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a b s t r a c t

The 2007 drilling season by the Tanzania drilling project (TDP) reveals a much more expanded Upper Cre-
taceous sequence than was recognized previously in the Lindi region of southern Tanzania. This TDP
expedition targeted recovery of excellently preserved microfossils (foraminifera and calcareous nanno-
fossils) for Late Cretaceous paleoclimatic, paleoceanographic and biostratigraphic studies. A total of
501.17 m of core was drilled at six Upper Cretaceous sites (TDP Sites 21, 22, 23, 24, 24B and 26) and a
thin Miocene–Pleistocene section (TDP Site 25). Microfossil preservation at all these sites is good to excel-
lent, with foraminifera often showing glassy shells and consistently good preservation of small and del-
icate nannofossil taxa. In addition to adding to our knowledge of the subsurface geology, new surface
exposures were mapped and the geological map of the region is revised herein.

TDP Sites 24, 24B and 26 collectively span the upper Albian to lower-middle Turonian (planktonic fora-
miniferal Planomalina buxtorfi–Whiteinella archaeocretacea Zones and calcareous nannofossil zones UC0a–
UC8a). The bottom of TDP Site 21 is barren, but the rest of the section represents the uppermost Ceno-
manian–Coniacian (W. archaeocretacea–Dicarinella concavata Zones and nannofossil zones UC5c–UC10).
Bulk organic d13C data suggest recovery of part of Ocean Anoxic Event 2 (OAE2) from these four sites.
In the upper part of this interval, the lower Turonian nannofossil zones UC6a–7 are characterized by a
low-diversity nannoflora that may be related to OAE2 surface-water conditions. TDP Site 22 presents a
122-m-thick, lower-middle Turonian (W. archaeocretacea–Helvetoglobotruncana helvetica Zones)
sequence that includes the nannofossil zones UC6a(-7?), but invariable isotopic curves. Further, a lower
to upper Campanian (Globotruncana ventricosa–Radotruncana calcarata Zones and nannofossil subzones
UC15bTP–UC15dTP) succession was drilled at TDP Site 23. Lithologies of the new sites include thin units
of gray, medium to coarse sandstones, separating much thicker intervals of dark claystones with organic-
rich laminated parts, irregular silty to fine sandstone partings, and rare inoceramid and ammonite debris.
These lithofacies are interpreted to have been deposited in outer shelf and upper slope settings and indi-
cate relatively stable sedimentary conditions during most of the Late Cretaceous on the Tanzanian
margin.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The sediments of southern coastal Tanzania have been targeted
in recent years by the Tanzania drilling project (TDP), an informal
ll rights reserved.
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collaboration of researchers studying Upper Cretaceous–Neogene
stratigraphy, micropaleontology and paleoclimate. TDP studies
have recovered distinctly diverse assemblages of excellently pre-
served foraminifera (Pearson et al., 2001; Handley et al., 2008)
and nannofossils (Bown, 2005; Bown and Dunkley Jones, 2006;
Lees, 2007) from outcrop and core sediment samples. Also, stable
isotope measurements on these samples have yielded reliable tem-
perature estimates for the Miocene (Stewart et al., 2004), Eocene
(Pearson et al., 2001, 2007, 2008) and Maastrichtian (Pearson
et al., 2001). The excellent preservation of the microfossils seems
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to be related to both the impermeable, clay-rich host lithologies
and their relatively shallow burial depth (Pearson et al., 2004,
2006). This discovery of excellently preserved and markedly di-
verse microfossil assemblages, in otherwise typical shelfal mud-
stone facies, represents a significant advance in our knowledge of
the biodiversity and biostratigraphy of Upper Cretaceous–Neogene
microfossils. Also, the TDP material provides a unique opportunity
to reconstruct the subtropical temperature record through the Late
Cretaceous–Neogene.

Previous TDP drilling seasons (2002–2005) targeted and recov-
ered Paleocene-lower Oligocene sediments from around Kilwa and
Lindi (Fig. 1a), as well as incomplete Upper Cretaceous (Albian–
Cenomanian, Turonian, upper Campanian–lower Maastrichtian)
sequences at TDP Sites 5 at Lindi and 9 and 15 at Kilwa (Pearson
et al., 2004, 2006; Nicholas et al., 2006; Lees, 2007). These results
were synthesized in Nicholas et al. (2006), who formally named
and defined formations (Fm) in the clay-dominated, Upper Creta-
ceous–Paleogene Kilwa Group (Fig. 1b), and provided a preliminary
sequence stratigraphy. New drilling around Lindi in 2007 demon-
strated the presence of more stratigraphically-extensive Upper
Cretaceous sediments than appreciated in previous years. We pres-
Fig. 1. Geographical and geological framework of the studied area: (a) synthesized
geological map of Tanzania (modified from Schlüter, 2008) and close-up view of the
Lindi–Kilwa region and (b) stratigraphic scheme from Nicholas et al. (2006) of the
Cretaceous–Paleogene sediments in southern Tanzania, with the distribution of the
sites drilled in 2007. TDP Site 25 corresponds to a Miocene–Pleistocene section and
is not positioned in Fig. 1b.
ent here a synthesis of results from the 2007 season including the
litho- and biostratigraphy of planktonic foraminifera and calcare-
ous nannofossils, and chemostratigraphy for TDP Sites 21–26 and
outcrop data. A total of 501.17 m of core was drilled in 2007, rang-
ing from the upper Albian–upper Campanian, in addition to a thin
Miocene–Pleistocene section. Also, isotopic evidence of partial
recovery of Ocean Anoxic Event 2 (OAE2) (Schlanger and Jenkyns,
1976; Jenkyns, 1980), close to the Cenomanian–Turonian (C–T)
transition, has been discovered in several of the new sites. To-
gether, these results help constrain the poorly known Upper Creta-
ceous stratigraphy of southern Tanzania and establish a
stratigraphic context for ongoing work that will examine Late Cre-
taceous extreme global warmth and proposed greenhouse
glaciations.

2. Upper Cretaceous overview

The geology and depositional history of Tanzania are strongly
influenced by the break up of Gondwana, beginning with an initial
rifting phase about 300 Ma (Salman and Abdula, 1995, and refer-
ences therein). A second rifting phase with active seafloor spread-
ing from about 157 Ma separated Gondwana into western (South
America and Africa) and eastern (Antarctica, India, Madagascar
and Australia) blocks (Salman and Abdula, 1995), and the rifting
of Madagascar away from East Africa led to development of a pas-
sive margin along what is now the Tanzanian coastal region. A
marine transgression accompanied seafloor spreading in the sec-
ond phase of rifting and resulted in deposition of thick Upper Juras-
sic and Lower Cretaceous sediments in a series of marginal basins
that included the Mandawa and Rovuma basins in coastal areas of
Tanzania and northern Mozambique (Salman and Abdula, 1995;
Key et al., 2008). A major transgression during the Late Cretaceous
caused widespread deposition of mudstones in offshore environ-
ments of the Mandawa and Rovuma basins that persisted into
the Paleogene. A modern review of the tectonic history of coastal
Tanzania can be obtained from Nicholas et al. (2007), with refer-
ence to deposition during the Late Cretaceous–Neogene. Also,
Key et al. (2008) recently revised the lithostratigraphy of the Meso-
zoic and Cenozoic successions of the Rovuma basin in northern
coastal Mozambique.

Cretaceous and Paleogene marine sediments crop out along
most of the Tanzanian coastal region south of Dar es Salaam (Kent
et al., 1971), and the most extensive exposures are along a contin-
uous band between Kilwa and Lindi (Fig. 1a). Upper Cretaceous
sediments in the area have been known since the first decades of
the 1900s, but more detailed descriptions were not published until
Moore et al. (1963), Gierlowski-Kordesch and Ernst (1987), Ernst
and Schlüter (1989), and Ernst and Zander (1993). Schlüter
(1997) named the Kilwa Group for the Upper Cretaceous sediments
exposed around Kilwa, but neither divided them into formations
nor defined their stratigraphic limits. Nicholas et al. (2006) as-
cribed the Upper Cretaceous rocks between Kilwa and Lindi to
the Nangurukuru Fm (Santonian–Maastrichtian), while the Paleo-
gene sediments were divided between the overlying Kivinje Fm,
Masoko Fm and Pande Fm (Fig. 1b). In northern coastal Mozam-
bique, Key et al. (2008) formally described the Upper Cretaceous
sediments as belonging to the Mifume Fm (Albian–Maastrichtian).

Most significant to this work is the Nangurukuru Fm, which is
typically composed of dark greenish gray, silty claystones inter-
bedded with thin, hard, carbonate-cemented, fine- to coarse-
grained sandstones that weather out to orange–brown tones
(Nicholas et al., 2006). Bioturbation is common in the claystones,
and the sandstones show a Nereites ichnofacies that has been sug-
gested as indicating varying relative water depths (Gierlowski-Kor-
desch and Ernst, 1987; Ernst and Zander, 1993). Flutes, grooves and
prod marks at the base and ripples on the top surfaces have been
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described from the Nereites sandstones (Pearson et al., 2004, 2006;
Nicholas et al., 2006) and interpreted as being deposited by turbu-
lent flows in open marine settings.

One of the issues that still remains unresolved is definition of
the base of the Nangurukuru Fm. Nicholas et al. (2006) suggested
that its basal surface should lie at the lowest level of the Santonian
claystones, marking the onset of an overall subsidence in the basin
and sedimentation of the Kilwa Group. Currently, the oldest out-
crop of the Santonian is found on the banks of the Matandu River
near Kilwa (Nicholas et al., 2006). Exploration wells in southern
coastal Tanzania, though, reported Aptian–Albian marls (Kingongo
Marls) unconformably overlying Jurassic sediments onshore (Bald-
uzzi et al., 1992) and Neocomian reservoir sands offshore (Mpanda,
1997). Also, previous TDP drilling in Kilwa recovered an �100 m-
thick pile of lower Turonian claystones (TDP15) and a single Ceno-
manian outcrop, but no Turonian or Coniacian surface exposures.
Together, these observations led Nicholas et al. (2006) to propose
that the Turonian package and the Aptian–Albian Kingongo Marls
are separate units below a sequence boundary at the base of the
Nangurukuru Fm, and that one or more disconformities might exist
within the post-Albian–pre-Santonian sediments. In Lindi, a
faulted disconformity was suggested for the contact between the
Aptian–Albian Kingongo Marls and the overlying Campanian sedi-
ments of the Nangurukuru Fm (Nicholas et al., 2006).

From the sediments drilled in 2007, only the Campanian recov-
ered at TDP Site 23 is included in the Nangurukuru Fm scheme of
Nicholas et al. (2006) (Fig. 1b). Except for the thin Miocene–Pleis-
tocene section of TDP Site 25, the rest of the new sites (TDP Site 21,
22, 24, 24B and 26) are ascribed to a separate stratigraphic unit
underlying the Nangurukuru Fm (Fig. 1b), indicating that, at least
in the Lindi region, the Cenomanian and Turonian sediments are
more common, complete and expanded than suspected in previous
works.

