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a b s t r a c t

This study presents the first African pedogenic carbonate estimated atmospheric CO2 concentrations for
the Early to Late Cretaceous transition. Pedogenic carbonates have been used extensively as proxies to
reconstruct past climates, yet few studies have focused on the climatic conditions of Africa during the
Mesozoic. The paucity of paleoclimate data from the region represents a significant obstacle in inter-
preting past climate change, and thus our ability to predict future changes. Paleosol carbonate nodules
were sampled from Bk horizons of seven particularly well-exposed and well-characterized paleosols
through the Cretaceous Galula Formation, including four from the lower Mtuka Member (Aptian
eCenomanian) and three from the upper Namba Member (Campanian). The Cretaceous Galula Forma-
tion is a fossiliferous continental sedimentary succession of braided fluvial deposits that are well exposed
in recently incised river drainages of the Rukwa Rift Basin, Tanzania. Oxygen isotope values
averaged �5.6‰ and �7.2‰ VPDB for the Mtuka and Namba members, equating to mean annual tem-
peratures of 14.5 �C and 11.2 �C, respectively. Using the stable isotope composition of pedogenic car-
bonates from the Mtuka Member, an average pCO2 of 1860 ppmv was estimated for the Aptian
eCenomanian, before declining to an average of 520 ppmv in the Namba Member, during the Campa-
nian. Atmospheric pCO2 values fluctuated, but remained above 1000 ppmv through the middle Creta-
ceous, and correspond to the “cool” greenhouse period that spanned the AptianeAlbian. The gradual
decline in pCO2 (550e502 ppmv) recorded in the Namba Member paleosols occurred during Late
Cretaceous cooling following the Cretaceous Thermal Maximum.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Pedogenic carbonates are valuable terrestrial climate archives,
with the stable isotope composition preserving atmospheric CO2
concentration and temperature at the time of mineral precipitation.
Pedogenic carbonates have been used extensively to reconstruct
atmospheric pCO2 during the Cretaceous (e.g. Nordt et al., 2002,
2003; Leier et al., 2009; Huang et al., 2012, 2013; Li et al., 2014; Li
ngineering, James Cook Uni-
, Australia.
rr), christopher.wurster@jcu.
Roberts), russell.singleton1@
.J. Stevens), oconnorp@ohio.
et al., 2016, 2020), using a well-established paleobarometer
(Cerling, 1991). However, few studies have been conducted in the
southern hemisphere, despite known latitudinal variations in at-
mospheric pCO2 and its response to climate forcings (Huber et al.,
2018). The southern high latitudes are considered particularly vi-
tal in examining global climate change in response to greenhouse
episodes, with most data derived from marine deposits (Huber
et al., 2018). More comprehensive southern hemispheric conti-
nental climate records are needed to better understand regional
and global climate change in the face of greenhouse events.

Extreme warmth and elevated atmospheric CO2 concentrations
(>1000 ppmv) during the middle to Late Cretaceous have been
recorded in paleosols worldwide, with evidence of decreasing pCO2
phases through the CampanianeMaastrichtian (e.g. Ekart et al.,
1999; Hong and Lee, 2012) prior to a pCO2 spike at the KeT
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boundary (e.g. Nordt et al., 2003). There is a complete lack of
paleosol-derived pCO2 data for the ConiacianeSantonian, and only
two studies for the Turonian, inwhich Sandler (2006) determined a
range of 1450e2690 ppmv from paleosols in Israel, and Shang
(2016) a range of 570e970 ppmv from strata in the southeastern
Tibetan plateau. More paleosol-derived data exists for the
AptianeCenomanian (e.g. Ekart et al., 1999; Hong and Lee, 2012; Li
et al., 2014) and the CampanianeMaastrichtian (e.g. Nordt et al.,
2003; Huang et al., 2013; Zhang et al., 2018a; Li et al., 2020), but
with the exception of the Satpura Basin (Ghosh et al., 2005) and
Narmada Valley (Andrews et al., 1995), both in India, existing data
from paleosols are entirely sourced from paleo-northern hemi-
sphere localities.

Herein we present the stable isotope composition of pedogenic
carbonates from seven freshly-exposed and well-characterized
paleosol profiles sampled in the Rukwa Rift Basin, southwest
Tanzania. The paleosols are stratigraphically located in the
AptianeCenomanian Mtuka and the Campanian Namba members
of the Galula Formation, a unit that was situated at ~30 �S during
the middle/Late Cretaceous (Scotese, 2016). In this study, the
pedogenic carbonate paleobarometer of Cerling (1991) was applied
to quantitatively estimate paleoatmospheric pCO2 during the
AptianeCampanian. The results of this study provide the first
paleosol-derived pCO2 values for the middle/Late Cretaceous from
the entire African continent and significantly enhance the southern
hemispheric record of atmospheric CO2 concentrations. This study
also synthesises paleosol-derived atmospheric pCO2 records for the
Cretaceous and highlights potential uncertainty in pCO2 estima-
tions for the geologic period because of variations in the paleo-
barometer model parameters.

