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a b s t r a c t

This study uses magnetostratigraphy to help constrain the age of the paleontologically important Galula
Formation (Rukwa Rift Basin, southwestern Tanzania). The formation preserves a Cretaceous vertebrate
fauna, including saurischian dinosaurs, a putative gondwanatherian mammal, and notosuchian croc-
odyliforms. With better dating, the Galula Formation and its fossils help fill a temporal gap in our un-
derstanding of vertebrate evolution in continental Africa, enabling better evaluation of competing
paleobiogeographic hypotheses concerning faunal exchange throughout Gondwana during the Creta-
ceous. Paleomagnetic samples for this study were collected from the Namba (higher in section) and
Mtuka (lower in section) members of the Galula Formation and underwent stepwise thermal demag-
netization. All samples displayed a strong normal magnetic polarity overprint, and maximum unblocking
temperatures at approximately 690 �C. Three short reversed intervals were identified in the Namba
Member, whereas the Mtuka Member lacked any clear reversals. Given the relatively limited existing age
constraints, one interpretation correlates the Namba Member to Chron C32. An alternative correlation
assigns reversals in the Namba Member to recently proposed short reversals near the end of the
Cretaceous Normal Superchron (Chron C34), a time that is traditionally interpreted as having stable
normal polarity. The lack of reversals in the Mtuka Member supports deposition within Chron C34. These
data suggest that the Namba Member is no older than Late Cretaceous (Cenomanian-Campanian), with
the Mtuka Member less well constrained to the middle Cretaceous (Aptian-Cenomanian). The paleo-
magnetic results are supported by the application of fold and reversal tests for paleomagnetic stability,
and paleomagnetic poles for the Namba (246.4�/77.9�, a95 5.9�) and Mtuka (217.1�/72.2�, a95 11.1�)
members closely matching the apparent polar wander path for Africa during the Late Cretaceous. These
results confidently indicate a Late Creteceous age assignment for the Namba Member of the Galula
Formation, a unit that has yielded key crocodyliform (e.g., Pakasuchus; Rukwasuchus) and dinosaur (e.g.,
Rukwatitan; Shingopana) fossils from eastern Africa.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The geological and biological history of Africa is poorly known
when compared to that of other continents, and this is especially
true during the Cretaceous e Paleogene interval. Understanding
Widlansky), will.clyde@unh.
nor), eric.roberts@jcu.edu.au
faunal evolution in Africa during this time is critical for testing a
variety of hypotheses that identify Africa as an important link
among Gondwanan landmasses and essential for understanding
the pattern of Gondwanan continental breakup during the Creta-
ceous (e.g., Sampson et al., 1998; Sereno et al., 2004; Krause et al.,
2006). For example, a Gondwanan origin has been hypothesized
for several animal groups, including placental mammals (e.g.,
Stanhope et al., 1998; Eizirik et al., 2001; Murphy et al., 2001) but
the fossil record is currently insufficient for testing this idea.
Indeed, the striking lack of fossil material from Africa prior to the
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Neogene has been referred to as the “African Gap” (O'Connor et al.,
2006) and it remains unclear whether this reflects sampling bias or
a relative lack of deposition during this period. Ongoing geological
and paleontological field research in the Rukwa Rift Basin of
southwestern Tanzania has identified a rich assemblage of sedi-
mentary deposits, in addition to vertebrate and invertebrate fossils,
that span this poorly understood interval and provide a means to
directly test several hypotheses concerning the role of Africa in
global paleobiogeography during this time (Krause et al., 2003;
O'Connor et al., 2006, 2010; Stevens et al., 2006, 2008, 2009a,
2009b, 2013; Feldmann et al., 2007; Gottfried et al., 2009;
Roberts et al., 2010; Gorscak et al., 2014, 2017).

The Rukwa Rift Basin is an extensional sedimentary basin,
roughly 300 km long and 50 kmwide and located at approximately
8�S, 32�E (Chorowicz, 2005; Roberts et al., 2010). The basin follows
a general northwest e southeast trend and occupies a local zone of
weakness associated with the Proterozoic Ubendian mobile belt,
bordering the stable Tanzania Craton to the northeast (Fig. 1). The
Rukwa Rift Basin is one of several sedimentary basins making up
the Western Branch of the modern East African Rift System (EARS)
and preserves thick sequences of continental sedimentary rocks
and associated fossil assemblages.

Early geological exploration of the rift basin was primarily
focused on hydrocarbon and resource exploration (e.g., Grantham
et al., 1958; McKinlay, 1965; Peirce and Lipkov, 1988). Although
initial hydrocarbon recovery was unsuccessful, it led to the recog-
nition of three major sequences of sediment deposition in the
Rukwa Rift Basin: the upper Carbonifierous e Permian Karoo Su-
pergroup, the Cretaceous e Paleogene Red Sandstone Group, and
the Neogene Lake Beds Formation (Wescott et al., 1991; Kilembe
and Rosendahl, 1992; Roberts et al., 2004).

Establishment of the Rukwa Rift Basin Project in 2002 has
largely focused efforts on understanding the Red Sandstone Group
(RSG), as this sequence preserves important fossil vertebrate faunas
(e.g., O'Connor et al., 2006, 2010; Stevens et al., 2008, 2013). Roberts
et al. (2010) proposed a division of the RSG into two formations: the
Cretaceous Galula Formation and the Oligocene Nsungwe Forma-
tion, based on the presence of temporally disparate faunas and
differences in lithology, in addition to longstanding discrepancies
concerning the age of the Red Sandstone Group (see Roberts et al.,
2010 for discussion). Each of these time intervals is very poorly
represented in the geologic record of sub-Saharan Africa, so the
numerous RSG exposures in the Rukwa Rift Basin offer an impor-
tant opportunity for advancing understanding of the geological and
evolutionary history of continental Africa.

Obtaining a precise age for the fossil-bearing Galula Formation
has been hindered by the shortage of primary volcanic material for
radiometric dating. The age of the Galula Formation is important for
reconstructing the timing of faunal and landscape changes in
eastern Africa, particularly in clarifying paleobiogeographic pat-
terns associated with the breakup of Gondwana during the Creta-
ceous (e.g., Sereno et al., 2004; Krause et al., 2006; Gorscak et al.,
2014, 2017; Sertich and O'Connor, 2014; Gorscak and O'Connor,
2016). As such, a well-constrained age for the Galula Formation is
significant in addressing paleobiological questions at regional and
global scales.

This study applies magnetic reversal stratigraphy to sedimen-
tary rocks from the Galula Formation to construct a more robust
temporal framework for the unit, facilitating comparisons with
potentially correlative sequences in eastern Africa and beyond. In
constraining the age of the Galula Formation independently from
vertebrate biostratigraphy, this study provides the first direct age
determination for the Namba and Mtuka members.
2. Background and previous work

2.1. Galula Formation

2.1.1. Stratigraphy and sedimentology
Roberts et al. (2010) provided a detailed sedimentological

description of the Galula Formation and described it as a “sequence
of red, pink, purple and occasionally white colored sandstones,
conglomerates and mudstones” (Roberts et al., 2010, p. 187). The
Galula Formation includes two members: the lower Mtuka Mem-
ber, and the upper NambaMember (Roberts et al., 2010). TheMtuka
Member of the Galula Formation generally displays more hetero-
lithic lithologies with abundant coarse sandstones and conglom-
erates interbedded with paleosol mudstones. The Namba Member
lithology is more homogenous than theMtuka Member, dominated
by abundant fine-to-medium grained sandstones with fewer
overbank mudstone deposits (Roberts et al., 2010).

