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Abstract The search into Earth’s mid-Cretaceous greenhouse conditions has recently been stimulated by
the Tanzania Drilling Project (TDP) which has recovered exceptionally well-preserved biogenic carbonates
from subsurface pre-Neogene marine sediments in the eastern margin of central Africa. Published Tanzanian
oxygen isotope records measured on exquisitely preserved foraminiferal tests, dating to as old as ~93Ma,
provided evidence for a Turonian “hot greenhouse” with very high and stable water-column temperatures.
We have generated a comparable data set of exceptionally well-preserved foraminifera from a lower
Cenomanian interval of TDP Site 24 spanning 99.9–95.9Ma (planktonic foraminiferal Thalmanninella
globotruncanoides Zone; nannofossil Corollithion kennedyi to Lithraphidites eccentricus Zones), thereby
extending the age coverage of the Tanzanian foraminiferal δ18O record back by ~7 million years. Throughout
the interval analyzed, the new foraminiferal δ18O data are consistently around �4.3‰ for surface-dwelling
planktonic taxa and �1.9‰ for benthic Lenticulina spp., which translate to conservative paleotemperature
estimates of >31°C at the surface and >17°C at the sea floor (upper bathyal depths). Considering the
~40°S Cenomanian paleolatitude of TDP Site 24, these estimates are higher than computer simulation
results for accepted “normal” greenhouse conditions (those with up to 4X preindustrial pCO2 level) and
suggest that the climate mode of the early Cenomanian was very similar to the Turonian hot greenhouse.
Taking account of other comparable data sources from different regions, the hot greenhouse mode within
the normal mid-Cretaceous greenhouse may have begun by the latest Albian, but the precise timing of
the critical transition remains uncertain.

1. Introduction

For decades, the mid-Cretaceous has received considerable attention as a robustly data-supported period of
Earth’s extensive greenhouse climate [e.g., Barron and Washington, 1985; Larson, 1991a, 1991b; Caldeira and
Rampino, 1991; Huber et al., 1995; Johnson et al., 1996; Clarke and Jenkyns, 1999; Poulsen et al., 2001]. It was
relatively recently, though, that standard paleotemperature reconstructions using foraminiferal oxygen isotopes
have become truly useful for the paleoclimatology of this age interval, especially since the benchmark studies of
Norris and Wilson [1998] andWilson and Norris [2001] in conjunction with the latest Cretaceous-Paleogene case
study of Pearson et al. [2001]. These contributions focused specifically on the analyses of exquisitely preserved
“glassy” foraminifera occasionally found in clay-rich sediments on siliciclastic margins. Such foraminiferal tests
were taken as the archives of effectively primary δ18O compositions, allowing for reasonable absolute estimates
of past marine temperatures. In contrast, δ18O signatures in morphologically well-preserved yet whitish, “frosty”
chalk-hosted foraminifera were shown typically to be diagenetically compromised, particularly in low tomiddle
latitude settings. These results renewed interests in mid-Cretaceous foraminiferal δ18O study and led to
organization of several new paleoceanographic research projects targeting fine-grained ocean margin settings
worldwide [e.g.,Norris et al., 2002;Wilson et al., 2002; Bice et al., 2003; Bornemann et al., 2008; Friedrich et al., 2008;
Erbacher et al., 2011; Huber et al., 2011; MacLeod et al., 2013]. In accordance with this recent progress in
paleoceanography, here we report on a new Cenomanian δ18O data set from Tanzania Drilling Project (TDP)
Site 24 that sheds new light on the marine paleotemperature evolution during the mid-Cretaceous.

One major achievement of the recent δ18O studies of exquisitely preserved mid-Cretaceous foraminifera is
the establishment of the Turonian as a prominent hyperthermal interval, that is, a “hot greenhouse” in the
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sense of Huber et al. [2002], or hothouse
or supergreenhouse [Norris et al., 2002;
Bice et al., 2003; Bornemann et al.,
2008]. The most recent and exception-
ally detailed stable isotope data for
the Turonian were reported onmultiple
planktonic and benthic foraminiferal taxa
from TDP Sites 22 and 31 [MacLeod et al.,
2013; Wendler et al., 2013]. These δ18O
data sets indicate very stable marine
paleotemperatures in a Turonian south-
ern midlatitude setting as high as
30–35°C at the surface (�4‰ to �5‰
for planktonic foraminifera) and 18–22C°
at the upper slope seafloor (�1.5‰ to
�2.5‰ for TDP Site 31 calcitic benthic
foraminifera). Still, because of the inher-
ently intermittent nature in the deposi-
tion of marginal siliciclastic sequences,
there are significant temporal gaps in
existing mid-Cretaceous δ18O record
from clay-hosted “glassy” foraminifera,
especially for the pre-Turonian. It is
noteworthy that the late Albian might
also have been a period of significant

warmth as inferred from the similarly low foraminiferal δ18O values at Ocean Drilling Program (ODP) Sites
1050 and 1052 of Blake Nose, western North Atlantic [Wilson and Norris, 2001; Petrizzo et al., 2008], but the
relationship between the inferred Albian warming event and the Turonian hot greenhouse has not been
adequately determined given the lack of reliable δ18O data for the intervening Cenomanian Period.

A substantial amount of δ18O measurements on exquisitely preserved Cenomanian foraminifera does exist
for ODP sites at Demerara Rise, equatorial Atlantic [Forster et al., 2007b; Moriya et al., 2007; Friedrich et al.,
2008]. However, these Demerara Cenomanian δ18O data sets are interpreted to have been strongly
influenced by local paleoceanographic conditions including high net evaporation and the formation of
hypersaline, oxygen-poor Demerara Bottom Water [Jiménez Berrocoso et al., 2010a], thereby hindering a
straightforward paleotemperature reconstruction. In addition, the only planktonic foraminifera available for
the Demerara Rise case studies were two opportunistic species, for which depth ecologies are unpredictable
[Ando et al., 2010]. Another detailed set of Cenomanian stable isotope records was presented for well-preserved
open-ocean assemblage of foraminifera at Blake Nose (ODP Site 1050), providing excellent constraints on the
subtropical North Atlantic paleotemperature trends and planktonic evolutionary paleoecology [Ando et al.,
2009a, 2010]. Still, the specimens analyzed were shown to be slightly recrystallized, and the δ18O values were
subjected to discernible diagenetic shifts from the primary δ18O baseline [Ando et al., 2010].

