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(core 2670, 118 cm); 17. Plectofrondicularia sp. A (core 2670, 168 cm); 18. Plectofrondicularia
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Plate 2. 1. Plectofrondicularia sp. B (core 2670, 168 cm); 2. Plectofrondicularia sp. C (core 2670, 148
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7b. Lenticulina inornata (marginal view) (core 2670, 128 cm); 8a. Lenticulina iota (spiral view);
8h. Lenticulina iota (marginal view) (core 2670, 158 cm); 9. Saracenaria italica (core 2670, 138
cm); 10. Saracenaria italica with aperture visible (core 2670, 138 cm); 11. Saracenaria sp. (core
2670, 108 cm); 12a. Saracenaria spinosa; 12b. Saracenaria spinosa (marginal view); 12c.
Saracenaria spinosa with broken aperture visible (core 2670, 77 CM). .....ccovvrirvcneniinene 114

Plate 3. 1. Astacolus crepidulus (core 2670, 168 cm); 2a. Amphicoryna scalaris var. hirsuta; 2b.
Amphicoryna scalaris var. hirsuta (apertural view) (core 2670, 148 cm); 3. Amphicoryna sp.
(core 2670, 168 cm); 4a. Amphicoryna sp.; 4b. Amphicoryna sp. with apertural neck visible (core
2670, 148 cm); 5a. Amphicoryna sublineata; 5b. hirsute structures at base of chamber of
Amphicoryna sublineata (core 2670, 118 cm); 6. Marginulina costata (core 2670, 89 cm); 7.
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2670, 168 cm); 15. Vaginulina sp. (core 2670, 158 cm); 16a. Vaginulina sp.; 16b. Vaginulina sp.
(side view); 16c¢. Vaginulina sp. (aperture) (core 2670, 168 cm) (core 2670, 168 cm).............. 115

Plate 4. 1a. Glandulina laevigata (core 2670, 98 cm); 1b. Glandulina laevigata; 2a. Bolivina reticulata;
2b. Bolivina reticulata (apertural view) (core 2670, 148 cm); 3. Brizalina alata (core 2670, 178
cm); 4. Globocassidulina subglobosa (core 2670, 178 cm); 5. Globocassidulina subglobosa with
aperture visible (core 2670, 108 cm); 6. Uvigerina peregrina (core 2670, 178 cm); 7. Uvigerina
pygmaea (core 2670, 85 cm); 8. Uvigerina spinulosa (core 2670, 178 cm); 9. Orthomorphina
jedlitschkai (core 2670, 118 cm); 10a. Sphaeroidina bulloides; 10b. close-up of aperture of
Sphaeroidina bulloides (core 2670, 118 cm); 11-12. Siphonina pulchra (core 2670, 98 cm); 13a.
aperture of Siphonina pulchra; 13b. aperture of Siphonina pulchra (core 2670, 98 cm); 14a.
Cibicidoides crebbsi (oblique spiral view); 14b. Cibicidoides crebbsi (apertural view); 14c.
Cibicidoides crebbsi (umbilical view) (core 2670, 118 CM). ...ccovererireiinerieiesere e 116

Plate 5. 1a. Cibicidoides dutemplei (spiral view); 1b. Cibicidoides dutemplei (oblique apertural view); 1c.
Cibicidoides dutemplei (oblique umbilical view) (core 2670, 128 cm); 2. Cibicidoides
pseudoungerianus (spiral view) (core 2670, 85 cm); 3. Cibicidoides pseudoungerianus
(umbilical view) (core 2670, 85 cm); 4a. Cibicidoides pseudoungerianus (spiral view); 4b.
Cibicidoides pseudoungerianus (apertural view); 4c. Cibicidoides pseudoungerianus (umbilical
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Plate 6. 1a. Gyroidinoides soldanii (apertural view); 1b. Gyroidinoides soldanii (spiral view) (core 2670,
158 cm); 2. Gyroidina broeckhiana (spiral view) (core 2670, 108 cm); 3a. Gyroidina
broeckhiana (umbilical view); 3b. Gyroidina broeckhiana (apertural view); 3c. Gyroidina
broeckhiana (spiral view) (core 2670, 88 cm); 4a. Globorotalia praescitula (umbilical view); 4b.
Globorotalia praescitula (apertural view); 4c. Globorotalia praescitula (spiral view) (core 2670,
98 cm); 5. Globigerina bulloides (apertural view) (core 2670, 168 cm); 6. Globigerina bulloides
(spiral view) (core 2670, 148 cm); 7. Globigerinella siphonifera (core 2670, 148 cm); 8.
Globigerinella siphonifera (core 2670, 148 cm); 9. Globigerinoides bisphericus (core 2670, 168
cm); 10. Globigerinoides bisphericus (oblique spiral view showing secondary apertures) (core
2670, 168 cm); 11. Globigerinoides bisphericus (lower spiral view) (core 2670, 118 cm). ...... 118

Plate 7. 1. Globigerinoides ruber white (primary apertural view) (core 2670, 168 cm); 2. Globigerinoides
ruber white (spiral view showing secondary apertures) (core 2670, 168 cm); 3. Trilobatus
immaturus (spiral view showing secondary apertures) (core 2670, 148 cm); 4. Trilobatus
immaturus (lower spiral view showing secondary apertures) (core 2670, 148 cm);5. Trilobatus
immaturus (primary apertural view) (core 2670, 148 cm); 6. Trilobatus sacculifer (primary
apertural view) (core 2670, 89 cm); 7. Trilobatus sacculifer (spiral view showing secondary
apertures) (core 2670, 118 cm); 8. Globoquadrina dehiscens (apertural view) (core 2670, 168
cm); 9. Globoquadrina dehiscens (apertural view) (core 2670, 168 cm); 10a. Globoquadrina
dehiscens (apertural view); 10b. Globoquadrina dehiscens (oblique spiral view) (core 2670, 138
cm); 11. Orbulina universa (COre 2670, 77 CM). ..cvcceeueiiiereeseese e e ere et se e ae e 119

Plate 8. 1la. Eggerella bradyi; 1b. Eggerella bradyi (apertural view) (GeoB 8336, 199 cm); 2a. Eggerella
bradyi; 2b. three upper chambers of Eggerella bradyi with aperture visible (GeoB 8336, 189
cm); 3. Karreriella bradyi (GeoB 8336, 189 cm); 4a. Karreriella bradyi with aperture visible; 4b.
Karreriella bradyi (apertural view) (GeoB 8336, 229 cm); 5a. Martinottiella communis; 5b.
aperture of Martinottiella communis (GeoB 8336, 254 cm); 6. Bigenerina nodosaria (GeoB
8336, 254 cm); 7. Siphotextularia concava (GeoB 8336, 399 cm); 8-9. Cylindroclavulina bradyi
(GeoB 8336, 254 cm); 10a. Spiroloculina communis; 10b. aperture on neck of Spiroloculina
communis (GeoB 8336, 210 cm); 11a. Siphonaperta sp.; 11b. side view of Siphonaperta sp.; 11c.
Siphonaperta sp (apertural view) (GeoB 8336, 254 cm); 12. Quinqueloculina laevigata (GeoB
8336, 210 CIM). 1oveiietiieeiete sttt ettt ettt bbbttt ettt et et et Rt b nen e be st neerennenen 258

Plate 9. 1a. Pyrgo lucernula; 1b. Pyrgo lucernula (side view) (GeoB 8336, 289 cm); 2. internal chambers
of P. lucernula (GeoB 8336, 404 cm); 3. Aperture of P. lucernula (GeoB 8336, 289 cm); 4a.
Pyrgo murrhina; 4b. Pyrgo murrhina (apertural view) (GeoB 8336, 204 cm); 5-6. Pyrgo serrata
(GeoB 8336, 204 cm); 6b. Pyrgo serrata (apertural view) (GeoB 8336, 204 cm); 7. Dentalina sp.
(GeoB 8336, 199 cm); 8-9. Nodosaria laevigata (GeoB 8336, 339 cm); 9b. Nodosaria
(Glandulina) laevigata (apertural view) (GeoB 8336, 339 cm); 10-11. Lenticulina gibba (GeoB
8336, 254 cm; 264 cm); 11b. Lenticulina gibba (marginal view) (GeoB 8336, 264 cm); 12.
Oolina globosa (Ge0B 8336, 299 CM). .......cuiiriiiiirieieie et 259

Plate 10. 1a. Oolina seminuda; 1b. Oolina seminuda with aperture visible (GeoB 8336, 299 cm); 2.
Lower portion of Vaginulina spinigera with basal spines (GeoB 8336, 289 cm); 3-4. Lagena
demorpha (GeoB 8336, 279 cm; 254 cm); 4b. Lagena demorpha (apertural view) (GeoB 8336,
254 cm); 5. hirsute Lagena sp. with borings (GeoB 8336, 259 cm); 6a. Lagena sulcata; 6b.
aperture on neck of L. sulcata (GeoB 8336, 279 cm); 7. broken Procerolagena gracilis (GeoB
8336, 199 cm); 8. Favulina hexagona; 8b. Favulina hexagona (apertural view) (GeoB 20601, 73
cm); 9-10. Fissurina spp. (GeoB 8336, 299 CM; 274 CM)....ovveiviriiiiieeieieie e 260

Plate 11. 1-2. Bolivina spp. (GeoB 20601, 249 cm) ; 3. Brizalina alata (GeoB 20601, 73 cm); 4.
Cassidulina laevigata (spiral view) (GeoB 20601, 73 cm); 5a. Cassidulina laevigata (oblique
marginal view); 5b. Cassidulina laevigata (apertural view) (GeoB 20601, 73 cm); 6. Cassidulina
laevigata (umbilical view) (GeoB 20601, 73 cm); 7a. Globocassidulina crassa; 7b. aperture of
Globocassidulina crassa (GeoB 20601, 69 cm); 8. Globocassidulina subglobosa (GeoB 20601,
233 cm); 9. Ehrenbergina trigona (GeoB 8336, 329 cm); 10. Bulimina aculeata (GeoB 20601,
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Plate 12. 1a. Bulimina aculeata; 1b. Bulimina aculeata (apertural view) (GeoB 20601, 73 cm); 2a.
Bulimina marginata; 2b. Bulimina marginata (apertural view) (GeoB 20601, 73 cm); 3-4.
Bulimina mexicana; 4b. Bulimina mexicana (apertural view) (GeoB 20601, 73 cm); 5a.
Globobulimina turgida; 5b. Globobulimina turgida (apertural view) (GeoB 20601, 73 cm); 6a.
Uvigerina auberiana; 6b. Uvigerina auberiana with aperture visible; 7. Uvigerina auberiana
(apertural view) (GeoB 8336, 301 cm); 8a. Uvigerina hispidocostata; 8b. Uvigerina
hispidocostata (apertural view) (GeoB 8336, 301 cm); 9a. Uvigerina peregrina; 9b. Uvigerina
peregrina (apertural view); 9c. aperture of Uvigerina peregrina (GeoB 20601, 73 cm).......... 262

Plate 13. 1a. Uvigerina proboscidea; 1b. Uvigerina proboscidea (oblique apertural view) (GeoB 8336,
110 cm); 2. Sphaeroidina bulloides with slightly broken aperture. (GeoB 8336, 414 cm); 3a.
Cibicidoides crebbsi (oblique umbilical view); 3b. Cibicidoides crebbsi (apertural view); 3c.
Cibicidoides crebbsi (oblique spiral view) (GeoB 8336, 234 cm); 4a. Cibicidoides pachyderma
(oblique spiral view); 4b. Cibicidoides pachyderma (apertural view); 4c. Cibicidoides
pachyderma (oblique umbilical view) (GeoB 8336, 299 cm); 5a. Cibicidoides wuellerstorfi
(spiral view); 5b. Cibicidoides wuellerstorfi (apertural view); 5c. Cibicidoides wuellerstorfi
(oblique umbilical view) (GeoB 8336, 299cm); 6a. Epistominella exigua (spiral view); 6b.
Epistominella exigua (marginal view); 6¢c. Epistominella exigua (oblique umbilical view); 6d.
Epistominella exigua (umbilical view) (GeoB 8336, 299 CM). .....c.cccevvevieiecie e 263

Plate 14. 1a. Melonis barleeanus (umbilical view); 1b. Melonis barleeanus (apertural view) (GeoB 8336,
299 cm); 2. Melonis pompilioides (umbilical view) (GeoB 8336, 379 cm); 3. Melonis
pompilioides (apertural view) (GeoB 8336, 299 cm); 4-5. Pullenia bulloides (GeoB 8336, 284
cm); 6a. Oridorsalis umbonatus (umbilical view); 6b. Oridorsalis umbonatus (apertural view);
6c. Oridorsalis umbonatus (oblique spiral view) (GeoB 8336, 284 cm); 7. Gyroidinoides
orbicularis (spiral view); 8. Gyroidinoides orbicularis (apertural view); 9. Gyroidinoides
orbicularis (umbilical view) (GeoB 8336, 299 cm); 10a. Globorotalia crassaformis (umbilical
view); 10b. Globorotalia crassaformis (marginal apertural view); 11. Globorotalia crassaformis
(spiral view) (GeoB 8336, 259 cm); 12. Globorotalia hirsuta (spiral view) (GeoB 8336, 299 cm).

Plate 15. 1a. Globorotalia hirsuta (marginal view) (GeoB 8336, 299 cm); 1b. Globorotalia hirsuta
(umbilical view) (GeoB 8336, 299 cm); 2a. Globorotalia (Globoconella) inflata (apertural
view); 2b. Globorotalia (Globoconella) inflata (oblique side and spiral view); 2c. Globorotalia
(Globoconella) inflata (spiral view) (GeoB 8336, 299 cm); 3a. Globorotalia menardii (umbilical
view); 3b. Globorotalia menardii (apertural marginal view); 3c. Globorotalia menardii (spiral
view) (GeoB 8336, 229 cm); 4a. Globorotalia scitula (spiral view); 4b. Globorotalia scitula
(marginal view); 4c. Globorotalia scitula (umbilical view) (GeoB 8336, 299 cm); 5a.
Globorotalia truncatulinoides sinistral (umbilical view); 5b. Globorotalia truncatulinoides
sinistral (oblique spiral and apertural view), 5¢c. Globorotalia truncatulinoides sinistral (spiral
view) (GeoB 8336, 130 cm); 6a. Globorotalia truncatulinoides dextral (spiral view) 6b.
Globorotalia truncatulinoides dextral (apertural view) (GeoB 8336, 130 cm)..........cccccvvenenen. 265

Plate 16. 1. Globorotalia truncatulinoides dextral (umbilical view) (GeoB 8336, 130 cm); 2.
Globorotalia tumida (GeoB 8336, 414 cm); 3a. Neogloboquadrina dutertrei (umbilical view); 3b.
Neogloboquadrina dutertrei (spiral view) (GeoB 8336, 299 cm); 4. Neogloboquadrina
pachyderma sinistral (umbilical view) (GeoB 8336, 279 cm); 5. Neogloboquadrina pachyderma
sinistral (spiral view) (GeoB 8336, 279 cm); 6. Neogloboquadrina incompta/Neogloboquadrina
pachyderma dextral (spiral view) (GeoB 8336, 279 cm); 7. Neogloboquadrina
incompta/Neogloboquadrina pachyderma dextral (umbilical view) (GeoB 8336, 279 cm); 8-9.
different views of Pulleniatina obliquiloculata (GeoB 8336, 279 cm; 284 cm); 10a. Globigerina
bulloides (umbilical apertural view); 10b. Globigerina bulloides (spiral view) (GeoB 8336, 279
cm); 11. Globigerinella siphonifera (GeoB 8336, 229 cm); 12. Globoturborotalita rubescens
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Plate 17. 1. Globigerinoides conglobatus (umbilical primary apertural view) (GeoB 8336, 168 cm); 2.
Globigerinoides conglobatus (spiral view with secondary apertures visible) (GeoB 8336, 149
cm); 3a. Globigerinoides ruber (umbilical view); 3b. Globigerinoides ruber (spiral view with
secondary apertures visible) (GeoB 8336, 299 cm); 4-5a. Trilobatus sacculifer (umbilical
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Abstract

The western margin of southern Africa underwent major palaeoceanographic changes since the initiation
of the Benguela Upwelling System during the Neogene. Microfossils in marine sediments provide key
proxies in our understanding of how the margin evolved. Fossil shells (tests) of foraminifera (single-
celled protists) from twenty cores from the Namibian shelf (199 to 309 m water depth) and three cores
from the western slope (874 to 3631 m water depth) of South Africa were studied to determine the middle
Miocene to Quaternary stratigraphy, palaeoenvironment and palaeoceanography of the western margin of
southern Africa. Cores from the Namibian shelf recovered middle Miocene calcareous mud in erosional
contact with overlying Pliocene to Pleistocene phosphatic sediments. Strontium isotope stratigraphy and
planktic foraminifera biostratigraphy provide age control of the Namibian shelf sediments. The planktic
indicator species Globoquadrina dehsicens and Globigerinoides bisphericus support strontium isotope
stratigraphy results for the olive-green mud unit of the northern Namibian shelf indicating an age of 16 to
14 Ma, and the overlying Plio-Pleistocene age of the phosphorite-rich unit supported by planktic indicator
species Globorotalia truncatulinoides and Globorotalia (Globoconella) inflata. Middle Miocene
foraminifera reflect a warmer, oligotrophic, subtropical, deeper environmental setting in contrast to the
shallower depositional environment, cooler conditions and a eutrophic bottom water setting indicated by
Pleistocene foraminifera in the phosphatic units. The palaeoenvironment on the Namibian shelf was
progressively shoaling during the Pleistocene as sea level amplitudes increased. An Uvigerina spp.-
dominated association occurs in deeper shelf deposits dated to the early Pleistocene and the Ammonia
beccarii association occurs in shallower shelf deposits of the late Pleistocene to Holocene. The planktic
and benthic foraminiferal stable oxygen isotope records, colour reflectance (L*) and non-carbonate
mineral counts provide age control on cores from the western slope of South Africa, whose records
extend to just beyond Glacial Termination (GT) Il. Sediment and benthic foraminiferal accumulation
rates were higher during interglacial periods and lower during glacial periods. The major planktic species
in the slope cores include Globorotalia (Globoconella) inflata, Globigerina bulloides and
Neogloboquadrina incompta. Principal component analysis (PCA) reveals that the major factors
influencing planktic foraminiferal abundances are upwelling intensity, the penetration of colder waters
during glacial periods and the inflow of subtropical waters from the South Indian Ocean during
interglacial periods. The major benthic species in the slope cores include Uvigerina peregrina, Uvigerina
hispidocostata and Cibicidoides wuellerstorfi indicating the delivery of organic matter and oxygen
availability to have the largest influence on the benthic foraminiferal faunal composition. Uvigerina spp.
on the slope show increased relative abundances during periods of lower oxygen conditions. Bottom
water masses identified by eNd (neodymium isotopic compositions) values recorded by foraminifera,
along with the stable carbon isotope composition and abundance of the benthic foraminifer C.
wuellerstorfi indicate shifts from Southern Component Water to North Atlantic Deep Water during GT II
and I. Variation in ¢Nd values in an upper slope core (874 m water depth) indicate Antarctic Intermediate

Water (AAIW) influence was stronger during glacial periods compared to interglacial periods.
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Chapter

1 Introduction




1. Introduction

The biostratigraphy of marine sediments has
played an important role in geologic exploration
and palaeoceanographic studies along the
southwestern margin of Africa (Compton et al.,
2002, 2004; Wigley and Compton, 2006;
Compton and Bergh, 2016). A reliable
microfossil group is required to determine the
biostratigraphy and depositional environments
of marine sediments. Foraminifera have proven
to be the most reliable microfossil group in
marine carbonate sediments (e.g. Kucera, 2007;
Srinivasan, 2007). This is no different along the
southwestern margin of Africa. Although
foraminifera have been used in biostratigraphic
and palaeoenvironmental studies along the
margin, the foraminiferal record remains
fragmented. For example, the Ocean Drilling
Program (ODP) Leg 175 record (Wefer et al.,
1998) did not recover middle Miocene
foraminifera and the biostratigraphic record for
this period has not been established in the area.
Quaternary foraminifera from the South African
shelf have been identified (Compton et al., 2002,
2004; Wigley and Compton, 2006), but the
Namibian sediments and microfossils have not
received attention until now when phosphorite
exploration was undertaken. Studies on
foraminifera from the Namibian shelf have been
restricted to surface grab samples (Lowry, 1987,
Schmidt-Sinns, 2008; Leiter and Altenbach,
2010) and the lack of core material studies from
this shelf has restricted biostratigraphic and
palaeoenvironmental analyses of the shelf
sediments. Rau (2002) and Rau et al. (2002)
studied planktic foraminifera from the western
continental slope of South Africa, but did not
incorporate benthic foraminifera into their study.