2. Background

The Rukwa Rift Basin forms part of the central segment of the
Western Branch of the East African Rift System (EARS) in south-
western Tanzania (Chorowicz, 2005; Roberts et al., 2012), and
covers an area of approximately 1.6 � 104 km2 (Kilembe and
Rosendahl, 1992). The center of the basin is occupied by the 165-
km-long Lake Rukwa (Kjennerud et al., 2001), which at less than
16 m deep, is atypically shallow for Western Branch rift lakes
(Kilembe and Rosendahl, 1992; Kjennerud et al., 2001; Roberts
et al., 2004). The basin contains rift-fill sediment successions that
correspond to four depositional phases that formed the Upper
Paleozoic Karoo Supergroup, the Cretaceous Galula Formation, the
Oligocene Nsungwe Formation and the MioceneeRecent Lake Beds
strata (Roberts et al., 2012) (Fig. 1).

The Cretaceous Galula Formation is further subdivided into
lower (Mtuka) and upper (Namba) members and consists entirely
of non-marine deposits, including alluvial, fluvial and lacustrine
mudstones, siltstones and sandstones (Fig. 1) (Roberts et al., 2010).
The Mtuka Member comprises abundant conglomerates and coarse
sandstones, and discontinuous mudstones and siltstones that are
well exposed in the river drainages of the Galula, Tukuyu and
Usevia areas (Roberts et al., 2010). The Mtuka Member has been
interpreted to represent a large, braided river system flowing along
the NW axis of the rift, and characterized by the presence of rare
debris flow alluvial fan deposits and paleosol development within
overbank and abandoned channel fill deposits (Orr et al., 2021). In
contrast, the NambaMember consists of a finer grain fraction and is
characterised by homogenous fine-to-medium grained sandstones,
with few minor mudstone and siltstone deposits. The Namba
Member is also interpreted to represent a large NW flowing fluvial
system, but with no evidence of associated alluvial fan deposits and
less common overbank or channel fill paleosol development. The
Namba Member is exposed in the same river drainages as the
2

Mtuka Member, with the significant addition of exposures in the
Songwe area (Roberts et al., 2010).

The paleosols of the Mtuka and Namba members developed on
red, subarkosic to lithic arkosic sandstones that form part of the
channel fill deposits of a dynamic braidplain that likely extended
from northern Malawi to eastern Democratic Republic of Congo
(Roberts et al., 2010, 2012). Detailed characterization of the pale-
osols in order to refine sedimentological interpretations of the
Galula Formation was recently conducted by Orr et al. (2021),
highlighting the potential of these units for further Cretaceous
climate investigation. The Mtuka paleosols are predominantly
simple, single isolated profiles with abundant stage II pedogenic
carbonate nodules (Orr et al., 2021). By contrast, the Namba pale-
osols are generally more complex, with simple, composite and
compound profiles represented (Orr et al., 2021). Pedogenic car-
bonates in the Namba Member are less common and typically
filamentous to nodular. Vertic Calcisols and calcic Argillisols are the
primary paleosol types of the Mtuka and Namba members,
respectively (Fig. 2).

The Galula Formation also hosts a diverse fossil assemblage of
crocodyliforms, saurischian (sauropod and non-avian theropod)
dinosaurs, fish and turtles (O'Connor et al., 2006; O'Connor et al.,
2010; Sertich and O'Connor, 2014). These richly fossiliferous rift-
fill sequences were preserved in the unique time interval during
which Africa separated from South America, forming the Atlantic
Ocean (Guiraud et al., 1992); although, age constraint on these se-
quences has been hampered by a lack of intercalated volcanics for
more precise dating. However, a recent magnetostratigraphic study
(Widlansky et al., 2018) consigned the Mtuka Member to the
AptianeCenomanian and the Namba Member to the
CenomanianeCampanian, with two possible correlations proposed
for the Namba Member: i) Turoniane Campanian and ii) Campa-
nian e (lowermost) Maastrichtian. Most available data favor the
latter correlation, which is more compatible with paleomagnetic
poles (Widlansky et al., 2018), and consistent with nearby
CampanianeMaastrichtian depositional events recorded in the
Congo, Sudan, and Turkana basins (O'Connor et al., 2011;
Widlansky et al., 2018). Moreover, the presence of the gondwana-
therian mammal Galulatherium jenkinsi (O’Connor et al., 2019) from
the Namba Member is also most compatible with the Campanian
depositional age assignment based on the known distribution
(CampanianePaleogene) record of the clade.
3. Methods

