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ABSTRACT. A diffusion-reaction model for the isotopic composition
of soil CO, and soil carbonate is evaluated. It shows which variables are
important under different conditions and shows that under certain
circumstances the carbon isotopic composition of soil carbonate can be
used to estimate P(CO,) of the atmosphere from late Paleozoic to the
present. The isotopic composition of soil carbonate produced under
uniform conditions is essentially constant below about 20 cm in most
soils. Today, the isotopic composition of soil organic matter, which is
mostly determined by the fraction of C, biomass present, is the most
important factor in determining the carbon isotopic composition of soil
carbonate. However, prior to the advent of C, plants making up a
significant fraction of the biomass, probably in the Tertiary, the concen-
tration of CO, in the atmosphere can be estimated because of mixing of
atmospheric CO, with CO, produced in the soil. The diffusion-reaction
model also suggests that before the advent of higher land plants most
soil carbonate should have 3"°C values that are strongly inﬁuenced by
the atmosphere due to the shallow rooting depth of non-vascular plants.

Preliminary results reported here suggest that P(CO,) was less than
about 700 ppmV during the Eocene and since late Miocene because the
limiting carbon isotopic composition of soil carbonate was between
—11.5 to —12.5 permifrelative to PDB. However, early Cretaceous and
early Jurassic paleosols have 3'°C values between —6.5 and —8.5 permil
suggesting that P(CO,) was significantly higher than today, probably on
the order of 1500 to 3000 ppmV.

INTRODUCTION

The carbon dioxide content of the atmosphere has an important role
in regulating the surface temperature of the planet. While it is possible to
measure directly the CO, content of the latest Pleistocene and Holocene
atmosphere preserved in bubbles in high latitude ice (Barnola and
others, 1987), direct measurements of CO, of the paleoatmosphere are
not possible for the pre-Pleistocene. Other indirect methods to estimate
paleo-CO, concentrations in the atmosphere have been attempted, includ-
ing comparisons of the carbon isotopic composition of planktonic and
benthic organisms (Shackleton and others, 1983) and forward modeling
of the CO, global budget (Berner, Lasaga, and Garrels, 1983; Lasaga,
Berner, and Garrels, 1985; Berner, 1990).

Paleoclimatic interpretations for most of the Cenozoic and Mesozoic
suggest that global temperatures were higher than today. Simulations of
Cretaceous climates using General Circulation Models (GCMs) indicate a
slight global warming due to repositioning of the continents from today’s
configuration (Barron and Washington, 1984). However, some specific
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predictions made by the GCMs, such as the predicted temperature near
the poles and in the interior of large continents, are much lower than
geological evidence will permit. However, by increasing P(CO,) in the
atmosphere the GCM calculations predict higher temperatures in these
regions (Barron and Washington, 1985).

In this paper I examine paleosols as recorders of paleo-CO, levels in
the atmosphere. Paleosol carbonates record the isotopic composition of
local soil CO,, which today is determined primarily by the fraction of C,
and C, plants making up the biomass of the local ecosystem and other soil
parameters such as soil productivity (Cerling, 1984; Cerling and others,
1989; Quade, Cerling, and Bowman, 1989b). Atmospheric mixing in soils
due to diffusion results in a similar isotopic signal to that of C, plants.
Today, except for ecosystems with very low productivity such as deserts,
the atmospheric contribution to the total soil CO, in modern soils is very
small because of the very low concentration of CO, in the modern
atmosphere. However, high atmospheric CO, would make a significant
contribution to total soil CO, and, in times when few or no C, plants were
present, could result in a significant isotopic shift in the 3"C of soil
carbonate precipitated in isotopic equilibrium with soil CO,. This paper
examines the different parameters affecting the carbon isotopic composi-
tion of soil CO, and soil carbonate formed in soils and the potential use of
the isotopic composition of soil carbonate as a paleo-CO, indicator.