Benthic foraminifera are important in

deciphering deep water mass and ocean floor
conditions during the time of deposition. In
addition to the importance of foraminifera in the
stratigraphy, palaeoceanographic and
biogeochemical history of marine sediments, a
thorough and in-depth understanding of these
processes is important in contributing to modern
and future ocean-climate analyses (e.g.
Robinson et al., 2008; Mclnerney and Wing,
2011; Langer et al., 2013; Weinmann et al.,
2013). This study is therefore an important
contribution to a complete understanding of the
stratigraphy and palaeoceanographic history of
the southwestern margin of Africa and creating
a reference towards working on future ocean-

climate and sea level change modelling.

1.1 The usefulness of foraminifera in geologic

and palaeoceanographic studies

Foraminifera are widely distributed within
marine sediments (Fenton et al., 2016) and the
preserved shells (tests) of these protists in
marine sediments have proven to be extremely
useful in investigating these changes (Kucera,
2007). Approximately 50% of the global ocean
floor (Kennish, 2000) and most of the Atlantic
seafloor are covered with biogenic siliceous and
calcareous oozes of which fossil foraminifera
form a major component (Berger, 1970;
Kennish, 2000). When alive, these unicellular
marine protists are found in shallow to deep
waters and are environment-specific.
Foraminifera occur as benthic and planktic
forms. Planktic foraminifera live floating in the
photic zone (Bé and Tolderlund, 1971) and
benthic foraminifera live on and within the
bottom sediment (Rathburn et al., 2018; and

references therein). The shells of calcareous
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foraminifera are composed of calcium carbonate
(CaCO0y), incorporating seawater elements into
their shells as they grow, making them
extremely useful in climate and
palaeoenvironmental studies. Agglutinated
foraminifera live on the ocean floor and
construct their tests from the surrounding sand

grains and particles (Gooday, 2003).

Apart from the physical properties of
foraminifera, e.g. shell size, calcification
intensity and preservation state (Kucera, 2007),
foraminifera can act as proxies in mainly two
ways, namely through (1) biological and (2)
chemical methods (Murray, 2001). Methods
relying on the biological and taxonomic
attributes of foraminifera are important for the
interpretation of data and in the determination of
further biological and chemical methods to be
explored (Gooday, 2003). Current species
identification is primarily based on the test
morphology, enabling modern and fossil data to
be comparable (Fenton et al., 2016). The
morphology of foraminifera is generally
assessed based on the features of the test. For
example, wall structure, internal chamber
arrangement, the number, shape and location of
apertures and surface ornamentation, such as
spines, carinae, pustules, costae and sutures are
determined in identifying species (Ellis and
Messina 1940; Reiss, 1958; Boltovskoy and
Wright, 1976; Haynes, 1981; Loeblich and
Tappan, 1988; Srinivasan, 2007). Miscroscopy
has largely aided in taxonomy, but the
advancement of technology over the past few
decades has contributed immensely to the
identification of foraminifera. Image analyses
through scanning electron microscopy (SEM)
and more recent computer tomography (CT)

scanning techniques lend themselves well to test

surface feature identification and morphometric
analyses (Srinivasan, 2007). The challenge to
this species concept in which foraminifera are
classified according to morphological features is
that evolutionary relationships and ancestral
groups are not considered. It could be argued
that the morphological similarities in
foraminifera are in themselves as a result of the
evolution of species based on ancestral groups,
but this has to be tested with more certainty
(Holzmann, 2000). Recent advances in the
classification of foraminifera employ a
molecular approach in understanding the
taxonomy and phylogeny of foraminifera (e.g.
Darling et al., 1996; de Vargas et al., 1997,
1999; Pawlowski, 2000; Pawlowski et al., 2007;
Pawlowski and Holzmann, 2007; Darling and
Wade, 2008; Ujiie et al., 2010; Quillevere et al.,
2013; Spezzaferri et al., 2015; Darling et al.,
2016). Molecular technigues, particularly DNA
sequence analysis, provide information
independent of morphological characters. This
is especially relevant for taxa with polymorphic
species and convergent evolution of features
(Holzmann, 2000). Taxa which are
morphologically similar, but belong to different
species are called cryptic species (Darling and
Wade, 2008). Some of the morphospecies and
cryptic species contain different genetic types
and also exhibit contrasting ecologies and
distributions. For example, the right-coiling
variant of Neogloboquadrina pachyderma has
been reclassified as Neogloboquadrina
incompta (Darling et al., 2006). The left-coiling
variant of Ng. pachyderma has a colder-water
distribution and is classified as a polar species,
whereas Ng. incompta is classified as a subpolar
species (Kucera, 2007). A more recent study by
Spezzaferri et al. (2015) used morphometrics

and DNA sequencing to conclude that the genus
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Globigerinoides can be divided into two
separate groups. Species such as Gs. immaturus,
Gs. sacculifer and Gs. trilobus were reassigned
to a new genus Trilobatus. DNA sequencing in
foraminifera therefore allows for the verification
or revision of certain taxa, and can resolve the
question around certain cryptic species. There
are, however, some challenges to these studies.
For example, the influence of taphonomic
processes on the preservation of molecules and
contamination of material may complicate DNA
sequencing in certain samples (Srinivasan,
2007).

Sea surface conditions play an important role in
the distribution of planktic foraminifera (Kucera,
2007). Their reliance and adaptation to sea
surface temperatures led to five bioprovinces
being recognised for planktic foraminifera (Bé
and Tolderlund, 1971; Bé, 1977; Vincent and
Berger, 1981; Kucera, 2007; Fig. 1.1). The
distribution of benthic foraminifera, on the other
hand, depends on various factors which include
water depth, latitude, food sources, substrate,
salinity levels, availability of nutrients, organic
matter flux rates, temperature, oxygen levels
and bottom water currents (Jorissen et al., 1995;
Gooday, 2003; Armstrong and Brasier, 2005;
Murray, 2006; Fenton et al., 2016).

Chemical methods are hinged upon the ability
of the tests of foraminifera to incorporate
elements and isotopic signatures into their
structure. Chemical analyses on foraminifera
include stable isotopes (e.g. Emiliani, 1955;
Lisiecki and Raymo, 2005; Kucera, 2007, etc.)
and element ratios (e.g. Lear et al., 2002; Barker
et al., 2005; Lynch-Styglietz, 2006; van Raden
etal., 2011, etc.). The isotopic and elemental

ratios in foraminifera can be influenced by

changes in productivity, ice volume,
temperature and salinity of the oceans (Gooday,
2003; Kucera, 2007). These methods have been
applied on fossil foraminifera in sedimentary
deposits along the southwestern margin of
Africa to investigate the stratigraphy,
palaeoenvironments and palaeoceanographic
changes in the oceans dating to as far back as

the Cretaceous period (Table 1.1).

1.1.1. Foraminifera in sedimentary and
palaeoenvironmental studies along the

southwestern continental shelf of Africa

The abundance of fossil foraminifera in rock
and sedimentary strata, where macrofossils are
largely absent, as well as the rapid evolution of
certain species make foraminifera good
biostratigraphic indicators (Kucera, 2007). The
first appearance datum (FAD) and last
appearance datum (LAD) of index species
combined with isotopic compositions can
constrain the ages of sedimentary units
(Depaolo and Finger, 1991). Along the
continental shelf of Namibia and western South
Africa, Compton et al. (2002, 2004), Wigley
and Compton (2006) and Compton and Bergh
(2016) have dated components in sedimentary
units which include phosphorites and biogenic
material through strontium isotope stratigraphy
(S1S) and planktic foraminifera indicator species.
The #"Sr/%Sr ratio in authigenic and biogenic
minerals reflects the 8’Sr/*®Sr ratio in sea water.
Strontium is taken up in these minerals and is
derived from the erosion of continental crust
and upper mantle sources. As a result of the
long residence time of strontium in the oceans,
the isotopic composition of seawater is globally
homogenous, but changes through time. The
changing Sr isotopic ratios over time reflect the

shifting balance between volcanic and terrestrial
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sources (Elderfield, 1986; McArthur and
Howarth, 2005; McArthur et al., 2012).
Calcareous foraminifera are one of these
components in which the 8Sr/®Sr ratio can be
measured (Depaolo and Finger, 1991). In
foraminifera from the western margin of
southern Africa the Sr/%Sr ratio analysis was

performed on tests at intervals where these

microfossils are abundant. Results from studies
along the western shelf of South Africa have
dated sediments to the upper Oligocene to
Holocene (Compton et al. 2002, 2004; Wigley
and Compton, 2006) and along the Namibian
shelf from the middle Miocene to Holocene
(Compton and Bergh, 2016).

120° 150° -180° -120° -90°

90°

Neogloboquadrina pachyderma (s)

Neogloboquadrina incompta / Ng. pachyderma (d), Turborotalita quinqueloba
Globorotalia inflata, Globorotalia scitula, Globigerinita glutinata, Globigerina bulloides
Gs. ruber (white), Globigerinella siphonifera, Neogloboquadrina dutertrei, Globorotalia truncatulinoides

Gs. ruber (pink), Pulleniatina obliquiloculata, Globorotalia menardii + tumida, Trilobatus sacculifer, Trilobatus trilobus

Fig. 1.1. The five planktic foraminiferal provinces (Bé, 1977; Vincent and Berger, 1981; Kucera,
2007) and some of the major taxa occurring in each province (Kucera et al., 2005; Kucera, 2007).

Further work along the shelf has included
palaeoenvironmental and modern
environmental studies. Late Quaternary
foraminifera from the inner to middle shelf
north of the Orange River mouth were assessed
by McMillan (1987a). Pleistocene-aged
foraminifera from South Africa were studied
by McMillan (1990), Dale and McMillan
(1999), Franceschini and Compton (2004)

Franceschini et al. (2005) and Franceschini and
Compton (2007). These studies found similar
influences on the depositional environments of
inner shelf, estuarine and littoral deposits.
Studies that document Holocene-aged
foraminifera or foraminifera in surface grab
samples along the southwestern margin of
South Africa include Ehrenberg (1845, 1863),
Brady (1884), Pearcey (1908), Chapman
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(1924), Martin (1974, 1981), McMillan
(1987b), Dale and McMillan (1998), Compton
et al. (2002) and Schmidt-Sinns (2008).
Giraudeau (1993) provided a study into
planktic foraminifera in surface sediments
along the shelf and slope of Namibia and
western South Africa. The major planktic
foraminifera preserved in the sediments were
found to be Globigerina bulloides,
Globorotalia (Globoconella) inflata and
Neogloboquadrina pachyderma. Lowry (1987)

documented an extensive list of foraminiferal

bottom water conditions.

species occurring in surface samples along the
entire coastline of Namibia and South Africa.
Schmidt-Sinns (2008) also documented benthic
foraminifera in shelf sediments along the
margin and determined bottom water oxygen
content to have an important influence on the
distribution of benthic foraminifera in surface
shelf sediments. Leiter and Altenbach (2010)
determined the assemblage composition of
species in Namibian inner shelf surface

sediments to be under the influence of anoxic

Table 1.1. Studies from the western margin of southern Africa in which foraminifera have been
used relevant to this study.

Study Location of study area Age of sediments Use of foraminifera
or foraminifera in study

Ehrenberg, 1845 Global Recent (surface Taxonomic
grab samples)

Ehrenberg, 1863 South Africa Recent Taxonomic

Martin, 1974

Bolli, 1978

Martin, 1981

Lowry, 1987

McMillan, 1987a

McMillan, 1987b

McMillan, 1990

Giraudeau, 1993

Schmiedl, 1995

Little et al., 1997

Southern Namibian continental shelf

Western continental slope of Africa

Southern Namibian continental shelf
Continental margin from northern Namibia,
South Africa and southern Mozambique

Inner southernmost continental shelf of
Namibia

Southern African coast

Onshore sediments Cape Town, South
Africa

Continental margin of Namibia and western
South Africa

Continental margin from Angola to western
South Africa

Continental slope of Namibia; one core
central Namibian slope, one core northern
Namibian slope

Recent (surface
grab samples)

Cretaceous to
Quaternary
(discontinuous
sediments)

Recent (surface
grab samples)

Recent (surface
grab samples)

Late Quaternary

Quaternary

Pleistocene

Recent (surface
grab samples)

Late Quaternary

Late Quaternary

Palaeoenvironmental

Stratigraphic
indicators

Palaeoenvironmental

Taxonomic

Taxonomic

Potential as
stratigraphic
indicators

Stratigraphic
indicators and
palaeoenvironmental
Palaeoceanographic
(planktic
foraminifera)

Palaeoceanographic

Palaeoceanographic
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Table 1.1 (continued)

Study

Location of study area

Age of sediments
or foraminifera

Use of foraminifera
in study

Schmiedl and Mackensen,
1997

Schmiedl et al., 1997

Dale and McMillan, 1998

Wefer et al., 1998

Bickert and Wefer, 1999

Dale and McMillan, 1999

Rutberg et al., 2000

Compton et al., 2002

Diester-Haass et al., 2002

Rau, 2002

Rau et al., 2002

Compton et al., 2004

Diester-Haass et al., 2004

Diester-Haass et al., 2005

Franceschini et al., 2005
Toefy et al., 2005
Wigley and Compton,
2006

Franceschini and
Compton, 2007

Klevenz et al., 2008
Schmidt-Sinns, 2008

Leiter and Altenbach,
2010

Continental slope of Namibia

Continental margin of Namibia

Inner to middle continental shelf of
northwestern South Africa and Sierra Leone
(West Africa)

Continental slope of Namibia and western
South Africa

South Atlantic; continental margin of
southern Africa to Argentine Basin

Onshore west coast of South Africa
(Saldanha region)

South Atlantic

Northwestern continental shelf South Africa
Northern continental slope of Namibia and
western South Africa

Western continental slope of South Africa

Western continental slope of South Africa

Outer continental shelf of South Africa
north of the Cape Canyon

Western continental slope of South Africa
Northern continental slope of Namibia and
western South Africa

Southwest coast of South Africa

Coast around Cape Town, Victoria Bay and
Port Elizabeth, South Africa

Outer continental shelf of South Africa
north of the Cape Canyon

Southwest coast of South Africa

Walvis Ridge

Continental shelf of Namibia and western
South Africa

Central Namibian inner to middle
continental shelf

Late Quaternary

Late Quaternary

Holocene

Neogene to
Quaternary

Late Quaternary

Quaternary

Late Quaternary

Holocene

Late Miocene

Late Pleistocene

Late Pleistocene

Quaternary

Late Miocene

Late Miocene

Late Quaternary
Modern
Neogene to
Quaternary

Holocene

Late Miocene

Recent (surface
grab samples)

Recent (surface
grab samples)

Palaeoceanographic

Palaeoceanographic

Environmental

Stratigraphic
indicators

Palaeoceanographic
Stratigraphic
indicators and
palaeoenvironmental
classification

Palaeoceanographic

Stratigraphic
indicators

Palaeoceanographic
(Palaeoproductivity)

Palaeoceanographic
(planktic
foraminifera)
Palaeoceanographic
(planktic
foraminifera)

Stratigraphic
indicators

Palaeoceanographic
(Palaeoproductivity)

Palaeoceanographic
(Palaeoproductivity)

Palaeoenvironmental
Taxonomic
Stratigraphic
indicators

Taphonomic and
palaeoenvironmental

Palaeoceanographic

Palaeoenvironmental

Environmental
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Table 1.1 (continued)

Study Location of study area Age of sediments Use of foraminifera
or foraminifera in study
Toefy, 2010 Southwestern South African coast Modern Environmental
(pollution
indicators)
Compton and Bergh 2016 | Outer continental shelf of Namibia Neogene to Stratigraphic

(as part of this study) Quaternary indicators

Hu et al., 2016 Western continental slope of South Africa

and South Atlantic

Late Quaternary Palaeoceanographic

Von Koslowski, 2017 Lower slope of western South Africa MIS3to MIS 1 Palaeoceanographic
Bergh et al., 2018 (as part | Outer continental shelf of Namibia Neogene to Palaeoenvironmental
of this study) Quaternary

Foraminifera have also increasingly been used
as pollution indicators. Toefy (2010) used trace
metal contents in modern benthic foraminifera
tests to determine levels of pollution in the
southwestern Cape region. Studies on
foraminifera in shallow water environments
included Franceschini et al. (2005) in which the
foraminifera of the Langebaan Lagoon salt
marsh (110 km north of Cape Town) was
investigated and revealed that different
foraminifera inhabit different faunal zones
within the lagoon. On the southwestern coast of
South Africa, Toefy et al. (2005) gave an
overview of intertidal foraminifera in rocky

environments.