2. Site Information, Material, and Methods

The mid-Cretaceous (Albian-Coniacian) marine strata widely distributed in the southeastern coastal
surface/subsurface area of Tanzania (Figure 1) have recently been named the Lindi Formation [Jiménez
Berrocoso et al., 2015]. It is a sedimentary package characterized by thick accumulations of mainly fine-
grained sediments deposited in an evolving passive margin basin formed through the breakup of
Gondwana and rifting away of Madagascar from Africa [Jiménez Berrocoso et al., 2010b]. The depositional
environment has been generally interpreted as upper slope to outer shelf based on Turonian foraminiferal
assemblages and sedimentological criteria [Jiménez Berrocoso et al., 2010b, 2012]. This study provisionally
limits the depositional setting to upper slope, taking into account new information from the planktonic
foraminiferal assemblage (see section 3.1.2). The Cenomanian paleolatitude cited herein is ~40°S based

Figure 1. Map showing the present location and Cenomanian (100Ma)
paleolocation of Tanzania Drilling Project (TDP) Site 24, generated using
the ODSN Plate Tectonic Reconstruction Service (http://www.odsn.de/
odsn/services/paleomap/paleomap.html) [Hay et al., 1999].
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on reconstructions by Hay et al. [1999] and Scotese [2004] (Figure 1), although a slightly lower paleolatitude
(~35°S) was also shown [Sewall et al., 2007].

Coring at TDP Site 24 was conducted in 2007; the site was selected based on proximity to an outcrop of the
Lindi Formation from which exceptionally well-preserved foraminifera of early Cenomanian age had been
isolated. Drilling reached a total subsurface depth of 74m and recovered cores representing a 65m long
sequence of dark gray siltstones underlain by coarse-grained sandstones. Initial on-site biostratigraphic study
of this rock unit, based on the consistently occurring microfossils (planktonic foraminifera and nannofossils),
documented a 50m thick Cenomanian interval (Cores 24 to 4) with short intervals of Turonian sediments
above and upper Albian sediments below [Jiménez Berrocoso et al., 2010b].

In this study, chronostratigraphic control for this site was re-evaluated by the standard biostratigraphic
analyses of planktonic foraminifera and nannofossils. For foraminifera, the same set of washed samples as

Figure 2. Summary litho- and biostratigraphy of TDP Site 24, modified from Jiménez Berrocoso et al. [2010b] with revised
biozones and species ranges of nannofossils and planktonic foraminifera. Color photographs of Core 26, documenting
the lithologic appearances across the local Albian/Cenomanian boundary (here provisionally expressed as an unconformity;
see section 3.1.1), are available as Figure S1. Nannofossil zonation codes of “CC” and “UC” are based on Perch-Nielsen [1985]
and Burnett [1998], respectively. Light microscopic and SEM images are for key age-diagnostic species of nannofossils and
planktonic foraminifera. For planktonic foraminifera, letters A to K accompanying the listed species names correspond to those
with SEM images. Sample IDs of figured specimens are as follows: A–C, sample TDP24/27/3, 62–72 cm; D, sample TDP24/26/2,
60–70 cm; E–F, sample TDP24/26/1, 67–80 cm; G, sample TDP24/8/1, 30–44 cm; H–K, sample TDP24/3/1 + 2, 93–107 cm.
Abbreviations: W. arch.—Whiteinella archaeocretacea; Hv.—Helvetoglobotruncana; f.-g.—fine-grained; m.-g.—medium-
grained; c.-g.—coarse-grained.
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the preliminary work cited above was used (Table S1 of the supporting information). Standard smear slides
for the examination of nannofossils were prepared from the different sets of raw samples (Table S2). The
ranges of selected age-diagnostic species are reported herein, while the detailed assemblage characteriza-
tion and taxonomy will be reported elsewhere. As described below, foraminifera and nannofossils provide
the biostratigraphic results that are internally consistent at the substage level, and the new information
has led to revisions of the initial interpretations on the stage boundaries and biozonation schemes of
Jiménez Berrocoso et al. [2010b].

A total of 56 separates of the best-preserved foraminifera (all without secondary calcite infilling) were
prepared for stable isotope analyses. These separates were made up of two to eight specimens (in most
cases, three to six) from the 212–300μm sieve fraction for planktonic foraminifera (Praeglobotruncana
stephani and Thalmanninella globotruncanoides), and one to three large-sized specimen(s) of benthic foramini-
fera (Lenticulina spp., with a single separate of the gavelinellid gen. & sp. indet.). The most common Lenticulina
morphotypes resembled Lenticulina pseudosecans or Lenticulina secans (17 out of 20 separates) [e.g., Sikora and
Olsson, 1991]. Any diagenetic mineral attachments and/or diagenetically infilled final chamber(s) (see section 4)
were manually removed using a sharpened needle under a stereomicroscope prior to the isotope measure-
ments. In order to demonstrate the preservational state of our foraminiferal material, light microscopic and
scanning electron microscopic (SEM) imaging were performed on selected specimens.

For analysis of stable isotope ratios in foraminifera, test calcite was reacted with “103%” phosphoric acid in a
Kiel III carbonate device, and the ratios of 13C/12C and 18O/16O in the evolved CO2 were measured on a
Thermo Finnigan DeltaPlus mass spectrometer at the Biogeochemistry Isotope Laboratory, University of
Missouri. Data are presented in delta (δ) notation on the Vienna PDB scale, after normalization for each run
based on the difference between the within-run average of the NBS 19 standard and its recommended value
(δ18O=�2.20‰ and δ13C=1.95‰) [Hut, 1987]. Replicate measurements of NBS 19 prior to normalization
yielded estimates of analytical precision (1 standard deviation (σ)) better than ±0.06‰ and ±0.03‰ for δ18O
and δ13C, respectively. Numerical data are listed in Table S1.

3. Biostratigraphy and Biochronology
3.1. Planktonic Foraminifera and Fundamental Chronostratigraphic Framework
3.1.1. Major Assemblage Characteristics and Stage Boundaries
Planktonic foraminifera are characterized by the assemblages of three age groups from the Albian, Cenomanian,
and Turonian (Figure 2). This observation facilitates the construction of the fundamental chronostratigraphic
framework with the placement of the Albian/Cenomanian (A/C) and Cenomanian/Turonian (C/T) boundaries,
each delimited by a combination of the extinction of older taxa and the evolutionary appearances of younger
taxa. Planktonic foraminifera are particularly important in that, by definition, the primary marker event for
defining the A/C boundary is the lowest occurrence (LO) of Th. globotruncanoides [Kennedy et al., 2004; Ogg
and Hinnov, 2012].

The A/C boundary is placed at 60.19m (midpoint between samples 26/2, 60–70 cm and 26/1, 67–80 cm).
Across this level, the typical upper Albian planktonic foraminiferal assemblage of the Planomalina buxtorfi
Zone (including such Albian-restricted taxa as Pl. buxtorfi, Pseudothalmanninella ticinensis (highly evolved
form), Thalmanninella balernaensis, and Ticinella raynaudi) is replaced by the Cenomanian-specific taxa of
the Th. globotruncanoides Zone (Th. globotruncanoides and Rotalipora montsalvensis). Based on this abrupt
assemblage change, the local A/C boundary is here provisionally considered an unconformity, although it
may be represented by a minor condensed interval as there is no definitive lithologic gap (Figure S1).