3.1. Sample collection and analytical methods

Paleosol carbonate nodules were collected from seven Bk hori-
zonswithin the Galula Formation (AptianeCampanian) in river cuts
along the Mtuka River (Figs. 1e2). Micritic samples from three
different carbonate nodules (<10 mm) from each paleosol were
extracted using a Dremel tool with spar phases avoided, and further
crushed using a zirconia ringmill. Stable carbon and oxygen isotope
compositions were determined using a Thermo Scientific GasBench
III coupled to a continuous-flow Thermo Scientific DeltaVPLUS

isotope ratio mass spectrometer. CO2 was evolved from carbonate
by reaction with 100% orthophosphoric acid in 15 mL Exetainer
vials, after atmosphere was replaced with He. Samples were
equilibrated for 18 h at 25 �C prior to analysis. Repeat samples of
international standards NBS-18 and NBS-19 with similar mass to
unknown samples provided monitoring of accuracy, precision, and
normalization of the Vienna PeeDee Belemnite (VPDB) scale. Pre-
cisions (1s) for standards were better than 0.1 ‰ for both d13C and
d18O values. The three isotopic values of different carbonate



Fig. 1. A: Geologic map of the southern Rukwa Rift Basin, modified after Roberts et al. (2004). Rectangle indicates study area; B: detailed geological map of southern Rukwa Rift
Basin, modified after Mtelela et al. (2017). Yellow star indicates sampling location. C: Map of Africa indicating study area in the Rukwa Rift Basin, southwest Tanzania (top).
Stratotype section for the Galula Formation along the Mtuka River, modified after Roberts et al. (2004, 2010), and the stratigraphic location of the paleosols described in text (Mtuka
1e4 and Namba 1e3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article).
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nodules (Fig. 3) were averaged to determine intranodule variability
for each paleosol.

Bulk sediment from the uppermost horizon of each paleosol was
sampled for analysis of the stable carbon isotopic composition of
3

organic matter. After inorganic carbon was removed with 2 M HCl,
samples were rinsed with Milli-Q® water, centrifuged and oven
dried overnight at 60 �C. The stable carbon isotopic compositions of
organic matter were determined using a Costech 4010 elemental



Fig. 2. Field photographs of the Mtuka and Namba paleosols and pedogenic carbonates. A: Mtuka 1 (vertic Calcisol); B: Mtuka 2 (vertic Argillisol); CeD: Mtuka 3 and 4 (vertic
Calcisols); E: pedogenic carbonate nodules (Mtuka 3); FeG: Namba 1 and 2 (calcic Argillisols); H: Namba 3 (argillic Calcisol); I: filamentous and nodular pedogenic carbonates
(Namba 1).
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analyzer coupled via a ThermoScientific Conflo to a DeltaVPlus

isotope ratio mass spectrometer. The analytical error for organic
carbonmeasurements is <0.2‰, with amean standard deviation of
0.3‰ for triplicate analyses of each sample. Please refer to Table S1
for individual measurements.

All measurements were conducted at the Advanced Analytical
Centre, James Cook University, Cairns. The d13C and d18O values are
reported relative to VPDB, unless stated otherwise, with carbonate
and organic matter samples denoted with subscripts “c” and “o”,
respectively.
3.2. Atmospheric CO2 estimation

Atmospheric CO2 concentrations were estimated from pedo-
genic carbonate nodules using the paleobarometer of Cerling
(1991), modified by Ekart et al. (1999).
4

pCO2 ¼ SðzÞ d13Cs � 1:0044d13Cr � 4:4
13 13
 
d Ca � d Cs

!

where pCO2 is the concentration of CO2 in the atmosphere (ppmv),
S(z) is the concentration of CO2 in soil (ppmv) contributed by soil
respiration, and d13Ca, d13Cr and d13Cs is the carbon isotopic
composition of atmospheric CO2, soil-respired CO2, and soil CO2,
respectively. Diffusivity differences between 12CO2 and 13CO2 are
represented by the coefficient 1.0044, with the resultant enrich-
ment in 13CO2 in soil CO2 relative to soil-respired CO2 denoted by
the constant 4.4.