The Galula Formation, as a whole, is interpreted to represent a
Cretaceous braided fluvial system. U-Pb detrital zircon provenance
and paleocurrent analyses suggest a general northwest flow di-
rection during the Cretaceous, with sediment sourced from topo-
graphically high regions of Zambia, Malawi and Mozambique and
drainage ultimately reaching the Congo Basin (Roberts et al., 2012).
A shift in sediment provenance between the Mtuka and Namba
members from proximal to more distal sources is interpreted to
reflect a slowing rate of basin subsidence and rift flank uplift during
the Cretaceous (Roberts et al., 2012). Several lines of sedimento-
logical evidence suggest the Mtuka e Namba Member transition
may record a subtle shift in paleoclimate from a seasonally dry, sub-
arid climate in theMtukaMember to awetter sub-humid climate in
the Namba Member (Roberts et al., 2010). Support for this inter-
pretation comes from a noticeable shift from an illite and smectite-
dominated clay mineral assemblage in the Mtuka Member, to a
kaolinite-dominated assemblage in the Namba Member, in addi-
tion to the prevalence of pedogenic carbonate in the Mtuka
Member that is absent in the Namba Member (Choh, 2007; Roberts
et al., 2010).

2.1.2. Age estimates for the Galula Formation
Dateable volcanic deposits from the Galula Formation have not

been recovered despite evidence supporting deposition concurrent
with active tectonism (Roberts et al., 2010). A Cretaceous age for the
unit has been assigned based on the fossil assemblage (O'Connor
et al., 2006), sedimentological and general faunal similarities with
the ~Aptian Dinosaur Beds of Malawi, and evidence for Galula
deposition coeval with emplacement of local carbonatite intrusive
bodies between ~116 and 96 Ma (Fawley and James, 1955; Roberts
et al., 2010).

Although much of the early uncertainty concerning the age of
the RSG has been resolved by recognizing two distinct formations
(Roberts et al., 2010), uncertainty has remained concerning the
precise age of the Galula Formation within the Cretaceous. Detrital
zircon analyses reveal a population of approximately 150Ma grains,
suggesting a maximum depositional age in the Late Jurassic
(Roberts et al., 2012). Recently, a single ~118 Ma grain was recov-
ered from the upper portion of the Namba Member (E. M. Roberts,
unpublished data), suggesting deposition after the middle Early
Cretaceous if supported by subsequent observations. Palynological
evidence from sediment cores have yielded mixed findings. Re-
covery of pollens with a Middle Jurassic-to-middle Cretaceous
range (Classopollis classoides and Callialasporites dampieri; Kilembe
and Rosendahl, 1992) could constrain Galula Formation deposition
to the Early e middle Cretaceous, although it has been proposed
that these pollens may reflect contamination from Cretaceous
bentonite used in drilling wells where samples were recovered



Fig. 1. (A) Inset map showing locations of notable Upper (black) and Lower (grey) Cretaceous terrestrial vertebrate fossil localities in Africa, with the Galula Formation shown as a
star (Based on Stevens et al., 2008) and regions shown in (B) and (C). (B) Location of the East African Rift System, showing individual rift segments comprising the Eastern (red) and
Western (green) branches. (C) Simplified structural and basement geology map of the Rukwa Rift segment. General locations of Archaean cratons (light green) and Proterozoic
mobile belts (light yellow) are shown along with major faults. Known exposures of the Galula Formation are shown in red and potentially correlative sequences in the DRC and
Malawi are shown in pink. Regions where paleomagnetic samples were collected for this study are indicated by yellow stars (sedimentary exposures based on Roberts et al., 2010,
Fig. 1; basement geology based on Roberts et al., 2012, Fig. 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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(Mliga, 1994; Morley et al., 1999).
Data from initial exploratory wells suggest sediment deposition

occurred in the basin between 180 and 100 Ma (Mliga, 1994) using
the Faust (1951) method, with age estimates based on the rela-
tionship of seismic velocity and burial depth. Evidence for soft
sediment deformation in the upper portion of the Namba Member
suggests deposition occurred during a period of active tectonism
(Hilbert-Wolf et al., 2016), and is generally consistent with depo-
sition occurring simultaneously with local emplacement of
Cretaceous carbonatite. This is further supported by the observa-
tion of cross-cutting relationships between the Galula Formation
and the Panda Hill Carbonatite Complex, including a carbonatite
dike intruding into, and appearing to be truncated by, Galula For-
mation sandstones (Fawley and James,1955; Roberts et al., 2010). K-
Ar dating of phlogopite in the Panda Hill carbonatite gives an age of
113 ± 6 Ma (Snelling, 1965), potentially constraining Galula depo-
sition to the Late Cretaceous, although more recently applied
40Ar/39Ar geochronology suggests a Jurassic (165.7 ± 1.3 Ma) age for
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Panda Hill (Mesko et al., 2014). It should also be noted that Roberts
et al. (2012), Stevens et al. (2013) and most recently, Spandler et al.
(2016), each reported new ages and expanded evidence for carbo-
natite tuffs in the overlying Oligocene Nsungwe Formation of the
RSG. The source of these carbonatite volcanics has yet to be iden-
tified, but reactivation of the Panda Hill carbonatite is one of the
more likely sources. Together with the recent work by Mesko et al.
(2014) showing that at least portions of both the Panda Hill and
Mbalizi carbonatites were erupted during the Jurassic, this suggests
that the age and nature of cross-cutting relationships between
carbonatite volcanics and the Galula Formationmust be considered
with great caution at this stage and highlights a need for more
comprehensive dating of that unit. Apatite-fission track dating from
the Rukwa Rift flanks indicate that a period of active rifting
occurred in the Late Jurassice Early Cretaceous (Van der Beek et al.,
1998), and is generally consistent with observations elsewhere in
Africa for the Early e middle Cretaceous (Roberts et al., 2010).

2.1.3. Vertebrate fauna and implications for Cretaceous
paleobiogeography

Vertebrate fossils from the Galula Formation are generally found
as isolated elements, although some associated and semi-
articulated to articulated skeletons have been discovered
(O'Connor et al., 2006, 2010). Representatives of several key
vertebrate groups have been described from the Galula Formation
(Table 1), including sauropod and non-avian theropod dinosaurs
(O'Connor et al., 2006; Gorscak et al., 2014, 2017), notosuchian and
peirosaurid crocodyliforms (O'Connor et al., 2010; Sertich and
O'Connor, 2014), ceratodontid and osteoglossomorph fishes
(Gottfried et al., 2009; O'Connor et al., 2006) and turtle elements of
unknown taxonomic affinity.