As for the C/T boundary, the same Cenomanian assemblage as above is replaced sharply by the Turonian
assemblage of the “Whiteinella archaeocretacea” Zone across the depth of 7.25m (midpoint of the Core
5/4 gap). TheW. archaeocretacea Zone is an interval zone below the LO of Helvetoglobotruncana helvetica;
note that quotation marks are used for this biozone at TDP Site 24 because W. archaeocretacea itself
has not been identified in the washed samples. The Turonian planktonic taxa in this interval are charac-
terized by Helvetoglobotruncana praehelvetica and the species of Marginotruncana, Whiteinella, and
Dicarinella. No species indicative of the middle to upper Cenomanian, particularly the index species
Thalmanninella reicheli and Rotalipora cushmani, occur. It should be noted that specimens previously
identified as R. cushmani (Figure 2G), which was used to define the nominate zone in the initial
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biostratigraphic scheme [Jiménez Berrocoso et al., 2010b], are here reinterpreted as still within the evolutionary
state of its ancestor R. montsalvensis. These observations clearly indicate that the local C/T boundary at TDP
Site 24 is marked by an unconformity and that the main part of the drilled section falls solely in the lower
Cenomanian Th. globotruncanoides Zone.
3.1.2. Planktonic Constraints on Depositional Water Depth
The planktonic foraminiferal assemblage (Figure 2) can be used to further constrain previous upper slope
to outer shelf estimates for the depositional setting of the Lindi Formation, at least for the Cenomanian
interval. There are three key observations: (1) predominance of the keeled taxa (Thalmanninella and
Praeglobotruncana) typical for the open-ocean assemblage; (2) relatively high (~70%) planktonic abun-
dance in the total foraminifera (Ando, unpublished data); and (3) rare but consistent occurrence of
R. montsalvensis, for which stable isotopic paleoecology indicates a thermocline habitat [Ando et al.,
2009a, 2010]. In general, these conditions suggest an oceanographic setting well beyond the shelf-break
front [Hay, 2008], which means that the Cenomanian paleobathymetric range of TDP Site 24 would likely
have been limited to upper slope depths.

3.2. Nannofossils and Early Cenomanian Biochronology
3.2.1. Assemblage Characteristics
Nannofossil occurrences are biostratigraphically classified by the zonation codes of “CC” by Perch-Nielsen
[1985] and “UC” by Burnett [1998] (Figure 2). The ages based on them are highly consistent with those derived
from planktonic foraminifera. In the Albian part of TDP Site 24, nannofossils are of the assemblage of Subzone
CC9b or Zone UC0, with Axopodorhabdus biramiculatus and species of the genus Eiffellithus (E. equibiramus,
E. paragogus, E. parvus, and E. turrisseiffelii), and without Corollithion kennedyi or Hayesites albianus. The LO
of C. kennedyi, generally used for marking the basal Cenomanian, is recognized at Sample 25/1, 23–25 cm.
This level is slightly above the LO of the planktonic foraminifera Th. globotruncanoides. Such a stratigraphic
relationship between the LOs of Th. globotruncanoides and C. kennedyi is consistent with patterns documented
elsewhere [e.g., Robaszynski et al., 1993; Watkins et al., 2005].

The main part of the Cenomanian at TDP Site 24 can be referred to as Subzone CC9c or Zone UC 1/2 (however,
see below for further discussion) with consistent occurrences of C. kennedyi, Helenea chiastia, A. biramiculatus,
and Lithraphidites pseudoquadratus. Noteworthy is the entry of Lithraphidites eccentricus at Sample 11/2,
30–32 cm, which can be utilized for further refinement of the early Cenomanian biochronology, as detailed
below. The interval from Cores 4 to 1, as with the case of planktonic foraminifera, is placed in the lower
Turonian Zones CC11 or UC7 based on the sporadic occurrences of Quadrum gartnerii, Eprolithus octopeta-
lus, Eprolithus moratus, Corollithion exiguum, and Lithraphidites helicodeus, together with the absence of
aforementioned Cenomanian representatives.
3.2.2. Biostratigraphic Significance of Lithraphidites eccentricus
Lithraphidites eccentricuswas first described byWatkins and Bowdler [1984] from a thin middle(?) Cenomanian
interval at Deep Sea Drilling Project (DSDP) Site 540 (Gulf of Mexico) as a subspecies of the widely known
species L. acutus (whose LO marks the base of Zones CC10 and UC3 [= Lower/Middle Cenomanian
Substage boundary; e.g., Burnett, 1998]). Subsequently, L. eccentricus has seldom been mentioned in the lit-
erature [Wiegand, 1984; Nederbragt et al., 2001; Corbett et al., 2014].

The initial age interpretation of the middle(?) Cenomanian for the L. eccentricus type level was based on a
co-occurring planktonic foraminiferal assemblage [Premoli Silva and McNulty, 1984; Watkins and Bowdler,
1984], which, in light of taxonomic updates since then, no longer can be used to subdivide the Cenomanian at
the substage level. The presence of “Hedbergella libyca” [Premoli Silva and McNulty, 1984] [= Paracostellagerina
libyca; e.g., Georgescu and Huber, 2006] is noteworthy because this morphologically distinctive taxon became
extinct a while after the A/C boundary. This strongly suggests that the L. eccentricus type level cannot be stratigra-
phically as high as the middle Cenomanian; in other words, an early Cenomanian origination of L. eccentricus is
more plausible. This view is supported by case studies from the sections with better chronostratigraphic control
at Moroccan margin DSDP Site 547 [Leckie, 1984; Wiegand, 1984; Nederbragt et al., 2001] and the Kalaat Senan
region, central Tunisia [Robaszynski et al., 1993].

We postulate that L. eccentricus has biostratigraphic significance as an additional datum in the early
Cenomanian. Nevertheless, the proposed “L. eccentricus Zone” is tentative and informal. The base of the zone
is definable herein by the LO of the nominate species, whereas the top depends on a rigorous taxonomic
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distinction between L. eccentricus and
L. acutus. Accordingly, the use of con-
ventional CC and/or UC zonal coding
cannot be justified for the L. eccentricus
Zone. This treatment further affects
the usage of Zone CC9c or UC1/2, and
hence, we use the C. kennedyi Zone for
clarity (Figure 2).
3.2.3. Numerical Age Model
A numerical age estimate of the LO of
L. eccentricus is possible using biostra-
tigraphic data from DSDP Site 547
[Nederbragt et al., 2001], where a series
of important bioevents are recognized
across the A/C boundary. As graphically
shown in Figure 3, the datum point of
97.5Ma is derived using a linear extra-
polation of the age vs. depth plots on
the Geologic Time Scale 2012 calibra-
tions [Ogg and Hinnov, 2012].