1.1.2. Foraminifera in stratigraphy,
palaeoenvironmental and
palaeoceanographic studies along the

southwestern continental slope of Africa

The ages of slope sediments from the
southwestern margin of Africa derived from
foraminifera have relied upon planktic
foraminiferal index species (Wefer et al., 1998)
and the oxygen isotope composition (5'°0) of
the tests (Rau et al., 2002). Along the western
slope of southern Africa, foraminifera have been

used as biostratigrahic indicators in slope

sediments in cores of the Deep Sea Drilling
Program (DSDP) Leg 40 (Bolli, 1978; Jenkins,
1978; Toumarkine, 1978) and the Ocean
Drilling Programme (ODP) Leg 175 (Wefer et
al., 1998). The DSDP leg retrieved
discontinuous sediments dating back to the
Cretaceous while ODP core sediments dated
back to the late Miocene (ODP sites 1081, 1082,
1085, 1086 and 1087), Pliocene (1083, 1084)
and the Pleistocene (1080). Planktic
foraminifera species lists and benthic species
abundances were provided in the ODP report
with preliminary findings into the
environmental influences along the core sites
(Wefer et al., 1998).

Oxygen isotope ratios, expressed as §*°0 in
foraminifera depend on the temperature and
salinity of the seawater during calcification of
the test and are linked to global ice volume
change (Pearson, 2012; Rohling, 2013). During
glacial periods *°O is preferentially concentrated
in ice sheets resulting in enrichment of %0 in
the ocean and in the tests of foraminifera.
Conversely, during interglacial periods the
ocean and the tests of foraminifera are less
enriched in 0. These fluctuations in oxygen

isotopes relate to cold and warm periods that are
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mainly influenced by Earth’s orbital eccentricity
(~100 kyr) and obliquity (~41 kyr) (Berger,
1978) and are defined by marine isotope stages
(MIS). Studies on multiple samples of
foraminifera have resulted in stacked 'O
curves (Shackleton, 1967; Imbrie et al., 1984;
Lisiecki and Raymo, 2005) to which data can be
correlated and ages derived. Ages derived by
correlation to stacked 5'°0 curves are, however,
time averaged over millennial scales and
somewhat depend on the degree of continuous
sedimentation on the slope. Rau et al. (2002)
used the 820 composition in the tests of the
planktic Globorotalia (Globoconella) inflata
and in the benthic Cibicidoides wuellerstorfi as
stratigraphic age control in cores from the

western margin of South Africa.

The Benguela Upwelling System (BUS) is a
highly productive system (Weeks and
Shillington, 1994; Heymans and Baird, 2000;
Diester-Haass et al., 2002; Inthorn et al., 2006).
The carbon isotope ratio of foraminifera
expressed as 8*3C, is a useful proxy to
determine palaeoproductivity and past
upwelling conditions (Wefer et al., 1999;
Giraudeau et al., 2002; Fontanier et al., 2006,
and references therein). The difference in the
8C between surface dwelling planktic and
bottom dwelling benthic foraminifera (A8**C)
can indicate changes in productivity. Surface
waters will be enriched in **C compared to
subsurface waters as a result of photosynthetic
processes whereby *2C is preferentially taken up.
The use of carbon isotopes as indicators of
palaeoproductivity is however complicated by
factors such as the aging of water masses,
variations in sedimentation rates, sediment
burial rates, and bacterial break down of organic
carbon (Wefer et al., 1999).

Another method to estimate the
palaeoproductivity of the oceans is the
calculation of benthic foraminiferal
accumulation rates (BFARS). This method was
used by Schmiedl and Mackensen (1997) and
Diester-Haass et al. (2002, 2004, 2009) to
estimate productivity levels in different regions
of the Benguela Upwelling System during the
Quaternary and Miocene, respectively.
Foraminiferal biomass has been positively
correlated to the organic carbon flux rate to the
sea floor (Altenbach and Sarnthein, 1989;
Herguera and Berger, 1991; Herguera, 1992,
1994) and has led to the formulation of an
equation by Herguera and Berger (1991). The
equation in calculating BFARs is the product of
the number of benthic foraminiferal tests, the
sedimentation rate and the dry bulk density of
the sample. The accuracy of BFARs is, however,
complicated when samples are from oxygen
depleted environments and when there has been

dissolution of calcareous tests (Gooday, 2003).

Along the western margin of southern Africa
palaeoproductivity was found to have increased
at 12 Ma coinciding with the timing of an
increase in upwelling and increased terrigenous
input. Diester-Haass et al. (2005) found a
decrease in carbonate material between 12 and 9
Ma and attributed it to increased input of clastic
material from the Orange River.
Palaeoproductivity then increased by ~7 Ma
during a time when the sea-level was lower and
glauconitic and shell material was transported to
the continental shelf. The increase in
palaeoproductivity was suggested to be global
rather than locally confined (Diester-Haass et al.,
2005). Rau (2002) determined that productivity
levels were higher in the Northern Benguela
Region (NBR) followed by the Southern
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Benguela Region (SBR) and lowest in the
Agulhas region further to the south with
productivity levels lower during glacial than

during interglacial periods.

Factors related to the productivity of the region
play a role in the distribution of foraminifera.
Schmiedl et al. (1997) found that the
distribution patterns of Recent benthic
foraminifera from the eastern South Atlantic
depends on the seasonality of the food supply,
organic carbon flux rates, dissolved oxygen
content in bottom waters, lateral advection of
deep water masses, bottom water corrosion,
energy of bottom water currents and the grain
size composition of the substrate. It was also
suggested by Schmiedl et al. (1997) that the
southwest African shelf foraminifera are
adapted to high food supply and low oxygen
content in bottom waters.

Foraminifera have also provided valuable
contributions to understanding oceanographic
changes during the late Quaternary along the
western margin of southern Africa. The polar
species Ng. pachyderma dominates the modern-
day coastal upwelling centre assemblage along
the slope of Namibia with G. bulloides and Ng.
incompta being more abundant along the fringes
of upwelling cells. Gr. (Gc.) inflata occurs
abundantly in waters between newly upwelled
waters and transitional waters where nutrient
levels are reduced (Little et al., 1997). These
faunas do not remain constant over time and the
changes in their abundances and occurrences
can reveal the palaeoceanographic history of the
region. For example, Rau et al. (2002) studied
planktic foraminifera in an attempt to
understand how the surface waters are

influenced by the Agulhas Retroflection on the
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southwestern slope of South Africa. It was
determined that the influx of warmer waters
from the Agulhas Current was continuous
during the Quaternary with more pronounced
intervals during glacial terminations. This was
determined through the warm water indicator
species Globorotalia menardii. The continuous
inflow of warm saline waters from the South
Indian Ocean was attributed to the equatorward
migration of the Subtropical Convergence
(STC) not reaching as far north to shut off
Agulhas leakage during glacial periods (Peeters
etal., 2004).

Bottom water mass variations on the slope of
the eastern South Atlantic on glacial-interglacial
timescales have been investigated through §"*C
and eNd in foraminifera. In the Southern Ocean
the North Atlantic Deep Water (NADW) flows
southward from its northern origins. Southern
Component Water (SCW) which is composed of
Antarctic Bottom Water (AABW) and Lower
Circumpolar Deep Water (LCDW) flows
northwards from its origins in the Weddell Sea
(Reid, 1989). These two major water masses
(NADW and SCW) have different oxygen and
nutrient contents which have been documented
in studies on 8*C in foraminifera (Bickert and
Mackensen, 2003). Previous studies have also
explored the use of neodymium isotopic
compositions in foraminifera as a tracer of
bottom water masses (e.g. Klevenz et al., 2008;
Hu et al., 2016; von Koslowski, 2017).
Neodymium isotopic compositions in seawater
components are influenced by continental
weathering and the age of continental sediment
input into the ocean basins on submillenial scale
resolutions (Vance and Burton, 1999; Rutberg et
al., 2000; Goldstein and Hemming, 2003;
Pahnke et al., 2008; Piotrowski et al., 2012).
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The different source areas of the water masses
would reflect varying Nd isotopic compositions
which are preserved in the tests of foraminifera
(Piepgrass and Wasserburg, 1987; Pahnke et al.,
2008). Southern sourced waters will have higher
eNd and lower 8*3C compared to the oxygen-
rich NADW which has lower ¢Nd and higher
8C (e.g. Bickert and Mackensen, 2003; Lynch-
Stieglitz, 2006; Ravelo and Hillaire-Marcel,
2007). Schmiedl and Mackensen (1997),
Rutberg et al., (2000) and Hu et al., (2016)
found NADW to strengthen during interglacial
periods and SCW strengthens during glacial
periods along the western margin of southern il
Africa and in the Southern Atlantic Ocean.
Recently, von Koslowski (2017) found the
influence of the SCW to have weakened and the
NADW to have strengthened during the MIS
2/1 transition along the western slope of South
Africa.

1.2 Aims and Objectives

The rationales behind the objectives of this
thesis are:
i.  Studies on foraminifera along the

southwestern margin of Africa are not well

documented spatially and temporally.
Species lists have been provided from
DSDP and ODP reports and shelf studies
off South Africa, but data are largely
lacking from further studies along the
Namibian shelf and the western South
African slope. Martin (1981), Lowry (1987)
and Schmidt-Sinns (2008) documented
foraminifera along the margins (mostly the
continental shelf) of Namibia and South
Africa, but these studies were on
foraminifera in surface grab samples. Apart
from the research articles presented as part

of this thesis, previously published
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literature has not documented foraminifera
from the Namibian outer shelf. Rau et al.
(2002) documented planktic foraminifera
from the western South Africa slope, but
benthic foraminifera were not included. The
analyses of benthic foraminifera can inform
on how the bottom water conditions,
sedimentation and productivity can affect
foraminiferal distributions along the margin.
These studies can inform on how the
climates and oceans have changed over
time in the region and how it feeds into the
global climate-ocean system.

Shelf sediments along Namibia have not
been dated prior to this study and therefore
this study aims to provide ages based on
index species and oxygen and strontium
isotope stratigraphy. The oxygen isotopes
derived from Globorotalia (Globoconella)
inflata and Cibicidoides wuellerstorfi will
also add to existing oxygen profiles for the
southeast Atlantic. These ages are crucial
for stratigraphic age control and for further
palaeoceanographic, palaeoclimate and
palaeoenvironmental analyses to be
conducted.

There have been large inputs from previous
studies to decipher the palaeoproductivity
history of the Benguela Upwelling System,
but little attention has been paid to
palaeoenvironmental shifts based on
foraminiferal assemblages along the
Namibian shelf and the western South
African slope. This thesis aims to provide
palaeoenvironmental information derived
from the foraminifera in shelf and slope
sediments prior to the initiation of the BUS
as well as during the intensification thereof.
These studies are important to understand

how the intensification of the BUS has
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changed the foraminiferal faunas,
distributions, productivity, depositional
environments and sedimentation over time.
Studies along the margin have largely
focussed on the productivity record of the
region. Schmidt-Sinns (2008) and Leiter
and Altenbach (2010) studied foraminifera
from the continental shelf, but these studies
were also based on surface grab samples.
The Namibian outer shelf cores from this
study provide a record spanning the middle
Miocene to Holocene. These outer shelf
records provide an opportunity to determine
how the depositional environments changed
since the initiation of the BUS. Schmiedl|
and Mackensen (1997) studied foraminifera

from predominantly slope depths along the

Namibian margin. Rau (2002) and Rau et al.

(2002) studied two cores (1408 to 2488 m
water depth) from the southwestern margin
of South Africa. The cores at slope depths
from this study are from the western margin
of South Africa and are from shallower
(874 m) and deeper (~3 500 m) water

depths compared to the cores from Rau et al.

(2002). Therefore, this study contributes to
understanding depositional environments
over a larger area on the margin over time
as applied to foraminifera.

Schmiedl and Mackensen (1997) studied
the water mass history in late Quaternary
foraminifera using 6'°C and species
occurrences. Rutberg et al. (2000), Hu et al.
(2016) and von Koslowski (2017) studied
the eNd in foraminifera in slope cores from
the southeast Atlantic Ocean. This study
aims to investigate deep and intermediate
water mass variations using all three
methods and determine if the methods

provide consistent results. The cores from
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this study also allow for comparisons to be
drawn between these studies. The record
from von Koslowski (2017) is extended in
this study and the location of one of the
cores at 874 m is investigated to determine
any variation in Antarctic Intermediate
Waters (AAIW). The AAIW has not been
studied as extensively as other water
masses in terms of its glacial-interglacial
behaviour (Pahnke et al., 2008).

Drawing from the rationales of this research the
following questions are aimed to be answered
through this study:

i. How did the initiation of the BUS influence
the depositional sediments and microfossil
assemblages along the western margin of
southern Africa?

ii. How did the increasing sea level amplitudes
affect the sediments and microfossil
assemblages along the western margin of
southern Africa?

iii. What are the potential controlling factors
affecting the microfossil assemblages along
the margin during the late Cenozoic?

iv. How did glacial terminations affect the
oceanographic configuration during the late
Quaternary along the margin and are these
palaeoceanographic changes reflected in
foraminiferal distributions and stable

carbon isotopes?

From these questions the overarching aim of
this project is formulated. The overarching aim
of this research is to determine how the
initiation of the BUS and late Cenozoic
oceanographic changes influenced the
sedimentation, stratigraphy, palaeo-
environmental and palaeoceanographic changes

during the Neogene and Quaternary along the
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southwestern margin of Africa based on faunal
occurrences, abundances and isotopic
compositions of planktic and benthic

foraminifera.

The objectives within this aim include:

i. To contribute to existing knowledge on
shelf and slope foraminifera along the
southwestern margin of Africa.

ii. To determine the stratigraphy of shelf and
slope sediments through indicator species
(biostratigraphy) and stable isotopes.

iii. To provide a palaeoenvironmental history
of the continental shelf during the initiation
and intensification of the Benguela
Upwelling System.

iv. To determine which depositional,
environmental and oceanographic
influences affect the faunal compositions of
Neogene to Quaternary foraminifera along
the margin.

v. To investigate the Quaternary deep and
intermediate water mass history of the
margin using Nd isotopes and its relation to

§'3C and benthic faunal abundances.

1.3 Background to Chapters

This thesis is divided into 9 chapters. The first
chapter provides a background to the study of
foraminifera along the western margin of
southern Africa and its applications to previous
work in the BUS. It also provides the aims and
objectives of the study as well as the layout of
the thesis.

Chapter 2 provides the regional setting of the
cores studied in this project, giving the context

of the cores in terms of bathymetry, sedimentary

record and oceanographic features of the

western margin of southern Africa.

Chapter 3 is a published research article by
Compton and Bergh (2016). The publication
primarily focuses on the phosphorite-rich
sediments on the Namibian shelf. The origin,
depositional history, stratigraphy and
geochemistry of the phosphorites are discussed
in the publication. Foraminifera and molluscs
were correlated to SIS as stratigraphic age

control for the cores studied.

Chapter 4 presents a summary of the middle
Miocene foraminifera recovered from the
northern Namibian shelf. Species that could be
identified to at least the genus level are
described with brief comparisons drawn
between this study and previous global studies.
Ecological examples, bathymetric preferences
and stratigraphic ranges (where available) are
also provided. The regional distribution of each
species is also presented based on previous
studies. This chapter highlights many species
that are reported for the first time along the
southwestern shelf of Africa.

Chapter 5 is a published research article by
Bergh et al. (2018). The palaeoenvironments of
middle Miocene to Pleistocene foraminifera are
investigated and the biostratigraphy is presented
and indicator species identified. Comparisons
between the assemblages and the sedimentary
units are also determined. The change in
bathymetry, palaeo sea-surface conditions and
microhabitat between the middle-Miocene and
the Pleistocene are explored based on the

assemblages found in the sedimentary units.
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Chapter 6 expands the study area from Chapter
5 to include the mollusc and foraminiferal
datasets from 16 cores of the Walvis Bay-
Luderitz shelf. Comparisons between the two
study areas are made and the Quaternary
regional distribution discussed to include
previous studies from the western shelf of South
Africa. A discussion on the palaeoenvironments
of the southwestern shelf of Africa is given
based on the influence of the BUS on the
assemblages found in Pleistocene to Recent

sediments.

The western slope of South Africa is
investigated in chapters 7 to 8 using stable
isotopes and foraminiferal assemblages. The
oxygen isotope record of three cores (874 to
3613 m water depth) along the western slope of
South Africa is obtained from 50
measurements in Globorotalia (Globoconella)
inflata and Cibicidoides wuellerstorfi and
compared to previously published benthic
oxygen isotope stacked records (Lisiecki and
Raymo, 2005). The relative abundances of
benthic and planktic foraminifera are discussed
in Chapter 7 and indicator species were used to
determine palaeoceanographic changes in the
late Quaternary record from MIS 8 to MIS 1.
The major influences on the planktic and
benthic faunal record are also determined by

principal component analysis.

Chapter 8 focusses on determining variations in
deep (SCW/NADW) and intermediate (AAIW)
water mass influences from MIS 8 to MIS 1 in
the three western South African slope cores
based on foraminiferal eNd, '*C and C.
wuellerstorfi faunal abundances. This chapter

also primarily assesses if the last two glacial
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terminations had a pronounced influence on the

reconfiguration of ocean masses over time.

Chapter 9 synthesises results from this thesis to
give an overview on the Neogene to Quaternary
foraminiferal, depositional, palaeo-
environmental and palaeoceanographic history

of the southwestern margin of Africa.
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2. Regional Setting

2.1 Location and core selection

Cores from the Namibian shelf and the western
South African slope were investigated for the
aim and objectives of this thesis. Four
vibracores from the northern Namibian shelf
south of the Kunene River mouth and sixteen
vibracores from the central Namibian shelf
between Walvis Bay and Lideritz were
analysed (Table 2.1; Fig. 2.1). These cores were
studied as part of a phosphorite exploration
project made possible by Minemakers Pty. Ltd.
Outer shelf cores from the Namibian margin
were not available prior to phosphate
exploration along the Namibian margin.
Western South African outer shelf cores were
studied previously (Compton et al 2002, 2004;
Wigley and Compton, 2006, 2007; Herbert and
Compton, 2007), but Namibian outer shelf
records received less attention in the past. The
selection of such a large number of shelf cores
makes the sample size larger as the sediments
along the southwestern shelf of southern Africa
are discontinuous, condensed and the
stratigraphy is not entirely preserved in some
areas (Wigley and Compton, 2006). From the
multiple shelf cores four were selected from the
northern Namibian shelf for further analyses and
five from the central Namibian shelf. These
cores were selected based on the completeness
of their stratigraphy (chapters 4, 5 and 6).
Photographs of the northern Namibian cores
were first studied to assess the stratigraphy of
the cores before the four were selected.
Thereafter, the cores were logged and processed

for sampling and analyses.
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In contrast to the larger number of cores
selected from the shelf, only three gravity cores
at different water depths were chosen from the
western slope of South Africa in the eastern
South Atlantic (eastern slope of the Cape Basin).
The gravity cores preserve a longer record and
are more continuous compared to the shelf cores
(Compton and Bergh, 2016). Therefore only
three cores were selected from the western
continental slope of South Africa.The two
deeper water cores also provide an opportunity
for any differences to be observed in the record
or to confirm faunal occurrences and deep water

conditions.