Fossils from the Namba Member exhibit affinities with other
eastern African Cretaceous localities (e.g., the Malawi Dinosaur
Beds), and taxa such as titanosaurian sauropod dinosaurs and
Table 1
Galula Formation vertebrate fauna. Based on O'Connor et al. (2006) and Roberts et al. (2

Namba Member M
Taxon Reference T
Osteichthyes -- O

Actinopterygii --
Teleostei --

Osteoglossomorpha --
Teleostei indet. --

Sauropsida --
Testudines -- S
Crocodyliformes --

Notosuchia --
Pakasuchus kapilimai O'Connor et al. (2010)
Notosuchia indet. --

Peirosauridae --
Rukwasuchus yajabalijekundu Sertich and O'Connor (2014)

Dinosauria (non-avian) --
Saurischia --

Theropoda indet. --
Sauropoda --

Titanosauria --
Rukwatitan bisepultus Gorscak et al. (2014)
Shingopana songwensis Gorscak et al. (2017)

Mammalia --
Gondwanatheria --

Sudamericidae Krause et al. (2003)
notosuchian crocodyliforms have been used as general biostrati-
graphic support for a middle Cretaceous (120e90 Ma) age inter-
pretation for the unit (O'Connor et al., 2006; Roberts et al., 2010). Le
Loeuff et al. (2012), however, suggest a later Cretaceous age for the
formation based on the presence of “derived titanosaurs”, mega-
loolithid eggshell (Gottfried et al., 2004) and a mammal provi-
sionally assigned to Gondwanatheria (Krause et al., 2003).

The Cretaceous reflects an important interval in the breakup of
Gondwana with profound effects on later faunal distribution pat-
terns. Paleomagnetic interpretations of the precise timing of plate
movements during the middle Cretaceous are hindered by the long
stable signal of the Cretaceous Normal Superchron (CNS), a ~38Myr
period of normal magnetic polarity from approximately 121e83
Ma. The lack of seafloor magnetic anomalies spanning this time
makes it difficult to constrain the onset, rate, and progression of
rifting between continents during the CNS. Consequently, the
precise timing of separation between Africa and other Gondwanan
landmasses is poorly resolved. To complicate matters, the fossil
record from this interval on continental Africa is sparse, with the
majority of Cretaceous exposures documented in northwestern
Africa (Fig. 1). Cretaceous fossil localities are less common from
Africa south of the equator, but notably include the ~Aptian Dino-
saur Beds of Malawi (e.g., Jacobs et al., 1990), the Berriasian-
Valanginian Kirkwood Fauna of South Africa (e.g., De Klerk et al.,
2000), the temporally well-constrained Turonian Tadi site of
Angola (Mateus et al., 2011), and the Galula Formation of south-
western Tanzania that is the focus of this study.

A traditional view of the breakup of Gondwana has rifting
beginning with the separation of “East Gondwana” (Indian sub-
continent, Madagascar, Australia and Antarctica) from “West
Gondwana” (South America and Africa) as the Indo-Madagascar
region began to separate from Africa in the Late Triassic to Early
Jurassic, with support for seafloor spreading between Africa and
Madagascar initiating by the late Middle Jurassic and a narrow
010), unless otherwise indicated.

tuka Member
axon Reference
steichthyes --

Sarcopterygii --
Dipnoiformes --

Dipnoi --
Ceratodontidae --

Lupaceratodus useviaensis Gottfried et al. (2004)
auropsida --

Testudines --
Crocodyliformes --
Dinosauria (non-avian) --

Saurischia --
Theropoda indet. --
Sauropoda --

Titanosauria --
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seaway separating the two by approximately 160 Ma (Coffin and
Rabinowitz, 1988; Lawver et al., 1992). Rifting between South
America and Africa in “West Gondwana” began in the Early
Cretaceous with spreading in the South Atlantic progressing
northward. Evidence from seafloormagnetic anomalies andmarine
fossils suggest there was a complete seaway separating South
America and Africa by ~100Ma (Channell et al., 1995; Maisey, 2000;
N�eraudeau and Mathey, 2000; Granot and Dyment, 2015). Simi-
larly, d18O from benthic foraminifera indicates a general cooling
associated with the formation of intermediate and deep-water
masses between South America and Africa by ~95 Ma (Friedrich
et al., 2012; Granot and Dyment, 2015).

Of particular interest is documenting the biogeographic isola-
tion of each Gondwanan landmass, when faunal exchange with
other landmasses ceased. Historically, two primary hypotheses
have emerged to explain patterns in biotic and geophysical data
from Gondwana. These have become known as the “Africa first”
and “pan-Gondwana” hypotheses, and reflect differing ideas con-
cerning faunal exchange within Gondwana through the end of the
Mesozoic.

The “Africa first” hypothesis, initially developed by Krause et al.
(1997, 1999, 2006) and expanded during later studies (e.g.,
Sampson et al., 1998; O'Connor et al., 2006), argues that Africa was
the first Gondwanan continent to become isolated by circum-
continental seaways, becoming completely separated from the
rest of Gondwana by the end of the Early Cretaceous (~100 Ma).
This view posits that faunal exchange between the Indian sub-
continent, Madagascar, Antarctica and South America persisted
into the Late Cretaceous. This idea finds support in the strong
similarities among fossil taxa (including crocodyliforms, non-avian
dinosaurs, and mammals) on Gondwanan continents exclusive of
Africa during the Campanian e Maastrichtian (Krause et al., 2006).
Geophysical models suggest that the Kerguelen Plateau and Gun-
nerus Ridge may have acted as land bridges facilitating exchange
between the “East Gondwana” continents, with South American
faunal exchangemaintained through its connectionwith Antarctica
into the Paleogene (Lawver et al., 1992; Hay et al., 1999).

The “pan-Gondwana” hypothesis (Sereno et al., 2004) argues
that Gondwanan landmasses maintained faunal exchange through
the Early Cretaceous, until approximately 100e90 Ma. At this time,
connections between Indo-Madagascar and Antarctica, Antarctica
and South America, and South America and Africa were terminated
nearly simultaneously, in a scenario more consistent with the
paleogeographic reconstructions of Scotese (2001). Support for this
hypothesis comes from the first discovery of abelisauroid thero-
pods in Africa (Sereno et al., 2004), a group well-documented in
Upper Cretaceous deposits of South America (e.g., Bonaparte and
Novas, 1985), India (e.g., Wilson et al., 2003) and Madagascar
(e.g., Sampson et al., 1998) and suggests that faunal exchange was
maintained between these landmasses closer to 95 Ma.

These historical hypotheses (summarized in detail by Krause
et al., 2006) offer testable predictions as a more robust African
fossil record emerges. The “Africa first” hypothesis predicts general
similarity between African taxa and those from other Gondwanan
continents until ~100 Ma. At this time, the African fauna would
progressively become more endemic, with the remaining land-
masses retaining faunal continuity until approximately 80 Ma. In
contrast, the “pan-Gondwana” hypothesis predicts a cosmopolitan
faunal distribution across Gondwana until after 90 Ma, followed by
a significant divergence in vertebrate faunas on each landmass.

