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3. Alkenone-Based Estimates of Past CO, Levels:
A Consideration of Their Utility Based on an
Analysis of Uncertainties

K.H. Freeman and M. Pagani

3.1 Introduction

Several molecular-based isotopic methods are employed for the reconstruction
of past CO, levels. The focus in this chapter is on the use of organic materials
derived from marine phytoplankton, in particular the lipid biomarkers called
“alkenones” derived from haptophyte algae. These compounds are known to be
useful for [CO,] and temperature reconstructions; they have the added advan-
tages of a high potential for preservation in marine sediments and ubiquity in
the modern ocean. The latter property has enabled their study under a variety
of marine conditions.

A number of comprehensive reviews give in-depth coverage of isotope frac-
tionation by marine algae: in particular, Laws et al. (2001), who discuss carbon
isotope fractionation by algae in general and provide a detailed consideration of
fractionation by Emiliania huxleyi, which is the most cosmopolitan alkenone-
producing species in the modern ocean. Pagani (2002) advances the Laws et al.
review with more recent data and addresses in particular alkenone-based CO,
estimates from ancient records. Hayes (2001) provides a detailed review of the
fractionation of the isotopes of carbon during metabolic reactions. Included in
his work is a discussion of carbon isotope fractionation during carbon fixation
by organisms that employ the Calvin cycle, such as most marine algae. Freeman
(2001) provides a general review of the isotopic biogeochemistry of organic
matter in the modern ocean, which includes modern controls on the *C content
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of inorganic carbon, and the influence of heterotrophic and photosynthetic effects
on the *C abundance of organic carbon.

The theory and observations that are invoked in the calculations of ancient
CO, levels are reviewed below:in particular, the uncertainties in the observed
properties employed and the limitations imposed by the assumptions inherent in
the method. To guide the reader in a practical application of these topics, also
included is an analytical treatment of the propagation of errors for calculations
related to CO, estimates, along with an example of these calculations based on
previous works and showing that relative uncertainties are about 20% for Mio-
cene CO, reconstruction based on alkenone 8'3C data. Also discussed below is
the interpretation of isotopic data in the study of climate on longer timescales,
including two examples from the Paleozoic.

3.2 Fractionation of Carbon Isotopes During Photosynthesis

The fixation of CO, by marine algae can be represented (Francois et al. 1993;

Hayes 2001) by the flow of carbon into and out of the cell, and the flow of

carbon taken up by enzyme-catalyzed fixation reactions. In Fig. 3.1, the flux of

carbon that flows into and out of the cell is represented by ¢,, and ¢, respec-

tively, while the flux of carbon fixed into carbohydrate is represented by ¢,.
From mass balance,

G = Oix T Dou (3.1
and the fraction of entering carbon that is fixed is represented by f, where
F= 0 (@ + Oou) = 0p/Oy (3.2)

Fractionation resulting from the combined effects of transport and fixation is
represented as €;:

4 N
q)in q)fix

Ce «—F Ci — CH,0
q)out
& &

K ceII)

Figure 3.1. Schematic representation of carbon flow during marine photosynthetic car-
bon fixation. See text for definition of terms.
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& = 10° [(Beong + 1000)/(3,, + 1000) — 1] (3.3)

-~ 8C023q - 8c«rg

where 8c,,, is the carbon isotopic composition of dissolved CO,, and 3,,, rep-
resents the '*C content of organic carbon in the whole cell (Popp et al. 1989;
Freeman and Hayes 1992). Based on mass balance considerations, €, can be
expressed as a function of the relative amount of carbon fixed, and the isotope
effects associated with transport (¢,) and fixation (g;):

e = & — flg — &) G4

Thus, total isotopic discrimination (g;,) is greatest and approaches fractionation
during the enzymatic fixation reaction (¢ when a small portion of incoming
carbon is fixed. Total fractionation is small and approaches fractionation during
transport (€¢) when most of the carbon entering the cell is fixed into organic
carbon (i.e., f — 1). The ratio of carbon fixed relative to incoming carbon (f) is
influenced by a multitude of factors, and it is the primary focus of many field
and laboratory studies (e.g., Francois et al. 1993; Laws et al. 1995; Rau, Rie-
besell, and Wolf-Gladrow 1996; Popp et al. 1998; Burkhardt, Riebesell, and
Zondervan 1999; Laws et al. 2001).

3.2.1 Controls on the Relative Amount of Carbon Fixed

In general, the rate of inorganic carbon fixed is a function of the concentration
of available carbon and cellular growth rate. The cell is separated from its ex-
ternal environment by the cell membrane, or plasmalemma. The permeability of
the membrane with respect to CO, is, to a large extent, proportional to its surface
area (Laws et al. 1995; Laws, Bidigare, and Popp 1997). If the concentration of
ambient dissolved carbon dioxide exceeds demand and/or the organism lacks
the ability to actively increase the availability of carbon, then the supply of
dissolved carbon dioxide is controlled by diffusion, with a flux that is propor-
tional to the concentration gradient across the membrane (Farquhar et al. 1989).
Leaking of carbon back to the external environment, as well as the demand for
fixed carbon by the growing cell, will deplete the intracellular pool of dissolved
carbon (c;). Growth rates can be limited by a variety of factors, especially nu-
trient concentrations and light availability. Growth rates are typically reported
in units of per day (day~!) and must be scaled by the amount of organic carbon
within the cell (which is proportional to its volume; Verity et al. 1992; Popp et
al. 1998) in order to reflect the change in mass per unit time. Thus the demand
for carbon is proportional to both growth conditions and the size and shape of
the cell.