Foraminifera from the Namibian slope have
been studied by Schmiedl and Mackensen
(1997), Schmiedl et al. (1997) and Bickert and
Mackensen (2003) to a larger degree compared
to the South African western slope. Apart from
the reports from ODP records (Wefer et al.,
1998), only planktic foraminifera from three
slope cores from the western margin of South
Africa were studied by Rau (2002) and Rau et al.
(2002). For these reasons, and for the reason
that the Namibian margin and the Western
margin of South Africa are influenced by the
Benguela Upwelling System (BUS), shelf cores
were selected from the Namibian margin and
slope cores were selected from the western

margin of South Africa.



Table 2.1. Water depth and location coordinates of cores studied and analysed in this project.
Locations are illustrated on the locality map (Fig. 2.1). VC = vibracore; GC = gravity core

Core number  Core Location Water Latitude  Longitud
type depth  (S) e (E)
(mbsl)
MMC 2634 VC  Namibian shelf 142 19°36'23" 12°2124"
MMC 2658 VC  Namibian shelf 211 19°2522" 12°11'44"
MMC 2670 VC  Namibian shelf 219 19°21'00" 12°09'04"
MMC 2682 VC  Namibian shelf 229  19°12'14"  12°03'45"
BON 1307 VC  Namibian shelf 199  24°09'46"  14°01'28"
BON 1364 VC  Namibian shelf 199  24°10'52"  14°0127"
BON 1657 VC  Namibian shelf 200  24°10'31"  14°01'13"
BON 1397 VC  Namibian shelf 200  24°11'20"  14°00'14"
BON 1313 VC  Namibian shelf 205  24°09'46"  14°00'46"
BON 1384 VvC Namibian shelf 206 24°11'07"  14°00'31"
BON 1441 VC  Namibian shelf 223 24°10'33" 13°5824"
BON 1442 VC  Namibian shelf 231 24°10'33"  13°57°27"
BON 1478 VC  Namibian shelf 241 24°10'34"  13°56'31"
BON 1401 VC  Namibian shelf 244 24°32'14"  13°5328"
BON 1479 VC  Namibian shelf 245  24°10'33"  13°55'34"
BON 1404 VC  Namibian shelf 285  24°32'12"  13°50'38"
BON 1407 VvC Namibian shelf 291 24°34'21"  13°49'39"
BON 1405 VvC Namibian shelf 297 24°32'11"  13°49'41"
BON 1408 VvC Namibian shelf 303 24°34'21"  13°48'44"

GeoB 20601-4 GC Western SA slope 874 31°59'47"  15°58'11"
GeoB 8342-6 GC  Western SAslope 3522  31°18'00" 13°00'01"
GeoB 8336-6 GC  Western SAslope 3631  29°12'35"  12°20'38"

2.2. Geology and Bathymetry of Study Area

The southwestern margin of Africa is divided into lava and continental detritus followed by anoxic
the Equatorial West African and Southwest African marine sedimentation. Large marine delta fans
margins by the Walvis Ridge (Sérame and Anka, accumulated along the Orange River and in the
2005). The divergent continental margin off bight of the Walvis Ridge during the Cretaceous
southwestern Africa is situated between two major to Oligocene (Dingle, 1992).

crustal lineaments namely the modern Walvis

Ridge and the Agulhas Fracture Zone (Dingle, Palaeogene outcrops on the seafloor consist of
1992; Fig. 2.1). bluish-green clays and overlying littoral, yellow
sands, green clays and pebble beds (Dale and
The inner shelf is characterised by Late McMillan, 1999). Authigenic and biogenic
Proterozoic to Palaeozoic aged graywackes, sedimentation dominates over terrigenous
granites and sandstones. Cretaceous to Tertiary sedimentation during the late Cenozoic. Large-
aged strata onlap onto the seaward edge of the scale erosion took place during the late Cenozoic
inner shelf (Stevenson and McMillan, 2004). The as sediment starvation led to lower accumulation
Cretaceous break-up of Africa from South rates on the continental shelf (Dingle, 1992).
America resulted in the infilling of rift valleys by Neogene beds that outcrop across the outer shelf
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are dominated by early to middle Miocene al., 2002; Compton and Bergh, 2016) and
carbonate-rich biogenic mud and limestone. The foraminiferal-nannofossil rich sediments on the
Quaternary is largely characterised by phosphorite slope (Wefer et al., 1998).

and biogenic sediments on the shelf (Compton et
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Fig. 2.1. Bathymetric map of the western margin of southern Africa showing the location of the
cores studied in this project. The basemap is from the National Oceanic and Atmospheric
Administration (NOAA) Bathymetric Data Viewer. Contours are spaced at 100 m intervals up to
500 m on the shelf. Thereafter contour lines are spaced at 1000 m.

The shelf along the southwestern margin of Africa the outer shelf between 200 and 400 to 500 m

is relatively broad and deep, and can be divided water depth (Rogers, 1977). The inner shelf is
into the inner shelf which is 0 to 130 m in water distinguished from the outer shelf by a wave-cut
depth, the middle shelf between 130 to 200 m and terrace formed during sea-level lowstands. The
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middle shelf has a lower gradient than the inner
shelf and the outer shelf steepens to 400 m where
it is marked by the shelf break where the gradient
increases into the upper slope (Compton and
Bergh, 2016). The abyssal depths feature the Cape
Basin in the southeast Atlantic south of the Walvis
Ridge extending to the west of southwestern
South Africa and the Angola Basin to the north of
the Walvis Ridge (Bornhold, 1973; Noél and
Melguen, 1978; Sérame and Anka, 2005).

The upper layers of the slope (below 500 m) are
dominated by Pliocene to Holocene sediments and
are composed primarily of olive-gray to greenish
gray foraminifer-nannofossil ooze (Pufahl et al.,
1998; Rau et al., 2002) that are moderately
bioturbated and intercalated (Pufahl et al., 1998).
Detrital components from slope sediments include
quartz grains (Pufahl et al., 1998; Compton and
Wiltshire, 2009), glauconite (Compton and
Wiltshire, 2009) and trace amounts of silt-sized
pyrite aggregates or framboids, apatite, rutile and
titanite (Pufahl et al., 1998).

Pelagic settling of biogenic material to the
seafloor dominates the sedimentation of the Cape
Basin. Deposition has been continuous since the
middle Miocene with very few breaks in
sedimentation (Pufahl et al., 1998). Sedimentation
along the continental slope is variable and has
been recorded as being as high as >10 cm/kyr
(Giraudeau et al., 1998). Sedimentation rates
during the Plio-Pleistocene were determined to be
16.7+0.2 to 22.5+3.5 cm/kyr on the continental
slope between Walvis Bay and Liideritz (Briichert
et al., 2000) and 15-20 cm/kyr south of the
Agulhas Retroflection Area (Kuhn and Diekmann,
2002; and references therein). Vidal et al., (1999)
measured sedimentation rates of 8 cm/kyr for the

late Pleistocene at the Walvis Ridge and for the

Holocene mudbelt off the Orange River mouth
Leduc et al. (2010) determined sedimentation rates
to be between 4.7 to 4.8 cm/kyr. Compton and
Wiltshire (2009) determined sedimentation rates
to be between 1.0 and 4.4 cm/kyr along the

southwestern slope of South Africa.

2.3. Surficial Sediments

The thickness of sedimentary successions along
the margin is unevenly distributed with the Orange
and Kunene rivers supplying a terrigenous influx
of sediment onto the margin (Sérame and Anka,
2005). The shelf and upper slope from the Kunene
River to the eastern Agulhas Bank are
characterised by terrigenous, authigenic and
biogenic surficial sediments. Terrigenous
sediments on the shelf and upper slope are sourced
from windblown dust and river outflow into the
ocean, mainly from Africa, but minor
contributions are from distant sources such as
South America and Antarctica. Sediments from
distant sources reach the area through suspension
by Antarctic Intermediate Water (AAIW), North
Atlantic Deep Water (NADW) and surface
currents. Clay mineral compositions along the
margin typically include smectite, illite, kaolinite
and chlorite (Kuhn and Diekmann, 2002).

Authigenic sediments result from the
remineralisation of components on the seafloor.
The biogenic sediments result from the flux of the
remains of organisms from the surface waters to
the seafloor with foraminifera being a dominant
component (Rogers and Bremner, 1991; Compton
and Wiltshire, 2009).

The middle to outer shelf is characterised by
Pleistocene to Holocene phosphorite and biogenic-
rich sediments of approximately 1 m thickness.

The biogenic components include foraminifera,
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ostracods, mollusc shells, bryozoan fragments,
cetacean hone, fish scales and fish bone fragments
(Compton and Bergh, 2016). Compton et al.
(2002) suggest an initial phosphogenesis episode
to have started in the latest Oligocene/earliest
Miocene. Phosphorite formation started in the late
Miocene along the Namibian shelf with more
major phosphogenic episodes in the Plio-
Pleistocene. The phosphorite deposits of the
Namibian continental shelf have also been found
to be larger than the South African deposits
covering an area of more than 24 000 km?. The
large nature of phosphorite formation is mainly
due to the high productivity levels of the BUS.
Phosphorous delivered to the surface through
coastal upwelling is taken up by primary
producers and delivered to the ocean floor as
organic P. The organic P is released by microbial
degradation and further concentrated by bacteria.
This created the conditions for francolite
formation. These supersaturation conditions over
large areas concentrated phosphorite formation
over such an extensive area (Compton and Bergh,
2016).

The inner shelf is characterised by an
approximately 15 m thick Holocene mud belt off
the Namibian coast between 50 m and 140 m
(Bremner, 1977) and is similar to the Holocene
mud belt along the western inner shelf of South
Africa (Herbert and Compton, 2007). These mud
belts are fed by the Kunene (Bremner, 1977) and
Orange rivers (Herbert and Compton, 2007),
respectively. In contrast to the thin phosphorite-
rich sediments of the outer shelf and the Holocene
mud belt on the inner shelf, the upper slope
sediments are 400 to 600 m in thickness and rich
in foraminifera, nannofossils and diatoms (Wefer
etal., 1998).

2.4. Deep water masses

The bottom water masses of the South Atlantic are
sourced from the North Atlantic, the Weddell Sea
and the Antarctic Circumpolar Current (Piepgras
and Wasserburg, 1982; Reid, 1989; Rahmstorf,
2002). These water masses are characterised by
different densities, temperature, salinities, oxygen
and nutrient contents (Reid et al., 1977; Reid,
1989; Fig. 2.2) which have been attributed to the
different source regions and mixing of water
masses along their flowpaths (Reid et al., 1977).
The Antarctic Bottom Water (AABW), which is
sourced from the Weddell Sea, flows northwards
and is the densest, coldest (<0°C) and deepest
water mass in the Cape Basin. The production of
AABW is closely tied to changes around the
Antarctic shelf ice. The surface waters forming
around the Antarctic shelf are sufficiently dense to
sink. The shelf waters descend over the
continental shelf and the resulting AABW flows
northward (Stramma and England, 1999) below
4 500 m water depth. Above the AABW the
Lower Circumpolar Deep Water (LCDW) flows
up to a depth of 4000 m. The LCDW is composed
of a mixture of waters from the Weddell Sea,
North Atlantic, Pacific and Indian oceans. The
temperatures of LCDW range between 0.1°C and
2.0°C. Together with the AABW, the LCDW is
also referred to as Southern Component Water
(SCW). The northwards flow of these currents
transport heat from the Southern Ocean to the
North Atlantic (Kuhlbrodt et al., 2007). The SCW
is largely restricted by the Mid-Atlantic Ridge to
the west of the Cape Basin and the Walvis Ridge
to the north with only small quantities of the
LCDW passing through sills and the Walvis
Passage (Bickert and Mackensen, 2003; and

references therein).
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Fig. 2.2 Temperature, oxygen and salinity profile of water masses in the southeast Atlantic at
30°S latitude. AABW = Antarctic Bottom Waters; LCDW = Lower Circumpolar Deep Waters;
NADW = North Atlantic Deep Waters; AAIW = Antarctic Intermediate Waters; SACW = South
Atlantic Central Water; SASSW = South Atlantic Subtropical Surface Water. Data used for the
sections were based on references cited in the text and from the CARINA (CARbon IN the
Atlantic) project (Key et al., 2009). Sections were created in Ocean Data View (Schlitzer, 2018).
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Although the SCW is relatively high in oxygen,
the overlying NADW is more enriched in oxygen
(Fig. 2.2). The oxygen content of the AABW
decreases along its flowpath away from the source
region (Gordon, 1966).

In contrast to the Cape Basin, the lower depths of
the Angola Basin are predominantly filled with
North Atlantic Deep Water (NADW) (Reid, 1989)
which forms around the Greenland and Norwegian
Seas in the North Atlantic (Gordon, 2009).
Compared to the SCW, the NADW is also more
saline (Fig. 2.2), but lower in nutrients and silicate
concentrations. The NADW mixes with additional
water masses from the North Atlantic to produce a
slightly warmer (>1°C) water mass (Gordon,
2009). The NADW flows southwards at depths
below 1 500 m (Rutberg et al., 2000) and overlies
the denser SCW south of 40°N (Gordon, 2009).
Cores GeoB 8342-6 (3532 m) and 8336-6 (3631
m) are located at water depths at which the
modern-day NADW flows. At ~45°S, the
relatively warm and saline North Atlantic Deep
Water (NADW) divides the northward flowing
Circumpolar Deep Water (CPW) into the LCDW
and the Upper Circumpolar Deep Water (UCDW)
(Reid et al., 1977).

Above the NADW the UCDW mass flows
between 1000 and 1500 m. The CDW is within
the density range of the NADW, but has lower
salinity and oxygen ranges (Reid et al., 1977; Fig.
2.2). Upwelled CDW advects northwards where it
sinks at the Subantarctic Front (SAF) forming
Antarctic Intermediate Water (AAIW) which also
flows northwards (Stramma and England, 1999).
The AAIW flows between 500 and 1000 m water
depth (Reid, 1989) and currently occupies the
main thermocline across the Southern Hemisphere

and part of the Northern Hemisphere (Lynch-

Stieglitz et al., 1994). The AAIW is also oxygen-
poor in relation to NADW and AABW. Core
20601-4 is located within an oxygen-poor region
at a depth at which the AAIW flows (Fig. 2.2).
Intermediate waters are fed into the southeast
Atlantic through Agulhas Current leakage
(Stramma and England, 1999). The AAIW is
lower in salinity compared to the water masses
below it (Reid et al., 1977). As the AAIW flows
northwards it contributes to the production of
NADW in the Northern Hemisphere (Broecker
and Takahashi, 1981), but on its flow path it is
prone to modification from the NADW (Hu et al.,
2016). Core GeoB 20601-4 is located at a water
depth (874 m) at which the AAIW flows.

Above the AAIW the South Atlantic Central
Water (SACW) flows at 200 to 500 m water depth
and is warmer and more oxygenated compared to
the underlying AAIW (Stramma and England,
1999; Fig. 2.2). Together with the South Atlantic
Subtropical Surface Water (SASSW) at <200 m,
the SACW form the uppermost water masses of
the Cape Basin (Emery and Meincke, 1986; Reid,
1989; Stramma and Peterson, 1990).

2.5. Benguela Current and the Benguela
Upwelling System (BUS)

The Benguela Current forms the eastern limb of
the South Atlantic subtropical gyre (Lutjeharms
and Meeuwis, 1987; Shannon et al., 1990;
Stramma and Peterson, 1990; Peterson and
Stramma, 1991). This northward flowing current
influences the oceanography of the margin along
Namibia and western South Africa, and is divided
into the inner Benguela Coastal Current (BCC)
and the outer Benguela Oceanic Current (BOC) at
around 28°S (Gorgas and Wilkens, 2002). The
prevailing southerly winds drive the major coastal

upwelling of cold, nutrient-rich waters along the
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margin of Namibia and South Africa (Shannon,
1985).

The BCC is separated from the South Atlantic
Gyre where South Atlantic Central Water
(SACW), which is sourced from the Subtropical
Convergence Zone, is upwelled into the BUS.
Through the action of prevailing winds, waters
from a depth of approximately 200 m (Hart and
Currie, 1960; Shannon, 1985) are welled up to the
surface (Shannon, 1985) to form cold nutrient-rich
waters (Shannon, 1985; Lutjeharms and Stockton,
1987). Anticyclonic eddies feature at the Agulhas
retroflection to the south of the Agulhas Current
(Shannon, 1985).

The expansion of Antarctic ice sheets during the
middle to late Miocene promoted the supply of cool
intermediate waters to mid-latitude surface waters
which decreased moisture levels in the atmosphere
(Flower and Kennett, 1994). This middle to late
Miocene ocean-atmosphere reconfiguration
contributed to the initiation of the Benguela
Upwelling System (BUS) during the late Miocene
(Siesser, 1980). The strengthening of upwelling
along the margin at ~10.5 Ma has been associated
with a northward shift of the Benguela Current
(Diester-Haass et al., 1990, 1992) and the Angola-
Benguela Front (ABF) since the middle to late
Miocene (Hoetzel et al., 2017).

Today, the BUS is one of four major upwelling
systems in the world and stretches from Cape
Agulhas (35°S) in the south to Cape Frio at 18°S
in the north (Nelson and Hutchings, 1983). The
system is driven by south-east trade winds with
upwelling occurring along the shelf at 16 to 34°S.
The BUS is bounded to the north and south by
warm tropical to subtropical currents namely the

Angola and Agulhas currents, respectively (Lett et

al., 2007). The Northern Benguela Region (NBR)
receives perennial upwelling stretching from the
ABEF to the Lideritz cell and Orange River mouth
off the Namibia-South Africa border (Lett et al.,
2007; and references therein). The Southern
Benguela Region (SBR) which stretches along the
western coast of South Africa receives seasonal
upwelling during spring and summer (Lutjeharms
and Meeuwis, 1987).
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Abstract

Phosphorite deposits provide a source of fertilizer to feed an increasingly populated world and they
provide a record of paleoceanographic changes in upwelling systems linked to climate. The Benguela
Upwelling System (BUS) is among the most productive today and is associated with major phosphorite
deposits exposed over an area of 24,700 km? on the Namibian shelf. Analyses of cores associated with
recent offshore mineral exploration provide new insights into the age and origin of these phosphorite
deposits. The deposit consists of coarsening upward muddy to gravelly pelletal phosphorite sand, up to
several meters thick, on the middle to outer shelf (190 and 350 m water depth) offshore of Liideritz and
Walvis Bay. Less extensive and less continuous deposits occur offshore of Walvis Bay as far north as the
Kunene River mouth on the inner to middle shelf (50 and 250 m water depth). Pelletal phosphorite sand
(some concentrically banded) and concretionary phosphorite pebbles are the dominant grain types
consisting of up to 90 wt.% carbonate fluorapatite (francolite) cement and inclusions of organic matter,
pyrite and terrigenous mud. Strontium isotope stratigraphy and foraminiferal biostratigraphy indicate that
phosphogenesis was initiated in the latest Miocene but that most phosphorite formed in the
Plio/Pleistocene during early burial diagenesis of organic-rich mud as it does today in the Holocene
diatomaceous mud belt. The highly-condensed, coarsening-upward succession reflects increasingly high
amplitude Pleistocene sea-level fluctuations. Phosphorite formation correlates to terrestrial aridification as
well as to marine proxies of intensified coastal upwelling in the 600 m thick equivalent successions on the
upper slope. Repeated phosphorite formation and reworking over Pleistocene glacial to interglacial cycles
resulted in the economic concentration of phosphorite, with an estimated total resource of 7800 million

tons of phosphate rock at an average grade of 19 wt.% P,0s on the Namibian shelf.