The Cenomanian chronology for TDP Site
24 is constructed by a simple linear rela-
tionship of the two first appearance
datums of C. kennedyi (100.45Ma) [Ogg
and Hinnov, 2012] at 58.28m and L. eccen-
tricus (97.5Ma; this study) at 28.07m.
The calculated sedimentation rate is
1.02 cm/kyr. Application of this age-depth
relationship allows for numerical age

scaling of the isotopically analyzed interval at 99.9–95.9Ma. This nannofossil biochronology corroborates
the independently derived early Cenomanian age from planktonic foraminiferal biostratigraphy.

4. Foraminiferal Preservation

While many of the Cenomanian foraminiferal specimens from TDP Site 24 are infilled by secondary calcite, it
is often possible to collect unfilled, excellently preserved specimens that are present in small proportions in
Cores 21 to 6. Two species of keeled planktonic foraminifera Pg. stephani and Th. globotruncanoides are found
to allow for consistent selection of specimens in such exquisite preservation for stable isotopic analyses. For
benthic foraminifera, it is interesting to note that taxon-specific diagenesis seems to exist. The ubiquitous
calcareous trochospiral taxa such as Gyroidinoides and the gavelinellids (Gavelinella, Berthelina, etc.), most
widely used in previous stable isotopic studies, are found to be totally infilled in nearly all of the samples
examined, a lone exception for which is an unfamiliar gavelinellid taxon (gen. & sp. indet.) in only one sample.
On the other hand, specimens of Lenticulina often exhibit excellent preservation. The almost exclusive use of
Lenticulina spp. for this study is due to this taphonomic bias.

The selected specimens for stable isotope analysis are exceptionally well preserved, with the presence of
minor, if any, secondary calcite that is volumetrically too small to influence the primary stable isotopic signa-
tures (Figure 4). Specifically, the specimens observed under a light stereomicroscope are characterized by
hollow tests, complete translucency of the keels (for two planktonic taxa) and of the umbo and limbate
sutures (for Lenticulina spp.), and a reflective appearance of the outer wall surface. The selected specimens
are also observed to have a subtle whitish opacity on chamber walls (Figures 4b–4d). Examination of the wall
cross section by SEM confirms excellent preservation of internal test ultrastructures, which are themicrolayer-
ing and microgranular texture of planktonic foraminifera (Figures 4e and 4f), and the prismatic structure of
Lenticulina spp. (Figure 4g). On the other hand, subtle submicron-scale euhedral calcite is usually present

Figure 3. Age vs. depth relationship of index nannofossil and planktonic
foraminiferal species across the Albian/Cenomanian boundary at DSDP
Site 547, Moroccan Margin [Nederbragt et al., 2001, Figure 2 therein]. This
diagram is used to derive 97.5 Ma for the first appearance datum of
Lithraphidites eccentricus. In the range chart of Nederbragt et al. [2001], taxon
name Lithraphidites acutus is used, but it should refer to the subspecies
eccentricus, judging from their Plate 3.16 as well as from another nannofossil
biostratigraphic study byWiegand [1984]. “Rotalipora brotzeni” is probably
attributed to Thalmanninella globotruncanoides in the recently updated taxo-
nomic scheme. Abbreviations: NF—nannofossil; PF—planktonic foraminifera.
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on the interior chamber surfaces (Figures 4e and 4g), which may explain the somewhat whitish chamber
walls under reflected light. The pore inlets are cleanly open, but those of the planktonic taxa are often
plugged by a thinmaterial of unknown composition (possibly a primary biological feature) covering the outer
surface (Figure 4e).

In addition to the above, it is commonly observed in the examined samples that planktonic foraminifera are
developed by a glauconite-like greenish-gray mineral in the umbilical area and/or within the last chamber(s)
(Figure 4b) and that Lenticulina spp. have pyritized last one or two chambers (Figure 4d). Although the
diagenetic mechanisms are unknown, these observations are indicative of certain taphonomic processes
unique to each of these taxonomic groups.

Figure 4. Light microscopic and SEM images documenting preservational states of foraminiferal specimens analyzed.
Scale bar lengths for whole specimen views are 100 μm, and those for all others are specified. (a) Praeglobotruncana
stephani (sample TDP24/15/1, 66–81 cm), example of exceptional best-preserved specimen with fully translucent test.
(b) Pg. stephani (sample TDP24/15/3, 30–50 cm), very well preserved specimen with glauconite(?) umbilical infilling.
(c) Thalmanninella globotruncanoides (sample TDP24/15/3, 30–50 cm), very well preserved specimen. (d) Lenticulina sp.
(sample TDP24/15/3, 30–50 cm), very well preserved specimen with translucent umbo and limbate sutures but whitish
chamber wall, and pyritized ultimate chamber. (e) Dissected specimen of Pg. stephani (sample TDP24/21/1, 85–97 cm)
with magnified views of wall cross section and chamber interior as well as chamber exterior surfaces. Note that primary
wall ultrastructures (microlayering and microgranular texture) are perfectly preserved, yet chamber interior surface
is attached by subtle secondary euhedral calcite, and the outer surface may be covered by thin cortex partly plugging
pore inlets. (f) Dissected specimen of Pg. stephani (sample TDP24/15/3, 30–50 cm) with magnified view of wall cross
section and chamber interior. Note the preservation of microlayering and microgranular texture. (g) Dissected specimen
of Lenticulina sp. (sample TDP24/15/3, 30–50 cm) with magnified views of wall cross section and chamber interior.
Note the preservation of primary prismatic structure and pores, but minor attachments of secondary euhedral calcite on
the chamber interior surface.

Paleoceanography 10.1002/2015PA002854

ANDO ET AL. EARLY CENOMANIAN “HOT GREENHOUSE” 1562



5. Stable Isotopic Results
5.1. Oxygen Isotopes
5.1.1. Planktonic and Benthic δ18O Characteristics
The lower Cenomanian δ18O values generated from exceptionally well-preserved foraminifera are remarkably
consistent and invariant for each taxon analyzed (Figure 5). The planktonic δ18O values of Pg. stephani and
Th. globotruncanoides are inseparable and cluster at �4.2 ± 0.3‰ (n=22) and �4.4 ± 0.4‰ (n= 13), respec-
tively (error = 2σ). The benthic δ18O values of Lenticulina spp. are also highly stable at �1.9 ± 0.4‰ (n= 20).
The gavelinellid (gen. & sp. indet.) specimen provides a single data point of δ18O=�1.9‰.

The marked isotopic contrast between planktonic and benthic δ18O values is a predictable consequence of
the temperature-dependent oxygen isotope fractionation and the water-column temperature gradient.
Namely, as the temperature of ambient water increases, the δ18O values of biogenic calcite decrease due
to the physicochemical processes regulating the behavior of oxygen isotope species during calcification.
Thus, planktonic foraminifera inhabiting in the warm upper ocean always have lower δ18O values than
benthic foraminifera that live in the cooler bottom water.