In summary, if carbon is diffusively transported across the cell membrane,
then the fraction of carbon fixed relative to the incoming flux (f) is proportional
to the concentration of CO, outside the cell (c,), the growth rate of the cell (W),
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the quantity of organic carbon of the cell (C), and the permeability of the
membrane with respect to CO, (P):

[= 05/0,, = uC/Pc, (3.5)

This equation (modified from Laws et al. 2001; Hayes 2001) assumes that car-
bon enters and exits by diffusion across the cell membrane and that the relative
fluxes are driven by the concentration gradient across the membrane. In addition,
it assumes that the carbon isotopic discrimination related to transport (as well
as the resistance to transport across the cell membrane) is similar for the flow
of CO, into and out of the cell.

The parameters that influence f can be substituted such that the cell volume
(V) serves as a proxy for the amount of carbon in the cell (C), and the cell
surface area (A) is used to approximate the permeability of the cell membrane
(P). Thus the equation for fractionation during photosynthesis can be recast in
terms of parameters that are more readily measurable in laboratory studies:

& = & — (& — &)(V/S)(We,) (3.6)

with the term V/S representing the ratio of cell volume to cell surface area (Popp
et al. 1998).

This formulation emphasizes the influence of three fundamental controls on
carbon isotopic fractionation by marine algae: (1) the concentration of carbon
dioxide outside the cell, (2) the availability of a growth-limiting property, and
(3) specific cell qualities, especially volume and surface area. Thus in field or
culture studies, one might expect (and indeed observe) differences among spe-
cies that reflect both the size and the shape of algal cells (Popp et al. 1998;
Pancost et al. 1997). Further, one would expect significant control for a given
species by both carbon concentrations and the availability of nutrients and/or
light in the growth environment. The influence of carbon dioxide concentrations
is, of course, of particular concern to those interested in paleoclimate reconstruc-
tions. However, growth conditions and cell geometry cannot be ignored in stud-
ies of ancient climate, and this continues to provide the biggest challenge to
such applications.

In field studies of marine algae, growth rates and cell geometries can be
difficult to characterize, and, further, older data sets rarely include these para-
meters. Thus Rau et al. (1992) and Bidigare et al. (1997) proposed the folding
in of growth properties into a single term (b):

g = ¢ — blc, 3.7

P

The term b represents all influences on €, other than CO,(aq) concentrations and
fractionation during enzymatic fixation.
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3.2.2 The Problem of Active Transport

In the preceding discussion, it is assumed that carbon moves across the cell
membrane by diffusion only. From a geological perspective, CO, concentrations
in the modern ocean are low and possibly have been low for the past 25 million
years or more (Pagani, Arthur, and Freeman 1999a) relative to past warm periods
(Berner and Kothavala 2001). Thus it is not surprising that many modern algae
can actively enhance the concentration of intracellular carbon dioxide as CO,
concentrations become limiting to growth. Such carbon concentrating mecha-
nisms (CCM) are inducible (Sharkey and Berry 1985; Laws, Bidigare, and Popp
1997) under low CO,(aq) concentrations and involve active transport and/or CO,
enhancement by way of enzymatic conversion of HCO; into CO,(aq). Laws et
al. (1997) suggested that cells adjust the mechanism of transport (active vs.
diffusion) in order to minimize energy costs associated with the demands of
active transport. Accordingly, they propose a nonlinear model, where fraction-
ation (¢&p) is a function of the relative amount of carbon delivered to the cell by
active means. Keller and Morel (1999) propose a similar mathematical model,
which can account for the uptake of either bicarbonate or aqueous CO,. Based
on available isotopic data, Laws et al. (2001) suggest aqueous CO, is the likely
substrate for active transport.

Although active transport has been associated with lower €, values, Laws et
al. (2001) emphasize that they are not diagnostic of its presence. In particular,
a decrease in €, due to the use of *C-enriched bicarbonate can be offset by an
increase in the flux of carbon into the cell such that the ratio of fixed to incoming
carbon (f) decreases. For the purposes of ancient climate reconstruction, active
transport poses a difficult problem, since it can decouple isotopic fractionation
from carbon availability. In studies of past CO,, the authors seek biomarkers for
a taxonomic group for which active transport is unlikely. For example, laboratory
evidence suggests that neither active transport, nor a carbon concentrating mech-
anism, nor calcification are significant influences on ¢, of certain haptophyte
algae and that the diffusion model is appropriate (Bidigare et al. 1997; Nimer,
Iglesias-Rodriguez, and Merrett 1997; Sikes, Roer, and Wilbur 1980), at least
under conditions similar to the modern and near-recent ocean. However, when
one is working on very long timescales, modern analogs of ancient species are
less common; thus an assumption of biological uniformitarianism becomes in-
creasingly risky. Under these circumstances, paleo-CO, research requires the
assumption that past CO, levels were sufficiently high such that a carbon con-
centrating mechanism was not required, or that the ratio of active to diffusive
carbon transport was relatively invariant.

3.2.3 Isotopic Biogeochemistry of Alkenone-Producing Organisms

Alkenones are long-chain ketones (Fig. 3.2) derived from a species of hapto-
phyte algae (Marlowe et al. 1984).

Most notably, they are produced by Emiliania huxleyi (Volkman et al. 1980),
which is found throughout the modern ocean (Westbroek et al. 1993) and Geo-
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Figure 3.2. The molecular structures of C,,, and C,,, alkenones.

phyrocapsa oceanica (Volkman et al. 1995). The most commonly observed
structures are the C,,, C5, and C;, methyl and ethyl ketones (de Leeuw et al.
1980), with heptatriaconta-15E,22E-dien-2-one (“C,,., alkenone”) and heptatria-
conta-8E, 15E,22E-trien-2-one (“C,,.; alkenone”) most often employed in sedi-
ment studies because of their utility in paleotemperature reconstructions (e.g.,
Brassell et al. 1986; Reviewed by Brassell 1993; Sachs and Lehman 1999).