2.1. Revisions to the geological map of the Lindi region

Based on scarce sediment exposures and TDP cores, Nicholas
et al. (2006, 2007) indicated that Upper Cretaceous and younger
rocks strike NNW–SSE across Lindi bay, with younger sediments
outcropping to the NE. The area is dominated by Kitulo Hill, a strike
ridge that follows Maastrichtian–Paleocene sediments along its
crest. To the E and NE of Kitulo Hill, the surface geology shows
Paleocene–Eocene sediments of the Kivinje Fm, Masoko Fm and
Pande Fm, in addition to unconformably overlying clays and lime-
stones of Miocene and younger age (Nicholas et al., 2006, 2007).
These authors also inferred two main oblique-slip faults that run
NE–SW, almost perpendicular to the extension of Kitulo Hill. An-
other major NW–SE-trending fault was inferred to the SW of Kitulo
Hill as marking a faulted contact between the base of the Nang-
urukuru Fm (upper Campanian) and the Aptian–Albian Kingongo
Marls in Lindi.

The results of the 2007 expedition to Lindi confirm the major
features of the geological map presented by Nicholas et al.
(2007), but also suggest the need for a number of modifications
(Figs. 2 and 3). To the W and SW of Kitulo Hill, the Upper Creta-
ceous sediments are not well exposed, with large parts of the ex-
plored area capped by a package of pale brown, medium- to fine-
grained, loose sands with variable thicknesses (up to �20 m). The
absence of fossils in these sands allows no age control but, because
they are easily recognized at the surface and unconformably over-
lie different parts of the Upper Cretaceous sequence, they may be
much younger. To highlight the Upper Cretaceous sediments, this
sand package has been omitted from the geological map shown
here (Figs. 2 and 3). Accordingly, our data suggest an extensive
Cenomanian–Maastrichtian sequence to the W and SW of Kitulo
Hill that strikes NNW. A previous surface area assigned entirely
to the planktonic foraminiferal Gansserina gansseri Zone (late
Campanian–early Maastrichtian) (Nicholas et al., 2007) on the
SW slope of Kitulo Hill has been subdivided here, its lower part
now being attributed to the Globotruncanella havanensis–Globo-
truncana aegyptiaca Zones (late Campanian) (Figs. 2 and 3). To
the SW of this area, several outcrop samples allow assignment of
one sector to the Globotruncana ventricosa through Radotruncana
calcarata Zones (early to late Campanian). Also, a small area on
the SW side of Kitulo Hill is now ascribed to the Abathomphalus
mayaroensis Zone (late Maastrichtian) (Figs. 2 and 3).

A wide surface sector, formally mapped as the Aptian–Albian
Kingongo Marls (Nicholas et al., 2006; 2007), is largely assigned
in this work to the Helvetoglobotruncana helvetica–Marginotruncana
schneegansi Zones (early to late Turonian) (Figs. 2 and 3). On the NE
side of this sector, though, the surface cores of TDP Sites 24, 24B
and 26 yield older sediments belonging to the Whiteinella archaeo-
cretacea Zone (earliest Turonian) (calcareous nannofossil zones
UC6–8), and one surface sample 0.32 km to the N of TDP Site 24
yields the early Cenomanian foraminiferal marker Rotalipora globo-
truncanoides. This situation suggests that the northern part of this
sector is affected by one or more faults that brought Cenomanian
and lowermost Turonian sediments to the surface. The northern
limit of this sector is also interpreted as a faulted contact with
the area assigned to the G. ventricosa–R. calcarata Zones (early to
late Campanian) (Figs. 2 and 3). That is, there is little space for
Coniacian–Santonian sediments (theoretically located in between
these two areas), although two isolated surface samples close to
TDP Site 21 yielded the Santonian marker Dicarinella asymetrica,
and the top core of this site contained foraminifera and nannofos-
sils of Coniacian age. This situation points out that the extent of
Coniacian–Santonian sediments in the Lindi area might be largely
absent due to non-deposition or structural complications, or a
thicker sequence may be present but not yet located.

Nicholas et al. (2007) reported significant regional structural
complications in southern coastal Tanzania and proposed the exis-
tence of compressional tectonism since the Pliocene, possibly
partly reactivating Triassic–Jurassic and Miocene faults. The local
faulting inferred in the area of TDP Sites 24, 24B and 26 (Figs. 2
and 3), in addition to an Eocene faulted segment within the Turo-
nian sequence of TDP Site 21 (see Section 4.1) (Fig. 4), may be asso-
ciated with reactivation of older fault systems in Lindi (e.g., large
fault south of Mitengi Bridge) (Nicholas et al., 2007) (Figs. 2 and
3). Further field seasons will examine the extension of local fault-
ing in the Upper Cretaceous of Lindi, which is of general impor-
tance not only for regional tectonics, but also to foresee potential
stratigraphic disruption when new drill sites are selected.
3. Methods

The new TDP sites were selected close to outcrops or surface
samples that yielded well preserved foraminifera, with site num-
bers continuing from previous TDP drilling seasons. Continuous
coring, using a rig with a practical penetration depth of 130 m, pro-
vided cores of up to 3 m long and 5 cm wide. The cores were pho-
tographed, described and sampled on site, and numbered from the
surface down and divided into sections of up to 1 m, counting from
the top. Samples for lithological, foraminiferal, nannofossil and
geochemical analyses were collected with typical sample identifi-
ers referring to the site, core number and section number. The po-
sition of a sample in any core and section is given as cm from the
top of that section. Thus, TDP21/2/1, 5–10 cm indicates the interval
at TDP Site 21 in core 2, Section 1 between 5 cm and 10 cm from
the top of that section. Selected samples for foraminiferal and nan-
nofossil analyses were processed for reconnaissance work at the
well-site.



Fig. 2. Simplified geological map of the Lindi region, showing the distribution of the sites drilled in 2007. The map has been revised from Nicholas et al. (2007) (see main text).
See Fig. 3 for map legend. Position of TDP Site 24B is masked by TDP Site 24.
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The planktonic foraminiferal biozonation employed here fol-
lows that of Robaszynski and Caron (1995), with the addition of
the Pseudoguembelina palpebra Zone of Huber et al. (2008), and
the adoption of recent revisions in genus assignments, particularly
those of Benitah-Lipson (2008). Table 1 summarizes age assign-
ments of the foraminiferal events identified in this work according
to the Ogg et al. (2004) time scale. Smear-slides were made as de-
scribed in Bown and Young (1998) to study calcareous nannofossil
assemblages. The nannofossil biozonation used here is the global
scheme of Burnett et al. (1998) (‘UC’ zones), which has been cali-
brated with the proposed and ratified stage-boundary stratotype
sections. A summary of the calcareous nannofossil events identi-
fied in this work is shown in Table 2. Minor disagreements occur
between the foraminiferal and calcareous nannofossil age assign-
ments, and these discrepancies will be addressed in more detailed,
higher-resolution biostratigraphic analyses currently underway.



Fig. 3. Legend for geological map (Fig. 2).
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Bulk samples were selected (�1 sample/core) to measure car-
bon and oxygen stable isotopes. For the organic carbon isotopes,
decarbonated powdered samples (n = 189) were loaded into tin
capsules and analyzed for d13C using a Carlo Erba 1500 Elemental
Analyzer connected through a Finnegan Mat ConFlo II to a Delta
Plus XL isotope ratio mass spectrometer, operated in continuous
flow mode. Analytical precision (1 standard deviation), monitored
through the determinations using acetanilide standards, was better
than 0.1‰. For the carbonate carbon and oxygen isotopes, pow-
dered samples (n = 143) were reacted in 103% H2PO4 at 70 �C in a
Kiel III carbonate device, and the d13C and d18O of the evolved
CO2 were determined online in a Thermo Finnegan Delta Plus mass
spectrometer. Analytical precision (1 standard deviation), based on
uncorrected values of NBS-19 standards, was better than 0.07‰ for
both d13C and d18O. All the isotopic results are expressed in the
standard d-notation relative to the Vienna PDB standard.
4. Results

4.1. TDP Site 21

TDP Site 21 was drilled 0.6 km SE off the main road to Lindi and
7.6 km to the SW of Lindi (UTM 37L 571105, 8891863) (Fig. 2). The
site is 0.1 km to the NE of a surface sample with the Santonian fora-
miniferal marker D. asymetrica and 0.68 km to the SE of a surface
sample with the early Cenomanian marker R. globotruncanoides.
Goals for this site were to drill the lower portion (Santonian) of
the Nangurukuru Fm of Nicholas et al. (2006) and the contact with
the Aptian–Albian Kingongo Marls. The site was drilled to 68.10 m,
with good recovery between 8.10 m and 47.10 m, and moderate to
poor recovery from the surface to 8.10 m and from 47.10 m to the
bottom (Table 3). Drilling was stopped due to poor recovery in
apparently unconsolidated sands with positive fluid pressures.
Flow of fresh, effervescing water continued in this borehole at least
until one year later.

4.1.1. Lithostratigraphy
The dominant lithologies from the surface to 39.97 m are med-

ium to dark bluish gray, massive, silty claystones (Figs. 4, 5g, h),
with faintly laminated intervals from 23.10 m to 35.10 m (see Sec-
tion 5 and Table 10). A faulted segment is inferred from 20.10 m to
21.28 m (top of core TDP21/9) based on the presence of brown,
massive claystones, whose color is ascribed to flow of oxidizing flu-
ids. The interval from 39.97 m to the bottom of the hole contains
light gray, massive- to normally-graded, fine- to medium-grained
sandstones. Coarse-grained sandstones with normal gradation
and matrix-supported, conglomeratic bases, with subangular to
rounded pebbles, are also found from 44.10 m to 53.31 m (Figs.
4, 5a). Changes in the dip angle of the bedding planes and soft-sed-
iment deformation are evident at several horizons from 41.10 m to
55.62 m. Small burrows and shell bioclasts are sporadically
present.
4.1.2. Planktonic foraminiferal biostratigraphy
Despite the occurrence of D. asymetrica in a nearby surface sam-

ple, this Santonian–earliest Campanian species was not found in
the subsurface at TDP Site 21. The latest Turonian–Coniacian Dicar-
inella concavata Zone is identified in core TDP21/1 (Fig. 4), based
on the presence of the nominate taxon together with a number
of marginotruncanid species (e.g., Marginotruncana coronata, M.
schneegansi, M. sinuosa, and Marginotruncana pseudolinneiana). Ex-
cept in one sample of core TDP21/3 (see below), cores 2 to the mid-
dle part of eight are assigned to the late Turonian M. schneegansi
Zone (Fig. 4, Table 1), based on the: (1) dominance of foraminiferal
assemblages by species of Marginotruncana, (2) presence of Hed-
bergella simplex, (3) absence of early-middle Turonian markers
(e.g., H. helvetica, Dicarinella hagni, W. archaeocretacea, W. aumulen-
sis, Praeglobotruncana gibba), and (4) absence of the latest Turo-
nian–Coniacian marker D. concavata. Foraminiferal preservation
in this zone ranges from moderate to good, with most shells show-
ing calcite infilling and no intervals with glassy shell preservation.