Figure 5. Stable isotope (δ18O and δ13C) data measured on exceptionally well-preserved foraminifera at TDP Site 24.
Paleotemperature scale at the bottom of δ18O panel, which applies to both planktonic and benthic foraminifera at this
site, is based on the equation of Kim and O’Neil [1997] with the assumption of a mean seawater δ18O value of �1‰SMOW
(see section 5.1.3). In addition to raw δ18O data of Lenticulina spp., their disequilibrium-corrected (diseq. corr.) δ18O values
are also plotted, by adding +0.5‰ (see section 5.1.2). The Turonian δ18O ranges of TDP Site 31 are calculated from
MacLeod et al. [2013]: “Lenticulina spp.” is based on all δ18O data from this group (i.e., not only Lenticulina spp. but also
Lenticulina sp. 1 and sp. 2); “Total planktonics” are based on δ18O data from all planktonic foraminifera except for the
heterohelicids. Abbreviations: VPDB—Vienna Peedee belemnite; FAD—first appearance datum.
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5.1.2. Disequilibrium δ18O Correction for Lenticulina spp.
The benthic Lenticulina group has a great potential in δ18O-based paleoceanography in that the test sizes and
mass are often large enough for single-specimen analysis on state-of-the-art isotope-ratio mass spectro-
meters and that the robust tests are more resistant to diagenesis than other common benthic taxa. For this
potential to be realized, though, any offset due to biologically induced isotope disequilibrium (so-called “vital
effects”) should be known and adjustable. Such disequilibrium δ18O offsets of Cretaceous Lenticulina spp.
(or the nodosariids) were found and/or discussed by Barrera et al. [1987], Fassell and Bralower [1999], and
Friedrich et al. [2006]. More recently,Wendler et al. [2013] presented by far the most detailed and stratigraphi-
cally comprehensive δ18O records of Lenticulina spp. in Turonian TDP Site 31, showing highly consistent δ18O
values without significant intra- and inter-species δ18O differences. In their whole benthic δ18O data set, a
constant offset by ~+0.5‰was apparent for Lenticulina spp. against values from the majority of co-occurring
gavelinellids (called “Group II”).Wendler et al. [2013] determined that the δ18O data from Group II taxa reliably
approximate the equilibrium calcite δ18O value with respect to the ambient bottom water. This conclusion
has been supported by the measurements on coexisting Oridorsalis [Wendler et al., 2013], a taxon recognized
to have been most useful with no disequilibrium δ18O offset for Cenozoic paleoceanography [Katz et al.,
2003] and also for a Santonian-Campanian case study [Ando et al., 2013].

Due to the demonstrated reliability in calibration of the isotope disequilibriumeffect as discussed above, we apply
a δ18O correction factor of +0.5‰ to adjust our lower Cenomanian Lenticulina δ18O data from TDP Site 24. We can
add confidence to this approach because of the exceptional test preservation of foraminifera as well as the simi-
larity in age, paleogeography, and depositional setting between Turonian TDP sites studied by Wendler et al.
[2013] and TDP Site 24.
5.1.3. Paleotemperature Reconstruction
5.1.3.1. General
The δ18O temperature scale applied in Figure 5 is based on the Kim and O’Neil [1997] equation, reformulated
by Bemis et al. [1998, Table 1] in the following form of:

T °Cð Þ ¼ 16:1� 4:64� δ18Ocalcite � δ18Owater
� �þ 0:09� δ18Ocalcite � δ18Owater

� �2
:

Given the reasonable assumption that continental ice sheets did not exist during the Cenomanian (see later
discussion), we use a mean seawater δ18O value of �1‰SMOW for an ice-free world [Shackleton and Kennett,
1975] (SMOW—Standard Mean Ocean Water), which corresponds to �1.27‰ for δ18Owater in the equation
[Hut, 1987; Grossman, 2012; Pearson, 2012]. For this study, we assume that the same δ18Owater value is
applicable for both planktonic and benthic foraminiferal δ18O data. In this case, the estimated Cenomanian
marine paleotemperatures are ~31°C for the upper ocean (i.e., δ18Ocalcite =�4.3‰ from planktonics) and
~17°C for the bottom water (δ18Ocalcite =�1.9 + 0.5 =�1.4‰ from benthic Lenticulina spp.). Ideally, the use
of δ18O in foraminiferal calcite for quantitative paleotemperature reconstructions would also take account
of additional effects on past seawater and/or foraminiferal δ18O compositions, such as evaporation-precipitation
balance, latitudinal sea-surface δ18O gradient, riverine freshwater input, seawater pH, and, in a strict sense, the
oceanic δ18O evolution on geologic timescales. However, these variables are difficult to constrain precisely.