METHODS AND TERMINOLOGY

The isotopic composition of carbon is given in standard permil
notation where:
ISC
( 12c)

sample
(ISC) 2 1| x 1000 (1)
12C ;’DB

where PDB is the isotopic reference standard PDB. Organic matter was
combusted at 800°C with CuO and silver foil in a quartz tube to produce
CO, which was analyzed on a mass spectrometer. Carbonates were
roasted under vacuum and then reacted with 100 percent phosphoric
acid at 25°C to produce CO, which was analyzed on a mass spectrometer.
The isotopic difference between two co-existing phases is:

Al‘}'CA—B =8, -9, (2)

314G =

For the case of isotopic equilibrium of co-existing phases:

10°Ina, , =~ A®C,_, 3)
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where:

13C
(TC)A 1000 + 3, .
% = TGV T 1000 + o, )
=g,

It is important to make the distinction between soil CO, and soil-
respired CO,. Soil CO, refers to the concentration of CO, in a particular
soil volume and has units of ppmV. Soil-respired CO, represents a flux
and is the amount of CO, passing through a horizontal plane in the soil,
such as the soil-air interface, and has units of mmoles/m*/hr. The isotopic
compositions of soil CO, and soil-respired CO, have very different
isotopic compositions, as will be shown below.

MODEL FOR THE ISOTOPIC COMPOSITION OF SOIL CO,

Soil CO, is higher than atmospheric CO,, because CO, is produced
by plant respiration and microbial activity in soils. The concentration of
soil CO, in a soil profile is controlled by the production rate of CQO, (itself
a function of depth in the soil) and diffusion through the soil to its upper
boundary, the atmosphere (Kirkham and Powers, 1972; Solomon and
Cerling, 1987). The concentration of soil CO, can be described by the
diffusion-reaction equation:

IC* 92C*

0= D2+ 4%0) (5)

where C*is the concentration of CO, in the soil (moles/cm®), D*is the
diffusion coefficient (cm?/s) for CO, in soil, z is depth (cm), and b*(z) is the
production rate of CO, (moles/cm”s) in the soil as a function of depth.
The subscript “s” refers to “soil,” and the superscript “*” refers to bulk
CO, without isotopic distinction. The diffusion coefhcient for CO, in soil
is related to that in air (D, ) by

D*= D, ep (6)

where € is the free air porosity in the soil, and p is a tortuosity factor that is
always less than 1.0 (Kirkham and Powers, 1972). D, varies with temper-
ature (T) and pressure (P) and can be corrected to standard conditions
T°,P°) by (Bird, Stewart, and Lightfoot, 1960):

PaT 1.823
ﬁ)

Dair = D:ir (7)

where DY, is the diffusion coeflicient for CO, in air under standard
conditions and is taken to be 0.144 cm?/s.
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For simple production functions (for example, constant from suface
to depth L: $*z) = constant to depth L; linear decrease from surface to
depth L where $*L) = 0; or exponential decrease with depth ¢*(z) =
dH0)e” “* where Z is the characteristic productlon depth of CO, in the soil)
the steady-state solution to this equation is stralghtforward (Cerling,
1984; Wood and Petraikis, 1984). For the boundary conditions of the
CO, concentration at the soil-air interface being the same as the atmo-
sphere

C*=C* forz=0 (8)

where C¥ is the concentration of CO, in the atmosphere, and that the
lower boundary is a no-flux boundary at an impermeable barrier (L) (a
groundwater table approaches this condition) so that:

aC*
0z

= for z = L, or infinity (9)

The general solution to this equation is:
C¥z) = S(z) + C} (10)

where S(z) is the specific solution to eq (5) for a particular production
function & *(z). For the case where d*(z) = d*0)e™™:

$¥H0)z*
pr U

S(z) = — e (11)

Similar equations can be derived for *CO, and "CO, using the
diffusion coefficients D;* and D,’ rather than the bulk diffusion coefficient
for CO,. Using the standard & notation, it is possible to derive the

equation describing the variation of 3"°C(CO,) in a soil with depth (see
Cerling, 1984 for a specific solution). The general solution is:

D*
5() B > 5, + C,

*

— o 7,) +Cx1 - 5))

d,(z) = — 1] x 1000 (12)

where

%,
| Reos (1‘000 * 1)
% = — (13)
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whered,, 3, 3, are the permil values for soil CO,, the atmospheric CO,, or
soil-respired CO,, respectively, and R, is the ratio *C/"C in the isotopic
reference standard PDB.