3.1 Introduction which commonly contains >1 wt.% fluorine and
Phosphorite is a rock type rich in phosphorus 3-6 wt.% carbonate substituting for phosphate
(>18 Wt.% P,0x). Phosphorus (P) in most marine (Jarvis et al., 1994). Francolite typically occurs
phosphorite deposits occurs as phosphate (PO, as cryptocrystalline, pore-filling or carbonate

in the carbonate fluorapatite mineral francolite, replacing cement in phosphorite sand to pebble

sized grains, as well as bioskeletal bone and teeth.
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Phosphorite represents a major long term sink of
biologically active P from the oceans and is
important to our understanding of how marine
biological productivity has varied in the past and
relates to changes in the global carbon and
phosphorus cycles, as well as to changes in
climate (F6llmi, 1996; Compton et al., 2000;
Ruttenberg, 2003). In addition, P is a non-

renewable resource in the production of fertilizer.

Use of fertilizer to increase agricultural yield has
been an important component of the ‘Green
Revolution” and has contributed to the doubling
of human population since 1970 (Amundson et
al., 2015). To date most P has been mined from
large marine phosphorite deposits exposed on
land through tectonic uplift and lowering of sea
level (Notholt et al., 1989). Greater demand and
higher prices, combined with advances in
offshore mining technology, have increased
exploration of potentially minable offshore
phosphorite deposits.

The western margin of southern Africa is
renowned for its phosphorite deposits, first
described from dredged samples during the HMS
Challenger Expedition (Murray and Renard,
1891). The full extent and richness of
phosphorite on the margin was only confirmed
much later by systematic seafloor sampling.
Seafloor mapping was initially carried out by
Russian oceanographers during expeditions in
the early 1960s (Senin, 1970) and later by the
marine geology group at the University of Cape
Town and the geological survey (Summerhayes
et al., 1973). Samples from these and later
surveys formed the basis for early mapping of
the sediment distribution of the continental
margin of South Africa and Namibia (Birch,
1975; Bremner, 1977; Rogers, 1977; Baturin,
1982). These surveys revealed that the
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unconsolidated surface sediment included
regions of unusually high P content (Fig. 3.1),
particularly on the middle to outer shelf of
Namibia where surface sediments contain >25
wt.% phosphorite and have bulk sediment grades
of 17 to 24 wt.% P,0s (Summerhayes et al.,
1973).

There have been a number of studies on the
petrography, mineralogy, chemistry and
microbiology of phosphorite-rich deposits on the
shelf (Baturin, 1969, 1982, 2000; Birch, 1975,
1979a,b,c, 1980, 1990; Bremner, 1977; Bremner
and Rogers, 1990; Rogers, 1977; Compton et al.,
2002, 2004;Wigley and Compton, 2006, 2007;
Schulz and Schulz, 2005) (for a comprehensive
review of the literature prior to 1990 refer to
Rogers and Bremner (1991)). The phosphorite
deposits offshore of South Africa are late
Oligocene to Pleistocene in age based on
biostratigraphy and strontium isotope
stratigraphy (Compton et al., 2002, 2004).
Holocene phosphorite from the diatomaceous
mud belt is well established on the Namibian
inner shelf (Bremner, 1977; Baturin, 1982, 2000),
but the age and origin of the far more extensive
phosphorite deposits on the Namibian middle to
outer shelf are poorly known (Dingle et al.,
1996).

Phosphorite and glauconite (potassium-rich,
‘green sands’) have been recent targets of
offshore mineral exploration on the shelf (Coles
et al., 2002). Cores recovered from these
exploration programs have greatly increased our
understanding of the subsurface extent and
nature of the shelf phosphorite and glauconite
deposits off South Africa (Wigley and Compton,
2006, 2007). This paper integrates unpublished
and published studies on the phosphorite
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deposits on the Namibian shelf to derive a more
complete understanding of the extent, age and
origin of these deposits. A model is proposed on
how these economic phosphorite deposits formed
and how their formation is possibly linked to
paleoceanographic as well as climatic changes in

southern Africa during the Quaternary.
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Fig. 3.1. The continental shelf of southern
Africa (pink) and distribution of phosphorite
deposits as indicated by bulk sediment P,Os
content (Birch, 1975; Bremner, 1977; Rogers,
1977). The richest deposits (>15 wt.% P,0s)
occur on the Namibian shelf south of Walvis
Bay.

3.2. Geological and oceanographic setting

The Namibian continental passive margin
formed during the Cretaceous breakup of
Gondwana. The margin has an unusually broad
and deep shelf that extends to 400 m water depth
(Fig. 3.1). The shelf can be divided into an inner,
middle and outer shelf (Rogers, 1977). The inner
shelf extends to approximately 130 m water
depth where it is commonly marked by a wave

cut terrace or notch formed when the inner shelf
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area of the margin was exposed during sea-level
lowstands of glacial periods. The middle shelf is
a relatively low gradient area that extends to
approximately 200 m water depth. The outer
shelf extends from 200 to 400 m water depth and
has a steeper gradient than the middle shelf. The
shelf break occurs between 400 and 500 m and is
marked by the increased gradient of the upper

slope.

Precambrian basement rocks are exposed on the
rocky shoreline and extend onto the inner shelf,
with seaward dipping reflectors further offshore
on the shelf interpreted to be Cretaceous to
Cenozoic deposits (Rogers, 1977). The Cenozoic
succession on the shelf is relatively thin and
poorly documented from several dredged
samples of Neogene limestone and stiff clay
(Bremner, 1977). The seaward dipping beds
form an erosional surface which is variably
overlain by Pleistocene to Recent (Holocene)
sediment. The suspended mud fraction delivered
by the Kunene River is transported by bottom
water currents (the poleward undercurrent) along
the margin to form the Holocene diatomaceous
mud belt, a wedge of sediment up to 15 m thick
that stretches along the Namibian inner shelf
between water depths of 50 m and 140 m
(Bremner, 1977). The Namibian mud belt is
similar to the Holocene Orange River
(Namagqualand) mud belt off South Africa
(Herbert and Compton, 2007), but grades into an
organic-rich, diatomaceous ooze south of the
Kunene River. Surface currents along the
western margin are complex and consist of
seasonal equatorward drift, coastal filaments and
Ekman drift (Shannon and Nelson, 1996).

All other rivers draining into the Atlantic Ocean

between the Orange and Kunene rivers are
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ephemeral and only episodically deliver
sediment to the coast during floods. Although
mostly dry, these ephemeral river beds and
surrounding areas are sources of windblown
sediment, particularly in regions north of the
Namib Desert. A significant amount of
terrigenous sediment is delivered to the shelf by
wind, primarily during Berg wind conditions
when air descends from the Great Escarpment
and transports sediment offshore (Eckardt and
Kuring, 2005). Inboard of the mud belt are
coastal sands and gravels subject to periodic
storms throughout the year having wave heights
exceeding 5 m (Rossouw, 1984). The
predominant swell direction is from the
southwest and net longshore drift of coastal
quartz-rich sand is to the north (Rogers, 1977;
Bremner, 1977). Rather than accumulating on
the shelf, most quartz sand ends up windblown
onto land, feeding the Namib Sand Sea and most
is ultimately sourced from the Orange River
(Vermeesch et al., 2010).

Besides terrigenous sediment offshore of the
Kunene River mouth, the middle to outer shelf is
dominated by carbonate-rich sediments. Bottom
currents and internal waves suspend and
transport mud from the middle and outer shelf
onto the upper slope (Monteiro et al., 2005;
Inthorn et al., 2006; Compton and Wiltshire,
2009). The result is a mix of relict shelly gravel
and foraminiferal sand on the middle to outer
shelf that transitions into increasingly muddy
nannofossil foraminiferal ooze on the upper
slope. Highly condensed, relict phosphorite
deposits are exposed on the middle shelf region
between 130 and 400 m water depth and
correspond to Plio/Pleistocene organic-rich,

nannofossil and diatomaceous mud successions
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400 to 600 m thick on the upper slope (Wefer et
al., 1998a).

The Namibian margin occupies a classic eastern
boundary setting with significant coastal
upwelling associated with the Benguela
Upwelling System (BUS) (Shannon and Nelson,
1996). The BUS extends along the western
margin of southern Africa from Cape Town to
the Kunene River mouth (Fig. 3.2). The
Benguela Coastal and Benguela currents are
distinct from the BUS, forming the eastern limb
of the South Atlantic gyre and flow equatorward
further offshore of the BUS. Seasonally strong,
predominantly southerly winds drive the BUS
through Ekman transport of surface waters away
from the coast as they are replaced by deeper,
nutrient-rich waters from below. The upwelling
of nutrient-rich waters results in high
productivity, with the BUS measured as one of
the world's most productive eastern boundary
upwelling systems (Carr, 2002; Carr and Kearns,
2003) that supports a large commercial sea
fisheries industry. The intensity of the modern
BUS varies along the margin and is greater off
Namibia than South Africa (Carr, 2002).

3.3. Methods

Samples for this study include surface grab and
dredge samples taken during early surveys
(Bremner, 1977; Rogers, 1977), but most are
from recent vibracores and gravity cores from
offshore exploration companies. A total of 19
cores were described and analyzed in detail from
the southern area offshore Lderitz and Walvis
Bay and compared to core logs of several
hundred cores from the area. A total of 4 cores
were described and analyzed in detail from the
northern area off Rocky Point and compared to

core logs and photos of an additional 38 cores
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from the area. Cores were split, described and
sampled for grain size analysis, petrography,
biostratigraphy and strontium isotope
stratigraphy. Bulk sediment samples were
suspended in water, placed in an ultrasonic bath
to disperse and wet sieved to separate the gravel
(>2 mm), sand (0.063-2 mm) and coarse silt
(38-63 um) fractions. The fine silt (2-38 pm)

and clay (<2 um) fractions were separated by

Angola Current

settling. The mineralogy and texture of silt to
gravel sized grains were determined using a
binocular microscope as well as from
petrographic thin sections. The mineralogy of the
clay-sized fraction was determined by X-ray
diffraction (XRD). Bulk sediment and individual
grains were observed using scanning electron

microscopy.
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Fig. 3.2. Sea surface temperatures (3 February 2008; data from noc.ac.uk) reflect cold upwelled
waters of the Benguela Upwelling System (BUS; dark blue); the Benguela Coastal and Benguela
currents are part of the South Atlantic gyre, while the warm water Agulhas Current retroflects
back into the Indian Ocean and sheds warm water rings into the South Atlantic.

Biostratigraphic ages are based on the
foraminiferal assemblages described for the
Miocene (Christison, 1985; Gawlinski, 1987),
Pliocene (Dale and McMillan, 2000) and
Pleistocene (McMillan, 1987, 1993; Dale and
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McMillan, 1998). Different grain types that
included pelletal phosphorite grains,
concretionary phosphorite pebbles, skeletal
phosphorite (bone, teeth or scales), foraminifera

and mollusc shell were handpicked from bulk
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gravel and sand size material for strontium
isotope stratigraphy (SIS). Grains were cleaned of
all surface and interior sediment in an ultrasonic
bath before dissolving in twice-distilled 5M acetic
acid. Acetic acid was used for SIS analyses in
order to minimize dissolution of other minerals
by stronger (HCI) acid digestion (McArthur,
1994).

Strontium isotope ratios were measured at the
University of Cape Town on a Nu Instrument
multi collector mass spectrometer with mass
fractionation normalized to an ®Sr/%Sr ratio of
0.1194 and to Standard Reference Material 987
87Sr/%°Sr ratio of 0.710255 using an in-house
carbonate standard. Within-run precision on
single measurements ranges from £0.000009 to
+0.000017 (20 error), whereas the long-term
sample reproducibility averaged +0.000023
(n=54) over the time frame of the measurements.
The age of the samples was obtained from the Sr
lookup table (V4B: 08/04) after subtracting
0.000007 to adjust for the SRM value of
0.710248 used in the Sr lookup table (Howarth
and McArthur, 1997; McArthur et al., 2001). The
range in ages given in Table 3.1 corresponds to
the uncertainty in the measured Sr isotope values
based on reproducibility of the standard
(£0.000023) and the steepness of the marine Sr
isotope curve (Fig. 3.3). The use of the Sr isotope
composition to determine the age of phosphorite
formation assumes that the Sr ratio reflects that of
ambient seawater and that the Sr ratio has not
altered since it was acquired during the diagenetic
precipitation of francolite. Phosphorite grains,
particularly concentrically banded pelletal
phosphorite or large and texturally complex
phosphorite pebbles, can have multiple

generations of francolite cement. Therefore, the
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age ranges reported for multiple grain samples

represent the average age of the sample.

3.4. Results

3.4.1. Stratigraphy of the southern phosphorite
deposits

The area of the Namibian shelf having the highest
phosphorite content (between 5 and 50 wt.%
phosphorite) is located on the middle to outer
shelf between 180 and 500 m water depth
extending from 25.5°S offshore of Hottentot Bay
(60 km north of Lideritz) to 23°S offshore of
Walvis Bay (Fig. 3.4). The 70-90 km wide
deposit was independently determined by Russian
(Senin, 1970) and South African (Summerhayes
etal., 1973; Bremner, 1977; Rogers, 1977)
surveys. The phosphorite-rich sediment trends
north-south and the central, phosphorite-rich core
of the deposit is defined by surface sediment
having greater than 50 wt.% phosphorite (>15
wt.% P,0Os). The deposit runs parallel to shore
and partially overlaps with the modern Luderitz

upwelling cell of the BUS.

All cores from the southern area between
Llderitz and Walvis Bay exhibit a coarsening
upward succession from basal mud to sandy mud
to muddy sand to gravelly sand (Figs. 3.5 and 3.6).
The basal mud (unit 5) is a dark olive gray
(Munsell chart 5Y 3/2) clayey mud with only
minor (0.1 to 9 wt.%) phosphorite sand, fecal
pellets and skeletal material such as fish vertebra.
The maximum recovery of the basal mud unit is
0.5 m. The basal mud unit varies from massive,
mottled or laminated in structure. In places, the
basal mud contains reworked biogenic grains
(calcareous shells and foraminifera tests) of

middle to late Miocene age (Fig. 3.5).
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Table 3.1. Strontium isotope analyses and minimum and maximum ages.

Core Sample (cm) Sample description 87/86 Sr 20 Age min Age max
1460 88-94 1 concretionary pebble 0.709141 13 05 14
1460 182-186 1 concretionary pebble 0.709167 11 0.0 1.1
1460 182-186 Skeletal grains (4 mm max) 0.709130 12 038 17
1460 182-186 Pelletal phosphorite (>250) etched 0.709122 14 1.0 19
1463 42-48 1 large skeletal bone 0.709166 15 0.0 1.1
1463 42-48 1 concretionary pebble 0.709125 15 09 18
1463 164-168 1 large vertebrate bone 0.709183 11 0.0 0.7
1463 164-168 Skeletal (bone, 6 mm max) 0.709120 15 1.1 19
1463 164-168 Pelletal phosphorite (<125) 0.709046 10 28 5.7
1463 164-168 Pelletal phosphorite (>500) 0.709042 15 3.1 57
1469 115-119 1 resinous phosphorite pebble 0.709161 13 0.0 12
1469 168-172 1 amber vertebra bone 0.709208 15 0.0 0.0
1469 168-172 1 tan concretionary pebble 0.709166 12 0.0 1.1
1469 171-175 Skeletal (amber vertebra, 5 mm max) 0.709168 10 0.0 1.1
1469 171-175 Pelletal phosphorite (>250) 0.709134 12 0.7 16
1469 185-189 1 concretionary pebble 0.709143 14 05 14
1408 0-4 Shell fragments (fresh) 0.709220 14 0.0 0.0
1408 0-4 1 concretionary pebble 0.709143 12 05 14
1408 0-4 Pelletal phosphorite (>250) 0.709136 14 0.7 15
1408 0-4 Pelletal phosphorite 0.709118 14 1.0 20
1408 26-30 Shell fragments 0.709163 12 0.0 1.1
1408 26-30 Pelletal phosphorite (>250) 0.709136 10 0.7 1.5
1408 26-30 4 phoshorite grains (3mm max) 0.709113 15 1.1 22
1408 26-30 Phosphorite pebble 0.709011 13 52, 6.3
1408 30-32 Pelletal phosphorite 0.709121 11 1.1 19
1408 30-32 1 phosphorite pebble 0.709069 13 19 5.0
1408 37-39 1 concretionary pebble 0.709122 13 1.1 19
1408 37-39 8 phoshorite grains (3.5 mm max) 0.709115 12 12 19
1408 37-39 Shell fragments 0.709115 10 12 19
1408 37-39 Pelletal phosphorite (>250) 0.709084 13 15 42
1408 53-55 Pelletal phosphorite 0.709133 15 0.7 16
1408 55-57 Shell fragments 0.709177 11 0.0 09
1408 55-57 Skeletal phosphorite (amber) 0.709113 9 1.1 22
1408 55-57 Pelletal phosphorite (>250) 0.709101 13 13 26
1408 77-79 Pelletal phosphorite 0.709130 11 08 15
1408 99-101 Pelletal phosphorite 0.709152 10 02 13
1408 99-101 2 concretionary pebbles 0.709096 14 1.3 238
1408 119-121 Pelletal phosphorite (>250) 0.709079 13 16 4.6
1408 121-123 Pelletal phosphorite (>250) 0.709102 15 13 25
1408 132-136 Pelletal phosphorite (>250) 0.709106 8 12 24
1408 132-136 Skeletal (amber vertebra) 0.709069 15 19 5.0
1408 132-136 Shell fragments (weathered) 0.708902 15 8.6 106
1408 132-136 Forams (benthic/planktic mix) 0.708850 13 104 13.0
2145 42-44 Bivalve shell 0.709182 13 0.0 0.7
2145 42-44 Pelletal phosphorite (125-250) 0.709144 13 0.5 14
2145 83-86 1 concretionary pebble 0.709191 15 0.0 0.6
2145 83-86 1 concretionary pebble 0.709188 12 0.0 0.6
2145 83-86 1 amber skeletal bone 0.709182 13 0.0 0.7
2145 83-86 Pelletal phosphorite (>0.5 mm) 0.709181 15 0.0 0.8
2145 83-86 1 clear vertebra 0.709174 13 0.0 09
2145 83-86 1 concretionary pebble 0.709152 16 0.3 13
2145 162-165 1 bone vertebra 0.709262 14 0.0 0.0
2145 162-165 1 bone vertebra 0.709199 14 0.0 03
2145 170-177 1 glassy bone fragment 0.709252 15 0.0 0.0
2145 170-177 Pelletal phosphorite (>500) 0.709199 14 0.0 03
2145 203-206 1 amber fish bone 0.709225 14 0.0 0.0
2145 203-206 Pelletal phosphorite (1-2 mm) 0.709230 14 0.0 0.0
2145 203-206 Pelletal phosphorite(<0.5 mm) 0.709202 13 0.0 0.2
2145 203-206 1 concretionary pebble 0.709190 13 00 0.6
2145 203-206 Fish scales (0.5-1 mm) 0.709187 13 00 0.6
2145 203-206 Fish scales (>2 mm) 0.709174 12 0.0 09
2145 223-233 Pelletal phosphorite (fine sand size) 0.709235 13 0.0 0.0
2145 223-233 Skeletal phosphorite grains 0.709163 17 0.0 1.1
1313 0-4 Phosphorite pebble 0.709149 13 03 13
1313 0-4 1 concretionary pebble 0.709132 14 0.7 1.6
1313 7-10 Shell fragments 0.709180 11 0.0 0.8
1313 7-10 Pelletal phosphorite (>250) 0709114 14 1.1 22
1313 40-42 1 concretionary pebble 0.709149 17 03 13
1313 43-45 Skeletal phosphorite (7 mm max) 0.709122 13 1.0 19
1313 43-45 Pelletal phosphorite (>250) 0.709121 13 1.0 19
1313 43-45 6 phoshorite grains (2.5 mm max) 0.709118 11 1.0 20
1313 50-52 1 concretionary pebble 0.709152 13 0.2 13
1313 50-52 Phosphorite pebble 0.709137 16 0.6 1.5
1313 52-54 Pelletal phosphorite (>125) 0.709155 16 0.2 12
1313 52-54 Skeletal phosphorite (3.5 mm max) 0.709155 12 02 12
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Table 3.1 (continued)