Below, we evaluate the above mentioned assumptions and issues related to paleotemperature reconstruc-
tions in some detail. Nonetheless, our contention is that the simple calculation outlined above provides a
sufficiently good approximation of marine paleotemperatures for this study, which may be somewhat
underestimated but are never overestimated.
5.1.3.2. Paleotemperature Equation
The widely known paleotemperature equations were thoroughly reviewed by Grossman [2012] and Pearson
[2012]. The latter author pointed out that the synthetic calcite calibration of Kim and O’Neil [1997] provides
the only available equation for temperatures as high as 40°C. This high calibration limit justifies the use of that
equation for reconstructions of past extremely warm marine temperatures [Pearson, 2012; Aze et al., 2014]. In
the case of equation (1) of Bemis et al. [1998] derived from cultured Orbulina universa (at low light condi-
tion≈minimal symbiont activity), it has been commonly cited for the studies in mid-Cretaceous foraminiferal
δ18O-based paleotemperatures [e.g., Wilson and Norris, 2001; Norris et al., 2002]. However, this equation’s
narrower calibration range (15–25°C), and hence its dependence on linear extrapolation for higher tempera-
tures at >>25°C, reduces its applicability. Note, though, that both Kim and O’Neil [1997] and Bemis et al.
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[1998] equations yield almost identical paleotemperatures for our TDP Site 24 data (e.g., 30.99°C and 31.04°C,
respectively, for δ18O=�4.3‰ at the surface).
5.1.3.3. Mean Seawater δ18O
The assumption that amean seawater δ18O value of�1‰SMOW applies to an ice-free Earth was first proposed
by Shackleton and Kennett [1975] using a simple mass balance calculation [see also Pearson, 2012, p. 14]. This
estimate has been accepted widely in δ18O-based paleoceanographic studies for the Cretaceous-Paleogene
period. However, it has also been known that the pre-Cretaceous marine δ18O data generated from low-Mg bio-
genic calcite (mainly brachiopods) are generally very low, yielding too high temperatures if a seawater δ18O value
of �1‰SMOW is used in the common equations [e.g., Grossman, 2012]. Specifically, a large, Phanerozoic-scale
compilation of published marine δ18O data has illustrated a linearly increasing trend in δ18O of global seawater
at a rate of ~+1‰/100Myr, possibly reflecting Earth’s tectonics and geochemical cycles [e.g., Veizer et al., 1999;
see also Jaffrés et al., 2007]. This inferred long-term shift of seawater δ18O baseline would be large enough to
overestimate Cretaceous δ18O-based marine paleotemperatures by up to +4°C and was used by some research-
ers in interpreting or adjusting the relevant δ18O data [e.g., Veizer et al., 2000;Wallmann, 2004; Royer et al., 2004;
Cramer et al., 2011]. Interestingly, with further accumulation of numerous δ18Omeasurements, it has increasingly
become obvious that the Phanerozoic seawater δ18O trend fits a quadratic function, which levels off from the
Cretaceous through the present [Veizer and Prokoph, 2015]. Therefore, it seems that a correction due to geologic
ocean δ18O evolution is not necessary for global Cenomanian seawater.
5.1.3.4. Latitudinal Surface δ18O Gradient
Upper ocean δ18O compositions, in contrast to those of intermediate to deep waters, are known to display a sys-
tematic latitudinal gradient due to oxygen isotope fractionation accompanying water evaporation-precipitation
and poleward vapor convection, that is, a Rayleigh distillation process. If an empirical latitude-dependent δ18O
correction is applied [Zachos et al., 1994], the estimated surface paleotemperature would be ~2°C higher at
the 40°S Cenomanian paleolatitude of the Tanzanian margin. In contrast to such a blanket correction scheme,
recent simulations using “isotope-enabled” general circulation models (GCMs) for the distribution of surficial
marine δ18O compositions during the Cenomanian [Zhou et al., 2008] and the early Eocene [Tindall et al., 2010;
Roberts et al., 2011] predicted marked δ18O heterogeneity without obvious latitude dependency in restricted
oceanic domains. The GCM simulations by Zhou et al. [2008] and Roberts et al. [2011], in particular, predicted that
Cenomanian or Eocene seawater δ18O compositions off ancient Tanzania would have been close to the global
mean. Thus, for simplicity, we do not apply any latitudinal corrections for TDP Site 24 planktonic δ18O data.
5.1.3.5. Riverine Freshwater Input
Another potential source of uncertainty in surface seawater δ18O composition is the influx of isotopically
light river water. However, the effect of continental runoff is intuitively insignificant in our planktonic δ18O
data. Besides the open-ocean nature of the Cenomanian planktonic foraminiferal assemblage, a minimal
freshwater influence on the generally low δ18O values for TDP Site 24 is supported by the absence of great
rivers discharging from the eastern part of Africa, a sufficiently large distance to the Cretaceous paleoshore-
line (at least 70 km; Kent et al. [1971]) and a relatively narrow continental shelf at that time [Sewall et al., 2007].
Additionally, although meteoric water in the midlatitude region should have relatively low δ18O values, the
Rayleigh distillation process would likely have been moderated in the greenhouse world. That is, recent GCM
simulations predicted an expansion of the subtropical zone and a lesser degree of latitudinal/altitudinal δ18O
fractionation in precipitation, while maintaining the precipitation-evaporation-runoff balance [Zhou et al.,
2008; Roberts et al., 2011].

In the modern surface ocean ~100 km off Tanzania (~9°S), the total range of multi-year salinity fluctuations
is small (0.6 unit), indicating little or no effects of riverine freshwater forcing [Birch et al., 2013]. Taking an
example of a modern midlatitude salinity-δ18O relationship at the northwestern Gulf of Mexico margin, a
salinity change by 0.6 unit causes only 0.1‰ δ18O shift even in such a highly susceptible region to freshwater
dynamics with substantial water discharge from the Mississippi River and its tributaries (δ18Owater =�7‰)
onto a broad, low-gradient continental shelf [Kendall and Coplen, 2001; Wagner and Slowey, 2011; Strauss
et al., 2012]. Compared to this modern setting, freshwater-induced δ18O anomaly in mid-Cretaceous surface
seawater off Tanzania, assuming similar <1 unit salinity variations, would have been even smaller in light of
the above considerations on paleogeography and GCM greenhouse paleohydrology. This exercise leads us
to conclude that the effect of freshwater runoff is too small to be detected in the Cenomanian planktonic
δ18O record of TDP Site 24.
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5.1.3.6. pH
The effect of seawater pH on foraminiferal stable isotopes has recently been a topic of wide interest since the
experimental work of Spero et al. [1997]. Using a physicochemical basis for oxygen isotope fractionation
between different species of dissolved inorganic carbon (DIC), Zeebe [2001] advocated that a pH-induced
δ18O shift in marine carbonates must be considered, especially under past high-CO2 conditions, at
�1.42‰ per pH unit. Some researchers have applied pH corrections to foraminiferal δ18O data [e.g., Royer
et al., 2004; Cramer et al., 2011; Aze et al., 2014], but they used different approaches. For the Cretaceous,
modeled secular pH variations show significant discrepancies between case studies [e.g., Wallmann, 2004;
Zeebe, 2012]. Meanwhile, a recent culture experiment demonstrated that foraminifera can regulate pH intern-
ally during chamber calcification [de Nooijer et al., 2009]; if this is the case, a pH-related δ18O shift in forami-
niferal tests cannot be viewed as a purely physicochemical process. Given these uncertainties, it is premature
to apply a pH correction as a common practice in foraminiferal δ18O-based paleoceanography. Instead, we
note that the reconstructed Cenomanian surface- and bottom-water paleotemperatures may be underesti-
mated, for example, by up to +3°C (equates to ~�0.7‰ shift of δ18O in foraminifera) assuming a possible
lowering of pH units by 0.5 under mid-Cretaceous high-pCO2 conditions [Zeebe, 2001, 2012].

5.2. Carbon Isotopes

Of the taxon-specific Cenomanian foraminiferal δ13C records from TDP Site 24 (Figure 5), the most densely
measured are for the planktonic foraminifera Pg. stephani, whose data show remarkable consistency averaging
1.2± 0.3‰ (n=22; error= 2σ) with a subtle gradual shift toward lower values up-section. The δ13C values of
Th. globotruncanoides average at 0.8± 0.6‰ (n=13), representing a small negative offset from the Pg. stephani
values. Compared to the planktonic data, δ13C values of Lenticulina spp. display greater scatter at �1.4± 0.6‰
(n=20). The single data point of the gavelinellid (gen. & sp. indet.) at�0.1‰ falls between the δ13C data clusters
of the two planktonic species and Lenticulina spp.