Using the modern conditions of STP (25°C and 1 bar pressure) and
300 ppmV CO, in the atmosphere with the pre-industrial isotopic compo-
sition of —6.5 permil (Friedli and others, 1986), the predicted concentra-
tions and isotopic composition of soil CO, display several important
features (fig. 1). First, because there is no discontinuity in the concentra-
tions of CO,, *CO,, and *CO, at the soil-atmosphere interface and they
all increase with depth, the 8°C(CO,) values for soil air vary continuously
from the atmospheric value at the soil-atmosphere interface to more
negative values at depth. Thus, the isotopic composition of soil CO, is not
constant in a soil (Cerling, 1984; Quade, Cerling, and Bowman, 1989b).
Second, the diffusion coefficients of '*CO, and ""CO, differ by (Jost,
1960):

D! {(M(air) + M('?CO») (M(air) X M(*CO,)

D"~ [|M(ir) X M(*CO,)| \M(air) + M(*CO,)

where M("*CO,), M("’pCO,), and M(air) are the atomic masses of '*CO,,
CO,, and air, respectively. This results in an enrichment in *CO, in soil
CO, compared to soil-respired CO,: the isotopic composition of soil CO,

)J = 1.0044 (14)
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Fig. 1. Carbon isotopic composition of soil CO, and soil carbonate in equilibrium with
soil CO, for soil described in text and in table 1. The 8"*C value for soil carbonate is
essentially constant below 30 cm,
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is 4.4 permil or more enriched in CO, relative to soil-respired CO, at all
levels in the soil (Cerling, 1984; Cerling and others, ms).

SOIL CARBONATE AS AN INDICATOR OF SOIL CO,

The isotopic composition of soil carbonate is a faithful monitor of the
isotopic composition of soil CO, (Cerling and others, 1989). Studies of
carbonates formed in the Holocene of North America show that the
isotopic composition of soil carbonate is constant below about 20 cm
(Cerling and others, 1989; Quade, Cerling, and Bowman, 1989b). In
desert soils where carbonate is precipitated to the soil-atmosphere inter-
face, the isotopic compositions of soil carbonates formed in the upper 10
cm of the soil vary considerably and are in isotopic equilibrium with the
atmospheric value at the soil-atmosphere interface (Quade, Cerling and
Bowman, 1989b). The combined effects of diffusion of soil-respired CO,
and isotopic fractionation between soil CO, and carbonate predicts a 14
permil (about 30°) to 17 permil (about 0°C) difference between soil-
respired CO, and soil carbonate precipitated in isotopic equilibrium for
high soil CO, respiration rates. Desert soils with low CO, respiration rates
or carbonates precipitated near the soil-atmosphere interface have even
larger A values for soil-respired CO, and soil carbonate. There is little
evidence of isotopic kinetic effects in soil carbonate formation (Quade,
Cerling, and Bowman, 1989b). In the following discussion, I will consider
that isotopic equilibrium prevails in a soil CO, system where mass
transfer is dominated by diffusion.

THE ISOTOPIC COMPOSITION OF SOIL CARBONATE: SOURCES OF VARIATION

The isotopic composition of soil carbonate is dependent on many
factors, including the isotopic composition of soil-respired CO,, the
depth within a soil, the production rate of soil CO,, the mean production
depth of soil CO,, soil porosity, soil temperature, absolute pressure, and
the concentration and isetopic composition of atmospheric CO,. Each of
these will be considered below by comparing these variables with a model
soil (table 1) that is isothermal at 25°C at sealevel (one bar atmospheric
pressure) and where atmospheric CO, is 300 ppmV with a 3"°C value of

TaBLE 1
Parameters for model soil described in text

Model soil
Temperature 25°C
Pressure 1 bar (sealevel)
Soil CO, Production Rate: 8 mmol/m?% hr
@ —26 permil )
d¥(z) = o¥(0) e
z : 10 cm
Porosity : 0.35
Atmospheric CO, 300 ppmV

@ —6.5 permil ®




evidence from Cenozoic and Mesozoic paleosols 383

—6.5 permil. A standard soil-respiration rate, typical for temperate and
sub-tropical ecosystems during the growing season (Singh and Gupta,