Core Sample (cm) Sample description 87/86 Sr 20 Age min Age max
1313 52-54 Pelletal phospharite (>250) 0.709091 10 14 34
1313 52-54 6 phoshorite grains (2 mm max) 0.709079 15 16 46
1313 74-76 Pelletal phospharite (>500) 0.709163 12 0.0 1.1
1313 96-98 Pelletal phosphorite (>125) 0.709174 14 0.0 09
1313 96-98 1 skeletal translucent bone 0.709171 13 0.0 1.0
1313 96-98 1 concretionary pebble (matrix) 0.709153 17 02 13
1313 96-98 Pelletal phospharite (>250) 0.709125 12 09 1.8
1313 96-98 Skeletal phosphorite (4 mm max) 0.709121 13 1.0 19
1313 96-98 Pelletal phospharite from cP pebble 0.709101 15 13 26
1313 96-98 Phosphorite pebble 0.709097 14 13 27
1313 96-98 Fish scales (3.5 mm max) 0.709081 12 1.6 4.5
1313 140-145 Pelletal phosphorite (fine to med) 0.709067 16 20 5.1
2325 26-28 1 concretionary pebble 0.709152 12 0.2 13
2325 69-73 Pelletal phosphorite (250-500 um) 0.709169 16 0.0 1.0
2325 69-73 1 shark's tooth 0.709153 12 0.2 13
2325 69-73 1 concretionary pebble 0.709144 13 0.5 14
2325 69-73 1 concretionary pebble 0.709143 14 0.5 14
2325 69-73 1 concretionary pebble 0.709111 11 1.1 22
2325 106-108 1 skeletal grain (bone) 0.709156 14 0.1 12
2325 197-200 1 concretionary pebble (matrix) 0.709195 13 0.0 04
2325 197-200 Pelletal phosphorite from cP pebble 0.709185 15 0.0 0.7
2325 197-200 Pelletal phasphorite (>500) 0.709175 13 0.0 09
2325 197-200 1 concretionary pebble 0.709162 12 0.0 1.1
2325 267-275 Subsample 1 of large bone 0.709236 15 0.0 0.0
2325 267-275 Subsample 2 of large bone 0.709237 14 0.0 0.0
2325 267-275 Subsample 3 of large bone 0.709249 14 0.0 0.0
2325 267-275 1 concretionary pebble 0.709169 12 0.0 1.0
2325 267-275 Pelletal phosphorite (63-125) 0.709169 14 0.0 1.0
2325 267-275 Fish scales (>1 mm) 0.709113 14 1.1 22
Rocky Point

2634 15-20 Pelletal phosphorite (250-500) 0.709105 13 1.2 24
2634 35-40 Skeletal phosphorite (bone) 0.709119 12 1.0 2.0
2634 95-97 Shell, bivalve, gastropod 0.709177 16 0.0 09
2634 95-97 Phosphorite pebble 0.709132 11 0.7 16
2634 95-97 Shark’s tooth 0.709087 13 15 3.8
2634 95-97 1 skeletal phosphorite 0.709038 1 36 58
2634 95-97 Phosphorite pebble 0.709034 10 40 59
2634 95-97 Pelletal phospharite (>500) 0.708997 11 5.6 6.7
2634 100-105 Phosphorite pebble (1/2) 0.709033 11 4.1 59
2634 100-105 Phosphorite pebble (2/2) 0.709028 13 46 6.0
2634 112-116 Phosphorite pebble 0.709132 14 0.7 1.6
2634 112-116 1 fish vertebra 0.709017 11 5.0 6.1
2634 112-116 Pelletal phosphorite (>250) 0.709057 15 23 53
2634 112-116 Skeletal phos (>500) 0.709053 15 24 5.4
2670 0-5 Phosphorite pebble 0.709218 9 0.0 0.0
2670 0-5 Phosphorite pebble (shell) 0.709206 11 0.0 0.0
2670 0-5 Pelletal phospharite (>500) 0.709161 13 0.0 12
2670 0-5 Bivalve shells (2) 0.709158 16 0.0 1.2
2670 74-79 Phosphorite pebble (shell) 0.709194 1 0.0 04
2670 74-79 1 concretionary pebble 0.709191 15 0.0 0.6
2670 74-79 1 fish vertebra 0.709171 13 0.0 1.0
2670 74-79 Phosphorite pebble 0.709168 13 0.0 1.1
2670 74-79 Pelletal phosphorite (>500) 0.709102 13 13 2.5
2670 82-87 Phosphorite pebble (shell) 0.709164 13 0.0 1.1
2670 82-87 Bone fragment 0.709134 15 0.7 1.6
2670 82-87 Pelletal phosphorite (500-1000) 0.709096 13 13 2.8
2670 82-87 Shell fragments 0.709013 11 5.1 6.2
2670 125-130 Phosphorite pebble (mould) 0.709148 13 03 13
2670 125-130 Pelletal phosphorite (>500) 0.709123 13 0.9 1.8
2670 125-130 Forams 0.708765 11 14.8 159
2670 135-140 Forams (>500) 0.708751 13 15.2 16.1
2670 175-180 Forams (>500) 0.708756 13 15.1 16.0
2670 185-190 Forams (>500) 0.708776 13 144 15.7
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Fig. 3.3. Marine ®’Sr/®®Sr ratio since 8 Ma from the Sr lookup table V4B: 08/04 (McArthur et al., 2001)
showing the range in ages corresponding to a sample with a ratio of 0.709115 (0.709122 before
subtraction of 0.000007) and +0.000023 uncertainty (long-term reproducibility).
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Fig. 3.4. Extent of phosphorite-rich sediment outcropping on the Namibian shelf between Hottentots
Bay (60 km north of Liideritz) and Walvis Bay (Bremner, 1977; Rogers, 1977). The milky area inshore
of the deposit is an H,S plume (image from NASA). Line represents cross section of shelf in Fig. 3.20.
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Fig. 3.6. Lithostratigraphy of cores from the northern area of the Lideritz—Walvis Bay deposit (core
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The lower mud unit has an abrupt, erosional
contact with the overlying phosphorite sand unit
marked by an increase to between 36 and 74
wt.% sand and often associated with gravel-size
bone. The phosphorite sandy mud to muddy
phosphorite sand (unit 4) is dark olive gray
(Munsell chart 5Y 3/1) and has a maximum
thickness of approximately 1 m. The thickness
and phosphorite sand content are highly variable,
but the lower half of the unit (4b) generally has
less sand than the upper half of the unit (4a).

The transition from the muddy phosphorite sand
to overlying shelly phosphorite sand varies from
gradational to sharp. The contact is marked by
an increase in calcareous shell fragments. The
basal slightly gravelly phosphorite sand (unit 3)
has a dark gray color (Munsell chart 5Y 2.5/1)
and contains less than 12% shell gravel. It
grades into an overlying moderately gravelly
phosphorite sand containing 10-25% shell
gravel (unit 2), which is overlain by gravel-rich
phosphorite sand containing 30—60% shell
gravel (unit 1). The sand size fraction of units
1-3 is predominantly composed of black to
brown pelletal phosphorite grains and includes
variable amounts of shell fragments, whole
juvenile bivalves and gastropod shells,
planktonic and benthic foraminifera (some in-
filled by glauconite), echinoid spines, sponge
spicules, biogenic fish debris (bone, teeth,
scales, otoliths), fecal pellets, few ostracod
valves, and minor detrital quartz grains. The
gravel size fraction is made up mostly of
mollusc shells (a mixture of whole and
fragmented gastropod and bivalve shells), but
also includes bryozoan fragments, fish and
mammal bone fragments, phosphorite pebbles,
phosphatized shell fragments and minor angular

quartz. There is evidence of multiple erosional
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surfaces within the shelly phosphorite sand
(units 1-3) which has a mean total thickness of

between 0.3 and 0.9 m.

Most cores show an increase in shell gravel
content at the expense of sand while the mud
content remains more or less constant at 4—6
wt.% in units 3 to 1. Phosphorite pebbles and
bone generally make up a minor portion of the
gravel sized material, which is dominated by
mollusc shells. The degree of shell
fragmentation decreases upcore with unaltered,
articulated bivalves confined to the uppermost
10 to 20 cm of sediment. The gravelly muddy
sand of units 2 and 3 is dominated by Lucinoma
capensis (assemblage Mb) and the gastropod
Turritella declivis (Fig. 3.7). The uppermost
shelly sand of unit 1 is dominated by the bivalve
Dosinia lupinus and the gastropod Nassarius
vinctus (assemblage Mc3). Foraminifera taxa in
the basal muddy unit 5 could not be established
due to the fragmented nature of the tests
(assemblage Fb; Fig. 3.8). The overlying
pelletal phosphorite sand (unit 4) contains
sparse foraminifera, with ribbed Uvigerina sp.
being the only taxa found in this unit. Species
richness increased in the uppermost unit
(assemblage Fd) with Ammonia japonica/A.
beccarii being the dominant benthic and
Globigerina bulloides the dominant planktonic

foraminifera.

3.4.2. Stratigraphy of the northern
phosphorite deposits

Surface sediments on the northern Namibian
shelf off Rocky Point contain between 5 and 50
wt.% pelletal phosphorite. The phosphorite-rich
sediment trends north-south just inboard of the
200 m isobaths from 18 to 20°S, with the

highest phosphorite content occurring directly



Chapter 3 | Namibian phosphorite deposits

offshore of Rocky Point (Fig. 3.9). A total of 38
vibracores recovered up to 2.3 m of sediment
from offshore of Rocky Point in water depths of
140 to 230 m. The cores show a similar overall
stratigraphy consisting of a basal foraminiferal
sandy mud capped by shelly, gravelly
phosphorite sand (Fig. 3.10). The basal
foraminiferal nannofossil mud has a mottled,
bioturbated texture with burrow structures

defined by variations in pale gray—green color.

pyrite and dolomite.
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The basal foraminiferal mud unit includes minor
gravel as shell fragments in some cores,
identified as Pecten sp. (Fig. 3.10). Predatory
drill holes in the shell are common, some
infilled by pyrite. The basal mud unit has a
variable mixture of the clay minerals illite,

smectite and kaolinite as well as diagenetic

Mollusca

Assemblage Mc4

Bivalvia: Carditella sp., Cardium sp.,
Dosinia lupinus, Lucinoma capensis,
Tellina analogica, Nuculana bicuspidata
Gastropoda: Nassarius vinctus., Voluta
corbis

Assemblage Mc2

Bivalvia: Carditella sp., Cardium sp.,
Dosinia lupinus, Lucinoma capensis,
Tellina analogica. Gastropoda: Comitas
saldanhae, Nassarius vinctus

Assemblage Mb
Bivalvia: L ucinoma sp.

Assemblage Ma

Bivalvia: Pecten sp.
i

Fig. 3.7. Mollusc assemblages of cores from the southern and northern study areas.

The basal mud unit is in sharp erosional contact
with the overlying muddy sandy gravel unit. The
contact is heavily bioturbated in places with dark
phosphorite sand burrows extending several tens
of centimeters below the contact. The overlying
gravelly muddy sand unit is a complex mixture of
grain sizes and grain types. The gravel fraction
consists of shell and shell fragments along with incomplete.

phosphorite pebbles and bone. The sand consists

49

of pelletal phosphorite grains with minor
glauconite and quartz. The mud consists of clay
minerals illite, smectite and kaolinite. Together
the muddy sandy gravel and gravelly muddy sand
units rarely exceed one meter in thickness. The
stratigraphy is fairly consistent across the study

area, although in many cores the succession is
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Mollusc shell becomes far more abundant above
the basal muddy contact. The muddy sandy gravel
unit is dominated by L. capensis (assemblage Mb,
Fig. 3.7), with the dominant gastropod being N.
vinctus. The gravelly muddy sand unit has a rich
diversity of mollusc shells (assemblages Mc3 and

Mc4, Fig. 3.7) and includes articulated bivalves in

the uppermost 10-20 cm. The mollusc
assemblages in the Rocky point cores are distinct
from those in the southern cores, although some
bivalves occur in both areas (L. capensis, D.
lupinus, Carditella spp., Cardium sp. and Tellina
analogica) as well as some gastropods (N. vinctus

and V. lutosa).

Laderitz-Walvis Bay Benthic Foraminifera Planktonic Foraminifera Rocky Point
Assemblage Fd: Ammonia japonica, Globigerina bulloides,
e - - Elphidium spp., Lobatula lobatula, Brizalina | Globigerinella siphonifera, —e
Ti_ C’_‘Dj:’ £ spathulata, Bulimina spp., Cancris auricwlus, | Globigerinoides ruber, e =
L i = Cassidulina laevigata, Discammina Globigerinoides sacculifer, i@L‘
__::)'““' — compressa, Glabobulimina turgida, Hyalina Globorotalia inflata, —
——— ol Pleistocene | balthica, Lagena sp., Nonion bousanus, Globorotalia menardii, Pleistocene |
T‘_‘_'_‘} = = Ovlina sp., Quinguelocuiina sp., Neogloboguadrina pachyder-
~ .Ea—_ .. Rectuvigerina sp., Uvigerina spp. i i
—=— = = ge. p g PP ma(s+d), Orbulina universa
F— Assemblage Fc: Ammonia sp., Amphicoryna N
=2 o / |scalaris, Bolivina pseudoplicata, Brizalina Globigerina bulloides,
= Unit 3 alata, Cancris sp., Cassidulina laevigata Globigeri i i ~
, -y 3 gerinella siphonifera,
/ Cibicidoides spp., Dentalina spp., Gavelinella | Gilobigerinoides spp., ™
erosional / sp. Globocassidulina subglobosa, Karreriela | Globorotalia inflata, ~
spp., Lenticulina spp., Lobatula lobatula, Globorotalia menardii, Earl
/ Marginuiina spp., Nodosaria laevigata, Globorotalia truncatulinoides, . ¥ > 05
g Nonion boueanus, Plectofrondicularia spp., Orbulina universa Plelstocene_ =
- Muddy o/ Rectuvigerina sp., Saracenaria italica,
5 Phosphorite Siphonina sp., Siphonodosaria consobrina, .
Sand | Spiroloculina sp., Uvigerina spp. — y
/ Assemblage Fb: Amphicoryna sp., ]
/ Angulogerina sp., Gibicidoides sp., Dentalina Globigerina bulloides, Vs @ ~
gradatio r{al /s Spp., Eptgrqmpeﬂa puichella, Fufsenkam Globorotalia crassaformis, /
/ sp., Gy.rmmmades sp Hanza waia sp., Globigerina cipemensis, _ | -
4 Karreriglla sp., Lenticulina spp., Globigerinoides triobus., / @ o
Phos hON‘:;B/ Nodogenerina sp., Nonionela spp., Orbulina s Q
) ) ; p. /
Sandy Mu Nummuites sp., Plectofrondicularia sp.,
to / Pliocene | Ptflenia bulloides. , Siphonodosaria sp., / — @
M ddy Sphaeroidina bulloides
osphorite Assemblage Fa: Amphicoryna spp., Bolivina @
fBahd / | pseudoplicata, Brizalina alata, Clavuiina Globigerina bulloids, 4 @
Vs / spp., Cibicidoides spp., Dentalina spp., Globigerinella siphonifera,
A Gavelinelia sp.. Globocassidulina Globigerinoides bisphericus, Middle @
. | / subglobosa, Karrerielia spp., Lenticulina Globigerinoides immaturus, !
erosiona spp., Marginulina spp., Martinottielia sp., Globigerinoides ruber, Miocene —
" . Melqms bareeanum, chosgna laevigata, Globigerinoides saccufifer, @
= Terrigenous / Nonion boueanus, Oridorsalis umbonatus, Globoguadrina dehiscens,
S Mud / Plectofrondicularia spp., Saracenara italica, | ospyiina universa -
Siphonina sp., Siphonodosaria consobrina, -~
/S Spirolocuiina sp., Uvigerina spp., Vaginulina -
; spp. -

Fig. 3.8. Foraminifera associated with the lithological units of cores from the southern (Luderitz—

Walvis Bay) and northern (Rocky Point) areas.