An average of d13C values of planktic foraminifera within
AptianeTuronian sediments, sourced from Deep Sea Drilling Proj-
ect (DSDP) core 364 (Kochhann et al., 2013), International Ocean
Discovery Project (IODP) site U1516 (Petrizzo et al., 2020) and
Ocean Drilling Project (ODP) core 762, were selected for estimating



Fig. 3. Stable carbon and oxygen isotopic composition of pedogenic carbonates from
the Mtuka and Namba paleosols. Measurements are the isotopic values of three
different carbonate nodules sourced from each paleosol.
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d13Ca. An isotopic equilibrium fractionation of �7.9 ‰ between
atmospheric CO2 and planktic foraminifera was used, after Passey
et al. (2002). The isotopic composition of soil-respired CO2 (d13Cr)
is generally considered equal to paleosol organic carbon (d13Co)
(Cerling, 1991); however, given d13C values of soil organic carbon
increase with depth (Bowen and Beerling, 2004) and samples are
mostly from B horizons, d13Cr was assumed to be 1‰ lower than
d13Co (Breecker and Retallack, 2014). d13Cs values were derived from
pedogenic carbonate, using the temperature-dependent fraction-
ation equation of Romanek et al. (1992), with temperatures esti-
mated using d18Oc using the relationship found by Dworkin et al.
(2005):

T ¼ d18Oc þ 12:65
0:49

Although the relationship of Dworkin et al. (2005) is based on
modern values, the temperature values determined by this method
are considered appropriate and were not statistically different from
those determined by bulk geochemistry (see Orr et al., 2021). S(z)
was estimated using mean annual precipitation (MAP) values
previously published (Orr et al., 2021), by the equation of Cotton
and Sheldon (2012).

SðzÞ¼5:67ðMAPÞ � 269:9

Standard errors for atmospheric pCO2 estimates were calculated
by Gaussian error propagation using equations derived by Retallack
(2009a), which incorporates both analytical errors and transfer
function-associated standard errors.
4. Results

The results of all analyses are provided in Table 1. Average
temperatures ranged from 13.4 to 16.8 �C and 10.0 to 12.9 �C for the
Mtuka and Namba paleosols, respectively; consistent with mean
annual temperatures reported by Orr et al. (2021) for the same
paleosols using bulk geochemistry and stable isotope paleo-
thermometry. Calculations of pCO2 from the Mtuka Member range
between 1079 and 2564 ppmv for the AptianeCenomanian (Fig. 4),
two to six times modern pCO2 levels. Atmospheric pCO2 oscillated
through the Mtuka Member, with Mtuka 2 recording the highest
concentration. Estimates of pCO2 from the Namba Member for the
5

Campanian are closer to modern levels and exhibit a narrow range,
decreasing up-section from 555 to 502 ppmv (Fig. 4).

5. Discussion

5.1. Comparisons of pCO2

Atmospheric pCO2 values from the Galula Formation range be-
tween 500 and 2500 ppmv, supporting the current concept of both
elevated pCO2 values and greenhouse climate episodicity during
the Cretaceous (e.g. Retallack, 2009b; Wang et al., 2014; Jing and
Bainian, 2018). Our estimates for the Mtuka Member are broadly
consistent with other paleosol studies of the AptianeCenomanian,
including Ekart et al. (1999), Lee and Hisada (1999), Leier et al.
(2009), Hong and Lee (2012) and Li et al. (2014), in addition to
estimates based on stomatal frequencies in fossil gymnosperms
(e.g. Haworth et al., 2005; Passalia, 2009). Several geochemical and
isotope mass balance models are also available for comparison (e.g.
GEOCARB I, II and III); for the purposes of this study, we use GEO-
CARBSULF (Berner, 2006). Calculated pCO2 values for the Mtuka
Member are consistent with GEOCARBSULF, although Mtuka 2 and
4 sit on the upper bounds of the error envelope (Fig. 4). Although
our estimations of pCO2 from the Namba Member are generally
lower than that of other paleosol studies (e.g. Ekart et al., 1999;
Nordt et al., 2002; Ghosh et al., 2005; Hong and Lee, 2012; Zhang
et al., 2018a), they are consistent with estimates based on fossil
stomata (e.g. Quan et al., 2009) and GEOCARBSULF. Unfortunately,
the lack of magnetic reversals through the mid-Cretaceous and a
lack of suitable material for radiometric dating limit the temporal
resolution of our data, makingmore precise comparisons difficult at
this time.