1977; Schlesinger, 1977; Dorr and Munnich, 1987; Gaudry and others,

1990) of 8 mmol/m*/hr will be used in a soil where the attenuation depth
(z) of 10 cm for CO, production is used. A soil-respired 8" C(CO,) value of
—26 permil is used for the model soil. The prime variable to be consid-
ered is that of the concentration of CO, in the atmosphere, which is the
upper boundary condition for the soil. Egs (10) and (11) show that the
amount of CO, contributed by the soil to the total soil CO, is mathemati-
cally independent of the concentration of CO, in the atmosphere. How-
ever, greenhouse feedback would result in different soil temperature and
moisture conditions which would in turn affect soil CO, productivity and
mean CO, production depth. The net affect on soil respiration due to
greenhouse feedback is not considered in this discussion, although soil
respiration rates are treated separately in the diffusion-reaction equa-
tion. Thus the isotopic composition of soil CO, will depend on the
concentration of CO, in the atmosphere (eq 12): for today’s low atmo-
spheric P(CO,) condition the contribution of atmospheric CO, to total
CO, is very small; for higher P(CO,) conditions it becomes significant. In
the following paragraphs, 1 will consider the variables affecting the
isotopic composition of soil carbonate formed in isotopic equilibrium
with CO, at 1 m depth in the model soil. Previous studies have shown that
the 1sotop1c composition of soil carbonate is essentially constant below
about 20 cm (Cerling and others, 1989). This discussion illustrates some
of the different factors that should be considered when applying this
model to a particular soil or suite of soils.

Isotopic Composition of Soil-respired CO,

Today, the isotopic composition of soil-respired CO,, and hence soil
carbonate, is dependent primarily on the proportion of G, versus C,
biomass in the local ecosystem (Cerling, 1984; Cerling and others, 1989).
G, plants have an isotopic composition of about —27 permil and C, plants
have an isotopic composition of about —13 permil (Deines, 1980). How-
ever, modern plants are slightly shifted relative to pre-industrial condi-
tions: the modern atmosphere has a 8"°C(CO,) value of about —8 permil
compared to the pre-industrial value of about —6.5 permil (Friedli and
others, 1986). For pre-industrial conditions, then, the isotopic composi-
tion of C; and C, plants should have been about —26 and —12 permil,
respectively. Figure 2 shows that the isotopic composition of soil carbon-
ate is very strongly dependent on the isotopic composition of soil-
respired CO, and therefore in the C,/C, proportions on the local biomass.
The proportion of C, and C, biomass in soils can result in a 14 permil
difference in the isotopic composition of soil CO,. The total biomass of
CAM plants, which usually have an isotopic composition intermediate to
G, and C, plants, is insignificant in most ecosystems.

However C, plants, while very important in modern grassland
ecosystems, have a limited spatial and temporal distribution. C, plants
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Fig. 2. The isotopic composition of soil carbonate at 1 m depth in the model soil except
for varying the isotopic composition of soil-respired CO, and the P(CO,) of the atmosphere.
Pure C; or pure C, biomass is considered to have a 8"C value of —26 or —12 permil,
respectively. Dark curve shows the model soil.

are especially well adapted to moisture stress and heat stress and are well
represented in tropical through temperate grasslands and desert ecosys-
tems. The oldest known fossil C, plants are late Miocene in age (Nam-
budiri and others, 1978; Thomasson, Nelson, and Zakrezewski, 1986),
and indirect isotopic evidence for C, plants in Asia goes back only to
about 8 my (Quade, Cerling, and Bowman, 1989a). Therefore, it is likely
that pre-Miocene ecosystems had little, if any, C, component to them. In
any case, the assumption that the local ecosystem was composed of 100
percent G, biomass will place an upper limit on atmospheric CO,. )
There is limited variation in the isotopic composition of individual
C; and C, plants. There is only slight variation in C, plants, with
significantly greater variation in individual C, plants. In modern desert
ecosystems, G, plants are often several permil enriched in "’C (Ehleringer,
1988). The present-day shift is related to moisture stress and high light
intensity. However, such desert ecosystems do not have deeply leached
zones; such soils are easily recognizable today and should be recognizable
in the geologic record by examining the depth to soil carbonate (see
discussion below on characteristics of paleosols). Some C, plants are also
shifted to 8"°C values depleted by several permil in '*C. This is most
prevalent in closed canopy forests, where P(CO,) is significantly higher
than the ambient atmosphere, and the isotopic composition of atmo*
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spheric CO, is several permil depleted in "*C because the degassed soil
CO, is not easily dissipated under closed canopy conditions. Closed
canopy forests are prevalent in rain forest conditions, which generally are
completely leached of carbonate in the soil; hence, soil carbonate is not
generally preserved in such soils.