Abundant foraminifera occur throughout the
Rocky Point cores and define three assemblages
(Fig. 8). Although the foraminiferal assemblages
are similar, the basal unit in the Rocky Point area
contains several distinct taxa (Fa). The Rocky

Point cores also contain a distinct transitional
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assemblage (Fc) within the muddy sandy gravel
unit. The taxa from the uppermost gravelly
muddy sand (assemblage Fd) largely overlap
between the Rocky Point and Luderitz Walvis
Bay areas. Pyrite commonly occurs within some
foraminifera chambers.

Gravelly Muddy Sand

Foraminiferal Mud
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Phosphorite rock

B 20-50%

10-20%
5-10%

M i-5% ¥

Fig. 3.9. Extent of phosphorite-rich deposits
outcropping on the northern Namibian shelf
between Palgrave Point and the Kunene
River (Bremner, 1977). Location of cores
from this study is shown as well as those
from ODP sites 1081 and 1082 (Wefer et al.,
1998a)

3.4.3. Phosphorite petrography

The texture and petrography of phosphorite
grains are similar for surface grab and core
samples from the Namibian shelf. Phosphorite
is mostly present as very fine to coarse sand-
size pelletal phosphorite grains. Pelletal
phosphorite grains are well rounded to
subrounded and range from nearly spherical to
ellipsoidal in shape. Most pelletal phosphorite
has polished dark brown to black surfaces, but
in some samples the surfaces are pitted and
bleached. The pelletal phosphorite sand grains
show a variety of internal structures. Many have
a nucleus of bone, foraminiferal test, echinoid
spine or shell fragment (Fig. 3.11) and
concentric banding showing multiple

generations of phosphorite growth is common
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(Bremner, 1977). Intraclasts of quartz and
glauconite sand occur and intraclasts of organic
matter and sulfide minerals (mostly pyrite) are

common (Fig. 3.11).

Although less abundant than pelletal
phosphorite sand, concretionary phosphorite
(cP) and skeletal phosphorite (sP) grains (bone,
teeth, scales) are common, particularly in the
gravel size fraction (Fig. 3.12). Skeletal
phosphorite grains typically show original
structures of the bone, teeth and scales, and are
translucent or amber to dark brown.
Concretionary phosphorite grains are tan to light
brown in color and variably friable and porous,
some contain intraclasts of pelletal phosphorite
sand grains. Rock phosphorite formed by the
replacement of limestone rock is rare on the
Namibian shelf, but phosphorite pebbles of
mollusc molds and phosphatized mollusc shell
fragments are observed. Pelletal phosphorite
sand can also occur as composite, cemented

sandstone pebbles (Fig. 3.12).

Carbonate fluorapatite (francolite) occurs as
extremely fine crystalline cement, too fine to
resolve individual crystals in thin section. Under
the SEM, the francolite cement occurs as
massive or radial clusters of elongate crystals
except where francolite grows into voids where
it can form several different structures (Fig.
3.13). The smallest are submicron sized pods
having smooth, elliptical surfaces. Bigger pods
can show terminal crystal faces suggesting that
they formed as a cluster of elongate crystals
showing poorly-formed hexagonal crystal habit.
In other cases, the elongate francolite crystals
grow together forming crosses, stars or fan-like
structures. How individual francolite crystals

growing into voids relate to adjacent massive
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francolite cement is unclear, but in some cases intergrown radial francolite crystal clusters.

the cement appears to be the product of many

Rocky Point Offshore Cores
Core 2634 Core 2658 Core 2670 Core 2682
142 m water depth SIS Ages (Ma) 211 m water depth 219 m water depth SIS Ages (Ma) 228 mwaterdepth  Lithology
0 0 B — 0— H:‘; pebble: >seawater 0 ——
'C'T @ Phos shell: >seawater .
. = Ee— pP: 0.0-12 5 e
_ Pri2-24 = Shell: 00-12 Gravelly
s = T muddy
o % = sand
£ G . =iy At
S Jgx Bone: 1.0-2.0 __bE___ﬂ [Re e
£ = — "“.’é‘ B
o  c—
o g o — Phos shell: 0.0-0.4 e
o _I'= e E— cP: 0.0-08 R —
i) | ——— Muddy
5 Shell: 0.0-0.9 Bone: 0.0- 1.0 T sandy
8] Phos peb: 0.7-1.1 E Phos peb: 0.0-1.1 8% ng
~ e = e ravel
Shark tooth: 1.5-3.8 < I ) N T —— P 13-25 = 5_% =1 g
— Bone: 36-5.8 Pl _—
-O——— Gravally Phos peb: 40-59 @f\ ~ W/_gt_—_- Phas shell: 0.0-1.1
=== Sand P : "
— pP: 5.6-67 = Bone: 0.7-1.6 Q
10T > 100 ~ 100—| T 580 100— o
- ) ~ o - =
e cP: 44-59 - Qr Shell: 51-6.2 9 = |2
R c w
Miuddy Phos peb: 0.7-1.6 @ a A Phos peb: 0.3-1.3 @ | e o
Sard Bone: 5.0-6.1 —1g |2 1o oP: 09-18 — ‘o Foraminiferal
P 23-53 Q S 0@ —— Forams: 148-153 Q & mud
Bone: 24-5.4 = o @
] Q; o — Q| — Fomams: 152-161 1@ 2
5 £
. £ Q
. phospﬁonle pebbles ~ @ ~
o sand-filled bumows @ @ Q
~_/~ ersional surface — - -
=t bone
@ foam @ -
~ shellshell fragment — —— Forams: 151-16.0
Q| —— Forams: 144-157

Fig. 3.10. Lithostratigraphy of cores from offshore Rocky Point (refer to Fig. 3.9 for location; SIS ages
from Table 3.1).

Fig. 3.11. Pelletal phosphorite grains viewed under transmitted light showing internal nuclei and
concentric banding (scale bar is 0.1 mm).
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2 e -
Fig. 3.12. Various phosphorite pebble types: composite phosphorite pebble (pelletal sandstone) (A),
concretionary phosphorite (porous and friable) (B), phosphorite interior molds of molluscs
(fragmented) (C and D) (scale bar is 0.5 mm).

Fig. 3.13. SEM images of phosphorite grains showing various structures of francolite crystals and
crystal clusters: individual crystals within a void space (A), closeup of francolite crystals (B),
intergrown francolite crystals (C) and radial structure of francolite crystals (D) (scale bar is 2 pm).
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3.4.4. Geochemistry of phosphorite grains

As is typical for most marine phosphorite, XRD
analyses reveal that the principal P-bearing
mineral in phosphorite from the Namibian shelf
is francolite. Francolite is a carbonate
fluorapatite mineral with 3-6 mol% carbonate
ion substitution for phosphate ion and
significant amounts of fluoride (>1 wt.% F) in
place of hydroxide (OH). Phosphorite from the
Namibian shelf contains between 3.2 and 6.5
wt.% CO, present in the francolite as carbonate
ion substituting for the phosphate ion (Table
3.2). A typical chemical formula for francolite
is Cay.7Nag ;Mgo.1(PO4)2.6(CO3)o.4F 125 (Jarvis et
al., 1994). Sr substitutes for Ca in the francolite
structure and samples contain between 0.1 and
0.3 wt.% Sr. The chemical composition of
different phosphorite rock types including
concretionary and pelletal phosphorite from the
Namibian shelf has been determined by a
number of workers (Price and Calvert, 1978;
Bremner, 1977; Thomson et al., 1984; Baturin,
2002). The major element data reveal that the
chemical composition of the phosphorite grains
is largely similar, having between 27 and 33
wt.% P,O5 whereas the bulk sediment or sand
fraction has 18 to 27 wt.% P,0Os (Table 3.2).
Besides phosphatized shell and bone material
(skeletal phosphorite grains), most marine
phosphorite grains are not composed of pure
francolite, but have inclusions of pyrite, calcite,
organic matter, glauconite, clay minerals,
biogenic silica and quartz. All of these other
components occur in highly variable amounts
and typically constitute between 5 and 40 wt.%

of phosphorite grains.

The sulfur and iron content of the phosphorite

samples reflect the presence of pyrite (FeS,)
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evident in thin section (Fig. 3.14). The SiO,
content reflects the presence of quartz grains,
amorphous biogenic silica (mostly present as
diatoms and sponge spicules), and silica
associated with clay and mica minerals. The
mineral composition of the phosphorite samples
can be estimated by allocating the elements
from the elemental oxide analyses with the
minerals detected by XRD. Combining these
two analyses indicates that concretionary
phosphorite from the diatomaceous mud belt
consists of 90% francolite (CFA), <1% quartz
and biogenic silica, up to several percent calcite,
0.5-2% clay minerals and 1.4 to 2.8% pyrite,
whereas the pelletal phosphorite sands contain
less francolite (78%) and more quartz/biogenic
silica, calcite, clay minerals and pyrite (Table
3.3). The bulk sand-size fractions of
phosphorite-rich sediment from the mid to outer
shelf have a mean composition of 65%
francolite, 5.7% quartz/biogenic silica, 12%
calcite, 10.7% clay minerals and 5.1% pyrite,
with the balance of 2% probably largely present
as organic matter (not analyzed for) within the

phosphorite grains.

3.5. Discussion
3.5.1. Age model

An age model for phosphorite formation and
final sediment deposition is derived from the
integration of biostratigraphy and strontium
isotope stratigraphy (SIS). The strontium

isotope ratios range from 0.708751 to 0709262,
corresponding to SIS ages of middle Miocene to
values greater than modern seawater (Table 3.1).
The age resolution possible using SIS depends
on the steepness of the marine strontium isotope
curve, which is relatively flat and of low

resolution throughout the Pliocene between 2.6
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and 5.3 Ma, but somewhat steeper and of higher
resolution on either side of the Pliocene during
the late Miocene and Pleistocene (Fig. 3.3). The
SIS ages of phosphorite from this study are
consistent with previously reported SIS ages of
Pliocene (4.1-5.8 Ma) phosphorite offshore of
Walvis Bay and of Pleistocene (0.4-1.3 Ma)
phosphorite from offshore Rocky Point
(samples 3558 and 3719, respectively in Figs.
3.4 and 3.9) (McArthur et al., 1990; SIS ages
updated to the look-up table VV4: 08/04).

In general, the SIS ages young up section as
expected, but the different grain types within a
sample can show a wide range of ages (Table
3.1; Figs. 3.5, 3.6 and 3.10). For example in
Core 1313 at a depth of 96-98 cm, pelletal
phosphorite grains are older than the matrix of
the concretionary phosphorite pebble
surrounding them as expected. Bone from the
same sample is similar in age to the
concretionary phosphorite whereas pelletal
phosphorite sand and fish scales have mean SIS
ages that overlap with the included pelletal
phosphorite grains (Fig. 3.15). The differences
in age found for different grains from the same
sample in this study are consistent with
sedimentological and petrographic evidence for
complex reworking and multiple episodes of
phosphorite formation (Fig. 3.11). Therefore, it
is not unusual or unexpected that different
phosphorite grains and fossils have significantly
different ages in the same sample (Compton et
al., 2002, 2004). In a sample from Core 2325, a
concretionary phosphorite pebble is of similar
age to fine pelletal phosphorite sand and both
are younger than associated fish scales, while a
large bone has Sr isotope values greater than

modern seawater (Fig. 3.16).
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Strontium isotope ratios greater than modern
seawater were reported for concretionary
phosphorite from the Holocene diatomaceous
mud belt off Walvis Bay (sample 4028 in Fig.
3.4; mislabeled 4208 in McArthur et al. (1990)).
McArthur et al. (1990) attributed the higher than
seawater Sr value to the dissolution of
radiogenic Sr (®'Sr) from terrigenous (wind-
blown) mica. Radiogenic Sr may have been
leached from included minerals by the acetic
acid used to digest the phosphorite grains.
Although acetic acid is a less aggressive acid
than HCI, it may still result in the release of
sufficient radiogenic Sr to impact the measured
ratios of the phosphorite samples (McArthur,
1994). Alternatively, the phosphorite may have
incorporated radiogenic Sr that was released
from terrigenous minerals into pore waters
during the time of its formation. Therefore,
radiogenic Sr contamination from detrital
minerals is a concern in the application of SIS
to phosphorite samples from the Namibian shelf,
with actual ages potentially older than the ages
in Table 3.1. Just how much older the
phosphorite samples may be is unknown and
depends to what extent radiogenic Sr was
acquired during phosphorite formation or
released during acid digestion. A total of 8 of
the 120 phosphorite grains analysed in this
study had Sr isotope values that averaged
0.00006 and ranged from 0.000031 to 0.000087
greater than seawater. These relatively modest
offsets, along with the general agreement of
biostratigraphic and SIS ages discussed below,
suggest that alteration of the Sr isotope ratios
was limited and unlikely to significantly impact
the SIS ages, particularly when considering the
relatively low age resolution (low gradient) of
the Pliocene marine Sr isotope curve (Fig. 3.3).

Contamination by radiogenic Sr is predicted to
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shift the SIS ages older, with a shift from the
predominantly Pleistocene SIS ages to include a

broader spread of Pliocene to late Miocene ages.

However, shifts to ages older than the latest

Miocene are considered unlikely because of the

steepness of the late Miocene marine Sr curve.

Contamination by radiogenic Sr is not an issue

for biogenic calcite samples (unrecrystallized

foraminifera and mollusc shell).

Table 3.2. Elemental analyses of phosphorite samples.

Diatomaceous mudbelt Si0, AL, Ti0y Fey0y MgO ca0 Na,0 K0 P05 0, F Sr coj
Price and Calvert (1978) cP 1.80 047 007 0.95 0.60 5090 nd 017 31.60 4.30 223 021 537
cP 1.00 027 005 0.81 0.60 5160 nd 009 32.60 4.10 254 019 513
pP 4.60 125 0.10 252 0.90 4540 nd 038 29.40 3.50 203 021 438
pP 5.00 1.17 011 332 0.90 4290 nd 039 27.20 3.90 280 018 488
Skeletal 1.10 015 0.06 1.56 0.40 50,00 nd 009 31.70 530 202 016 663
Baturin (2002) S0, A0y TiO, Fes0;  MgD  CaD Nas0 KD P20 0, F 5 Corg Ha0
P 1.44 061 nd 1.50 112 48.40 0.92 nd 30.795 503 344 1.50 128 10,10
P 0.40 0.05 nd 0.43 145 459.50 152 nd 3245 603 nd nd 0.88 nd
P 029 0.16 nd 1.06 152 nd 166 nd 30.98 647 nd nd 0.93 nd
P 265 069 nd 285 139 nd 1.58 nd 3282 340 nd nd 0.57 nd
mold 921 1.71 nd 263 129 4320 147 nd 2622 435 nd nd 101 nd
mold 217 0.09 nd nd nd 47.50 nd nd 31.05 nd nd nd nd nd
caprolite 0.49 0.08 nd 017 139 nd 1.35 nd 3310 592 nd nd 1.08 nd
caprolite 0.30 003 nd 0.46 139 50.90 147 nd 3228 B22 nd nd 0.97 nd
Bremner (1977) S0, A0y TiO, Fe,0,  Mgd  CaD Na,0 KD P05 co2 F B Corg Lol
pP(4) 4497 1.12 0.46 254 083 4693 0.50 038 2804 360 320 231 270 1203
Thomson et al. (1984) Si0; Al04 Ti0, Fealy MgO Cad May0 K20 P05 0y F sr COstot
friable cP 4.50 0.26 0.o7 016 3.97 19.35 nd 016 27.90 230 177 002 13.24
pP 840 1.69 o1l 3.56 0.50 41.78 nd 0.63 28.00 4.10 1.76 011 627
glauc pP 740 1.73 012 7.8 0.43 37.57 nd 1.03 2770 370 1.76 0.10 280
friable cP 670 1.06 0.o7 0.48 0.74 44.56 nd 021 30.20 270 1.91 016 583
lithified cP 240 0.69 005 0.46 0.63 45.26 nd 0.18 30.50 nd 242 015 557
lithified cP 4.80 0.81 0.06 0.33 051 40.01 nd 0.24 27.50 230 173 028 535
lithified cP 0.50 016 0.04 0.03 061 46.53 nd 012 31.40 260 278 018 BET
lithified cP 0.40 0.03 002 0.02 0.71 46.21 nd .09 30.70 110 274 017 671
lithified cP 13.50 4.54 021 150 0.72 36.02 nd 071 24.90 1.50 206 017 660
lithified cP 0.70 0.32 0.04 0.09 0.35 47.70 nd 0.13 30.80 230 2.99 012 653
Mid to outer shelf 5i0a Alz0s Tida Feath MgO a0 MNaz0 K20 Pa0s 5 Lol
ML 170 bulk sand 7.24 256 011 316 065 4175 254 016 19.52 nd 1538
ML 170 bulk sand G.89 219 0.08 230 1.80 4376 277 =002 18.00 nd 19.05
ML 170 bulk sand 10,13 214 0.15 4.16 207 41.11 280 0.46 23.97 nd GO98
ML 170 bulk sand 11.68 219 0.14 382 115 39.96 =0.02 015 17.72 nd 1231
ML 170 bulk sand 14.37 587 0.27 420 204 33.59 276 1.43 20.54 nd a7e
ML 170 bulk sand 14.85 485 0.30 373 164 31.73 362 0.98 2026 nd 12.11
ML 170 bulk sand 1573 5.26 027 417 228 3551 201 107 23.15 nd 5.88
ML 170 bulk sand 1937 673 032 486 3.13 3134 2583 1.48 2024 nd 570
Rogers (2007)
ML170 bulk sand 11.53 1.47 0.14 3.86 088 41.14 069 0.53 2151 286 1056
ML170 bulk sand 234 1.42 013 4,09 0.89 4316 071 0.55 2275 293 1042
ML170 bulk sand B.65 133 012 3.84 0.79 4371 0.52 0.43 2029 277 1457
ML170 bulk sand 9.80 1.45 014 408 0.86 41.18 070 0.59 24.61 295 944
ML159 bulk sand 6.88 1.37 012 303 096 4450 0.80 0.38 24.47 230 10,78
ML159 bulk sand 718 1.44 013 332 098 4433 [1R+14] 0.51 23.81 226 1158
ML158 bulk sand 7.24 139 013 347 102 4402 073 0.64 25.09 237 969
ML159 bulk sand 8.20 1.42 013 3.80 0599 4207 071 0.75 271 244 953
Frenay (2004)
ML159 Si0, AlLO, Ti0, Fes04 Mg0 a0 Naz0 K0 P20 5 F 0, Corg st
bulk sand 1274 127 012 354 105 44.90 134 053 27.10 330 3.10 4.90 1.06 028
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Fig. 3.14. Pyrite makes up 1.4 to 6.9 wt.% of phosphorite grains (Table 3.3) shown here as bright areas
under reflected light. Samples are from core 2682: pelletal phosphorite grains (A), foraminiferal test
(B) and bone (C) (scale bar is 0.2 mm).

