the pH effect has the potential to
explain why sea surface temperature estimates based
on foraminiferal & '*0 yield low values during periods
of high atmospheric pCO, such as the Cretaceous.
This mechanism may therefore help to resolve the
‘cool tropic paradox’ (D’Hondt and Arthur, 1996).

5. Conclusion

The results presented here demonstrate that
seawater pH has a major effect on the stable oxygen
isotope fractionation between water and calcium
carbonate and thus on isotopic paleotemperature esti-
mates (Fig. 2). The present study points out that
paleoreconstructions based on foraminiferal &'%0
may underestimate SSTs in the past. This approach
should help to resolve, at least partially, the con-
troversial debate on the operation of the climate
system during the Cretaceous.
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