An assemblage identical to that found in the H. helvetica Zone
(see below) occurs in sample TDP21/3/1, 53–63 cm, between sam-
ples assigned to the M. schneegansi Zone (Fig. 4). It is unclear how
this older interval came to be sandwiched between younger sedi-
ments, as there is neither slumping nor faulting evidence in this
portion of the cores. Also, a lithological change (pale brown,
semi-lithified, medium-grained sandstones overlying bluish gray
silty claystones) is observed 13 cm above the sample with H. helve-
tica Zone (Fig. 4), but no features other than a normal lithological
contact are visible.

Samples from the middle part of core TDP21/8 through 14 yield
foraminiferal assemblages assigned to the early-middle Turonian
H. helvetica Zone (Fig. 4; Table 1), based on the common occurrence
of the nominate taxon with D. hagni, Dicarinella imbricata,
P. gibba, Whiteinella aprica, Whiteinella brittonensis and Whiteinella



Fig. 4. Integrated lithostratigraphy, planktonic foraminiferal and calcareous nannofossil biostratigraphy, and chemostratigraphy of TDP Site 21. The lower limit of weathering
indicated in core 10 marks the depth below which the cored sediments do not show weathering features (e.g., reddish coloration along fractures related to oxidizing fluids)
due to modern Tanzanian weathering conditions. The interval highlighted in the columns showing calcareous nannofossil ages and zones contains assemblages correlatable
among TDP Sites 21, 22, 24, 24B and 26. The gray shadow on the isotopic curves denotes the interval assigned to part of OAE2 isotopic excursions. Isotopic values of the
sample from the Eocene slice are shown; m. Con.: middle Coniacian; e.-m. Con.: early-middle Coniacian; m. Tur.–e. Con.: middle Turonian–early Coniacian; e.-m. Tur.: early-
middle Turonian; e. Tur.: early Turonian; D. con.: D. concavata; H. helv.: H. helvetica; M. sch.: M. schneegansi.
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Table 1
Minimum, maximum and mean depths of core samples with or without planktonic foraminiferal First Appearance Datums (FADs) and Last Appearance Datums (LADs), together
with estimated ages according to Ogg et al. (2004). Lowest and Highest Occurrences (LOs and HOs) represent observations of age diagnostic species, whose stratigraphic ranges
are truncated in the TDP drillholes due to unconformities or barren intervals. The range truncation indicates that age estimates for the LOs and HOs are greater or less than the
FAD and LAD ages.

Site Planktonic foraminiferal event Age (Ma) Core sample (cm) Minimum depth (m) Maximum depth (m) Mean depth

TDP23 Radotruncana calcarata HO >74.47 23/1/1, 16–30 0.00 1.30 0.65
Radotruncana calcarata FAD 75.57 23/7/1, 27–44 12.54 13.90 13.22
Globotruncana ventricosa LO <77.16 23/41/1, 13–43 88.53 88.53 88.53

TDP21 Dicarinella concavata FAD 90.79 21/1/1/70–80 0.80 4.82 2.81
Marginotruncana coronata LO <91.30 21/8/1, 66–76 17.86 19.33 18.60
Helvetoglobotruncana helvetica HO >91.51 21/8/3, 9–23 17.86 19.33 18.60
Morozovella formosa LO <54.00 21/9/1, 41–51 20.61 21.28 20.95
Helvetoglobotruncana helvetica FAD 93.41 21/14/1, 76–93 36.03 38.78 37.41
Whiteinella archaeocretacea LAD 93.95 21/15/1, 52–68 36.03 38.78 37.41
Whiteinella archaeocretacea LO <94.55 21/15/2, 41–57 39.67 41.59 40.63

TDP22 Helvetoglobotruncana helvetica HO >91.51 22/5/1, 68–88 10.26 11.88 11.07
Helvetoglobotruncana helvetica FAD 93.41 22/35/2, 52–69 91.39 92.88 92.14
Whiteinella archaeocretacea LO <94.55 22/51/2, 24–38 132.08 132.08 132.08

TDP26 Whiteinella archaeocretacea HO >93.95 26/4/1, 30–52 2.11 5.42 3.77
Whiteinella archaeocretacea LO <94.55 26/5/1, 61–85 7.35 8.70 8.03
Rotalipora cushmani HO >93.95 26/6/1, 61–80 7.35 8.70 8.03
Rotalipora cushmani LO <95.33 26/21/3, 104–107 55.33 55.78 55.56

TDP24 Whiteinella archaeocretacea HO >93.95 24/2/1, 20–34 1.37 2.34 1.86
Whiteinella archaeocretacea LO <94.55 24/4/1, 98–108 6.08 8.24 7.16
Rotalipora cushmani HO >93.95 24/5/1, 7–24 6.08 8.24 7.16
Rotalipora cushmani LO <95.33 24/24/2, 8–18 57.18 57.96 57.57
Planomalina buxtorfi LO >100.94 24/25/1, 25–36 57.18 57.96 57.57

Table 2
Top and bottom depths of core samples that mark calcareous nannofossil First Appearance Datums (FADs) and Last Appearance Datums (LADs), as well as the base of identified
biozones.

Site Calcareous nannofossil event Core sample (cm) Nannofossil zone Top depth of sample (m) Bottom depth of sample (m)

TDP23 Uniplanarius trifidus FAD 23/13/1, 8–23 Base UC15dTP 21.18 21.33
Uniplanarius sissinghii FAD 23/37/3, 40–42 Base UC15cTP 78.50 78.52

TDP21 Micula staurophora FAD 21/1/1, 113–118 Base UC10 1.13 1.18
Lithraphidites septenarius FAD 21/5/1, 18–20 Base UC9a 11.28 11.30
Eiffellithus eximius FAD 21/7/1, 21–23 Base UC8a 16.81 16.83
Helenea chiastia LAD 21/15/1, 68–71 Base UC6a 38.78 38.81

TDP26 Eiffellithus eximius FAD 26/2/1, 23–24 Base UC8a 2.13 2.14
Helenea chiastia LAD 26/6/1, 91 Base UC6a 8.81 8.81
Corollithion kennedyi LAD 26/7/1, 10–11 Base UC3e 11.00 11.01
Staurolithites gausorhethium LAD 26/7/2, 16–17 Base UC3c 12.06 12.07
Lithraphidites acutus FAD 26/21/1, 0–1 Base UC3a 53.00 53.01

TDP22 Eprolithus moratus FAD 22/45/2, 67–68 Base UC6b 118.37 118.38

TDP24 Eprolithus moratus FAD 24/4/2, 31–34 Base UC6b 6.31 6.34
Helenea chiastia LAD 24/4/2, 38 Base UC6a 6.38 6.38
Staurolithites gausorhethium LAD 24/5/1, 8 Base UC3c 8.08 8.08
Lithraphidites acutus FAD 24/11/1, 22–23 Base UC3a 26.22 26.23
Corollithion kennedyi FAD 24/19/1, 67–69 Base UC1a 49.37 49.39
Arkhangelskiella antecessor FAD 24/27/1, 20–22 Base UC0b 62.20 62.22

TDP24B Eprolithus moratus FAD 24B/2/1, 71–72 Base UC6b 2.71 2.72
Corollithion kennedyi LAD 24B/3/1, 19–20 Base UC3e 5.19 5.20
Staurolithites gausorhethium LAD 24B/4/1, 11–12 Base UC3c 8.11 8.12
Lithraphidites acutus FAD 24B/11/1, 8–9 Base UC3a 29.08 29.09
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praehelvetica, and absence of species of Marginotruncana. Most
specimens in this interval are moderately preserved, with frequent
infilling of calcite or pyrite. Nonetheless, several samples between
cores TDP21/9 and 13 yield occasional specimens with no shell
infilling and glassy preservation. Core TDP21/15 is assigned to
the latest Cenomanian–earliest Turonian W. archaeocretacea Zone,
based on the presence of the nominate taxon and absence of H. hel-
vetica. Foraminifera are absent from samples between the top of
core TDP21/16 and the bottom of the hole (Fig. 4).

The upper portion of core TDP21/9 is assigned to the early Eo-
cene Zone E4 (sensu Berggren and Pearson, 2005) (Fig. 4, Table
1), due to the common presence of Morozovella subbotinae, Mor-
ozovella formosa, Morozovella aequa, Subbotina patagonica, and the
absence of Morozovella velascoensis and Morozovella aragonensis.
Preservation of this assemblage ranges from good to poor, with
most specimens showing complete calcite infilling. The recognition
that this interval is Eocene in age confirms that it represents a
faulted slice.

4.1.3. Calcareous nannofossil biostratigraphy
The identification of nannofossil zone UC10 in core TDP21/1

indicates a youngest age of middle Coniacian (Fig. 4, Table 2). Cores
TDP21/2–6 are assigned to UC9c–UC8a, which represent the early
Coniacian–early Turonian. Below this interval, the undifferentiated



Table 3
Cored intervals in TDP Site 21.

Site Core Top (m) Bottom (m) Drilled (m) Recovered (m) Recovery (%)

TDP21/ 1 0.00 3.50 3.50 1.37 39
2 3.50 5.10 1.60 1.33 83
3 5.10 8.10 3.00 1.09 36
4 8.10 11.10 3.00 1.45 48
5 11.10 14.10 3.00 2.50 83
6 14.10 16.60 2.50 2.50 100
7 11.60 17.10 5.50 5.50 100
8 17.10 20.10 3.00 2.84 95
9 20.10 23.10 3.00 1.57 52

10 23.10 26.10 3.00 2.14 71
11 26.10 29.10 3.00 0.62 21
12 29.10 32.10 3.00 1.81 60
13 32.10 35.10 3.00 2.36 79
14 35.10 38.10 3.00 1.58 53
15 38.10 41.10 3.00 2.37 79
16 41.10 44.10 3.00 3.00 100
17 44.10 47.10 3.00 2.25 75
18 47.10 50.10 3.00 0.00 0
19 50.10 53.10 3.00 1.00 33
20 53.10 56.10 3.00 2.60 87
21 56.10 57.20 1.10 1.10 100
22 57.20 59.10 1.90 1.70 89
23 59.10 62.10 3.00 1.35 45
24 62.10 65.10 3.00 0.58 19
25 65.10 68.10 3.00 0.58 19

Total drilled: 68.10 m Total recovered: 45.19 m Recovery: 66%
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(sub)zones UC6a–7 are recognized in cores TDP21/7–14 and as-
signed to the early Turonian (the base of UC7 is not identified here
due to the apparent absence of Quadrum gartneri). Positive isotopic
excursions that could be related to OAE2 (see below) occur in the
lower part of UC6a–7. This interval is subject to further, intensive
study, since preliminary data suggest a reduction in species rich-
ness that may be related to unusual surface-water conditions dur-
ing OAE2, which cannot be explained by variable preservation.