5.2. Variable estimations for atmospheric CO2 model

The paleosol carbonate CO2 barometer requires the estimation
or assumption of several variables. In particular, the parameters
S(z), d13Ca and d13Cr are frequently determined by three different
approaches. S(z) is the least well constrained parameter and has
been the subject of several studies (e.g. Retallack, 2009a; Breecker
et al., 2010; Cotton and Sheldon, 2012). Values are typically esti-
mated using the depth to carbonate (DTC; Retallack, 2009a) or
mean annual precipitation (MAP; Cotton and Sheldon, 2012)
proxies, or assigned an assumed concentration, often informed by
the perceived paleoclimatic conditions (e.g. Nordt et al., 2002;
Hong and Lee, 2012). Other approaches are infrequently used (e.g.
soil type). d13Ca and d13Cr values are usually estimated from the d13C
values of marine carbonates (MC), d13C of organic matter (OM), or
assigned an assumed value. MC d13C values are typically from
planktic foraminifera from marine sediments (e.g. Nordt et al.,
2003; Huang et al., 2013), although benthic foraminifera have
also been used (e.g. Barral et al., 2017). An isotopic equilibrium
fractionation of �7.9 ‰ between atmospheric CO2 and planktic
foraminifera (Passey et al., 2002) is applied when estimating d13Ca

values, with d13Co values subsequently calculated using Arens et al.
(2000) equation.

d13Ca ¼ d13Co þ 18:67
1:1

Organic matter d13C values are occasionally sourced from oc-
clusions in pedogenic carbonate nodules (e.g. Breecker and
Retallack, 2014), but are more frequently obtained from paleosol
bulk sediment (e.g. Huang et al., 2012; Li et al., 2020). The OM d13C
values are either substituted directly for d13Cr (e.g. Li et al., 2020) or
assume some minor fractionation (e.g. Breecker and Retallack,



Table 1
Stable isotope measurements of pedogenic carbonate and bulk sediment organic matter, and data used to estimate atmospheric CO2 concentrations for the middle-Late
Cretaceous.

Paleosol d13Cc d18Oc d13Ca d13Cr d13Cs S(z) T MAP pCO2 SE

(‰) (‰) (‰) (‰) (‰) (ppmv) (�C) (mm/yr) (ppmv) (ppmv)

Namba 3 �9.1 �7.4 �5.8 �25.0 �19.5 3143 10.7 602 502 59
Namba 2 �9.6 �7.7 �5.8 �25.3 �20.2 3869 10.0 730 505 41
Namba 1 �8.8 �6.3 �5.8 �24.4 �19.0 3603 12.9 683 555 55
Mtuka 4 �8.1 �4.4 �5.8 �27.5 �17.9 4606 16.8 860 2457 302
Mtuka 3 �9.4 �5.5 �5.8 �26.0 �19.4 4453 14.6 833 1079 114
Mtuka 2 �6.7 �6.1 �5.8 �27.4 �16.9 3875 13.4 731 2564 384
Mtuka 1 �7.1 �6.0 �5.8 �27.2 �17.2 2304 13.6 454 1357 337

Note 1: Values for d13Cc, d18Oc, d13Ca, d13Cr, d13Cs and T represent mean values based on three distinct nodules per paleosol unit. Refer to Table S1 for individual measurements.
Note 2: Mean annual precipitation (MAP) values are from Orr et al. (2021).

Fig. 4. Paleosol-derived atmospheric CO2 concentrations for the Mtuka (M1e4) and
Namba (N1e3) paleosols, where S(z) was estimated using the MAP proxy. d13Ca values
and d13Cr values used to calculate CO2 concentrations were derived from marine car-
bonates and paleosol organic matter (OM), respectively. Blue e CO2 estimates for
GEOCARBSULF (Berner, 2006). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article).
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2014). d13Ca values are then calculated by rearranging Arens et al.
(2000) equation. When assumed, d13Ca and d13Cr values for the
Cretaceous are considered to be pre-industrial values (�6.5‰), and
the average isotopic composition of C3 vegetation (�26‰),
respectively (e.g. Lee, 1999).

The variations in these model assumptions lead to 27 possible
iterations of the pedogenic carbonate CO2 paleobarometer. Of
these, eight iterations have been used in the literature to recon-
struct atmospheric pCO2 values during the Cretaceous. Conse-
quently, unnecessary variation in the estimated pCO2 values for the
geologic period is likely. Given that S(z) values are the least well
constrained, and have a direct proportional effect on the calculated
atmospheric pCO2 values (Cotton and Sheldon, 2012), comparisons
of our estimated atmospheric pCO2 values and the literature are
evaluated first using the method of S(z) derivation.
5.2.1. DTC-derived S(z) values
The DTC proxy is a valuable means of determining a S(z) value

for a given soil; however, it has limited usefulness for soil profiles
that are incomplete, resulting in underestimates of S(z) (Breecker
and Retallack, 2014) and consequently, potentially low atmo-
spheric pCO2 values. Hence, it is considered an inappropriate proxy
6