Rechka and Maxwell (1988a, b) confirmed the frans configuration of the
double bonds and suggested this property makes them more resistant to biolog-
ical degradation. Indeed, they are more refractory than other lipids in marine
waters and sediments (Wakeham et al., 1997a; 1997b, 2002); there is, however,
evidence that under certain conditions, the more unsaturated forms may be lost
preferentially (Freeman and Wakeham 1992; Gong and Hollander 1999).

Alkenones have attracted a great deal of attention from paleoceanographers.
There are many field and laboratory studies of the temperature dependence of
the relative abundance of C,,., and C,,.; alkenones (Brassell 1993; Herbert 2001),
as well as their isotopic properties. For purposes of reconstructing ancient CO,
levels, alkenones are perhaps the most popular choice because of their ubiquity,
preservation, and taxonomic specificity. In addition, as noted above, alkenone-
producing haptophytes apparently do not employ active transport mechanisms
at the CO, concentrations found in the oceans today, allowing the application
of equations 4 and 6.

3.2.4 Laboratory Observations

The isotopic properties of alkenones and their source organisms are documented
in numerous laboratory experiments that use a nitrate-limited continuous culture
system called a chemostat. The chemostat system permits investigators to control
growth rates by regulating the supply of a limiting nutrient (e.g., nitrate) and to
perform experiments under steady-state conditions. The method has been suc-
cessfully applied to evaluate the relationship between €, ¢, U, and cell geometry
(reviewed by Laws et al. 2001), for haptophytes Emiliania huxleyi (Bidigare et
al. 1997) and Isochrysis galbana (Laws et al. 2001), as well as the diatoms
Phaeodactylum tricornutum (Laws, Bidigare, and Popp 1997) and Porosira gla-
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cialis (Popp et al. 1998) among others. Light- and temperature-limited growth
of E. huxleyi using a turbidostat (Rosenthal et al. 1999) gives similar response
to the nitrate-limited growth found in the chemostat experiments, with a linear
relationship between €, and p/c..

The more common and traditional methodology involves batch cultures grown
in a medium containing nutrients in excess required for growth. Although batch
cultures are sensitive to initial conditions, they can be effective in isotopic stud-
ies, provided carbon is harvested while cell densities are low to prevent self-
shading and to prevent substantial changes in the inorganic carbon pools (Hinga
et al. 1994). Unfortunately, there is an unresolved difference between the results
from chemostat experiments and some dilute, light-limited but nitrate-replete
batch cultures. Batch experiments results record overall lower values for ¢, and
nonlinear relationships between €, and p/c,, and this may indicate that the reg-
ulation of carbon uptake is influenced by the abundance of nitrate or possibly
other nutrients (Burkhardt, Riebesell, and Zondervan 1999; Riebesell et al.
2000a), or it may reflect differences in isotopic systematics between stationary
(chemostat) and exponential (batch cultures) growth phases. However, the spe-
cific cause for the differences among various batch experiments, and between
continuous culture and batch cultures, is unresolved and remains an area for
further investigation (Laws et al. 2001).

Culture studies are useful to evaluate intermolecular isotopic variations. For
studies of continuous culture, alkenones are, on average, 3.9%o0 (¢ = 0.8) de-
pleted relative to whole cells (Laws et al. 2001). Values reported for batch cul-
tures (Riebesell et al. 2000b) are slightly more depleted and average —5.2 (¢
= 0.3), with the combined data set (continuous culture + batch) giving an
average A value of —4.5 (¢ = 0.8). This value is close to the value used by
Jasper et al. (1994), —3.8%o0; and it is generally consistent with observed deple-
tion of linear lipids from whole biomass of 3 to 4%0 (Hayes 1993; Schouten et
al. 1998). In general, field-based studies of alkenones assume an invariant Ad
value of 4%o; (Bidigare et al. 1997; Jasper et al. 1994). As reviewed by Hayes
(2001), the isotopic composition of an individual cellular component can be
influenced by changes in the flux of carbon to various fates within the cell, and
thus there is a prospect for Ad values to be sensitive to conditions in the growth
environment. Subtle variations in growth conditions could potentially explain
the range in observed values of Ad as well as the approximate 1%o difference
observed between continuous and batch culture experiments.

Laboratory results have helped to determine the fractionation of carbon iso-
topes associated with enzymatic fixation (g;). In vitro results with ribulose-1,5-
bisphosphate caroxylase/oxygenase (Rubisco) document values of 30-29%o; for
eukaryotes, and lower values (22—-18%o) for the bacterial form of Rubisco (Guy,
Fogel, and Berry 1993; Roeske and O’Leary, 1985). Microaglae have, in addi-
tion to Rubisco, a small activity of B-carboxylase enzymes that attenuate the net
fractionation. Chemostat data suggest the combined enzymatic value is around
25%o for haptophytes, and this value is generally consistent with field observa-
tions (Bidigare et al. 1997; Popp et al. 1998). As discussed by Goericke and
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Fry (1994) et al. (1994), a range of values is possible, depending on relative
enzyme activities, with 25%o corresponding to approximately 10% B-carboxylase
activity. A lower activity would lead to a greater value for €, and Goericke and
Fry (1994) et al. (1994) calculate a possible range of 25-28%o.. A range of values
was observed in the chemostat experiments of Bidigare et al. (1997) for E.
huxleyi, and calculations incorporating the 95% confidence limits of these data
yeild 25-27%o; for g, (Pagani et al. 1999a).