The observed inter-taxon δ13C offsets are understood in terms of knownmechanisms in foraminiferal paleoecol-
ogy. For symbiont-free Cretaceous planktonic taxa, there are two main factors controlling their δ13C composi-
tions, of which one is species-specific depth habitats (i.e., surface-dwelling taxa have higher δ13C values than
deeper dwelling taxa, reflecting water-column δ13C gradient in DIC) and another is seasonality (e.g., summer
surface dwellers have the highest δ13C values via the seasonal photosynthetic upper ocean 13C enrichment in
DIC) [e.g., Ando et al., 2010]. The relationship of δ13C distributions between Pg. stephani and Th. globotruncanoides
is similar to the case of a coeval western North Atlantic assemblage [Ando et al., 2010]; if that paleoecological
model is applicable to the Tanzanian assemblage, Pg. stephani is considered as a summer surface dweller and
Th. globotruncanoides as a spring surface dweller.

The δ13C values of benthic foraminifera are thought to largely reflect their within-sediment microhabitat
preferences, in addition to possible species-specific vital effects of carbon isotope disequilibrium. In general,
tests of calcitic trochospiral gavelinellids faithfully reflect the δ13C composition of DIC in ambient bottom
water. Thus, the single gavelinellid data point of δ13C =�0.1‰ could potentially be the reference δ13C value
of the Cenomanian Tanzanian equilibrium calcite at the seafloor. Compared to this, the significantly lower
δ13C values of Lenticulina spp. are interpreted as reflecting its deep infaunal habitat. Living below the
sediment-water interface, test formation of Lenticulinawould have occurred under the influence of interstitial
water in which DIC is imprinted by organic matter remineralized in the sediment column. An alternative
explanation would be incorporation of metabolic CO2 into the tests [Wendler et al., 2013].

In terms of carbon isotope stratigraphy, the lack of obvious shifts in the δ13C profile of Pg. stephani suggests
that the age interval during which deposition of the examined portion of TDP Site 24 occurred should have
spanned a non-event period of the secular δ13C trend. This observation strengthens the proposed early
Cenomanian age by means of calcareous microfossil biochronology, because this age interval is established
to have been a time of fairly invariant δ13C composition in seawater [e.g., Mitchell et al., 1996; Ando et al.,
2009a]. One notable difference from previous studies is that the early Cenomanian δ13C baseline is at 1‰
for Tanzanian planktonic foraminifera (Figure 5), whereas it is at ~2‰ for coeval bulk carbonates or isolated
planktonic foraminifera elsewhere. This observation might be of interest in light of the past global δ13C
distribution of oceanic DIC. In this regard, although δ13CDIC in the surface ocean is generally considered
homogenous, modern observational data detected the surface seawater off East Africa as possessing
noticeably low δ13C composition relative to the global mean [Gruber and Keeling, 2001].
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6. Discussion
6.1. Tanzanian δ18O Evidence for Cenomanian Hot Greenhouse

The reconstructed early Cenomanian marine paleotemperatures of >31°C at the surface and >17°C at the
seafloor (upper slope) are notably high at the ~40°S paleolatitude for TDP Site 24. These estimates are close
to, but generally above, the temperatures in the modern tropics and are far greater than the present-day
temperatures at 40°S off Africa where the annual ranges are 16°C at the surface and 12–9°C at 200–500m
depth (World Ocean Atlas 2009; http://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html). When compared
to the GCM simulations for mid-Cretaceous and Paleogene greenhouse climates with 4X or 8X preindustrial
pCO2 levels [Zhou et al., 2008; Roberts et al., 2011], our conservative estimate of>31°C surface paleotemperatures
still well exceeds model predictions for 40°S paleolatitude and is consistent with the result of an extreme pCO2

simulation with >4500ppm [Bice et al., 2003].

Our new TDP Site 24 δ18O data from exceptionally well-preserved foraminifera can be reasonably interpreted
as evidence for a hot greenhouse climate during the early Cenomanian. The δ18O ranges of both planktonic
and benthic foraminifera are nearly identical to those of the pre-established Turonian hot greenhouse at
nearby TDP sites (Figure 5). This finding will help clarify previous views on Cenomanian paleoclimates that
have been more or less controversial. That is, the Cenomanian has generally been characterized as a period
of extensive greenhouse conditions, but this view was often challenged by combining indirect lines of
evidence for the existence of continental ice sheets, namely, a presumed (glacio)eustatic control on the
development of marine sedimentary sequences, and short-term marine δ18O and faunal shifts indicative
of cooling [e.g., Gale et al., 2002, 2008; Miller et al., 2003, 2005; Voigt et al., 2004; Wilmsen et al., 2007; Kuhnt
et al., 2009]. The mid-Cenomanian glaciation hypothesis was contradicted by a rigorous foraminiferal stable
isotopic study that demonstrated the absence of a coupled surface-and-deep δ18O shift at the interval of a
maximum sea level fall [Ando et al., 2009a]. Our new foraminiferal δ18O data from Tanzania can establish that
a cooler climate mode was unlikely for the Cenomanian.

It should be noted that there are two contrasting long-term paleotemperature proxies suggesting that the
oceans were cooler during the early to middle Cenomanian: (1) a global benthic foraminiferal δ18O compila-
tion [Friedrich et al., 2012] and (2) an organic geochemical TEX86 index [Forster et al., 2007a]. As for the former,
the illustrated early-middle Cenomanian lowering of deepwater paleotemperatures [Friedrich et al., 2012]
can be regarded as an artifact of data availability, such that the δ18O data used for this interval are solely from
a single relatively deep site (ODP Site 1050; middle-lower bathyal transition). As for the latter, the TEX86 pro-
file is from ODP Site 1258, Demerara Rise, wherein early-middle Cenomanian strengthening of the upper
ocean current is inferred from a temporarily greater vertical gradient of Nd isotopes [Jiménez Berrocoso
et al., 2010a]. This fact may point to a possibility that the reported cooler TEX86 temperatures are regional
in scale and better explained by the overturning of cooler subsurface waters [e.g., Tierney, 2012] than by
global climatic factors.

A limitation of our TDP Site 24 study is the unavailability of δ18O data for the final 2.0Myr of the Cenomanian.
This limitation precludes testing of a proposed latest Cenomanian extreme warming event [Huber et al., 2002;
Gustafsson et al., 2003], which may have preconditioned Earth’s surface environments for the C/T Oceanic
Anoxic Event [Ando et al., 2009b]. Discovery of a sequence yielding exquisitely preserved foraminifera across this
short period is anticipated to test the likelihood of a latest Cenomanian-earliest Turonian extra hyperthermal
event superimposed on the background hot greenhouse conditions.