One sample from the upper portion of core TDP21/9 is barren of
nannofossils (Fig. 4), which corresponds to the foraminiferal sam-
ple of Eocene age discussed above; yet, nannofossils do not show
any interruption to the stratigraphy either side of this barren level.
Thus, the existence of this faulted Eocene slice does not seem to
undermine the potential of TDP Site 21 for detailed biostrati-
graphic and paleoclimatic research. The oldest nannofossil subzone
identified at this site is UC5c (latest Cenomanian–earliest Turo-
nian) in core TDP21/15. The underlying cores TDP21/16–25 are
barren of nannofossils, which is also the case for foraminifera. This
situation is likely related to the existence of coarse-grained sedi-
ments through these cores, which are generally unsuitable for
microfossil preservation. However, nannofossil preservation is
generally good throughout the rest of the succession.
4.1.4. Chemostratigraphy
The bulk organic d13C ranges from �20.55‰ to �25.54‰ (aver-

age = �23.43‰ ± 1.20‰), and the curve shows low variability that
is only interrupted by a significant change from the faulted Eocene
segment to core TDP21/7, and across core TDP21/15 (Fig. 4). The
latter excursion spans the latest Cenomanian–early Turonian and
is likely related to part of the isotopic change due to OAE2. A posi-
tive trend is also seen from core TDP21/7 to the top of the profile.
The bulk carbonate isotopic curves show higher variability. Data
for d13C range from 4.25‰ to �6.56‰ (average = �2.07‰ ± 2.45‰),
with an extremely low value in the Eocene slice (�16.61‰; ex-
cluded from statistics), and a remarkable positive change across
core TDP21/15 possibly related to OAE2 (Fig. 4). Highly variable
values occur from 40.40 m to the bottom of the hole (coarser sed-
iments). Yet, higher isotopic values and much less variability are
present along the rest of the curve, concurrent with finer litholo-
gies. Data for d18O range from �2.59‰ to �6.47‰ (aver-
age = �4.31‰ ± 1.01‰) with lower values both in the Eocene
slice (�7.47; excluded from statistics) and between 39.64 m and
56.95 m (coarser sediments) (Fig. 4). A positive change is also ob-
served across core TDP21/15. The rest of the curve displays stable
values coincident with finer lithologies. Given the correlation be-
tween finer lithologies and less variable bulk organic and carbon-
ate isotopic data, the finer lithologies are considered the most
likely to yield reliable foraminiferal isotopic data in this site.

4.2. TDP Site 22

TDP Site 22 was drilled 0.10 km E off the main road to Lindi,
13.30 km to the SE of Lindi (UTM 37L 567730, 8886659) (Figs. 2
and 3). The site is �0.20 km to the NE of a surface sample with
the early-middle Turonian marker H. helvetica. Goals for this site
were to drill the lower portion of the Turonian and the upper part
of the Cenomanian. After penetrating 11 m of fossil-barren, loose
sands, this site was drilled to 134 m with good recovery in all cores
(Table 4). Drilling was terminated in lithified, medium-grained
sandstones due to slow coring near the penetration limit of the rig.

4.2.1. Lithostratigraphy
The dominant lithologies from 11 m to 109.80 m are mm- to

cm-thick, interbedded, dark gray siltstones and fine-grained sand-
stones, with common, finely-laminated, organic-rich intervals
(Figs. 5c, 6). The interval from 109.80 m to the bottom of the hole
is composed of medium dark gray, moderately lithified, massive,
medium-grained sandstones. Light gray, fine- to medium-grained
sandstone partings with sharp, irregular basal surfaces are sporad-
ically present. Moderate to intense soft-sediment deformation
(e.g., bedding angle shifts, convoluted lamination, folded bedding)
is abundant in the intervals 38.40–79.07 m and 95.70 m to the bot-
tom of the hole (Fig. 6), and suggests relatively common processes
of sediment liquidization before significant compaction took place.
The intensity of stratigraphic disruption of these sediments is dif-
ficult to evaluate, since in 2007 no other holes were drilled close to



Fig. 5. Core photographs of representative intervals of the interpreted lithofacies 1–5 (see Section 5 and Table 10 for definition). In (a), note a sharp contact between two
coarse sandstone layers at 1.88 m, and the conglomeratic character of the base of another layer between 1.55 m and 1.70 m. In (b), normal gradation and lamination at the top
are visible in a layer between 0.75 m and 0.90 m. In (c) and (d), note existence of fine lamination at some levels. (e) and (f) Show massive sandstone layers with medium to
coarse grain size. In (g) and (h), the massive character of bluish gray claystones is visible. (i) and (j) Show massive siltstones with, respectively, thin layers of gray, fine
sandstones and bioturbation burrows. Ruler divisions are in cm.
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TDP Site 22 that allowed examination of the lateral extension of
the soft deformation. This issue, along with the driving causes of
the sediment deformation, will be analyzed in future TDP expedi-
tions. Ammonite and inoceramid debris are visible at 20.05 m
and 26.90 m, respectively, and small bioclasts and bioturbation
mottling occur sporadically.
4.2.2. Planktonic foraminiferal biostratigraphy
Foraminifera are absent in the interval with loose sands (cores

TDP22/1–4), whereas they are common to rare in the samples ana-
lyzed below. Cores TDP22/5 through 35 (11–92.88 m) yield
remarkably well preserved planktonic foraminifera that are diag-
nostic of the early-middle Turonian H. helvetica Zone (Fig. 6, Table
1). Most of the samples yield specimens with glassy shell preserva-
tion, in which shell infilling is rare. Samples from cores TDP22/36
through 51 (92.88–133.08 m) also consistently yield very well pre-
served foraminifera, with numerous specimens showing glassy
preservation. This interval is assigned to the early Turonian W.
archaeocretacea Zone (Fig. 6, Table 1) due to the presence of the
nominate taxon along with W. praehelvetica, D. hagni and D. imbri-
cata, and the absence of Cenomanian species of Rotalipora, Thalam-
nninella and Parathalmanninella.
4.2.3. Calcareous nannofossil biostratigraphy
Cores TDP22/1–4 are barren of nannofossils, but preservation in

the underlying sediments is generally good. The rest of the section
is assigned to the early Turonian (Fig. 6), based on the identifica-
tion of undifferentiated UC6b(-7?) (cores TDP22/5–45) overlying
UC6a (cores TDP22/45–51). The presence of the species Eprolithus
moratus in core TDP22/45 is used to recognize the base of the



Table 4
Cored intervals in TDP Site 22.

Site Core Top (m) Bottom (m) Drilled (m) Recovered (m) Recovery (%)

TDP22/ 1 0.00 2.00 2.00 1.50 75
2 2.00 5.00 3.00 2.10 70
3 5.00 8.00 3.00 1.10 37
4 8.00 11.00 3.00 2.27 76
5 11.00 14.00 3.00 3.00 100
6 14.00 17.00 3.00 3.00 100
7 17.00 19.60 2.60 2.30 88
8 19.60 23.00 3.40 3.40 100
9 23.00 26.00 3.00 3.00 100

10 26.00 29.00 3.00 1.65 55
11 29.00 32.50 3.50 1.90 54
12 32.50 35.50 3.00 2.75 92
13 35.50 38.50 3.00 2.55 85
14 38.40 41.50 3.10 3.10 100
15 41.50 44.50 3.00 2.84 95
16 44.50 47.50 3.00 2.14 71
17 47.50 50.50 3.00 2.81 94
18 50.50 53.50 3.00 2.84 95
19 53.50 54.30 0.80 0.80 100
20 54.30 54.80 0.50 0.45 90
21 54.80 56.70 1.90 1.86 98
22 56.70 59.70 3.00 2.84 95
23 59.70 60.70 1.00 1.00 100
24 60.70 62.70 2.00 1.98 99
25 62.70 65.70 3.00 2.96 99
26 65.70 68.70 3.00 2.82 94
27 68.70 71.70 3.00 2.43 81
28 71.70 74.70 3.00 3.00 100
29 74.70 77.70 3.00 2.80 93
30 77.70 79.07 1.37 1.37 100
31 79.07 80.70 1.63 1.57 96
32 80.70 83.70 3.00 2.80 93
33 83.70 86.70 3.00 2.63 88
34 86.70 89.70 3.00 3.00 100
35 89.70 92.70 3.00 2.39 80
36 92.70 95.70 3.00 2.75 92
37 95.70 98.70 3.00 3.00 100
38 98.70 101.70 3.00 2.20 73
39 101.70 103.00 1.30 1.14 88
40 103.00 104.70 1.70 1.68 99
41 104.70 107.70 3.00 2.64 88
42 107.70 110.70 3.00 2.66 89
43 110.70 113.70 3.00 2.91 97
44 113.70 116.70 3.00 2.60 87
45 116.70 119.70 3.00 2.85 95
46 119.70 122.70 3.00 2.80 93
47 122.70 125.70 3.00 2.35 78
48 125.70 127.60 1.90 1.55 82
49 127.60 128.70 1.10 1.10 100
50 128.70 131.70 3.00 2.67 89
51 131.70 134.00 2.30 1.40 61

Total drilled: 134.00 m Total recovered: 117.25 m Recovery: 87.50%
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UC6b subzone (Table 2). On the other hand, it is noteworthy that
the interval assigned to UC6a–UC6b(-7?) in this site is hugely ex-
panded (122 m thick) compared to the similar biozones in TDP Site
21 (21 m thick) (Fig. 4). This situation might be related to sediment
reworking in TDP Site 22, associated with soft-sediment deforma-
tion (Fig. 6). An expanded interval in UC6 (early Turonian) was also
seen in the previously-drilled TDP Site 15 (JAL, unpublished data),
where it was associated with reworking of Albian–Cenomanian
material.

4.2.4. Chemostratigraphy
The bulk organic d13C ranges from �21.66‰ to �23.23 (aver-

age = �22.59‰ ± 0.37‰) and the curve is characterized by a
remarkable absence of variability (Fig. 6). Likewise, the bulk car-
bonate d13C and d18O curves show very low variability. Data for
d18O range from �3.24‰ to �4.14‰ (average = �3.61‰ ± 0.22‰)
and values for d13C range from 0.29‰ to �3.74‰ (aver-
age = �1.11‰ ± 1.26‰) with very stable values, except in two
samples with low d13C at cores TDP22/12 (�3.37‰) and 30
(�3.74‰) (Fig. 6). The marked stability of the organic and carbon-
ate isotopic curves, along with the relatively little lithological var-
iability and excellent preservation of foraminifera in all samples,
is an indication that this site may provide significant foraminif-
eral isotopic data for the Turonian, a widely debated interval
where global warmth peaks and greenhouse glaciations have
been proposed.