3.2.5 Field Observations

Bidigare et al. (1997; 1999a) compiled alkenone-based measurements of €, to
evaluate relationships between ¢, growth conditions, and observed concentra-
tions of CO,(aq). Laws et al. (2001) and Pagani (2002) have enlarged the data
set with the inclusion of more recent studies (Popp et al. 1999; Eek et al., 1999;
Laws et al., 2001); in total, the observations are drawn from environments that
span the ocean and the spectrum of nutrient availability (Fig. 3.3). Values for b
are calculated from equation 7, using €, values determined from 8"3C values of
alkenones and CO,(aq). We present the b values calculated using &, = 26%o; to
represent the median in the range of values estimated from the chemostat results
noted in the preceding discussion. The calculations assume an isotopic difference
between biomass and alkenones of 4%eo.

The range of values for b reflect the influence of factors other than the con-
centration of carbon dioxide, principally cell geometry (V/S) and growth rate
(w), on the expression of &, Importantly, this data set represents isotopic char-
acteristics of only alkenone-producing haptophyte algae, thus most probably
minimizing the influence of cell geometry. It is proposed, therefore, that the
parameter b represents largely the influence of growth rate. Bidigare et al. (1997)
showed that this approach is consistent with growth rates measured in the field
and that it is generally consistent with continuous-culture laboratory experiments
employing both calcifying and noncalcifying strains of E. huxleyi. Unfortunately,
most of the field studies that constitute this compilation did not include direct
measurements of growth rates because this procedure is difficult to do in the
field. Thus, the link between growth rates and values for b is based on the
correlation between b and the measured concentration of phosphate in the same
samples (Fig. 3.3).

The strong correlation between b and PO,*>~ is less than compelling, however,
when one considers that phosphate concentrations are generally too high to be
growth limiting in most of the samples (Bidigare et al. 1997). Nevertheless, the
strong correlation suggests that some growth-limiting property is proxied by the
phosphate measurements, such as a trace element that serves as a micronutrient
(Bidigare et al. 1997).

Both Laws et al. (2001) and Pagani (2002) discuss the relationship between
phosphate and b in detail, with consideration of additional controls. For example,
as shown in Fig. 3.4A, there is some correlation between phosphate and CO,
concentrations, which influences the relationship with b values. Correlations
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Figure 3.3. Alkenone-based estimates of b plotted as a function of observed PO,*~ con-
centrations. Data are taken from values compiled by Pagani (2002), with & = 26%e.

between ¢, values and either phosphate (r* = 0.23) and CO,(aq) (r* = 0.1) are
obviously not as strong as the correlation between ¢, and PO,*"/CO,(aq), where
r? = 0.31 (Fig. 3.4B,C). Although there is a visible trend in Fig. 3.4C, there
remains significant variation in €, that is not accounted for by the PO,*>"/CO,(aq)
ratio and it is possible that other factors in the growth environment (temperature,
light quality, etc.) or cell geometry are important in the open-ocean photic zone.
Exact controls on isotopic fractionation continue to be debated, and future field
and laboratory studies will likely shed further light on the chemical and biolog-
ical controls on €, in modern waters.

3.2.6 A Sediment Test of the Alkenone Method

In the modern ocean, phosphate concentrations are more highly correlated to
alkenone-derived g, values than other factors, including CO,(aq). Although a
range of CO, concentrations exists in surface waters today, it is relatively narrow,
which reflects the fact that ocean surface waters approach (but do not reach)
chemical and isotopic equilibrium with the atmosphere (reviewed by Freeman,
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Figure 3.4. Cross plots of ¢, values with phospate concentrations (A), aqueous carbon
dioxide (B), and the ratio of phosphate to carbon dioxide (C). All lines represent geo-
metric mean regressions (Sokal and Rohlf 1995).
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2001). In order to test the influence of CO, on g, values, one is forced to exploit
laboratory studies, which may or may not reconstruct natural conditions ade-
quately (Laws et al. 2001). An alternative approach is to look to the sedimentary
record of recent atmospheric changes.

We recently (Pagani et al. 2002) tested the relationship proposed from alke-
nones in modern ocean waters by using samples collected from sediments along
a transect in the central Pacific Ocean. The depth of alkenone production was
inferred from temperatures estimated based on the unsaturation ratio of alkenone
abundances (Uk,,' values; Ohkouchi et al. 1999), and we employ these depth
estimates to determine phosphate values along with both the concentration and
8"3C values of dissolved CO,. Based on measured inorganic carbon and alkenone
8"3C values, water-column phosphate concentrations at the depth of alkenone
synthesis, and the relationship expressed in Fig. 3.3, we calculated CO,(aq)
concentrations at the time of alkenone production.

Alkenone-based CO,(aq) values were consistently lower than concentrations
observed in the modern ocean. However, this difference can be largely accounted
for by the removal of anthropogenic contributions from modern values. The
resulting match is strong: 84% of the alkenone-based estimates fall within 0—
20% of the preindustrial water-column values. A subset of these results is shown
in Fig. 3.5, which represents estimates based on water-column data collected in
the spring.

The strength of this agreement suggests that the empirical relationship be-
tween b and phosphate derived from a wide variety of oceanographic environ-
ments (including high- and low-phosphate concentrations) can be used to
reconstruct ancient CO, levels from alkenone &'°C values, provided an estimate
of paleophosphate concentration or a reasonable range of values are available.
It further supports earlier findings that the isotopic composition of alkenone-
producing haptophytes is not substantially affected by the active transport of
inorganic carbon or calcification. This is promising news for efforts to recon-
struct greenhouse gas variations in the past.