Recent interpretations of the fossil record, combined with
refined perspectives offered from geophysical data and paleogeo-
graphical modelling (Ali and Krause, 2011) suggest that the Ker-
guelen Plateau and Gunnerus Ridge are unlikely to have provided
sufficient subaerial exposure to allow for dispersal of obligate
terrestrial taxa among continents during the Late Cretaceous.
Rather, the similar vertebrate faunas of Madagascar, South America
and India during the Campanian eMaastrichtian are interpreted to
reflect cosmopolitanism of the groups across Gondwana in general
during the Early Cretaceous, with long ghost lineages and a sig-
nificant sampling bias (with minimal data from the African conti-
nent) fueling patterns observed in the Late Cretaceous. This idea is
supported by stratigraphically calibrated phylogenies of major
terrestrial vertebrate clades from the Cretaceous of Gondwana,
including abelisauroid theropods, titanosaurian sauropods and
notosuchian crocodyliforms, where theminimum divergence times
estimated for each of the clades pre-dates the end of the Early
Cretaceous and isolation of these continents (Ali and Krause, 2011).
Contemporary research continues to evolve as considerations
regarding the distribution of continental vertebrates from Africa,
and Eurogondwana more generally, grow with increased sampling
from selected areas (e.g., Morocco, Egypt; Longrich et al., 2017;
Sallam et al., In Press) and evolving interpretations of the African
continental vertebrate fossil record (e.g., Ezcurra and Agnolín,
2012).

2.2. Previous paleomagnetic studies from the Cretaceous of Africa

To date, no comprehensive paleomagnetic studies have been
conducted for the Galula Formation in the Rukwa Rift Basin. Nairn
(1964) conducted a preliminary paleomagnetic study onwhat were
then identified as “Cretaceous red sandstones” from the Songwe
River valley, though early confusion of Mesozoic and Cenozoic
lenses in that region obscure the relevance of that work for eluci-
dating the age of the Galula Formation. Moreover, no attempt was
made to isolate a primary characteristic remanent magnetization
(ChRM) from these samples, yielding ambiguous interpretations.
Nyblade et al. (1993) conducted a paleomagnetic study of Permian
Karoo rocks from Tanzania and reported an anomalous paleomag-
netic pole positionmore consistent with a Late Cretaceous age from
siltstone in the Songwe e Kiwira region (correlated to bed K5,
following the stratigraphy of Stockley (1932)). These results likely
indicate a Cretaceousmagnetic overprint on Permian rocks. Roberts
et al. (2012) analyzed a pilot sample of Galula Formation sand-
stones from the uppermost part of the formation while developing
the magnetostratigraphy for the overlying Nsungwe Formation.
Results from that work showed that thermal demagnetization
procedures were successful at isolating a ChRM in the Galula For-
mation and that magnetostrigraphy could provide a means of
further constraining the age of the Galula Formation, thus
providing motivation for the current study.

The majority of paleomagnetic results from the Cretaceous of
mainland Africa come from isolated igneous units, including
several Late Cretaceous kimberlites from southern Africa
(Mcfadden and Jones, 1977; Ito et al., 1978; Hargraves and Onstott,
1980; Hargraves, 1989; Fontana et al., 2011), the Lower Cretaceous
Lupata volcanic series of Mozambique (Gough and Opdyke, 1963)
and the Wadi Natash volcanics of Egypt (Schult et al., 1981). Addi-
tional units include Lower Cretaceous exposures in Namibia and
Angola associated with the Paran�a-Etendeka igneous province
(Gidskehaug et al., 1975; Dodd et al., 2015) and the northern vol-
canic field of Sudan (Saradeth et al., 1987). These results, in addition
to several Upper Cretaceous volcanics from Madagascar (rotated
relative to southern Africa) have been used to construct an
apparent polar wander path (APWP) for the African continent
through the Cretaceous (Besse and Courtillot, 2002) but are less
useful for continent-wide correlation and age determination.

Far fewer paleomagnetic studies have focused on sedimentary
units from the Cretaceous of Africa. The most extensively studied of
these are the Upper Cretaceous Nubian Sandstone of Egypt (El
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Shazly and Krs, 1973; Schult et al., 1978, 1981; Hussain and Aziz,
1983; Odah, 2004) and the Lower Cretaceous “Infracenomanian
sandstones” of central Morocco (Hailwood, 1975; Martin et al.,
1978). Paleomagnetic studies focused on sedimentary rocks of
southern Africa are particularly sparse, and limited to only a few
samples of red siltstone collected fromMozambique and correlated
to the Lupata volcanic series (Gough and Opdyke, 1963), the pre-
liminary samples collected from the Songwe region described
above (Nairn, 1964; Roberts et al., 2012) and a more detailed
magnetostratigraphic study by Strganac et al. (2014) of Upper
Cretaceous marine sediments from the Namib Basin of Angola.

In light of the sparse magnetostratigraphic record for the
Cretaceous of Africa when compared to other continents, devel-
oping detailed magnetostratigraphy for the Galula Formation will
provide an important reference frame for future magnetostrati-
graphic studies in the region and a means of correlation between
geographically distant locales.

3. Methods

3.1. Field sampling

Field work for this study was completed in the southern portion
of the Rukwa Rift Basin, in the Galula and Songwe regions (Fig. 1).
Samples were collected from 52 sites across four exposures of the
Galula Formation. Two primary sections were selected based on
their important fossil contributions and stratigraphic positions
spanning the oldest and youngest portions of the Galula Formation.
These were the TZ-07 section (Songwe region) and the Mtuka River
section (Galula region). Additional paleomagnetic samples were
collected from outcrops of the Galula Formation along the Songwe
River and along the Hamposia River, where the Galula Formation
sits unconformably below the Utengule Member of the Nsungwe
Formation and the Lake Beds succession. Four to six samples were
collected as independently oriented hand-samples from each
sampling site for paleomagnetic analysis. Where possible, fine-
grained lithologies were targeted for paleomagnetic sampling as
they preserve a higher proportion of single-domain magnetic
mineral grains that carry a more stable remanent magnetization
when compared to coarser, multi-domain grains (Butler and
Banerjee, 1975). The general bedding attitude was also measured
to allow for structural corrections.

The TZ-07 section was measured using a Jacob's staff and
paleomagnetic sample sites were then referenced to the section
measured by Roberts et al. (2004). Paleomagnetic sample sites from
the Mtuka River were referenced to the section measured and
illustrated by Roberts et al. (2010) using GPS coordinates and
physical landmarks.

3.2. Laboratory processing

Three paleomagnetic samples from each sitewere cut into 8 cm3

cubes and these samples were subjected to stepwise thermal
demagnetization procedures (between 25�e690 �C) using an ASC
Model TD-48 SC thermal demagnetizer to isolate the characteristic
remanent magnetization (ChRM). Sample magnetization was
measured using a 2G 755 4 K Superconducting RockMagnetometer
in a three dimensional DC coil low field cage in the University of
New Hampshire Paleomagnetism Laboratory and using the Cry-
oMag paleomagnetic software package (Wack, 2010). Following
demagnetization, samples were analyzed using the PuffinPlot
paleomagnetic data analysis program (Lurcock and Wilson, 2012)
and mean ChRM directions and associated Fisher statistics were
calculated for each site. An unanchored principal component
analysis (PCA) was used to define a best-fit line through
demagnetization steps trending towards the origin to identify the
ChRM (Kirschvink, 1980). The maximum angular deviation (MAD)
was calculated for the ChRM of each sample and only samples with
aMAD less than 15� were included in the study. Some samples with
a ChRM suggesting reversed polarity did not show final demag-
netization steps with a clear trend towards the origin, but did
display an intermediate temperature component clearly following
a great circle path toward a south and down direction. For these
samples, a great circle was fit through the points that characterized
the southward movement and the site mean direction was deter-
mined either by the intersection of the great circles, or by calcu-
lating the Fisher mean of the great circle intersection and any PCA
directions from the site (McFadden and McElhinny, 1988). A third
class of samples did not show clear demagnetization towards the
origin and did not follow a great circle path. Rather, demagnetiza-
tion steps converged on a point somewhat away from the origin.
For these sites, a Fisher meanwas used to characterize the ChRM. A
fourth class of samples displayed demagnetization behavior that
was too unstable to interpret reliably and were excluded from
further analyses.