for the Mtuka and Namba paleosols, with only two profiles
retaining A horizons (Mtuka 1 and 4), albeit with erosional upper
surfaces. The repeated pulses of sedimentation evident in the
complex soils of the Galula Formation suggests that considerable
depth/thickness may have been lost during subsequent erosional
events, highlighting the inadequateness of the DTC proxy for soils
in this unit. Indeed, DTC-derived S(z) values are 34e74% lower than
the MAP-derived S(z) values for all paleosols, except Mtuka 1 and 4,
which is expected as these are complete profiles. Application of the
DTC proxy generates a broad range of pCO2 values for the Mtuka
paleosols and unreasonably low values for the Namba paleosols.
Indeed, other Cretaceous paleosol studies that have used the DTC
proxy for pCO2 estimation are generally lower than the modelled
values of GEOCARBSULF, although not always (Fig. 5). However,
Fig. 5 also highlights the effect of varying d13Ca and d13Cr values.

Three different iterations of the pedogenic carbonate CO2
paleobarometer using DTC-derived S(z) values were found in the
literature for the Cretaceous: i) d13Ca and d13Cr paleosol OM sourced
values (e.g., Li et al., 2016), ii) d13Ca and d13Cr MC sourced values
(e.g., Huang et al., 2013) and iii) assumed d13Ca and d13Cr values,
of �6.6 ‰ and �26 ‰ respectively (e.g., Mortazavi et al., 2013).
Applying d13Ca and d13Cr paleosol OM sourced values generates the
largest range of pCO2 values (121e2792 ppmv) (Fig. 5A), and
erroneously low values for most of the paleosols, with onlyMtuka 1
and 4 recording values >1000 ppmv during the known greenhouse
period of the AptianeAlbian. Application of d13Ca and d13Cr MC
sourced values or assumed d13Ca and d13Cr values generates simi-
larly low pCO2 values (Fig. 5BeC), but with smaller ranges than that
of the paleosol OM iteration, with values of 133e1503 ppmv and
199e1979 ppmv, respectively. Whereas the assumed d13Ca and
d13Cr value iterations conforms better with GEOCARBSULF than
other iterations, the estimated pCO2 values are less useful, with the
potential value gained from paleosol OM and/or marine carbonate
data lost.
5.2.2. Assumed S(z) values
Assumed S(z) values provide a measure of clarity for pCO2 re-

constructions by facilitating comparisons among studies that use
the same value (e.g. 5000 ppmv), but the approach has limited
accuracy. The approach was first used by Cerling (1991) when
developing the paleobarometer, with assumed S(z) values
(~5000e10,000 ppmv) largely based on modern soil CO2 concen-
trations during mean growing season. However, Breecker et al.
(2009) determined that pedogenic carbonate forms in warm, dry
periods and not under mean growing season conditions, as previ-
ously thought. Despite attempts to better constrain S(z) (e.g.
Retallack, 2009a; Cotton and Sheldon, 2012; Breecker and
Retallack, 2014) and the generation of the DTC and MAP proxies
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from data collected during the late growing season shoulder and
the warm season minimum respectively, 70% of paleosol studies
that reconstructed pCO2 for the Cretaceous used assumed and
somewhat arbitrary S(z) values (Fig. 6). Of these 78% used an S(z)
value of 5000 ppmv, either as an upper or lower bounding value, or
as a mean value. Application of an assumed S(z) value of
5000 ppmv generates pCO2 values that are between 9 and 117%
greater than our initial calculations (Fig. 6C) and are considered
overestimations.

Five different iterations of the pedogenic carbonate CO2 paleo-
barometer using assumed S(z) values were found in the literature
for Cretaceous sites worldwide (Fig. 6). Two iterations used d13Ca
MC sourced values; one used d13Cr values sourced from MC (e.g.,
Robinson et al., 2002), and the other from paleosol OM (e.g., Hong
and Lee, 2012). Three iterations used an assumed value for d13Ca,
with the d13Cr value assumed (e.g., Leier et al., 2009), or sourced
from MC (e.g., Sandler, 2006) or paleosol OM (e.g., Ghosh et al.,
2005).