3.3 Alkenone-Based Estimates of Ancient CO, Levels

3.3.1 Measured Properties in the Calculation of Ancient CO, Levels

When employing alkenones for ancient CO, reconstructions, the rearranged form
of Equation 3.7 is employed:

c. = (& — ¢g)b (3.8)

Although this equation contains only three variables, they represent a large num-
ber of observations and underlying calculations. The observed and derived prop-
erties are listed in Table 3.1, along with our estimate of the approximate
uncertainty in the value and the primary basis for each error estimate.
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Figure 3.5. Cross plot of the estimated preindustrial CO, in western Pacific waters (from
Pagani et al. 2002). The ordinate represents values based on alkenone measurements; the
abscissa represents values determined from measurements in modern waters minus an
estimated contribution of anthropogenic carbon. The estimate of anthropogenic CO, is
based on the Geophysical Fluid Dynamics Laboratory’s Modular Ocean Model (Paca-
nowski et al. 1991). Values plotted are based on spring production data. Dashed line
represents a 1:1 correlation.

Values for ¢, are based on the isotopic difference between an estimate of the
8'3C values of the organic matter produced by ancient algae (6'°C,,,) and the
coexisting dissolved CO, in the photic zone (6*C,,,) as noted earlier and defined
in Equation 3.3. The value for 8'*C,, is determined by adding 4%o to the mea-
sured value of the C,,, alkenone extracted from the ancient marine sediment.
This correction reflects lipid-biomass isotopic differences (Ad) discussed previ-
ously and is consistent with values employed by other researchers and in our
earlier CO, reconstructions (Pagani et al. 1999a, b). We have selected the median
of the estimate for €, (= 26%0) derived from chemostat culture studies as dis-
cussed previously, giving an uncertainty of 1%eo.

The isotopic composition of carbon dioxide in the ancient growth environment
is determined from measurements of a selected carbonate phase known to derive
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Table 3.1. Properties involved in estimating ancient CO, concentrations and the nature
and sources of their respective error estimates

Property Source Approx. Error Basis for Error Estimate

8C

Foraminifera or some 0.2%o Analytical
other planktonic car-
bonate phase

carb

d1C,,, 8C of C,,,, alkenones 1.0%o Analytical; culture studies
+ 0.4%0

Temperature 8O of planktonic car- 3°C Analytical (0.1%o), estimated
bonate source uncertainty in SMOW

Phosphate Estimated from ocean 0.1 uMol/kg  Best guess

or sediment properties
b values Field data 20% Regression statistics
€ Lab studies 1.0%o0 Available data

from the photic zone in the upper water column, such as single species or genera
of planktonic foraminifera (Pagani et al. 1999a). The carbonate values are used
to calculate 8"*C values of CO,(aq) in equilibrium with the carbonate phase,
based on isotopic relationships determined by Romanek, Grossman, and Morse
(1992) and Mook, Bommerson, and Staberman (1974) and as detailed in the
papers by Freeman and Hayes (1992) and Pagani et al. (1999a). For example,
combining the equations of Romanek et al. (1992) and Mook et al. (1974), §'*C
values for dissolved CO, are calculated by the following equation:

oC = 373/T + 0.19 + 38“C,,, — 11.98 + 0.12T 3.9)

co2aq carb

where T is temperature in kelvin.

This calculation requires an estimate of ancient sea surface temperatures,
which are typically evaluated using the measured 8'80 values of the planktonic
carbonate phase. The temperature estimates require the 3'*0 value of coexisting
seawater (i.e., ancient SMOW), which can be difficult to determine and is the
principle source of uncertainty in this aspect of the calculation. Analytical un-
certainties in both carbon and oxygen isotopic measurements are small, approx-
imately 0.2 and 0.1%o, respectively.

A detailed discussion for the strategy and methods for calculating €, from
isotopic analyses of sedimentary alkenones is provided by Pagani et al. 1999a.
In that work, we employed alkenones extracted from sediment samples, in con-
cert with 250-354 and 354-420 um size-fractionated planktonic foraminifera.
The selection of larger foraminifera specimens is routine in isotopic studies in
order to avoid isotopic effects associated with juvenile organisms. In addition,
there are documented metabolic effects, for example, due to interactions with
symbiont phototrophs, which can cause foraminiferal 8'3C values to deviate from
equilibrium with the water column (Spero and DeNiro 1987; Spero and Lea
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1993). These influences are typically less than 1.5%e, but if not accounted for,
they will generally lead to an overestimation of CO, concentrations.

A value for b is the final variable required to determine ancient CO, levels.
The term b is calculated from estimates of ancient phosphate concentrations and
the regression shown earlier, in Fig. 3.3. Phosphate values can be estimated
based on modern ocean properties in the near recent (i.e., Pagani et al. 2002)
or from properties of the accumulated sediments. In this regard, it is recom-
mended that researchers use samples from oceanographic sites that have expe-
rienced relatively stable nutrient conditions in the photic zone. Such sites include
open gyre localities, where nutrient concentrations are low and stable. In the
ancient record, linear accumulation of biogenic materials (e.g., Pagani et al.
1999a) provides strong evidence for nutrient stability over time. Multiple sites
and records should be studied in order to dissect global signals from the influ-
ence of local conditions on an isotopic record from an individual site (Freeman
2001).

3.3.2 Propagation of Uncertainties

The propagation of errors in the calculation of ancient CO, levels can be carried
out using basic equations for the handling of random errors, with the assumption
that the errors are independent and Gaussian in distribution. In general, for a
property, X, that is a function of more than one variable (u, v):

2 2
3 3 ax\ (@
c=c(Z) +&(Z) +20 (Z)(E (3.10)
du v du ) \ v

The first two terms represent the sum of squares of individual uncertainties
weighted by the squares of the partial derivatives of the function. The third term,
when the errors of u and v are independent, becomes negligible and is typically
ignored.

Taylor (1982) and Bevington and Robinson (1992) provide excellent discus-
sions and examples of the application of error propagation. Readers with ex-
perience in analytical chemistry or physics will be most familiar with such an
approach and the various error relationships derived from Equation 3.10. For
example, the combined error for added or subtracted properties is simply the
square root of the sum of the squares of the errors for the properties.