4.3. TDP Site 23

TDP Site 23 was drilled 0.10 km E off the main road to Lindi and
5.10 km to the W of Lindi (UTM 37L 573638, 8893108) (Figs. 2 and
3). The site was 0.31 km to the NE of a surface sample with the late
Campanian marker R. calcarata. Goals for this site were to drill the
upper and middle Campanian and try to reach Santonian sedi-



Fig. 6. Integrated lithostratigraphy, planktonic foraminiferal and calcareous nan-
nofossil biostratigraphy, and chemostratigraphy of TDP Site 22. Lower limit of
weathering in core 9 indicated.
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ments at the base of the Nangurukuru Fm of Nicholas et al. (2006).
The site was drilled to 90.70 m with good recovery along the entire
hole except for two intervals with moderate to poor recovery be-
tween 4.10 m and 10.70 m, and 20.10 m and 21.10 m (Table 5).
Drilling was stopped due to very slow coring in apparently lithified
sandstones.

4.3.1. Lithostratigraphy
The principal lithologies from the surface to 64.10 m are pale

blue to grayish blue-green, massive, calcareous claystones with
relatively common small bioturbation mottling and bioclasts (Figs.
5i, 7). The interval from 57.10 m to 64.10 m presents significant
cementation as well as frequent layers (1–10 cm thick) of light
gray, medium- to fine-grained, massive sandstones with sharp,
irregular contacts (Fig. 5i). On the other hand, the bottom of the
hole (64.10–90.70 m) consists of greenish gray and light bluish
gray, weakly-bedded, massive siltstones–sandy siltstones, where
mm- to cm-sized, bioturbation burrows are relatively abundant
(Figs. 5j, 7). These burrows are mostly elongate or oval and bed-
ding-parallel, but simple sub-vertical burrows are also present.
Small bioclasts are common in this interval.

4.3.2. Planktonic foraminiferal biostratigraphy
Foraminifera are abundant in all the clayey siltstone samples

analyzed from this site. Assemblages assigned to the late Campa-
nian R. calcarata Zone range from core TDP23/1–8 (the upper
13.90 m of the hole) (Fig. 7, Table 1). Specimens in this interval
show moderate to good preservation, with mostly infilled shells
and occasional glassy shells and no infilling. All underlying cores
(TDP23/8 to the bottom of the hole) are assigned to G. ventricosa
Zone (late early Campanian) (Fig. 7) due to the co-occurrence of
the nominate species with Globotruncanita elevata and the absence
of R. calcarata. The majority of the specimens observed in this zone
are moderately preserved and mostly or completely infilled with
calcite. Hollow, glassy specimens are rarely found in the more
clay-rich samples of cores TDP23/8 through 14 and 24.

4.3.3. Calcareous nannofossil biostratigraphy
Nannofossils observed in the samples from this site show good

preservation and allow stratigraphic division into three subzones,
UC15dTP–UC15bTP, which correspond to a late to early Campanian
age (Fig. 7, Table 2).

4.3.4. Chemostratigraphy
The bulk organic d13C ranges from �23.94‰ to �26.77‰ (aver-

age = �25.27‰ ± 0.68‰) and the curve displays low variability
only interrupted by minor changes in cores TDP23/38, 28, 22 and
17 (Fig. 7). A subtle positive trend is seen from core TDP23/14–8.
The bulk carbonate d18O ranges from �2.07‰ to �4.61‰ (aver-
age = �3.08‰ ± 0.60‰) and the profile shows low variability with
minor negative changes at cores TDP23/33, 22 and 13 (Fig. 7).
The bulk carbonate d13C ranges from 1.81‰ to �2.16‰ (aver-
age = �0.28‰ ± 1.02‰) and the curve exhibits low variability ex-
cept from core TDP23/22 through 1.

4.4. TDP Site 24

TDP Site 24 was drilled 0.03 km E off the main road to Lindi,
0.63 km to the W of TDP Site 21 and 8.5 km to the SW of Lindi
(UTM 35L 570474, 8891859) (Figs. 2 and 3). The goal was to drill
the C–T boundary interval by locating the site down section from
TDP Site 21, which had provided microfossil assemblages around
this interval (Fig. 4). The site was drilled to 74 m, with good recov-
ery between 20 m and 68 m, and moderate to poor recovery from
the surface to 20 m and from 68 m to the bottom of the hole (Table
6). Drilling was stopped in hard, lithified coarse sandstones of Al-
bian age.



Table 5
Cored intervals in TDP Site 23.

Site Core Top (m) Bottom (m) Drilled (m) Recovered (m) Recovery (%)

TDP23/ 1 1.00 2.65 1.65 1.36 82
2 2.65 4.10 1.45 1.45 100
3 4.10 6.10 2.00 1.00 50
4 6.10 9.10 3.00 1.60 53
5 9.10 10.70 1.60 0.10 6
6 10.70 12.10 1.40 1.40 100
7 12.10 13.70 1.60 1.47 92
8 13.70 15.10 1.40 1.30 93
9 15.10 16.60 1.50 1.45 97

10 16.60 18.10 1.50 1.50 100
11 18.10 20.10 2.00 2.00 100
12 20.10 21.10 1.00 0.05 5
13 21.10 24.10 3.00 2.55 85
14 24.10 27.10 3.00 2.99 100
15 27.10 30.10 3.00 2.70 90
16 30.10 30.30 0.20 0.20 100
17 30.30 31.30 1.00 0.45 45
18 31.30 33.30 2.00 1.79 90
19 33.30 34.90 1.60 1.60 100
20 34.90 36.30 1.40 1.40 100
21 36.30 36.90 0.60 0.60 100
22 36.90 39.90 3.00 3.00 100
23 39.90 42.90 3.00 3.00 100
24 42.90 45.90 3.00 3.00 100
25 45.90 48.90 3.00 3.00 100
26 48.90 51.90 3.00 2.70 90
27 51.90 54.50 2.60 1.96 75
28 54.50 55.10 0.60 0.45 75
29 55.10 57.10 2.00 1.90 95
30 57.10 58.10 1.00 0.87 87
31 58.10 61.10 3.00 2.58 86
32 61.10 64.10 3.00 2.72 91
33 64.10 67.10 3.00 2.60 87
34 67.10 70.10 3.00 2.12 71
35 70.10 73.10 3.00 2.95 98
36 73.10 76.10 3.00 2.90 97
37 76.10 79.10 3.00 2.91 97
38 79.10 82.10 3.00 3.00 100
39 82.10 85.10 3.00 3.00 100
40 85.10 88.10 3.00 2.16 72
41 88.10 90.70 2.60 1.10 42

Total drilled: 90.70 m Total recovered: 76.88 m Recovery: 84.76%
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4.4.1. Lithostratigraphy
The dominant lithologies from the surface to 62 m (core TDP24/

26) are mm- to cm-thick, interbedded, dark gray siltstones and
fine-grained sandstones (Figs. 5d, 8). A few layers (cm-thick) of
light brown, fine-grained sandstones occur in the top portion of
the section (from the surface to 11 m). Bioturbation and bioclasts
are rare through this interval. Well-lithified, sandy siltstones with
common cross-cutting, sulfate–carbonate veins and fractures occur
from 62 m to 65 m (core TDP24/27) (Fig. 8). From 65 m to the bot-
tom of the hole, light gray, lithified, coarse-grained sandstones
with woody debris and rip-up clasts are interbedded with greenish
gray siltstones (Figs. 5b, 8). The sandstone beds have sharp, irreg-
ular basal contacts, while small bioturbation mottling is only visi-
ble in the siltstone layers.
4.4.2. Planktonic foraminiferal biostratigraphy
Planktonic foraminifera from cores TDP24/1 to the uppermost

part of five (0–7.16 m) are diagnostic of the W. archaeocretacea
Zone (early Turonian) (Fig. 8; Table 1) due to the co-occurrence
of the nominate taxon with H. praehelvetica and the absence of H.
helvetica. An unconformity is placed at 7.16 m below the surface
(Fig. 8), where a foraminiferal assemblage indicative of the lower
part of the Rotalipora cushmani Zone (middle-late Cenomanian)
(e.g., presence of Thalmanninella greenhornensis, Thalmanninella
globotruncanoides and Rotalipora montsalvensis, but absence of
forms appearing in the upper portion of the zone, including Thal-
manninella deeckei, P. gibba, Dicarinella algeriana and Whiteinella
spp.) occurs immediately below samples assigned to the W. archae-
ocretacea Zone. Throughout the R. cushmani Zone of this site (lower
part of core TDP24/4 to through 24) (7.16–57.57 m) (Fig. 8), foram-
inifera are abundant and generally show good preservation, with
occasional occurrence of specimens with glassy shells and no
infilling.

A second unconformity is placed at 57.57 m below the surface
(Fig. 8), based on: (1) the absence of assemblages indicative of
the R. globotruncanoides Zone (early Cenomanian) and R. reicheli
(middle Cenomanian) Zones in any of the samples studied, and
(2) the presence of late Albian foraminifera of the Planomalina bux-
torfi Zone, including the nominate taxon and R. ticinensis, from
57.57 m to the bottom of the hole. In the upper Albian samples,
foraminifera are rare and preservation is poor to moderate with
all specimens showing shell recrystallization and calcite or pyrite
infilling.
4.4.3. Calcareous nannofossil biostratigraphy
Nannofossils are well preserved in the samples studied from

this site. The top of the hole (cores TDP24/1–4) is represented
by the early Turonian subzones UC6b(-7?) and UC6a (Fig. 8, Ta-
ble 2), which correlate with isotopic excursions related to OAE2
(see below), as observed in TDP Site 21 (Fig. 4). The unconfor-



Fig. 7. Integrated lithostratigraphy, planktonic foraminiferal and calcareous nannofossil biostratigraphy, and chemostratigraphy of TDP Site 23. Lower limit of weathering in
core 17 indicated.
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mity previously postulated within core TDP24/4 is marked by
the major condensation of UC3c–5c, representing the late Ceno-
manian–earliest Turonian. Below this interval, an early to late
Cenomanian succession is indicated by UC1a–UC3b. The pres-
ence of UC0c, indicative of the latest Albian–early Cenomanian,
seems to imply a complete boundary interval, in contrast to
the interpretation of unconformity presented by the foraminif-
era. The late Albian (UC0a–UC0b) is also present in this hole
(Fig. 8, Table 2). Finally, part of the cores TDP24/28 and 29 are
barren of nannofossils.