Sites characterized entirely by PCA defined ChRM directions are
considered themost reliable alpha (a) sites whereas those sites that
included great circle directions or Fisher means were treated as less
reliable beta (b) sites. Sites that did not pass the Watson (1956) test
for randomness were excluded from the study. A fourth samplewas
analyzed from sites that had one or more samples with ambiguous
or unresolved ChRM directions to help elucidate the site polarity.
Additional calculations, including determinations of virtual
geomagnetic pole (VGP) and paleomagnetic pole positions, in
addition to reversal and fold tests for paleomagnetic stability were
performed using the PmagPy software package (Tauxe, 2011).

In order to better understand the mineralogy controlling mag-
netic remanence of the Galula Formation, samples from 15 sites
were selected to undergo isothermal remanent magnetization
(IRM) experiments. These samples were selected to encompass the
full range of observed lithologies and demagnetization patterns
and included samples from each of the Galula Formation exposures
sampled in this study. IRM samples were cut into 1 cm3 cubes and
subjected to increasing magnetic field intensities between 0 and
1.1 T using an ASC IM10 impulse magnet. A maximum field of 1.1 T
was then applied to the x-axis of the sample, 0.4 T to the y-axis, and
0.12 T to the z-axis, following the procedure of Lowrie (1990). In
doing so, magnetic moments of those mineral grains with the
highest coercivity (between 0.4 T and 1.1 T) were oriented along the
x-axis and the moments of minerals with the lowest coercivity
(below 0.12 T) were oriented along the z-axis, with moments of
intermediate coercivity grains oriented in the y direction. Samples
subsequently underwent stepwise thermal demagnetization using
the following temperature steps: 25, 100, 125, 150, 200, 300, 400,
500, 540, 560, 580, 610, 625, 655 and 690 �C, and the magnetic
intensity for each axis was examined separately. The demagneti-
zation pattern, together with the maximum unblocking tempera-
tures were then used to infer the magnetic mineralogy. Minerals
such as magnetite and maghemite are characterized by their low
coercivities and intermediate unblocking temperatures, while he-
matite and goethite can be identified by their high coercivity (in
excess of 1.1 T) (Lowrie, 1990). Hematite and goethite can be further
distinguished from each other by their maximum unblocking
temperatures (~120 �C for goethite and ~680 �C for hematite)
(Lowrie, 1990). The grain size and composition of the magnetic
mineral assemblages, as determined from the IRM experiments,
can help to reconstruct the timing and geological setting that the
ChRM was acquired.
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4. Results

4.1. Isothermal remanent magnetization (IRM) experiments

IRM acquisition curves (Fig. 2) reveal that Galula Formation
samples do not become fully saturated, even when exposed to
magnetic fields up to 1.1 T. This is characteristic of samples domi-
nated by hematite, but may also be indicative of other high coer-
civity minerals like ferromagnetic goethite (Lowrie, 1990). Samples
from TZ-07 differ from other exposures in having a more shallowly
sloping acquisition curve under lower applied magnetic fields (less
than ~0.5 T), and likely contain a smaller proportion of low coer-
civity minerals such as detrital magnetite, maghemite, or multi-
domain hematite when compared to the Mtuka section, Hamposia
section, and Galula Formation e Nsungwe Formation contact site
locations (Fig. 2).

Stepwise demagnetization of acquired IRM (Fig. 3) supports the
prevalence of hematite in all samples, as seen by complete
demagnetization at temperatures close to 690 �C. Samples from the
TZ-07 section generally show a large proportion of high coercivity
minerals. Here, the hard axis (x-axis) consistently makes up the
largest proportion of the IRM. Samples from TZ-07 do vary in their
demagnetization patterns, however, with some samples showing a
relatively consistent decrease in magnetization intensity until
~690 �C (e.g., RB1404, RB1411, and RB1422), whereas sample
RB1407 shows a pronounced drop in magnetization intensity
occurring between ~500 and 600 �C. This change in slope is
consistent with a small amount of magnetite. Samples from the
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Fig. 2. IRM acquisition curves for (A) TZ-07 (Namba Member), (B) Mtuka Member, (C)
Other Namba Member sites: Hamposia River (RB14415 and RB1416) and Galula Fm. e
Nsungwe Fm. contact site (RB1488).
Mtuka section, Hamposia section, and Galula Fm. e Nsungwe Fm.
contact site show a greater variety of demagnetization trends, with
some samples showing a larger proportion of low coercivity (e.g.,
RB1431) or intermediate coercivity minerals (e.g., RB1435 and
RB1445). A similar sharp change in magnetization intensity
observed at ~580 �C suggests that magnetite may be present in
small amounts in each of the four exposures sampled.

4.2. Thermal demagnetization

In general, paleomagnetic samples from the Galula Formation
become fully demagnetized at temperatures approaching 690 �C
(Supplemental Material). Most samples preserve three components
of natural remanent magnetization (NRM). These include a very
weak viscous overprint component that is removed between 0 and
100 �C, an intermediate component that is stable between 100 and
approximately 600 �C as well as a ChRM component that is stable
above 600 �C. Representative vector end point diagrams, equal area
projections, and intensity plots displaying demagnetization pat-
terns are shown in Figs. 4 and 5.

Of the 102 samples analyzed from 31 sites in the Namba
Member, 81 samples displayed clear demagnetization patterns
above 600 �C with a ChRM direction that could be characterized by
fitting a line through high temperature points trending towards the
origin (PCA). Twelve samples showed an intermediate component
whose points followed a great circle path that was used to identify
the ChRM (GC) and six samples were characterized by taking a
Fisher mean of the final demagnetization step directions. Three
samples were excluded from study, either because they were
potentially mis-oriented during the collection process (n ¼ 2) or
displayed ambiguous or unresolved polarity (n ¼ 1) (Supplemental
Material).

Seventy-five samples from 21 sites were examined from the
Mtuka Member. Of these, 53 samples were characterized using PCA
and 17were characterized using Fishermeans. No samples from the
Mtuka Member were interpreted using great circles and five sam-
ples were not evaluated due to their ambiguous demagnetization
patterns (Supplemental Material).