Equation 3.10 is used for the propagation of errors in Equation 3.8. Because
errors are assumed to be independent, the final cross term is ignored. In order
to simplify this presentation, we have combined the difference (¢; — €,) into a
single term Ae:

2 2
A(bIA ABIA
o = ag£< (8A88)> + < (ab 8)> G.11)

Differentiating the terms in Equation 3.11 yields:
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2 2
b 1
0., = 0% <E) + g <E> (3.12)

This equation forms the basis for the calculation of uncertainties discussed be-
low.

3.3.3 Errors in Age

Ag is calculated from the subtraction of g, from g, and the cumulative error is
the square root of the sum of the squares of the errors in each property:

0% = 0% + O, (3.13)

As noted above, we assume g = 26%o * 1%o. The uncertainty in values of g,
is based on two terms (see Equation 3.3): the 8°C values of dissolved CO, and
organic carbon derived from phytoplankton. The error estimate for 6'*C,,, values
is based on both the analytical error in the isotopic measurements of alkenones
(ca. 0.7%0; Pagani et al. 1999a; 0.4%o0 Pagani et al. 2002) and the laboratory
studies reporting about 4%o lipid-biomass differences (0.8%0). Here we employ
0.6%o for the error in the isotopic analysis of individual alkenones and 0.8%o
for the uncertainty in the intermolecular correction. Thus the error in 8'°C,, is
the square root of the sum of the squares of these values, or 1%o.

Error determination for inorganic carbon is based on the combined errors for
the temperature estimate (ca. 3°C) and the analytical uncertainty in the carbon
isotopic measurements (0.2%o). The calculation is based on Equation 3.10, using
Equation 3.9 as the differentiated function. Thus:

2 2
OCroz2aq = o <6_T> + .., < 35 > (3.14)

carb

where the terms ©,,,,, O, and G, represent the uncertainties in the values for
8"3C of CO,(aq), temperature, and 8'*C,,,, respectively. The term J_,, represents
the 8"°C values of planktonic carbonate. The term f is the function used to
calculate 8'°C,,,,, represented by Equation 3.9. Using this approach, differenti-
ating Equation 3.9 in terms of both T and J_,,, employing the error estimates
listed in Table 3.1, and assuming T = 298K, we estimate an uncertainty of
0.4%o for the §"*C value of aqueous CO,.

Based on the above calculations, we now calculate the uncertainty in the
estimate of g, values:

Gapz = GcoZuq2 + Garg2
= (0.4 + (1.0y (3.15)
o, = 1.1%0

€p

This value can be applied to Equation 3.13, and the error for Ae determined:
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GAEZ = Ggl’ + Gepz
(1.0) + (1.1 (3.16)
1.5%0

GAE

The uncertainty for b is based on the standard error determined from regres-
sion statistics for the alkenone data set discussed earlier and presented in Fig.
3.3. This data set includes 109 pairs of values for b and phosphate determina-
tions from a wide variety of localities in the modern ocean. The standard error
is calculated as discussed by Sokal and Rohlf (1995):

= 21+1+@_32 3.17
G, = S n sz ( . )
where

and the properties Xy? and 2x? represent the sum of the squares of the deviations
for each variable, with Xxy? representing the covariance (Sokal and Rolf, 1995).
In the regression (shown in Fig. 3.3), x is represented by phosphate values, while
y represents values for b. For values of phosphate ranging from 0.2 to 1 umol/kg
(using & = 26%o), the error for b is 27.2%c-lumol/kg. Uncertainties based on
the regression statistics increase for values for phosphate concentrations that are
higher or lower than those in the calibration data set.

This represents an approximately 20% uncertainty derived from the regression
of b versus phosphate concentrations from all available modern field observa-
tions. If ancient samples are from a locality for which a specific phosphate-b
calibration is possible, it may reduce the magnitude of this uncertainty. For
example, Popp et al. (1999) used a subset of the above data set for the Pacific
Ocean and estimated approximately 3% uncertainty for the relationship derived
from the regression of b and PO,*". This resulted in an overall lower estimate
of the uncertainty in the alkenone method for CO, reconstruction (ca. 11%).

By employing & = 26%o, 6, = 27.2%0 umol/kg, and 6,, = 1.6%0, we can
use Equation 3.12 to calculate the uncertainty in estimated CO, concentrations
for given values of b and €. These values are presented as absolute uncertainty
(in umol/kg) in Fig. 3.6 and as a relative uncertainty (%) of calculated c, esti-
mates in Fig. 3.7.

The shaded regions represent values of b that correspond to a range of phos-
phate concentrations between 0.1 and 1.0 umol/kg. As shown in these figures,
the uncertainties in estimated ancient CO,(aq) concentrations range between 20
and 30% for €, values below 20%o, and they increase dramatically with greater
isotopic fractionation (g,). This increase represents the decreased sensitivity of
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Figure 3.6. Calculated values of absolute uncertainties in estimates of dissolved CO,
concentrations based on alkenone analyses. Shaded region represents the range of values
of b corresponding to phosphate concentrations in the modern ocean. Contours represent
€, values in units of %o.

the technique at high CO, levels. Once CO, reaches higher than 8 to 10 times
modern levels, carbon saturates fixation by algae, and, as noted in the discussion
of Equation 3.4, /<<, and g,—¢,.

When CO, levels are relatively constrained, isotopic analyses of alkenones
and inorganic carbon can be used to evaluate changes in growth rates and, by
association, changes in nutrient concentrations (Pagani, Arthur, and Freeman
2000; Bidigare et al. 1999b). A similar approach to error propagation can be
invoked to estimate uncertainties in the reconstructed values. Although in this
case, the uncertainty in the estimate will rely on how well one knows values for
CO, concentrations in addition to the quality of the isotopic results.