Table 6
Cored intervals in TDP Site 24.

Site Core Top (m) Bottom (m) Drilled (m) Recovered (m) Recovery (%)

TDP24/ 1 0.00 2.00 2.00 1.37 69
2 2.00 3.00 1.00 0.53 53
3 3.00 5.00 2.00 1.18 59
4 5.00 8.00 3.00 1.50 50
5 8.00 11.00 3.00 1.00 33
6 11.00 14.00 3.00 1.69 56
7 14.00 17.00 3.00 1.20 40
8 17.00 20.00 3.00 1.92 64
9 20.00 23.00 3.00 2.35 78
10 23.00 26.00 3.00 2.46 82
11 26.00 29.00 3.00 2.84 95
12 29.00 32.00 3.00 2.37 79
13 32.00 35.00 3.00 3.00 100
14 35.00 38.00 3.00 3.00 100
15 38.00 41.00 3.00 2.53 84
16 41.00 44.00 3.00 3.00 100
17 44.00 47.13 3.13 3.13 100
18 47.13 48.70 1.57 1.57 100
19 48.70 50.00 1.30 0.96 74
20 50.00 51.80 1.80 1.64 91
21 51.80 53.00 1.20 1.20 100
22 53.00 54.60 1.60 1.60 100
23 54.60 56.00 1.40 1.27 91
24 56.00 57.60 1.60 1.60 100
25 57.60 59.00 1.40 1.13 81
26 59.00 62.00 3.00 2.40 80
27 62.00 65.00 3.00 2.92 97
28 65.00 68.00 3.00 2.14 71
29 68.00 71.00 3.00 1.35 45
30 71.00 74.00 3.00 0.23 8

Total drilled: 74.00 m Total recovered: 55.08 m Recovery: 74.43%
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4.4.4. Chemostratigraphy
The bulk organic d13C ranges from �20.73‰ to �24.93‰

(average = �23.08‰ ± 0.92‰), and the curve displays relatively
low variations along the entire section, except from 12.62 m to
the surface (Fig. 8). Here, a positive excursion with two peaks
(2.06‰ total shift) is visible and ascribed to part of the isotopic
change associated with OAE2. The bulk carbonate isotopic records
show higher variability (Fig. 8). Values range from 0.92‰ to
�7.16‰ (average = �2.37‰ ± 1.68‰) for d13C and from �3.43‰

to �6.96‰ (average = �4.44‰ ± 0.73‰) for d18O. Like the bulk or-
ganic d13C, the bulk carbonate isotopic data exhibit positive
excursions from 12.62 m to the surface. Thus, the presence of iso-
topic excursions indicative of partial recovery of OAE2, together
with the generally good microfossil preservation throughout this
interval, suggests that TDP Site 24 may give valuable foraminif-
eral isotopic data for the Cenomanian and early Turonian, a crit-
ical interval associated with extreme global warmth and
enhanced organic carbon burial.
4.5. TDP Site 24B

TDP Site 24B was drilled 7 m to the N and uphill of TDP Site 24
(Figs. 2 and 3). The goal for this site was to get good recovery in the
top cores to try to improve the record across the C–T boundary
interval previously partially drilled in the surface cores of TDP Site
24 (Fig. 8). Because of the proximity of these two sites, the forami-
niferal zonation in TDP Site 24B was expected to be identical to
TDP Site 24. Thus, only samples for stable isotopes and nannofos-
sils were collected. The site was drilled to 35 m, with good recov-
ery from 8 m to 11 m and from 17 m to the bottom of the hole, and
moderate recovery from the surface to 8 m and from 11 m to 17 m
(Table 7). Drilling was terminated in apparently lithified siltstones
when coring became exceptionally slow.
4.5.1. Lithostratigraphy
Like TDP Site 24, the dominant lithologies in TDP Site 24B are

mm- to cm-thick, interbedded, dark gray siltstones and fine-
grained sandstones (Fig. 9). A light brown, fine- to medium-grained
sandstone interval is visible between 5 m and 7.42 m (Figs. 5e, 9). A
few light gray, fine-grained sandy partings also appear throughout
the cores. No bioturbation or fossils are observed.

4.5.2. Calcareous nannofossil biostratigraphy
Preservation of nannofossils is generally good throughout this

site. The top of the hole (core TDP24B/1 and uppermost part of
2) is assigned to the early Turonian subzone UC6b(-7?), which oc-
curs with high organic d13C values, possibly due to OAE2 (Fig. 9, Ta-
ble 2). Below this unit, a condensed portion assigned to the late
Cenomanian–early Turonian (UC3c–UC6a) is present (cores
TDP24B/2–3). Then, a relatively expanded interval of middle to late
Cenomanian (UC3a–b Zones) (cores TDP24B/4 to uppermost part of
11) lies above a thin early Cenomanian (UC1a–2c) unit (cores
TDP24B/11–12). All these features allow a good correlation be-
tween TDP Sites 24B and 24.

4.5.3. Chemostratigraphy
The bulk organic d13C ranges from �21.54‰ to �23.99‰ (aver-

age = �22.93‰ ± 0.58‰) and the curve shows low variability from
the bottom of the section to 8.09 m (Fig. 9). From this point to
2.72 m, a positive excursion (2.05‰ total shift) is observed and
attributed to part of the isotopic shift due to OAE2. Then, the isoto-
pic curve returns to pre-excursion values for the uppermost sam-
ple. A bulk organic d13C-based correlation between TDP Site 24B
and 24 (Fig. 11) reveals at least four tie-points across the isotopic
profiles and indicates that these sites may be useful to study the
broadly debated issues of cause and effect of OAE2. On the other
hand, the bulk carbonate d13C ranges from �0.80‰ to �2.91‰



Fig. 8. Integrated lithostratigraphy, planktonic foraminiferal and calcareous nannofossil biostratigraphy, and chemostratigraphy of TDP Site 24. Lower limit of weathering in
core 10 indicated. The gray shadow on the isotopic curves as in Fig. 4; e. Turonian: early Turonian; l. Cen.–e. Tur.: late Cenomanian–earliest Turonian; latest Alb.-early Cen.:
latest Albian–early Cenomanian.
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(average = �1.89‰ ± 0.85‰) and the d18O ranges from �3.52‰ to
�5.87‰ (average = �4.96‰ ± 0.79‰). Both isotopic profiles dis-
play negative trends upwards, but no relationship is visible with
the organic d13C profile (Fig. 9).



Table 7
Cored intervals in TDP Site 24B.

Site Core Top (m) Bottom (m) Drilled (m) Recovered (m) Recovery (%)

TDP24B/ 1 0.00 2.00 2.00 1.15 58
2 2.00 5.00 3.00 1.65 55
3 5.00 8.00 3.00 2.42 81
4 8.00 11.00 3.00 2.60 87
5 11.00 14.00 3.00 1.71 57
6 14.00 17.00 3.00 1.70 57
7 17.00 20.00 3.00 2.42 81
8 20.00 23.00 3.00 2.40 80
9 23.00 26.00 3.00 3.00 100
10 26.00 29.00 3.00 1.52 51
11 29.00 32.00 3.00 2.45 82
12 32.00 35.00 3.00 2.10 70

Total drilled: 35.00 m Total recovered: 25.12 m Recovery: 71.77%

Fig. 9. Integrated lithostratigraphy, calcareous nannofossil biostratigraphy, and chemostratigraphy of TDP Site 24B. Lower limit of weathering in core 7 indicated. The gray
shadow on the isotopic curves as in Fig. 4; e. Tur.: early Turonian; l. Cen.–e. Tur.: late Cenomanian–early Turonian.
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4.6. TDP Site 25

TDP Site 25 was drilled in a small valley 0.11 km west off the
main road to Lindi, 3.6 km north of Lindi (UTM 35L, 577282,
8898480) (Figs. 2 and 3). The site was selected to try to core across
the Cretaceous–Tertiary (K–T) boundary, which was unsuccessfully
attempted at TDP Site 5 on the south side of Kitulo Hill (Pearson
et al., 2004). Previous TDP surveys reported the existence of Mio-
cene clays disconformably underlain by upper Maastrichtian and
lower Paleocene sediments in the area of TDP Site 25 (Nicholas
et al., 2006). Positioning the rig on the Miocene clays would pro-
vide a possibility to record the K–T boundary interval some dis-
tance below the surface. However, at TDP Site 25, only Miocene
or younger sediments were found and, due to drilling difficulties,
drilling was terminated at 43.20 m (Table 8) without any Creta-
ceous cored. We summarize here the litho- and biostratigraphy,
but will not discuss this site in subsequent sections due to the ab-
sence of Cretaceous sediments.
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4.6.1. Lithostratigraphy
TDP Site 25 is characterized by extremely low recovery in the

upper 23 m (cores TDP25/1–9) (Fig. 10), where only fragments of
well-lithified, grayish orange, fossiliferous (e.g., coral and bivalve
fragments) limestones mixed with drill mud were cored. Because
the rig was positioned at the base of a valley and the recovery
was so low, it is not known if these sediments are in place or form
part of a large colluvial system of Recent age. No indication of mis-
placed sediments, though, is found from 23 m to 41.13 m (cores
TDP25/9–17), which show medium gray, fossiliferous (e.g., individ-
ual corals, bryozoan and bivalve fragments), massive grainstones
with common mm- to cm-sized mould and vug porosity, alternat-
ing with dark gray, slightly cemented, massive mudstones. From
core TDP25/14 downwards, a remarkable reduction in porosity
and increase in compaction is observed and both grainstone and
mudstone intervals are much more lithified.
4.6.2. Planktonic foraminiferal biostratigraphy
Samples analyzed from cores TDP25/12 and 16 contain abun-

dant planktonic and benthic foraminifera with glassy shells. They
are assigned to late Miocene Zone M13 (Fig. 10), due to the pres-
ence of Sphaeroidinellopsis disjuncta, which ranges from Zone M5
to M13, together with Globigerinoides sacculifer, Globigerinoides ru-
ber, Globigerinella siphonifera, Globorotalia menardii and Orbulina
universa, which range from Zone M13a (late Miocene) to the
Present.
Fig. 10. Integrated lithostratigraphy, planktonic foraminiferal and calcareous
nannofossil biostratigraphy of TDP Site 25.
4.6.3. Calcareous nannofossil biostratigraphy
A sample from core TDP25/2 yields a mixed assemblage of rare

Cretaceous and Paleogene nannofossils, which probably represent
reworking within sediments that contain no in situ components.
Core TDP25/16 is Pleistocene in age (nannofossil zone NN19 of
Martini, 1971) (Fig. 10), based on a well preserved, abundant nan-
nofossil assemblage, containing Pseudoemiliania lacunosa, Heli-
cosphaera sellii and small Gephyrocapsa, and lacking Calcidiscus
macintyrei. This assemblage also contains some Cretaceous and
Paleogene reworking. Low sample resolution in this hole due to
very low recovery makes it difficult to solve age discrepancies be-
tween calcareous nannofossils and planktonic foraminifera. Addi-
tionally, the stratigraphy of sediments in the area of TDP Site 25
might be disrupted by thrust fault systems (e.g., thrust duplex in
Miocene clays close to Ras Bura) (see Fig. 8 in Nicholas et al.,
2007), which complicates accurate age assignments.
Table 8
Cored intervals in TDP Site 25.