6.2. Uncertain Timing of Transition Into Mid-Cretaceous Hot Greenhouse

Accepting the new view from Tanzania of the extremely warm early Cenomanian climate, the duration of
the mid-Cretaceous hot greenhouse can be extended to the latest Albian. This is because similar δ18O
results of exceptionally well-preserved foraminifera are reported from ODP Site 1052, Blake Nose, western
North Atlantic (Albian paleolatitude = ~25°N; paleodepth = upper bathyal) [Wilson and Norris, 2001; Petrizzo
et al., 2008], supporting significant warmth during the latest Albian. There, the average planktonic forami-
niferal δ18O value is higher than at TDP Site 24 by ~+1‰, yet both sites are nearly symmetrically positioned
relative to the paleoequator. The discrepancy in δ18O at the open-ocean midlatitude Northern vs. Southern
Hemispheres can be accounted for by more 18O-enriched North Atlantic surface seawater during the
mid-Cretaceous [Zhou et al., 2008].
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By extending the duration of the hot greenhouse back to the latest Albian, a question emerges as to when
exactly was the critical transition into the hot greenhouse mode within the mid-Cretaceous greenhouse.
There is growing evidence that after the initial warming pulse during the early Aptian [e.g., Ando et al.,
2008; Mutterlose et al., 2014], the late Aptian was a demonstrably cooler period than other times in the
mid-Cretaceous [Clarke and Jenkyns, 1999; Maurer et al., 2013; McAnena et al., 2013]. If these paleoenviron-
mental reconstructions are reliable, then the critical paleoclimatic transition from a “cool greenhouse” to
the hot greenhouse should have occurred after the late Aptian and before the latest Albian (~113–103Ma).

The possibility that the late Aptian cooling persisted into the early Albian emerges from another detailed
Blake Nose δ18O data set of very well preserved foraminifera from ODP Site 1049 by Huber et al. [2011].
On the one hand, the δ18O-based surface temperatures from planktonic foraminifera are unusually low
for such a subtropical setting, necessitating explanations based on remarkable local anomalies in evapora-
tion and salinity [Huber et al., 2011]. On the other hand, the Site 1049 benthic foraminiferal δ18O data are
consistent and appear reasonable, with values comparable with global deep-sea benthic δ18O records of
the latest Cretaceous (Campanian-Maastrichtian) cool greenhouse [e.g., Huber et al., 2002; Ando et al.,
2013]. There exists a slight negative δ18O shift from the latest Aptian through the early Albian [Huber
et al., 2011], which may point to a gradual long-term increase in bottom-water temperature. For establish-
ing such benthic paleotemperature interpretations, though, it is necessary to properly constrain the deep-
water δ18O composition of the proto-North Atlantic basin, which seems to be a challenging issue due to
the restricted basin configuration.

In any case, the lack of reliable foraminiferal δ18O data is apparent for much of the Albian. One exceptional
data source may be the benthic foraminiferal δ18O record from DSDP Site 511, Falkland Plateau, South
Atlantic (paleolatitude =~60°S). This site is important in that the stratigraphic coverage spans most of the
Albian interval, providing key information on Albian high-latitude calcareous microfossil fauna, biostratigra-
phy, and evolution, and also serving as one of reference sections for the standard mid-Cretaceous strontium
isotope curve [Huber et al., 1995, 2002; Bralower et al., 1997; Fassell and Bralower, 1999; Huber and Leckie,
2011]. Difficulties in interpreting the Albian part of Site 511 foraminiferal δ18O data arise from the deposi-
tional setting which was possibly as shallow as middle neritic, judging from the intense bioturbation,
molluscan-rich biofacies with solitary corals, and the benthic foraminiferal assemblage [Jeletzky, 1983;
Basov and Krasheninnikov, 1983; Shipboard Scientific Party, 1983; see also Fassell and Bralower, 1999, p. 122
therein]. Such a setting would be difficult to compare with the slope to abyssal mid-Cretaceous sites
previously studied for benthic δ18O paleotemperatures. Also, this South Atlantic site might have had peculiar
paleoceanographic conditions with a more restricted paleogeography during the Albian, which may be
relevant to the predominance of opportunistic hedbergellid species of planktonic foraminifera [Huber
et al., 1995; Huber and Leckie, 2011].

In summary, subsequent to a relatively cool greenhouse mode during the late Aptian (and/or early Albian),
the mid-Cretaceous hot greenhouse should have been established by the latest Albian. Still, the precise
timing and tempo of this critical paleoclimatic transition cannot be constrained by existing δ18O data, and
so no inference can be made on the ultimate trigger(s), sustaining mechanism(s), and paleoenvironmental
and biotic consequences of this major yet hitherto unexplored global change during the mid-Cretaceous.
The key to advancing this field of paleoclimatology is the discovery of stratigraphically expanded and
continuous, well-dated, paleoceanographically uncompromised Albian hemipelagic site(s) with ubiquitous
occurrence of exceptionally well-preserved foraminifera.

7. Conclusions

We have presented a new Tanzanian early Cenomanian stable isotope data set of exceptionally well-preserved
foraminifera and discussed its significance relative to the existence and duration of a “hot greenhouse” mode
within the normal mid-Cretaceous greenhouse. The stratigraphic interval analyzed at TDP Site 24 consists of
a thick (~50m) sequence of upper bathyal interbedded siltstones and fine-grained sandstones. Numerical
age for this interval spans 99.9–95.9Ma based on the biostratigraphy and biochronology of planktonic
foraminifera (Th. globotruncanoides Zone) and nannofossils (C. kennedyi to L. eccentricus Zones; the latter
tentatively proposed in this study). Both δ18O data series of exceptionally well-preserved planktonic foraminifera
(Pg. stephani and Th. globotruncanoides) and benthic foraminifera (Lenticulina spp.) are surprisingly consistent at
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�4.3‰ and at �1.9‰, respectively, suggesting very high and stable marine paleotemperatures offshore
Tanzania (~40°S paleolatitude) during the early Cenomanian. Paleotemperatures (conservative estimates) were
likely >31°C at the surface and >17°C at the seafloor. These water-column paleotemperature ranges for the
southern midlatitudes are higher than those in the latest GCM mid-Cretaceous simulation [Zhou et al., 2008]
but are very similar to the recent hot greenhouse reconstructions from Turonian TDP sites [MacLeod et al.,
2013]. It is highly probable, despite a lack of data from the final 2.0Myr interval, that the Cenomanian was a per-
iod of sustained hot greenhouse conditions. This paleoclimate mode may extend back to the latest Albian with
consideration of comparable δ18O data sets from Blake Nose, western North Atlantic [Wilson and Norris, 2001;
Petrizzo et al., 2008]. By integrating other sources of mid-Cretaceous paleoclimate indicators, the critical transition
into the observed hot greenhousemode from the background normal (cool) greenhouse conditions can be pre-
dicted to have occurred after the late Aptian (and/or early Albian) and prior to the latest Albian, but the precise
timing remains uncertain.
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