3.3.4 The Problem with Phosphate

The observed relationship between b values and phosphate concentrations plays
an important part in the proxy method for CO, reconstruction, while also serving
as a major source of uncertainty in the results. Constraining phosphate concen-
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Figure 3.7. Calculated values of the relative uncertainties in estimates of dissolved CO,
concentrations based on alkenone analyses. Shaded region represents the range of values
of b corresponding to phosphate concentrations in the modern ocean. Contours represent
€, values in units of %o.

trations in the past is an additional challenge to this approach. In Fig. 3.8, we
present a contoured plot of the value for dissolved CO, estimated from b for
measured g, values.

The shaded regions represent the range in the concentrations of CO,(aq) (hor-
izontal region) and phosphate concentrations (vertical region) observed in the
modern ocean. We note, however, that the range of phosphate concentrations
could be significantly higher in upwelling regions (see Fig. 3.3), which can lead
to values of b that are 300%o-pumol/kg or even higher.

The error in the estimated value of b (ca. 20%) from phosphate concentrations
is relatively constant when concentrations of phosphate are within the range
observed throughout much of the modern ocean (ca. 0.1-ca. 1 umol/kg). How-
ever, this describes the uncertainty in the relationship between these properties
based on the variance of phosphate and b measured in the modern ocean. Thus,
for ancient studies, it is assumed that phosphate uncertainties are similar to that
for modern phosphate values in the data set presented in Fig. 3.3. With good
sample site selection, the variation in phosphate can be minimized, and the



|Name /sv04/23232_u03 09/10/04 04:12PM  Plate # 0-Composite

3. Alkenone-Based Estimates of Past CO, Levels 53

Ce, umol/Kg

50 100 150 200 250 300 350 400
b, permil-mmol/Kg

Figure 3.8. Contours of €p values represented estimates of dissolved CO, concentrations
as a function of b values. The vertical shaded region respresents the range of values of
b corresponding to phosphate concentrations in the modern ocean. The horizontal shaded
region represents the general range in dissolved CO, concentrations observed in the
modern ocean.

uncertainty in a paleo-PO,>~ estimation may well be similar to that in the mod-
ern data set. In particular, it is essential that the researcher have some estimation
of whether the location was characterized by enhanced nutrient concentrations
through upwelling, runoff, or other mechanisms as opposed to a low nutrient
environment, such as the subtropical gyres today. As noted above (and by Pagani
et al. 1999a), the use of sediment accumulation characteristics is essential to
sort out these possibilities. These two environmental extremes result in the range
in phosphate concentrations shown in Fig. 3.3 (Popp et al. 1999). ¢, values in
the modern ocean are relatively more sensitive to variations in phosphate con-
centrations than CO,(aq) concentrations, since the latter are partially reset by
equilibration with the atmosphere. The dominance of the isotopic signature by
phosphate as observed in today’s ocean is not likely true through time, since
significant changes in atmospheric CO, levels in the past will ultimately domi-
nate the record of ¢, variations over Earth’s history (Hayes, Strauss, and Kauf-
man 1999).
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It clearly would be helpful to have a better tool for estimating phosphate
values than relying on the averaged depositional condition for a given site. Popp
et al. (1999) recommend the use of elemental ratios of Cd and Ca in calcite
tests from planktonic foraminifera. This ratio is documented to vary with the
abundance of phosphate in the modern ocean and may be a useful proxy for
reconstructing phosphate concentrations in the ancient ocean (e.g., Boyle 1992;
Oppo and Rosenthal 1994; Mashiotta, Lea, and Spero 1997). However, this
relationship is not documented for timescales longer than the last glacial era,
and there are observations that document a temperature effect (Rickaby and
Elderfield 1999). Popp et al. (1999) estimate this approach could potentially
provide a phosphate estimate with an uncertainty of about 10%. However, this
estimate predated the discovery of the temperature effect, which has discouraged
its use in such applications. Currently estimates of paleophosphate concentra-
tions take into account past productivity based on sediment properties and ac-
cumulation along with reconstructed circulation and wind patterns. As noted
below, these efforts can provide reasonable constraints on phosphate values,
giving a range of estimated values.

3.3.5 Miocene Reconstructions

In our previously published CO, reconstructions for the Miocene based on al-
kenones (Pagani et al. 1999a, b), we estimated uncertainties by bracketing our
estimates with minimum and maximum values for Equation 3.7. For example,
we employed two phosphate values (0.2-0.3 umol/kg), two values for €, (25 and
27%o0), the maximum 95% confidence band, along with the geometric mean
regression Equation in Fig. 3.3, to yield a range of CO, estimates. We considered
DSDP site 588 in the southwestern Pacific to represent the sample locality with
the greatest stability in terms of nutrient dynamics, although the range of CO,
estimates was similar for all the sites. At DSDP site 588, the median CO, es-
timates ranged from about 280 to 200 ppmv, with the calculated maximum and
minimum values ranging approximately *+40 ppmv. By employing the error
propagation approach presented here, we would raise the error estimate slightly,
with uncertainty ranging between 40 and 56 ppmv (ca. = 20%). This error is
slightly higher than that calculated in an earlier publication using Monte Carlo
procedure (Pagani et al. 1999a), which estimated 15% uncertainty for pCO,
estimates.

Our Miocene CO, estimates agree with the results from alternative methods
for estimating past CO, levels. These include fossil leaf stomatal densities
(Royer, Berner, and Beerling 2001), boron isotopes (Pearson and Palmer 2000),
and geochemical models (Berner and Kothavala 2001), which all suggest that
the Miocene atmosphere contained relatively low and stable CO, concentrations.