Site Core Top (m) Bottom (m) Drilled (m) Recovered (m) Recovery (%)

TDP25/ 1 0.00 2.00 2.00 0.15 7.50
2 2.00 4.10 2.10 1.20 57.14
3 4.10 5.10 1.00 0.00 0.00
4 5.10 8.10 3.00 0.10 3.33
5 8.10 11.10 3.00 0.00 0.00
6 11.10 14.00 2.90 0.00 0.00
7 14.00 17.00 3.00 0.08 2.67
8 17.00 20.00 3.00 0.10 3.33
9 20.00 23.00 3.00 0.04 1.33
10 23.00 26.00 3.00 2.10 70.00
11 26.00 28.40 2.40 1.48 61.67
12 28.40 29.30 0.90 0.56 62.22
13 29.30 32.00 2.70 2.27 84.07
14 32.00 35.00 3.00 1.20 40.00
15 35.00 38.00 3.00 2.28 76.00
16 38.00 41.00 3.00 1.63 54.33
17 41.00 41.20 0.20 0.13 65.00
18 41.20 43.20 2.00 0.05 2.50

Total drilled: 43.20 m Total recovered: 13.37 m Recovery: 30.95%
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4.7. TDP Site 26

TDP Site 26 was drilled 0.26 km to the NE of TDP Site 24, at a
mid distance along the track between TDP Site 21 and the main
road to Lindi (UTM 35L 570719, 8891946) (Figs. 2 and 3). The goal
was to drill lower Turonian–middle Cenomanian sediments and try
to completely recover the C–T boundary interval partially found in
the upper portions of the nearby TDP Site 24 and 24B. The site was
drilled to 56.17 m, with good recovery from 10.90 m to the bottom
of the hole, and moderate recovery from the surface to 10.90 m
(Table 9). Drilling was terminated the last day of the 2007 field sea-
son, once it was confirmed that middle Cenomanian sediments had
been cored.

4.7.1. Lithostratigraphy
The principal lithologies from the surface to 16.90 m are light

gray, massive, sandy siltstones with interbeds of cm- to dm-thick,
grayish orange, lithified, medium- to coarse-grained sandstones
with no macrofossil content (Figs. 5f, 11). From 16.90 m to the bot-
tom of the hole, the dominant lithologies are medium light gray,
massive siltstones that become more cemented and lithified in
parts. No bioturbation is observed in this interval and fossil occur-
rences are limited to sporadic shell bioclasts.

4.7.2. Planktonic foraminiferal biostratigraphy
Planktonic foraminiferal assemblages at TDP Site 26 enable rec-

ognition of the W. archaeocretacea Zone (early Turonian) in core
TDP26/1 to the uppermost part of 6 (the upper 8.03 m of the sec-
tion) (Fig. 11, Table 1). An unconformity placed at 8.03 m separates
the overlying W. archaeocretacea Zone from the underlying lower
part of the R. cushmani Zone (middle-late Cenomanian), which is
identified in core TDP26/6 to the bottom of the hole. As in TDP Site
24, samples studied in this site generally yield well preserved
foraminifera, with occasional specimens exhibiting glassy shells
that lack internal calcite or sediment infilling.

4.7.3. Calcareous nannofossil biostratigraphy
Nannofossil preservation is generally good throughout this site.

Core TDP26/1 through the uppermost part of two lies in the early
to middle Turonian subzone UC8a, which is underlain by the early
Turonian UC6a–7 (Fig. 11, Table 2). The latter interval (core TDP26/
Table 9
Cored intervals in TDP Site 26.

Site Core Top (m) Bottom (m)

TDP26/ 1 0.00 1.90
2 1.90 3.30
3 3.30 4.90
4 4.90 6.50
5 6.50 7.90
6 7.90 10.90
7 10.90 14.03
8 14.03 16.90
9 16.90 19.90
10 19.90 22.90
11 22.90 25.90
12 25.90 29.10
13 29.10 32.00
14 32.00 35.00
15 35.00 38.00
16 38.00 41.00
17 41.00 44.00
18 44.00 47.17
19 47.17 50.00
20 50.00 53.00
21 53.00 56.17

Total drilled: 56.17 m
2–6) coincides with highest values of the organic d13C profile due
to OAE2 (see below), as observed at other sites. Then, a condensed
interval in cores TDP26/6–7, with nannofossil assemblages of
UC3c–UC5c, is assigned to the late Cenomanian–earliest Turonian.
Below this unit, a relatively expanded succession of middle to late
Cenomanian age (UC3a–b), as seen in TDP Sites 24 and 24B, is de-
tected. The bottom of the hole is assigned to the early Cenomanian
subzones UC1a–2c.

4.7.4. Chemostratigraphy
The bulk organic d13C ranges from �18.94‰ to �25.38‰

(average = �22.85‰ ± 2.01‰), and the curve exhibits low vari-
ability from the bottom of the section to 17.47 m (Fig. 10). From
this point to 2.14 m, a remarkable, positive excursion with two
peaks (5.80‰ total shift) is observed and assigned to part of the
isotopic change due to OAE2. Then, the curve finishes with a
2.34‰ negative change in the uppermost sample. A correlation
of TDP Site 26 with 24 and 24B and 21, based on the organic
d13C, shows that the former section is more expanded below
and within the interval assigned to part of OAE2 (Fig. 12). Further,
this correlation, together with the generally good microfossil
preservation, suggests that the four sections have great potential
to examine foraminiferal isotopic temperatures across OAE2 in
Tanzania. The bulk carbonate isotopic records of TDP Site 26,
though, do not show similar excursions (Fig. 12). Instead, the
d13C and d18O curves present relatively low variability, with the
exception of four samples with extremely low d13C at the bottom
and top of the section. The d13C ranges from �0.24‰ to �11.67‰

(average = �2.64‰ ± 3.16‰) and the d18O ranges from �3.55‰ to
�5.53‰ (average = �4.31‰ ± 0.66‰).
5. Lithofacies and sedimentary conditions

The lithostratigraphy of the drilled sites reveals vertical succes-
sions of varying lithologies that can be grouped into five different
lithofacies (Table 10), according to variations in texture, grain size,
color and depositional structures. The inferred lithofacies and the
interpretation of the sedimentary conditions are below:

Lithofacies 1 occurs in TDP Sites 21 (Fig. 4) and 24 (Fig. 8), and is
characterized by cm- to dm-thick, light gray, medium- to
coarse-grained sandstones (�60% of the facies) and irregular
Drilled (m) Recovered (m) Recovery (%)

1.90 0.92 48
1.40 0.98 70
1.60 0.17 11
1.60 0.60 38
1.40 0.84 60
3.00 0.94 31
3.13 3.13 100
2.87 2.41 84
3.00 1.40 47
3.00 1.40 47
3.00 2.87 96
3.20 3.20 100
2.90 2.59 89
3.00 2.91 97
3.00 2.86 95
3.00 2.49 83
3.00 2.98 99
3.17 3.17 100
2.83 2.83 100
3.00 2.72 91
3.17 3.17 100

Total recovered: 44.58 m Recovery: 79.37%



Fig. 11. Integrated lithostratigraphy, planktonic foraminiferal and calcareous nannofossil biostratigraphy, and chemostratigraphy of TDP Site 26. Lower limit of weathering in
core 10 indicated. The gray shadow on the isotopic curves as in Fig. 4; e.-m. Tur.: early-middle Turonian; l. Cen.–e. Tur.: late Cenomanian–earliest Turonian; e. Cen.: early
Cenomanian.
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intercalations of cm-thick, grayish olive green, sandy siltstones
(Fig. 5a and b, Table 10). The coarse-grained sandstone beds are
typically massive and sharp-based. Some of the thickest sand-
stones have polymictic conglomeratic bases and normal gradation.
In other instances, lamination at the top is visible. Further, greenish
soft siltstone clasts and woody debris are found in the sandstones,
and small bioturbation mottling is present in the siltstones.

The dominance of massive, coarse-grained sandstone layers
with sharp, irregular basal contacts, together with occasional
conglomeratic bases, suggests sedimentation by short-lived,



Fig. 12. Correlation of TDP Sites 21, 24, 24B and 26, based on the organic d13C stratigraphy. The gray shadow on the isotopic curves as in Fig. 4. Up to five tie-points (A–E) are
interpreted along the isotopic profiles and used to correlate the sections. Ages are based on the calcareous nannofossil biozones. For explanations of age abbreviations, see
captions of Figs. 4, 8, 9 and 11.

Table 10
Summary of characteristics of lithofacies 1–5, as identified in TDP Sites 21–26. Age assignment for distinct lithofacies can be seen in the lithostratigraphic log of each site.

Lithofacies Occurrence Characteristics Interpretation/remarks

1 From 39.97 m to 68.10 m in TDP21; from
65 m to 75 m in TDP24

cm- to dm-thick, light gray, medium to coarse sandstones
with sporadic woody debris, and cm intercalations of sandy
siltstones; conglomeratic bases, normal gradation and
lamination at the top are occasional in the sandstones

Upper slope, but not too far from the
shoreline

2 From 11 m to 65 m in TDP24; from 8 m to
35 m in TDP24B; from 19.60 m to 56.17 m
in TDP26; entire TDP22 section

Dark, mm to cm-thick interbeds of siltstones and fine
sandstones; presence of organic-rich laminated intervals;
abundant soft-sediment deformation in TDP22; sporadic
ammonite and inoceramid debris throughout

Outer shelf below the storm wave
base; low levels of benthic
oxygenation

3 From 0 m to 8.10 m in TDP21; from 0 m to
11 m in TDP24; from 0 m to 8 m in TDP24B;
from 0 m to 16.90 m in TDP26

dm to m thick, massive claystones and siltstones, with cm
intercalations of brownish gray, lithified, massive, medium to
coarse sandstones

Upper slope; relatively low energy

4 Form 8.10 m to 39.97 m in TDP21 Bluish gray, massive claystones to silty claystones Shelf below the storm wave base;
low-energy conditions

5 Entire TDP23 section dm to m thick, bluish gray claystones and greenish gray, sandy
siltstones, with thin layers of fine sandstones; bioturbation
burrows frequent at some intervals; ammonite and
inoceramid debris present

Outer shelf below the storm wave
base; normal levels of benthic
oxygenation and nutrient content

66 Á. Jiménez Berrocoso et al. / Journal of African Earth Sciences 57 (2010) 47–69
high-energy events that could have originated from turbulent
flows (Browne et al., 2000; Wach et al., 2000). Some of these
flows transported up to gravel-size detritus and possibly ripped
up soft clasts from the semi-lithified seafloor. The presence of
normal gradation and laminated top intervals in some sandstone
beds are interpreted as reflecting a progressive energy decrease
in the turbulent flow as it diluted along its path. Together, these
characteristics suggest deposition in an upper slope environ-
ment, although the shoreline could not have been too far away
as inferred from the woody debris in the sandstones. The silt-
stone intervals correspond to periods of lower energy, when fine
detritus, brought in suspension probably by surface- to mid-
water flows, settled. Bioturbation mottling in the siltstones indi-
cates hospitable benthic waters for burrowing fauna during the
low energy periods.