4.3. Site calculations and polarity determination

Out of the 31 sites sampled from the Namba Member, 24 were
alpha level sites and four were beta level sites. Three sites did not
pass the Watson test for randomness at the 95% confidence level
and were excluded from site-level analyses (Supplemental Mate-
rial). Three sites, all from the TZ-07 locality, clearly preserved a
stable, high temperature reversed component (Fig. 6A). This
reversed component was identified in each of the four samples
measured from the three sites, along with a strong normal over-
print. Consequently, these sites were considered to represent
reversed periods in the geomagnetic field when the rocks were
initially magnetized. One site (RB1409) yielded a mixed polarity,
with individual samples providing conflicting polarity de-
terminations. Although this site did not pass the Watson test and
was excluded from further analysis, it is worth noting that it
occurred immediately above one of the reversed sites, potentially
recording instability in the magnetic field during a reversal. Alpha
and beta level sites together from the Namba Member yield a mean
declination and inclination of 352.2�/-33.2� when tectonic correc-
tions are applied to the bedding and the reversed site directions are
inverted (Fig. 6A).

Of the 21 sample sites in the MtukaMember, 11 were alpha level
sites, twowere beta level sites and eight sites were unusable, either
because they failed the Watson test or because fewer than three
samples from the site yielded reliable information (Supplemental
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Material). The Mtuka Member did not preserve any clearly reversed
sites, although there were a number of sites with mixed polarity.
These sites did not pass the Watson test and were excluded from
further study. Alpha and beta level sites from the Mtuka Member
yield a mean declination and inclination of 359.5�/-46.2� after
applying tectonic corrections (Fig. 6B).
4.4. Tests for paleomagnetic stability

Alpha level sites (n ¼ 24) from the Namba Member passed the
fold test (Tauxe and Watson, 1994), and display maximum clus-
tering of directions between 47 and 104% untilting, consistent with
a prefolding magnetization (Supplemental Material). Sites from the
Mtuka Member do not display adequate variation in bedding atti-
tude to apply the fold test, and the test is therefore not statistically
powerful enough for constraining the timing of magnetization.

A parametric bootstrap reversal test (Tauxe et al., 2016) was also
applied to the Namba Member as this is the only portion of the
Galula Formation that preserves reversed polarity sites. When the
mean direction of the reversed polarity sites (n ¼ 3) is inverted, the
95% confidence interval overlaps with that of the normal polarity
sites (n ¼ 25) in each Cartesian direction, indicating that these
populations are not significantly different (Supplemental Material).
The small reversed population size, however, makes this test
somewhat weak.
4.5. Magnetic reversal stratigraphy

A revised stratigraphic section for the TZ-07 locality measured
by Roberts et al. (2004) includes approximately 140 m of sediment
associated with the Namba Member. Paleomagnetic sample sites
for this study were collected through the lower 105 m, as the up-
permost portion of the section was characterized by heavy vege-
tation cover and deep weathering. Each of the short reversed
intervals from the TZ-07 section is represented by only one sam-
pling site (Fig. 7). One of these sites occurs in the lower middle
portion of the section (approximately 33 m) whereas the other two
reversed intervals are located near the top of the sampled section
(94 m and 104 m). Additional paleomagnetic samples were
collected from sites immediately surrounding the reversed in-
tervals during a second field season and confirmed the short
duration of these intervals by having normal polarity adjacent to
the reversed sections.

The original stratigraphic section measured from the Mtuka
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River section (Roberts et al., 2010) includes approximately 160 m of
relatively continuous exposures of the Mtuka Member and
approximately 350 m of relatively discontinuous exposures of the
Namba Member. Paleomagnetic samples were collected through
the entire Mtuka Member, as well as the lowermost ~50 m of the
Namba Member (Fig. 8). The Mtuka and Namba members are both
characterized by a dominant normal polarity, with ambiguous
mixed polarity sites (described above) found throughout the sec-
tion in both members.

Paleomagnetic sample sites from the Hamposia and Songwe
Rivers display entirely normal polarity and lack the mixed polarity
signals that characterize the Mtuka River section.

4.6. Paleomagnetic pole

Paleomagnetic poles calculated from alpha level sites in the
Namba (246.4�/77.9�, a95 5.9�) and Mtuka (217.1�/72.2�, a95 11.1�)
members overlap with the Late Cretaceous apparent polar wander
path (APWP) for Africa and are most similar to the poles from the
60e70 Ma age range (Fig. 9; Besse and Courtillot, 2003; Torsvik
et al., 2012). It should be noted, however, that there is consider-
able overlap with a wide range in ages between 100 Ma and 30 Ma.
Red beds, such as the Galula Formation, are particularly susceptible
to inclination shallowing during deposition, potentially leading to
offset between their observed inclination and that predicted from
their paleolatitude (Tauxe and Kent, 2004). We corrected for
inclination shallowing using a flattening factor of G ¼ 0.6 on site
mean directions from the Namba and Mtuka members, following
the procedure of Tauxe and Kent (2004), to test whether this would
improve the fit of our calculated paleomagnetic poles with the
African APWP. The corrected poles do not consistently align more
closely with the published APWPs or change our preferred corre-
lation andwe therefore use the uncorrected poles in this paper. As a
whole, the paleomagnetic poles are most consistent with a Late
Cretaceous age for the Namba and Mtuka members, an estimate
that is somewhat younger, but not inconsistent, with previous age
estimates based on biostratigraphy and regional geology (see Sec-
tion 2.1.3).

5. Discussion

5.1. Correlation to the geomagnetic polarity timescale (GPTS)

The relatively long (~150 m) exposure of the Mtuka Member
sampled for this study preserves dominantly normal polarity
throughout, and is consistent with deposition during the CNS,
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between approximately 121 Ma and 83 Ma. Sedimentological evi-
dence, however, supports a relatively slow generation of accom-
modation space and sediment deposition for the Galula Formation
(Roberts et al., 2010), a characteristic that increases the chance of
missing a reversed interval in a sampling gap. The vertebrate fauna
from the Mtuka Member is equivocal in terms of constraining the
age of this member further, however it is generally consistent with
deposition during the CNS in the middle Cretaceous. Further



Fig. 7. (A) TZ-07 stratigraphic section (Roberts et al., 2004, Fig. 5) plotted next to (B) virtual geomagnetic pole (VGP) latitude, (C) inferred polarity, and (D) VGP positions (reversed
sites inverted).
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refinement of the fauna or discovery of datable volcanic material
will be necessary for a more precise age.

Another notable feature of the paleomagnetic record from the
Mtuka Member is the prevalence of sites with samples showing
conflicting polarity. It is possible that this reflects instability in the
geomagnetic field at this time; however, the demagnetization of
acquired IRM suggests that a combination of high and low coer-
civity magnetic minerals over a range of grain sizes are present,
indicating that variable lithology may play a larger role in the
heterogeneity of paleomagnetic results from the Mtuka Member.



Fig. 8. (A) Mtuka River stratigraphic section (Roberts et al., 2010, Fig. 7) plotted next to (B) virtual geomagnetic pole (VGP) latitude, (C) inferred polarity, and (D) VGP positions.
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Fig. 9. (A) 200 Myr master apparent polar wander path (APWP) for Africa (Besse and Courtillot, 2003; black) and 200 Myr APWP for Gondwana in South African coordinates
(Torsvik et al., 2012; blue) with paleomagnetic poles calculated for the Mtuka and Namba members (red). (B) Rectangle outlines poles from Besse and Courtillot (2003) that overlap
with either member with a95 confidence ellipses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Alternatively, these results could indicate variable degrees of later
remagnetization or magnetic overprinting in the Mtuka Member,
something that is less pronounced in NambaMember samples from
the Hamposia section, TZ-07 and the Galula Formation e Nsungwe
Formation contact site. Similar lithological influence on paleo-
magnetic behavior has been documented in other portions of the
CNS (e.g., Cronin et al., 2001) and proposed as a counterargument to
suggested excursionary behavior during this interval.