Irrespective of the iteration, use of an assumed S(z) value gen-
erates the highest pCO2 values for the Mtuka and Namba paleosols,
with application of assumed d13Ca and d13Cr values estimating the
greatest CO2 concentrations (949e2832 ppmv) for all units, except
for Mtuka 1, 2 and 4 (Fig. 6F). Application of an assumed d13Ca value
and paleosol OM d13Cr values calculated the highest pCO2 values for
Mtuka 1, 2 and 4 of any iteration, recording concentrations of
3135 ppmv, 3531 ppmv and 2831 ppmv respectively (Fig. 6D). In
general, application of an assumed S(z) value of 5000 ppmv gen-
erates pCO2 values that conform to GEOCARBSULF, excludingMtuka
1, 2 and 4, which are frequently above the error envelope (Fig. 6).
Other Cretaceous paleosol studies that used assumed S(z) values
are also consistent with GEOCARBSULF, but many estimates are also
higher (e.g. Nordt et al., 2002, 2003; Leier et al., 2009; Hong and
Lee, 2012; Li et al., 2014). Indeed, Cerling (1991) pointed out that
because of the various parameter assumptions, the paleobarometer
generates maximum atmospheric pCO2 values. However, Breecker
et al. (2010) determined 2500 ppmv was a more appropriate S(z)
value for most paleosols and recalculated many pCO2 values in the
literature, improving the fit of the data considerably (Fig. 6A).
Application of an assumed S(z) value of 2500 ppmv generates pCO2
values for this study that are mostly below the GEOCARBSULF error
envelope, nevertheless they are consistent with the recalculated
pCO2 values of Breecker et al. (2010), excluding Mtuka 1 and 2
(Fig. 6A).

5.2.3. MAP-derived S(z) values
The MAP proxy of Cotton and Sheldon (2012) allows the user to

use variously sourced MAP values, such as bulk geochemistry cli-
mofunctions (e.g. CALMAG (Nordt and Driese, 2010) or the chem-
ical index of alteration (Sheldon et al., 2002)) or morphology (e.g.
DTC; Retallack, 1994, 2005) to derive an S(z) value. While the MAP
proxy has been used in atmospheric pCO2 reconstructions (e.g
Cotton and Sheldon, 2012; Hyland and Sheldon, 2013), its use was
not found in the Cretaceous literature. The MAP proxy was deemed
the most suitable method of S(z) derivation for this study, with the
DTC proxy considered inappropriate due to the truncation of the
paleosols, and assumed S(z) values likely estimating less accurate
pCO2 values (excluding Mtuka 3 and 4). However, because of a lack
of data, the MAP proxy should not be applied to paleosols with
precipitation estimates greater than 750 mm/yr (Cotton and
Sheldon, 2012). Paleoprecipitation estimates for Mtuka 3 and 4
are 833 and 860 mm/yr, respectively. Application of MAP-derived
S(z) values estimate atmospheric pCO2 values of 1079 and
2457 ppmv for Mtuka 3 and 4 respectively. Concentrations that plot
within the error envelope of GEOCARBSULF and between those
estimated by application of an assumed S(z) value of 2500 ppmv



Fig. 6. Paleosol-derived atmospheric CO2 concentrations for the Cretaceous, calculated for each iteration where S(z) was assumed. Blue shaded area e CO2 estimates for GEOCARBSULF (Berner, 2006); OM e organic matter. A: S(z)
assumed value of 2500 ppmv, d13Ca values derived from marine carbonates and d13Cr from paleosol OM for this study; Red shaded area e recalculated paleosol-derived pCO2 values using S(z) value of 2500 ppmv from Breecker et al.
(2010); B: d13Ca and d13Cr values derived from marine carbonates; C: d13Ca values derived from marine carbonates and d13Cr values from paleosol OM; D, E, F: d13Ca values are assumed, with d13Cr values from paleosol OM (D), marine
carbonates (E) and assumed (F). Data from Cerling (1991, 1992). Andrews et al. (1995), Ekart et al. (1999), Lee (1999), Lee and Hisada (1999), Nordt et al. (2002, 2003), Robinson et al. (2002), Ghosh et al. (2005), Sandler (2006), Leier et al.
(2009), Hong and Lee (2012), Li et al. (2014) and this study (M1e4: Mtuka paleosols 1 to 4; N1e3: Namba paleosols 1 to 3). Note e BeF: assumed S(z) value of 5000 ppmv used for data from this study. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article).
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(Mtuka 3: 606 ppmv; Mtuka 4: 1212 ppmv) and 5000 ppmv (Mtuka
3: 1212 ppmv;Mtuka 4: 2667 ppmv), suggesting theMAP proxy has
some validity for paleosols with higher precipitation and the
addition of data from soils formed in subhumid and humid areas
may expand the range of this proxy.
5.3. Estimates of middle/Late Cretaceous CO2 concentrations