Stable isotopic studies of terrestrial organic matter have values of
about —26 permil for the Cenozoic and Mesozoic (Popp and others,
1989), except in the past 8 my when C, plants are also known to be
present (Quade, Cerling, and Bowman, 1989a). Therefore, in this paper
I will use the value of —26 permil for the isotopic composition of
soil-respired CO, for the Mesozoic and early Cenozoic.

Depth in Soil Profile

The isotopic composition of soil carbonate is a function of depth
because the isotopic composition of soil CO, changes with depth (fig. 1).
However, for most soils the 8'°C value of soil carbonate is constant below
about 20 cm. In desert soils, the complete isotopic gradient is sometimes
preserved (Quade, Cerling, and Bowman, 1989b). However, in well
drained soils where annual precipitation is greater than about 30 cm per
yr the upper 20 cm of the soil is leached of soil carbonate (Jenny, 1980).
For well-preserved paleosols it often is possible to determine if soil
carbonate is in the upper 20 cm of the soil profile. In any case, the depth
effect is related to atmospheric mixing and therefore, if not taken into
account, will provide an overestimate of P(CO,) and therefore will still
provide a maximum estimate of P(CO,).

Respiration Rate of Soil CO,

The respiration rate of soil CO, can have an important effect on the
isotopic composition of soil CO,. Eqs (10) and (11) show that soil CO, is
the sum of atmospheric CO, and CO, produced in the soil, the latter
being directly proportional to soil respiration. Temperate and sub-
tropical ecosystems, including both grassland and woodland, typically
have respiration rates between about 4 and 10 mmol/m’hr (Dérr and
Munnich, 1987; Gaudry and others, 1990) during the growing season.
Higher respiration rates are found in cultivated soils (Dérr and others,
1983), while lower rates are found in desert and semi-desert ecosystems.
For example, Quade, Cerling, and Bowman (1989b) measured respira-
tion rates hetween 0.5 and 2 mmol/m?/hr in the Mojave desert during the
growing season. Figure 3 shows that soil respiration rate is important in
determining the isotopic composition of modern soil carbonate only for
soils with very low CO, respiration rates. At respiration rates typical for
temperature and subtropical ecosystems, which today form soil carbon-
ate some 10s of cm below the soil surface, a significant isotopic spread is
seen for higher atmospheric CO, levels (fig. 3). Soil respiration rate is
very important in determining the total CO, content of the soil and
therefore plays a very important role in determining the isotopic compo-
sition of soil carbonate forn P(CO,) levels higher than that of today.
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Fig. 3. The isotopic composition of soil carbonate at 1 m depth in the model soil except
for varying the soil respiration rate and P(CO,) of the atmosphere. Dark curve shows the
model soil.

Mean CO, Production Depth: Z

The isotopic composition of soil CO, is weakly related to the mean
depth of CO, production in the soil. Solomon and Cerling (1987) showed
that the concentration of CO, at depth in a soil is not sensitive to the
function used to describe CO, production (for example, constant with
depth, linear decrease,~exp0nentlal decrease) and therefore, from eq
(12), the carbon isotopic composition of soil CO, is not sensitive to the
function used to describe CO, production. However eq (11) shows that
CO, concentration in soil is sensitive to the mean CO, production depth.
CO2 production in soils decreases with depth, generally in exponential
fashion (Dorr and Miinnich, 1990). Very few studies have determined
the attenuation of CO, productlon with depth. However, assuming
d*(z) = ¢*0) e"*? where Z is the attenuation depth, D6rr and Miinnich
(1990) have found the attenuation depth to be generally about 10 cm for
forested soils. Forested soils have their roots concentrated near the
surface; grassland soils and desert soils are likely to have z for CO,
production greater than for forested soils as their organic matter content
attenuation depth is deeper than for forest soils. Figure 4 shows that the
attenuation depth Z for CO, production can affect the isotopic composi-
tion of soil carbonate because a greater attenuation depth results in
higher P(CO,) in the soil for any given depth (eq 11).