Despite having a better understood, and potentially more
temporally diagnostic vertebrate fauna, the Namba Member cor-
relation to the GPTS is more uncertain than the Mtuka Member.
Assuming the three, short-duration reversed periods near the top
of the unit are indeed representative of magnetic field reversals (an
assumption that is supported by having four consistently reversed
samples from each site), a logical correlation would be to the three
short reversed periods in Chron C32 (Fig. 10A). This correlation
would place the TZ-07 fossil localities in the upper Campanian or
lowermost Maastrichtian. This correlation is compatible with the
known vertebrate fauna, particularly given the occurrence of a
gondwanatherian mammal, a group whose currently known range
begins in the Campanian.

The paleomagnetic poles calculated for the Galula Formation
(this study) are also consistent with a Late Cretaceous age (Cen-
omanian or younger; Fig. 9). Geological age constraints, however,
are less supportive of a Campanian age for the Galula Formation,
and rather suggest a middle Cretaceous age for at least part of the
unit (Fig. 11). The age of emplacement (~119e96 Ma) for regional
carbonatite found to cross-cut red beds presumably associatedwith
the Galula Formation (Fawley and James, 1955; Roberts et al., 2010),
is generally consistent with age estimates based on the seismic
velocity e depth relationship (Faust, 1951; Mliga, 1994), maximum
age estimates for the TZ-07 locality (Namba Member) based on
detrital zircons (Fig. 11) and contemporaneous deposition with the
Aptian Malawi Dinosaur Beds. Together, these point to an Aptian e
Cenomanian age, though it remains unclear how the individual
members of the Galula Formation fit into this age framework.
Moreover, recent uncertainty surrounding the age of the Panda Hill
Carbonatite (see Section 2.1.2 for discussion) complicates its use as
a significant age constraint for the formation.

If the Namba Member is Campanian in age as suggested by this
paleomagnetic correlation, its deposition could be associated with
continent-wide tectonic activity during the Late Cretaceous.
Changing seafloor-spreading configurations in the southern and
central Atlantic Ocean basins during this time correspond to the
development of compressional and shearing forces with associated
sedimentation in theWest and Central African Rift Zones (Fairhead,
1988; Fairhead and Binks, 1991; Binks and Fairhead, 1992). Apatite
fission track analysis paired with numerical thermal modelling
from northern Namibia also reveal a period of cooling and denu-
dation beginning at approximately 70 Ma in southern Africa,
postdating the initial opening of the Atlantic ocean at approxi-
mately 130Ma (Brown et al., 2014). There is also evidence for rifting
initiating in eastern Africa in the Anza Basin of Kenya during the
Cenomanian and continuing through the Maastrichtian (Bosworth
and Morley, 1994). Under this scenario, deposition of the Namba
Member could be contemporaneous with formation of the Lapurr
Sandstones of Kenya, interpreted to be Turonian e Campanian and
associated with the initiation of rifting in the Anza Basin (O'Connor
et al., 2011).

An alternative correlation would assign one of the TZ-07 re-
versals to C33r, an approximately 4 Myr reversed period at the base
of the Campanian (Ogg and Hinnov, 2012). This correlation would
give a pre-Campanian age to fossils at the TZ-07 locality. This
interpretation is difficult to reconcile with the span of time (3.74
Myr) that would be represented by the short reversals in this part of
the section. Sedimentation rates calculated for each of the reversed
intervals, assuming correlation to Chron C33r, are two orders of
magnitude lower thanwhat is expected for fluvial environments in
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general (Sadler, 1981), whereas rates calculated for the C32 re-
versals are consistent with observed values. Additionally, there are
no well-documented reversals close to C33r that would correlate to
the other two reversals at TZ-07. This correlation is therefore not
favored.

A third interpretation that deserves consideration is that these
reversals represent short reversed periods during the CNS (Fig. 10B)
The observation of short magnetically-reversed intervals during
this presumably stable time for Earth's geomagnetic field has
recently gained attention in the literature as the result of more
detailed magnetostratigraphic investigations from marine sedi-
ments (Ryan et al., 1978; Hailwood, 1979; Tarduno, 1990; Ogg and
Hinnov, 2012). Seafloor sediment cores support the presence of a
short reversed period stratigraphically above ChronM0r andwithin
the narrowly defined Globigerinelloides alergerianus biostrati-
graphic zone (middle Aptian) (Tarduno,1990). This reversed period,
variably referred to as “ISEA” or Chron M -1r, is estimated to
represent only approximately 100 kyr (Hailwood, 1979; Tarduno,
1990), possibly accounting for its absence in the seafloor mag-
netic anomaly record. Subsequent work in the Albian Contessa
Section of Italy as well as additional seafloor drilling revealed
support for two additional reversed intervals during the Albian
(Chrons M -2r and M -3r) and strengthens the argument for short
magnetic reversals during the CNS (Keating and Helsley, 1978;
Hailwood, 1979; Tarduno et al., 1992; Ogg and Hinnov, 2012),
although it has been proposed that these may merely reflect
reversedmagnetic overprints imposed during Chron C33r (Tarduno
et al., 1992).

Magnetostratigraphic studies focused on constraining the end of
the CNS, have also found reversed intervals stratigraphically below
C33r. A high resolution, geochronologic and magnetostratigraphic
investigation of the Songliao Basin, China (He et al., 2012; Wang
et al., 2016) found three short reversed intervals near the end of
the superchron (early Santonian, ~85 Ma). Work focused on the
Coniacian e Campanian chalk sequences of England found pre-
dominantly reversed layers in the Campanian portion of the sec-
tion, with multiple short reversals during the Coniacian e

Santonian leading up to the end of the CNS (Montgomery et al.,
1998), a finding that is supported by study of Cenomanian e

Campanian deposits of Turkmenistan (Guzhikov et al., 2003).
Although there is no strong consensus concerning the precise

timing for reversals during the CNS, there is growing support for
their existence. Most evidence supports three short reversals dur-
ing the Aptian e Albian (M -1r, M -2r, and M -3r) (Ogg and Hinnov,
2012) as well as a mixed polarity interval later in the CNS (Cen-
omanian e Santonian). The short duration of these reversed pe-
riods, as well as the temporal overlap with several lines of faunal
and geological age constraints make these a reasonable interpre-
tation for reversals in the Namba Member, particularly reversals
near the end of the CNS. We consider this as an alternative corre-
lation for the Namba Member, with a preferred correlation for the
Namba Member being Chron C32. Final resolution of these
competing correlations for the Galula Formation will require the
application of additional chronostratigraphic methods to further
constrain its age.
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5.2. Correlation to the Malawi Dinosaur Beds

The Cretaceous Dinosaur Beds of Malawi (Jacobs et al., 1990) are
thought to overlap in time, at least partially, with the Galula For-
mation and are considered to be one of its best analogs. These beds
occur in the Malawi Rift, a continuation of the Western Branch of
the East African Rift System, approximately 200 km southeast of
the Galula Formation exposures. The Dinosaur Beds are lithologi-
cally varied, with a lower member comprised of deep red stained
sandstones that lacks fossils, and an upper, fossil-rich member
comprised of white sands and grey to redmudstones and siltstones
(Jacobs et al., 1990). Several vertebrate taxa have been recognized
from the Malawi Dinosaur Beds, including two species of
osteichthyans, two anurans, a pelomedusid turtle, notosuchian and
non-notosuchian crocodyliforms, as well as non-avian theropods
and titanosaurian sauropods (Jacobs et al., 1990; Gomani, 1997,
2005).