Regardless of the iteration used, our paleoatmospheric pCO2
values are consistently elevated (>1000 ppmv) during the middle
Cretaceous, and decline to nearer modern levels (~500 ppmv) in the
Campanian. Yet, both intervals recorded relatively cool tempera-
tures. The high pCO2 interval, therefore, likely corresponds to the
“cool” greenhouse period of the AptianeAlbian, between Ocean
Anoxic Event (OAE) 1a and OAE2, and prior to the extreme warmth
of the “hot” greenhouse of the TuronianeSantonian (Huber et al.,
2018). Notably, temperatures increase up section through the
Mtuka Member, with a similar trend of gradual warming before the
hot Greenhouse interval, as reported elsewhere (e.g. Friedrich et al.,
2012). These elevated atmospheric CO2 concentrations during the
middle Cretaceous are typically attributed to enhanced volcanic
outgassing (e.g. Poulsen et al., 2001). The low pCO2 (and low tem-
perature) interval reported here provides further evidence of
gradually declining atmospheric CO2 concentrations and temper-
atures during the Late Cretaceous prior to the KeT boundary
(Parrish and Spicer, 1988; Andrews et al., 1995; Royer, 2006). Our
data is also consistent with foraminiferal d18O values for the
southern high latitudes, which similarly recorded warming in the
middle Cretaceous before the hot greenhouse period of the
TuronianeSantonian, and cooling through the Campanian (Huber
et al., 2018).

Increased seafloor spreading rates, emplacement of large
igneous provinces, super plume eruptions and volcanic arc activity
have all been linked to excess greenhouse gas production during
the middle Cretaceous (e.g. Hong and Lee, 2012; Huber et al., 2018).
However, there is a proposed decoupling between atmospheric
pCO2 and temperature during the AptianeAlbian interval (e.g.,
Huber et al., 2018) with the influence of increased particulate
organic carbon burial and chemical weathering of Ca and Mg sili-
cate rocks possibly at least partially responsible for the apparent
disconnect. Although, the temporal resolution of the available data
also impacts our understanding of the atmospheric pCO2 and sur-
face temperature relationship (e.g., Wang et al., 2014). Changes in
atmospheric CO2 concentrations during the middle Cretaceous also
coincide with initial radiation of angiosperms (Barrett and Willis,
2001), including the first appearance of large angiosperm trees in
the late Albian (Feild et al., 2011). Angiosperm diversification
accelerated in the Late Cretaceous (Lidgard and Crane, 1990), with
increased vein density and leaf area thought to have given the
flowering vascular plants an evolutionary advantage in the steadily
declining atmospheric pCO2 environment (Zhang et al., 2018b).
Non-avian dinosaurs (e.g. hadrosaurids, ceratopsids; Lloyd et al.,
2008), selected mesoeucrocodylians (e.g. notosuchians; Godoy
and Turner, 2021; Stubbs et al., 2021), and mammals (e.g.
Grossnickle et al., 2019) experienced similar waves of diversifica-
tion in the Late Cretaceous (Lloyd et al., 2008). Whether such
diversification trends among disparate terrestrial vertebrate clades
represent global phenomena or regionally specific patterns awaits a
better sampling (e.g. Mannion et al., 2019; Close et al., 2020),
particularly from post-Cenomanian deposits from the African
continent. Nevertheless, changes in atmospheric CO2 concentra-
tions had a wide-ranging influence on the paleoecosystems of the
middle/Late Cretaceous.
9

6. Conclusions

In this study, the pedogenic carbonate paleobarometer was
applied usingMAP-derived S(z) values, d13Ca values calculated from
planktic foraminifera, and d13Cr values sourced from paleosol
organic matter, to estimate atmospheric pCO2 during the
AptianeCenomanian and Campanian. The atmospheric CO2 con-
centrations are consistent with GEOCARBSULF, recording green-
house conditions (1079e2564 ppmv) during themiddle Cretaceous
and lower pCO2 conditions (550e502 ppmv) during the Late
Cretaceous. These results represent the first paleosol-derived at-
mospheric pCO2 values for the middle/Late Cretaceous from Africa,
and only the third study of its kind for the southern hemisphere for
the same interval.

Many variables contribute to a particular soil developing,
consequently, S(z) values should be estimated using a proxy that
takes individual soil characteristics into account (e.g. DTC or MAP).
However, where erosional upper surfaces are apparent and the soil
profile is incomplete (e.g. A horizon is absent) or when DTC-derived
MAP values are significantly lower than bulk geochemistry-derived
MAP values, the MAP proxy is considered the preferred method. If
an assumed S(z) value is to be used, then 2500 ppmv is considered
appropriately conservative for most soils. Marine foraminifera and
paleosol organic matter are considered accurate records of d13Ca
and d13Cr values, respectively.
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