Lithofacies 2 occurs in TDP Sites 24 (Fig. 8), 24B (Fig. 9), 26
(Fig. 11), and through the entire section of TDP Site 22 (Fig. 6).
The dominant lithologies are mm- to cm-thick interbeds of rarely
bioturbated, dark gray siltstones and fine-grained sandstones
(Fig. 5c and d, Table 10) (�95% of the facies) with limited presence
of light, fine-grained sandstone partings. Contacts between the
interbeds are normally gradational, although some sandstones
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display sharp basal contacts. Laminated, organic-rich intervals are
common throughout TDP Site 22. Soft-sediment deformation is
abundant at TDP Site 22, but absent from TDP Sites 24, 24B and
26. Disseminated pyrite is locally present and macrofossils ob-
served include ammonite and inoceramid debris, along with unde-
termined bioclasts.

The abundance of silt and fine sand, together with the existence
of ammonite and inoceramid remains, indicates fully-open marine
conditions, and the predominant absence of depositional struc-
tures points to sedimentation below the storm wave base in an
outer shelf environment. Because some of the fine-grained sand-
stone interbeds in this lithofacies are sharp-based, bottom currents
could have episodically transported fine sand offshore. Further, the
light sandstone partings may be interpreted as reflecting pulses of
small bottom currents that introduced fine sand from shallower
sites (Pearson et al., 2004, 2006). Yet, the dominant depositional
mechanism was probably surface- to mid-water flows that held silt
and fine sand in suspension until dilution of the flow allowed the
sediment to settle. Finally, the scarcity of bioturbation and the
presence of fine lamination may indicate relative oxygen depletion
in bottom waters that prevented prolonged habitation by burrow-
ing organisms (Henderson et al., 2004; Jiménez Berrocoso et al.,
2008).

Lithofacies 3 is present in TDP Sites 21 (Fig. 4), 24 (Fig. 8), 24B
(Fig. 9) and 26 (Fig. 11), and characterized by dm- to m-thick inter-
vals of massive claystones and siltstones (50–95% of the facies)
with cm-thick intercalations of brownish gray, lithified, massive,
medium- to coarse-grained sandstones (up to 50% of the facies)
(Fig. 5e and f, Table 10). A thin sandstone layer, with an accumula-
tion of shell fragments in the middle and wavy lamination at the
top, is also observed at TDP Site 24. No other fossil occurrences
are found and bioturbation mottling is only rarely visible in the
siltstones of TDP Site 21.

The existence of cm-thick layers of medium- to coarse-grained
sandstones indicates that bottom currents were relatively common
and transported medium and coarse sand to the depositional area
during high-energy episodes (e.g., Pattison, 2005). Indeed, small
shells accumulated in the middle of a sandstone layer with surface
lamination indicate that turbulent flows could develop during for-
mation of this lithofacies. These characteristics suggest an upper
slope environment for lithofacies 3. The dominance of silt and clay
detritus, however, indicates that low-energy conditions prevailed
for long periods and particle settling was the main background
depositional mechanism. On the other hand, an unconformity is
interpreted from the foraminiferal biostratigraphy close to the C–
T transition in lithofacies 3 of TDP Sites 24 and 26 (Figs. 8, 11
and 12), whereas condensation of the stratigraphic record is de-
duced from the nannofossil biostratigraphy across the same inter-
val of these sites, including TDP Site 24B (Fig. 9). This situation
suggests that fluctuations in the sedimentation rate may have oc-
curred around the C–T transition in these sections, although high-
er-resolution biostratigraphy is required to accurately constrain
this scenario.

Lithofacies 4 occurs in TDP Site 21 (Fig. 4) and comprises bluish
gray, massive claystones to silty claystones (Fig. 5g and h, Table
10). Some intervals present faint horizontal lamination. Bioturba-
tion is not visible and fossils are limited to scarce bioclast debris.

The absence of depositional structures suggests that sedimenta-
tion of lithofacies 4 took place under very low-energy conditions in
a shelf environment below the storm wave base. The high percent-
age of planktonic foraminifera in the samples studied from this
lithofacies, though, suggests deposition near or below the shelf
break. The dominant depositional mechanism was possibly settling
of very fine detritus.

Lithofacies 5 represents the entire stratigraphic interval of TDP
Site 23 (Fig. 7). It consists of dm- to m-thick, massive, bluish gray,
calcareous claystones to siltstones and greenish gray, sandy silt-
stones (�95% of the facies) (Fig. 5i and j, Table 10). Thin layers of
light gray, fine-grained sandstones are also present. These layers
are massive and typically have sharp irregular basal contacts
(Fig. 5i). Macrofossil occurrences include ammonite and inocer-
amid debris, in addition to undifferentiated bioclasts. The presence
of mm- to cm-size, bedding-parallel or vertical bioturbation bur-
rows is frequent at some intervals (Fig. 5j).

The dominance of clay-sized grains and the existence of
ammonite and inoceramid remains are evidence of deposition on
the outer shelf under low-energy conditions, where the main sed-
imentation mechanism was likely fine particle settling. This envi-
ronment was below the storm wave base level, but it probably
experienced moderately frequent bottom-current pulses that
brought fine sand offshore, as inferred from the thin, light, fine-
grained sandstones (Pearson et al., 2004, 2006). The common exis-
tence of bioturbation burrows at some intervals indicates periods
of favorable oxygen levels and nutrient concentrations in benthic
waters for burrowing fauna.

6. Concluding remarks

The TDP expedition in 2007 targeted the Upper Cretaceous se-
quence of the Lindi area in southern Tanzania, where previous
TDP drilling had only recovered thin, discontinuous Albian–Maas-
trichtian successions and mapped Campanian–Oligocene sedi-
ments. In 2007, six new Upper Cretaceous sites (TDP Site 21, 22,
23, 24, 24B and 26) and a thin Miocene–Pleistocene section (TDP
Site 25) were cored, and a significant area to the S and SW of Kitulo
Hill was explored and mapped. The geological map of the region
has been revised herein, based on the 2007 information. Together,
all the data indicate a much more expanded and complete Upper
Cretaceous marine sequence than previously recognized in south-
ern Tanzania.

Main lithologies of the new sites include thick intervals of dark
claystones and siltstones, containing organic-rich laminated parts,
irregular silty to fine sandstone partings, and rare inoceramid and
ammonite debris. Minor lithologies consist of much thinner inter-
vals of gray, medium to coarse sandstones with occasional con-
glomeratic bases and sporadic woody debris. These lithologies
have been grouped into five distinct lithofacies and some of them
are identified more than once in the total stratigraphic interval
drilled. The lithofacies analysis suggests that the depositional envi-
ronment could fluctuate between outer shelf and upper slope,
although the shoreline was possibly not too far from the sedimen-
tation site, especially during deposition of the coarse sandstone
intervals as inferred from the presence of woody debris. These
inferences suggest that, during most of the Late Cretaceous, the
Tanzanian margin largely experienced the deposition of typical
shelf facies. Further, this situation indicates that microfossils col-
lected from these sediments have great potential to provide open
ocean temperatures from a stable continental margin environment
of the subtropical Late Cretaceous.

The planktonic foraminiferal assemblages are extraordinarily
well preserved through the Turonian intervals cored and in some
of the most clay-rich units of the Cenomanian and Campanian.
The remaining intervals generally yield moderately to well pre-
served foraminifera. The assemblages are moderately diverse and
include key zonal marker taxa that can be used to reliably correlate
with the standard Tethyan biozonation of Robaszynski and Caron
(1995). Foraminiferal biostratigraphic results indicate that (1)
TDP Sites 24, 24B and 26 together span the latest Albian–early
Turonian (P. buxtorfi to W. archaeocretacea Zones), (2) TDP Site 21
and 22 collectively record an expanded sequence of the earliest
Turonian–Coniacian (W. archaeocretacea–D. concavata Zones),
including a thin early Eocene (E4 Zone) faulted slice within TDP
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Site 21, (3) TDP Site 23 records a thick section of the early to late
Campanian (G. ventricosa–R. calcarata Zones), and (4) TDP Site 25
represents a thin section of the Miocene (M13 Zone).

The nannofloras are similarly very well preserved, with taxa
typically having the lowest preservation potential (e.g., holococco-
liths and small, delicate heterococcoliths) being continuously pre-
served. The excellent nannofossil preservation through the interval
ascribed to UC3c–7 (late Cenomanian–early Turonian), correlating
with an organic d13C positive excursion due to OAE2, will allow us
to examine changes in biodiversity at this time, when increased
extinctions and inceptions of taxa have been postulated. Addition-
ally, this situation will be used to test hypotheses of surface-water
fertility and its effect on nannofossil abundance patterns. On the
other hand, the apparent absence of some of the subzonal markers
of the UC biozonation scheme may provide insights into biogeo-
graphic constraints on these maker taxa, as opposed to preserva-
tional biases. Even more significantly, it will be possible to
accurately calibrate the preservationally-unbiased nannofossil
and planktonic foraminiferal zonations and adjust the interpreted
ages, which, as can be seen from the figures herein, are sometimes
out of synchronization.

The chemostratigraphic record of the sites reveals (1) largely
invariable bulk organic d13C profiles, and (2) a positive excursion
of up to 5.80‰ that correlates across TDP Sites 21, 24, 24B and
26, and suggests recovery of part of OAE2. The bulk carbonate
d13C and d18O profiles generally show higher variability, which is
interpreted as reflecting minor alteration by secondary carbonate
cementation, even though foraminifera and nannofossils are often
very well preserved. Shifts to markedly low values in the d13C and
d18O indicate alteration attributable to deep weathering under the
modern Tanzanian tropical conditions and/or incorporation of
remineralized organic carbon. Our isotopic profiles represent the
first chemostratigraphy reported for upper Albian–upper Campa-
nian marine sediments in Tanzania and, together with the litho-
and biostratigraphy of the new sites, outline the stratigraphic con-
text for forthcoming results that will test models of climate
dynamics and ice-sheet growth during the Late Cretaceous green-
house world.
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