The Malawi Dinosaur Beds have traditionally been assigned an
Aptian age, based on the vertebrate fauna as well as a lacustrine
ostracod assemblage. The ostracods are assigned to the family
Cyprididae, and tentatively to the genus Horcquia (Colin and
Jacobs, 1990). This genus is known from primarily Aptian de-
posits in western Africa and South America, and constrain the age
of the Dinosaur Beds to Late Jurassic e Aptian, with strongest
support for a Barremanian e Aptian age (Colin and Jacobs, 1990).
Faunal comparisons with other African vertebrate localities sug-
gest the Malawi Dinosaur Beds are younger than the Jurassic
Tendaguru Beds of Tanzania, and more similar to the Lower
Cretaceous (~Aptian) units of western Africa, including the
Gadoufaoua locality in Niger and the Koum Basin, Cameroon
(Jacobs et al., 1990). These localities, however, are imprecisely
dated, with Gadoufaoua having only a minimum age constraint
from overlying Cenomanian marine beds (Taquet, 1976) and a
fauna that is generally consistent with an Early Cretaceous age.
The Koum Basin is less constrained and merely correlated to
Gadoufaoua based on general faunal similarities.

Like the Galula Formation, the Malawi Dinosaur Beds lack
rigorous age constraint from radiometric dating, and similarly, no
primary volcanic material has been recovered from these beds to
help resolve this issue. Furthermore, no magnetostratigraphic
study of the Dinosaur Beds has been conducted to support the
Aptian age assignment or provide a means to correlate with the
Galula Formation. The uncertainty surrounding these ages and
correlations with other African Cretaceous faunas and rock units
highlights the need for additional work before the Galula Forma-
tion and Dinosaur Beds can be confidently placed within a regional,
continental, and global context.

Titanosaurian sauropods are a conspicuous element of both the
Galula Formation (Namba Member) and the Malawi Dinosaur Bed
faunas. However, recent analyses have not identified close re-
lationships among these forms (Gorscak and O'Connor, 2016;
Gorscak et al., 2017). Also, both the Namba Member and the
Malawi Dinosaur Beds preserve notosuchian crocodyliforms, a
group that has thus far not been recovered from the lower Mtuka
Member. Nonetheless, the putative Aptian age for the Dinosaur
Beds and a similar age assessment of the Mtuka Member as pre-
sented herein suggests a potential correlation for these two units.
Ongoing faunal analyses based on materials (e.g., an undescribed
titanosaurian sauropod) recovered from the Mtuka Member of the
Galula Formation may directly address this point. Finally, a correl-
ative relationship between the Mtuka Member and the Malawi
Dinosaur Beds also supports the interpretation that the Namba
Member and its associated fauna is younger than that of theMalawi
Dinosaur Beds, minimally consistent with the observation noted
above about the distinct dinosaurian faunas in the two units.
5.3. Cretaceous paleobiogeography implications

Both magnetostratigraphic correlations supported by this study
suggest deposition of the Namba Member occurred after 100 Ma,
and minimally allow us to constrain the timing of deposition to
Cenomanian e Campanian (Fig. 10). All models for the breakup of
Gondwana suggest that continental Africa should be isolated from
other continents by this time. The vertebrate fauna from the Namba
Member remains generally similar to other Late Cretaceous
Gondwanan locales. At a higher degree of examination, previous
faunal comparisons using sauropod dinosaurs and mammal-like
notosuchian crocodyliforms from Tanzania and Malawi with
those from circum-Saharan localities suggested that the southern
representatives of these groups are more similar to each other than
to their northern counterparts (Gomani, 2005; O'Connor et al.,
2010; Gorscak et al., 2014, 2017; Sertich and O'Connor, 2014),
supporting the notion of faunal provinciality in Africa during the
Cretaceous. This pattern may also be present in African lungfishes,
with the Galula Formation Lupaceratodus useviaensis (Gottfried
et al., 2009) possessing several characteristics not exhibited by
forms known from northern Africa. In contrast, the NambaMember
peirosaurid Rukwasuchus yajabalijekundu (Sertich and O'Connor,
2014) closely resembles middle e Late Cretaceous crocodyliforms
known from circum-Saharan Africa, including Stolokrosuchus lap-
parenti and Hamadasuchus rebouli and expands the previously
known range for this group into southern Africa. The peirosaurid
from Tanzania, therefore, provides some of the strongest evidence
for a more widespread distribution for certain clades across the
African Continent during the Cretaceous, with future fossil dis-
coveries from southern Africa being critical to further assess the
generality of such patterns.

The Mtuka Member is likely Aptian e Cenomanian given its
normal polarity and stratigraphic position below the Namba
Member (Fig. 10). Until the Mtuka fauna is developed further, it has
little utility for evaluating the existing paleobiogeographic hy-
potheses. The Early e middle Cretaceous age of this member,
however, places it in an important position to potentially test these
hypotheses as the fauna becomes better understood. Under each of
the paleobiogeographic hypotheses, the Aptian e Albian faunas of
continental Africa are predicted to be similar to other Gondwanan
landmasses with the faunas beginning to diverge either before
(“Africa First” hypothesis) or after (“Pan-Gondwana” hypothesis)
the Albian e Cenomanian transition.

6. Conclusions

Usingmagnetostratigraphy to constrain the timing of deposition
for the Galula Formation, we find that the upper Namba Member is
characterized by three short magnetic reversals near the top of the
section. We propose two potential correlations for relating these
reversals to the GPTS, with the first one favored here: (1) These
reversals may be equivalent to Chron C32 (Campanian), or (2) the
reversals may represent short excursions during the upper part of
the CNS (C34n). Together these interpretations constrain the age of
the Namba Member to Cenomanian e Campanian, a significant
refinement over previous constraints. The underlying Mtuka
Member is dominated by normal polarity, consistent with deposi-
tion in the lower portion of the CNS (Aptian e Cenomanian). The
paleomagnetic poles calculated for the Namba (246.4�/77.9�, a95
5.9�) and Mtuka (217.1�/72.2�, a95 11.1�) members are also most
consistent with a Late Cretaceous (Cenomanian or younger) age.

These results provide important new constraints on the age of
the paleontologically important Galula Formation andwill facilitate
correlation to other African units as their magnetostratigraphy (and
age constraint more generally) becomes better developed.
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Additional chronostratigraphic work is needed in the Rukwa Rift
and other African vertebrate-bearing locales to understand the
vertebrate faunas from the Galula Formation in the context of
competing paleobiogeographic hypotheses and to understand the
relationship between the Galula fauna and those of other Gond-
wanan regions.
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