3.3.6 Paleozoic Studies

Significant problems emerge with this method when applied to the study of
climate in more ancient time periods. In particular, the preservation of open-
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ocean sediments decreases back in time, such that Jurassic and older sediments
are rare or nonexistent. For Paleozoic reconstructions, workers are required to
use sediment samples from ancient epicontinental seas. Constraining nutrient
concentrations in the ancient shallow seas is difficult, due to regional variations
in the influences from land runoff, restrictions in circulation, and the sensitivity
of the shallow waters to relative changes in sea level. Thus it is a significant
understatement to claim that precise reconstruction of very ancient CO, using
phytoplankton organic materials is challenging. Researchers must employ as
many localities as possible in order to document and account for the influence
of environmental dynamics of individual localities. Interpretation of these rec-
ords should be done with caution because of the environmental challenges noted
above. In addition, our knowledge of phytoplankton carbon assimilation prop-
erties is limited for these ancient times. There are few, if any, studies of the
controls on isotopic fractionation by phytoplankton groups that dominated the
pre-Mesozoic seas, such at the green algae and cyanobacteria. On top of these
challenges, the error curves shown in Fig. 3.6 and Fig. 3.7 demonstrate a rapid
increase in uncertainty at higher values of €. For times when CO, was presum-
ably much higher than the current level (Berner and Kothavala 2001; Rothman
2002), uncertainties in this approach will likely make it unreasonable for recon-
struction of absolute CO, values, although they can be used to demonstrate very
high levels of CO, at any particular time.

Nevertheless, records of organic materials isotopic composition can be used
to constrain CO, levels associated with climate change recorded in sediments,
even though precise estimates of CO, levels are impossible. For example, the
pattern of sedimentary inorganic and organic carbon isotopic excursions can
reveal sensitivity of phytoplankton isotopic fraction to CO, changes and
therefore identify if CO, was above a given threshold for sensitivity. For ex-
ample, if 8°C values for organic and inorganic carbon track each other, such
that €, values do not vary across an interval of climatic shift, it suggests that
CO, levels were high and that phytoplankton were not carbon limited (Kump
and Arthur 1999). For example, in the late Frasnian, despite strong evidence for
significant carbon burial events and resulting climate change, §'°C values of
phytoplankton biomarkers tracked the inorganic carbon record precisely, sug-
gesting high CO, levels during the middle to upper Devonian (Joachimski et al.
2001). This observation does not address the role of CO, changes in climate
during the isotopic excursion. However, it does help constrain our understanding
of CO, levels for this time period, and it suggests they were relatively high.

In contrast, for the late middle Ordovician, isotopic values for organic carbon
change by several %o more than inorganic carbon during a interval of pro-
nounced oceanic cooling. This produced a shift in €, values and Patzkowsky et
al. (1997) and Pancost, Freeman, and Patzkowsky (1999) have argued this rep-
resents a time when CO, was at a low enough level that phytoplankton isotopic
fractionation was sensitive to changing environmental conditions. If modern al-
gae (i.e., those studied by Popp et al. 1998) are accurate analogs for Paleozoic
marine phytoplankton, the CO, threshold is approximately 8 to 10 times current
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atmospheric level. Thus isotopic data suggests atmospheric CO, was above this
level in the late Devonian, and below this level in the late Ordovician.

Hayes et al. (1999) compiled inorganic and organic isotopic data in order to
constrain CO, variations over the past 800 million years. Unlike Pancost et al.
(1999) or Joachimski et al. (2001), their reconstructions are based on a compi-
lation of bulk organic carbon analyses as a proxy for phytoplankton isotopic
values. Additional caution is needed if bulk organic materials are used because
of the potential for mixed signatures from phytoplankton, microorganisms, or
other sources of organic carbon (Hayes et al. 1989). Nonetheless, this work
extends previous studies (i.e., Popp et al. 1989) and affirms that €, has varied
significantly over Earth’s history.

3.4 Summary

The reconstruction of CO, values based on biomarker and isotopic analyses
provides many challenges and as many opportunities. The method is best applied
when CO, levels were relatively low, when phosphate concentrations can be
constrained, and with multiple sample localities representing stable oceano-
graphic regimes. With our currently available understanding of alkenone isotopic
biogeochemistry and under the best of circumstances, this will lead to uncer-
tainties of approximately 20%. The relative utility of this information depends
entirely on the question being addressed. It is inappropriate to expect precise
reconstructions on very long timescales because the quality of our understanding
of ancient oceanic and biological processes diminishes back in time, while the
uncertainty increases at times of high CO,. However, isotopic variations do rec-
ord information about very ancient CO,. Observed variations in e, can be used
to suggest relative changes in CO, and whether levels were above or below a
threshold level of sensitivity for isotopic fractionation during carbon fixation.
Elevated ¢, values approaching the maximum values are associated with signif-
icant uncertainty, although when constrained by phosphate estimates, they none-
theless indicate elevated CO, levels sufficient to result in the expression of
maximum fractionation by enzymatic fixation. In such situations, it is especially
necessary to establish multiple records from both high and low phosphate en-
vironments to reduce the uncertainty and constrain the range of surface water
CO, concentrations.

For Cenozoic and potentially late Mesozoic time periods, this approach has
valid utility in reconstructing relative changes in CO,. However, reconstruction
of absolute values requires caution, along with the right sample set where the
relative influence of nutrient dynamics can be estimated. If a reliable proxy for
either nutrient abundances or growth rated becomes available, then researchers
will be able to address a fuller range of paleoceanographic and paleoclimate
questions than is currently possible. For this approach to be applied with greater
confidence on longer timescales, much more work is needed with modern or-
ganisms that can serve as analogs for Paleozoic phytoplankton.
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