Table 3.3. Phosphorite composition

Diatomaceous mud belt phosphorite grains

grain Quartz/ Biogenic Clay minerals Sr+

type CFA diatoms carbonate illite/smectite pyrite Ti0z Corg Total
P 90.9 (k] 0.7 1.7 16 03 nd 96.1
P 1.0 05 16 1.0 14 0.2 nd 06.7
P 89.4 03 00 20 26 0.2 13 95.8
sp 88.6 0.8 31 05 28 0.2 nd 96.0
pP 80.8 23 19 42 44 0.3 nd 939
pP 773 28 19 40 58 03 nd 920
pP 78.4 29 82 37 46 0.5 27 1009
mean 85.2 1.5 16 24 33 0.3 06 959

Mid to outer shelf phosphorite bulk sands

Quartz/ Biogenic Clay minerals Sr+
(FA diatoms carbonate I/5 kaolinite pyrite Tid, Total
58.1 38 238 21 50 55 05 988
54.5 40 302 47 33 1.5 0z 984
7.9 6.2 69 81 0.0 54 05 990
50.6 86 22 36 34 5.8 05 a7
62.0 35 46 211 03 45 04 964
62.8 6.6 20 13.0 29 5.6 03 932
9.2 6.4 00 204 03 26 o7 99.6
625 72 00 25.7 0.1 34 07 996
60.6 87 155 52 6.5 02 96.8
66.9 57 145 50 6.9 02 99.1
589 41 234 5.1 59 02 976
7.5 70 72 52 6.9 [t 98.0
nz 43 135 449 5.0 0z 990
69.2 45 15.0 51 5.5 02 995
738 46 97 52 55 02 989
746 55 94 56 57 02 101.0
Mean 64.9 57 124 BB 19 5.1 03 98.1
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s

Fish scales: 1.6 — 4.5 Ma

oncretionary phosphorite tan matrix: 0.2 - 1.3 Ma Included
black pelletal phosphorite grains: 1.3 —2.6 Ma

«.. | Cc——

Pelletal phosphorite (>0.25 mm): 0.9 —1.8 Ma

Bone: 0.0 - 1.0 Ma

Core 1313, 96-98 cm

Fig. 3.15. Different grain types from Core 1313 (96-98 cm) and their SIS ages (scale bar is 0.5 mm).

Concretionary phosphorite: 0 — 1.0 Ma

= 7-27
A Core 2325, 267-275 cm |

Bone: >seawater

Pelletal phosphorite
(0.063-0.125 mm): 0 — 1.0 Ma

Fish scales: 1.1-2.2 Ma

Fig. 3.16. Different grain types from Core
2325 (267-275 cm) and their SIS ages. The
bone was sampled in three places (scale bar is
0.5 mm).

SIS allows for the separate dating of different
grains from the same bulk sediment sample and,
when combined with biostratigraphy, can
provide a far more detailed understanding of the

complex history of phosphorite deposits
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(McArthur et al., 1990; McArthur, 1994;
Compton et al., 2002, 2004; Wigley and
Compton, 2012). The basal mud (unit 5) is
considered to be the latest Miocene to Pliocene
in age (2.6-6 Ma) based on the biostratigraphy
(foraminiferal assemblage Fb, Fig. 3.8, which
includes Epistominella pulchella and benthic
foraminifera associated with the ‘Stilostomella
extinction event,” such as Plectofrondicularia
and Siphonodosaria). The SIS ages of
phosphorite grains from unit 5 range from 0 to
5.1 Ma, while reworked shell fragments and
foraminifera have middle to late Miocene SIS
ages (8.6-13.0 Ma; Table 3.1). The overlying
phosphorite sandy mud to muddy phosphorite
sand (unit 4) and gravelly (shelly) phosphorite
sand (units 1-3) are considered to be
Pleistocene in age based on the foraminifera
Globorotalia inflata and Globorotalia
truncatulinoides (foraminiferal assemblage Fd,
Fig. 3.8). These Pleistocene depositional units
contain phosphorite grains that have mostly
Pleistocene SIS ages, but include some

reworked phosphorite grains that are as old as
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latest Miocene. Biostratigraphy and SIS are
unable to further resolve the age of the
Pleistocene deposits. However, unit 4 is
considered early Pleistocene in age (0.78-2.6
Ma) and units 2 and 3 are considered to be
Middle Pleistocene in age (0.78 Ma), whereas
the highly shelly phosphorite sand (unit 1) is
considered to be Late Pleistocene (0.126 Ma) to
Holocene (less than 11 5 ka) in age. These
Pleistocene depositional ages are based on the
coarsening upward succession and increasingly
high-energy environments on the shelf
associated with high amplitude Pleistocene sea-

level fluctuations.

The basal foraminiferal mud in cores from
offshore Rocky Point is mid-Miocene in age
(14-16 Ma) based on the occurrence of the
planktonic foraminifera Globoquadrina
dehiscens and Globigerinoides bisphericus
(foraminiferal assemblages Fa, Fig. 3.8) and SIS
ages of foraminifera of between 14.4 and 16.1
Ma (Core 2670, 125-190 cm; Table 3.1). A
major erosional hiatus separates the overlying
shelly phosphorite sand units, which are
considered to have a Pleistocene depositional
age based on the occurrence of the planktonic
foraminifera G. inflata and G. truncatulinoides
(foraminiferal assemblages Fc and Fd, Fig. 3.8).
The SIS ages of phosphorite grains in Core
2670 are all Pleistocene in age, whereas
phosphorite grains range in age from latest
Miocene to Pleistocene in Core 2634 (Fig. 3.10;
Table 3.1).

3.5.2. Origin of the phosphorite

Large phosphorite deposits, such as those on the
Namibian shelf, represent a long-term sink of
bioavailable P from the ocean reservoir. The

extraction of P from seawater to sedimentary
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phosphorite deposits involves two major
enrichment steps. The first is in the extraction of
minor to trace amounts of dissolved or
particulate P from surface seawater by primary
producers (algae). In the case of skeletal
phosphorite grains, P enrichment occurs in the
water column as primary producers are
consumed up the food chain by larger
organisms and P becomes concentrated in
skeletal biological forms, such as the bone, teeth
and scales of fish. Skeletal phosphorite grains
can then transform (recrystallize) from their
original biological forms of apatite into
carbonate fluorapatite (francolite) during early
burial diagenesis with no further P enrichment
required. Although generally ubiquitous,
skeletal phosphorite grains typically constitute
no more than 10-20% of the total phosphorite in

samples from the Namibian shelf.

For the formation of most (nonskeletal)
phosphorite grains, the second enrichment step
occurs during the early burial diagenetic transfer
of organic P to the carbonate fluorapatite
mineral francolite, rich in inorganic P (37 wt.%
P,0s). The majority of phosphorite grains are
pelletal sand followed by concretionary
phosphorite, mollusc molds and phosphatized
calcareous fossils. The petrography of these
nonskeletal grains indicates that they formed by
the precipitation of pore-filling authigenic
francolite or by francolite replacing calcite.
Pelletal and concretionary phosphorite grains on
the Namibian shelf are between 50% and 91%
pore-filling francolite cement, with the balance
a mix of biogenic calcite (shell, nannofossils
and foraminifera), pyrite, clay minerals, mica,
glauconite, quartz, diatom frustules and organic
matter (Table 3.3).
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An early diagenetic origin of phosphorite in
organic-rich marine sediment is supported by
geochemical studies of, for example, carbon and
sulfur isotopes of carbonate and sulfate ion
substituted in francolite (McArthur et al., 1986;
Mallinson and Compton, 1998). The carbon
isotope composition of carbonate substituting in
the francolite structure ranges from —3%o to
—9%o and the sulfur isotope values are slightly
depleted relative to seawater (McArthur et al.,
1986). This combination of depleted carbon and
sulfur isotope values indicates that the francolite
formed near the suboxic to anoxic boundary
where intense microbial processes rapidly
remove oxygen from the sediment and oxidize
hydrogen sulfide diffusing up from below.
Bacteria, and in particular sulfur bacteria such
as Thiomargarita and Beggiatoa, may play an
important role in phosphorite formation on the
Namibian shelf through the concentration of P
stored as intracellular polyphosphates that are
episodically released to form pore water
phosphate concentration maxima (Schulz and
Schulz, 2005; Brock and Schulz-Vogt, 2011;
Bailey et al., 2013).

Other authigenic marine minerals commonly
associated with phosphorite are pyrite,
glauconite and dolomite. Pyrite is nearly
ubiquitous in phosphorite grains from the
Namibian margin, with pelletal phosphorite
containing an average of 5.1 (1.5-6.9) wt.%
pyrite and phosphorite from the diatomaceous
mud belt containing an average of 3.3 (1.4-5.8)
wt.% pyrite (Table 3.3). The pyrite commonly

occurs as microcrystalline spherical clusters
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(framboids) (Fig. 3.17) either randomly
distributed or focused in specific concentric
bands within pelletal grains (Fig. 3.14). These
textures suggest that the mineral francolite
commonly co-precipitates with pyrite, and
reflects sulfidic conditions in pore waters that
host complex and variable geochemical and
microbial processes. Most iron is removed as
pyrite precursors and, in some sediments, the
amount of available iron appears to limit pyrite

formation.

Glauconite is an iron-rich authigenic clay
mineral whose formation is associated with
mixed-redox environments. Glauconite and
phosphorite often occur together and appear to
form synchronously. For example, glauconite is
commonly observed to form in
microenvironments, such as the interior
chambers of fossil foraminifera tests where the
original calcareous test wall has been replaced
by francolite (Birch, 1975, 1979c; Wigley and
Compton, 2007). Glauconite occurs as
individual sand-sized grains included within
phosphorite grains on the Namibian shelf and is
most abundant in deposits offshore of Rocky
Point. Glauconite grains occur sporadically in
upper slope sediments offshore of Rocky Point
(ODP Sites 1081/2), but are largely absent from
shelf and upper slope sediment offshore of
Lideritz (ODP Site 1084) (Wefer et al., 1998b).
The abundance of glauconite on the shelf and
upper slope offshore of Rocky Point may reflect
the relatively large amounts of iron-rich
terrigenous sediment delivered by the Kunene

River to the margin.
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Fig. 3.17. Pyrite framboids within phosphatized shell (scale bar is 100 pm in A, 20 pm in B and 5 pm in C).

Dolomite, like glauconite, is only observed in
relatively minor to trace amounts in the
phosphorite deposits on the Namibian shelf.
Dolomite occurs on the inner shelf of Namibia,
but its origin is associated with sea-level
lowstands and the mixing of meteoric and
marine waters rather than upwelling (Compton
et al., 2001). The origin of finely disseminated,
concretionary and layered dolomite indicated to
occur on the upper slope is most probably
related to the high organic matter content and
burial diagenesis leading to the precipitation of
organogenic dolomite (Wefer et al., 1998b;
Compton, 1988). It is not clear why
organogenic dolomite is not more common on
the shelf, but it may relate to the generally
deeper and slower precipitation of dolomite in
comparison to francolite during burial
diagenesis, with the peak concentration of
phosphate ion at shallower burial depths than
peaks in carbonate alkalinity (e.g., Wefer et al.,
1998a).

Although the diatomaceous mud belt underlying

the BUS makes for an obvious modern analog,
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it is not entirely clear how modern phosphorite
formation on the inner shelf mud belt relates to
the larger, older and texturally more diverse
phosphorite deposits on the middle to outer
shelf. It appears to be a complex process that
perhaps starts with partial cementation by
francolite as concretionary phosphorite grains,
some as large as bivalve molds while others
may be as small as the interior of individual
cells of giant sulfur-oxidizing bacteria or silt to
sand-sized fecal pellets. Once these grains are
cemented sufficiently by francolite to hold
together during the transition to higher-energy
lowstand conditions, they may be too big to
transport beyond the shelf. Retained on the shelf,
they remain prone to reburial, even if only
temporarily or episodically, by organic-rich
sediment. The presence of already-nucleated
francolite may promote further growth until
grains become highly cemented, indurated
pelletal or pebble phosphorite grains observed
today. In this scenario, porous and friable
concretionary phosphorite grains could be
viewed as initial precipitates, whereas hard

cemented grains may have experienced multiple
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cementation events, similar to what is observed
on the Peru margin today (Garrison and Kastner,
1990). Some phosphorite grains have well
defined origins (interior mollusk and
foraminiferal chamber molds, phosphatized
carbonate shell fragments) whereas the origin of
others is vague and may include individual large
bacteria (Bailey et al., 2013), fecal pellets and
possibly coprolites in the case of concretionary

pebbles.

3.5.3. Pleistocene sea-level fluctuations

Phosphorite is commonly observed in organic-
rich sedimentary rocks where it forms in place;
however, such occurrences of phosphorite are
nearly always sub-economic because the
phosphorite grains are too diluted by other
sediment components. Economic phosphorite
deposits require the physical reworking and
preferential removal of non-phosphorite grains
to concentrate the phosphorite, most typically
into sand or gravel erosional lag deposits
(Fo6llmi, 1996; Notholt et al., 1989; Compton et
al., 2000). On continental shelves, one of the
principal mechanisms for alternating between
phosphorite formation in organic rich mud
deposits and reworking into an erosional
phosphorite sand lag deposit is changes in sea
level as argued for the South African shelf
(Birch, 1979, b, c; Baturin, 1982; Compton et
al., 2002, 2004; Wigley and Compton, 2006). If
sea level repeatedly rises and falls over a long
enough period of time, then an economic
phosphorite deposit may form. The depositional
and diagenetic history of the Namibian shelf
succession is argued here to largely reflect
changes in sea level, both the relative height of
sea level and the amplitude and frequency of

sea-level fluctuations.
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Sediment deposits in the Luderitz—Walvis Bay
area dating back to the latest Miocene represent
the highly condensed equivalent of the 600 m of
sediment on the upper slope at ODP Site 1084
(Fig. 3.18), while the deposits off Rocky Point
correspond to 400 to 600 m of sediment on the
upper slope at ODP Sites 1081 and 1082,
respectively (Fig. 3.19). The middle Miocene
basal foraminiferal mud offshore Rocky Point
and the Pliocene basal mud (unit 5) offshore the
Luderitz—Walvis Bay area are interpreted to
have been deposited during the relatively high
and steady sea levels at these times (Miller et al.,
2005). Lowering of sea level and increased
amplitude in sea-level fluctuations resulted in
major erosional hiatuses during the deposition
of the overlying Pleistocene phosphorite shelly
sands. At the shallower water depths offshore
Rocky Point, the Pliocene is missing and only
represented by reworked Pliocene phosphorite

grains in the overlying Pleistocene shelly sands.

The Pliocene to Pleistocene boundary at 2.59
Ma is associated with initial Northern
Hemisphere glaciation (NHG) and the onset of
significant sea-level fluctuations. Sea-level
fluctuations between 2.6 and 0.9 Ma included
lowstands on the order of 60 to 80 m below
present day (Bintanja et al., 2005). The
phosphorite sandy mud to muddy phosphorite
sand in the Luderitz—Walvis Bay area (unit 4) is
interpreted to have been deposited during the
early Pleistocene between 2.6 and
approximately 0.9 Ma. During this period, the
amplitude of sea-level fluctuations was
sufficient to periodically suspend and rework
mud off the shelf and to concentrate a residual
lag deposit of sandy mud to muddy sand in
which the sand fraction is predominantly

pelletal phosphorite grains.



Chapter 3

Namibian phosphorite deposits

Upper Slope - Site 1084 (2000 m)

Quter Shelf (200 - 300 m)

OHN

£

Composite Stratigraphy Lideritz-Walvis Bay Deposit 5180 (00)
0 Lithology Age (Ma) Thickness (m) Lithology 4
om -
201 | Holocene &l: - C::' - “Whole shells - =
H =
ety ooy D
0.126 [~ Pleistocene é —q‘_:. 4.,-::_ Phosphorite S|
ol it | o Sand -
100 Midde — Sf == T | = -7 8
Pleistocene 5| = —| ~ e =l iy
5 | — O -
E|l = —a - fragmemed -
o _ogp|%sila - =N shell -~
e — E -
3 -
_____ L0 03-09m Tgradational
200 Diatom-bearing cla “ A
g clay .
to nannofossil-rich o g
diatomaceous clay | £ Lower Pleistocens g Muddy o =
with clayey g {Calabrian) — | = Phosphorite Pl
nannofossi coze 2 = Sand -
o] e -
= e B
£ 30 - =, - 2 .
@ "‘*-‘.H_;S 10-14m V= ?’gradatlonal = //’
o ] = s
= . ® d
= o Phosphorite 2 Vi
= Diatomaceous clay % Sandy Mud 8| .~
= S L B .
2 I Muddy R
400 Clay-rich fossil g Lower Pleistocene |2 S Phosphorite e
2y-rch nannofossi (Gelasian) Sand -,
diatom coze -
—— -~
= Fd
-~
, rd
Clay-rich diatomaceous gradational
nannofossil ooze
@ Upper
. Pliocene w  Termrigenous
Nannofossil clay £ Mud
Lower Pliocene
] 15-21m —erosional
Nannofossil ooze Middle to Upper Foraminiferal| @ T T —~——
600 Miocene sand % “““““
(6:3- 15 Ma] (rewiorked) Lisiecki and Raymo (2005)

Wefer etal (1998)

Fig. 3.18. The correlation of Plio/Pleistocene sediments on the upper slope (ODP Site 1084; Wefer et
al., 1998a) to the highly condensed phosphorite deposits on the shelf and the proposed relation of
shelf depositional units to global climate change reflected in the marine oxygen isotope record
(Lisiecki and Raymo, 2005).

The transition from only minor amounts of

gravel to sediment having up to 10% shell gravel

in the Luderitz—Walvis Bay area (unit 3) and the

abrupt erosional transition to muddy sandy

gravel in the offshore Rocky Point area are

interpreted to correspond to the increased

amplitude of sea-level fluctuations at 0.9 Ma
(Elderfield et al., 2012). Upper Miocene deposits

in the offshore Rocky Point area have been

reworked into Pleistocene deposits. The multiple

erosional surfaces and coarsening upward

succession in both areas are interpreted to

correspond to the high-frequency (100 kyr) and

high-amplitude (130 m) fluctuations associated
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with major glacial/interglacial sea-level cycles
established by 0.9Ma. Although the age
resolution of SIS is unable to test this

interpretation, the biostratigraphy suggests that

the bulk of the reworked succession is middle to

late Pleistocene in age (Fig. 3.8). The presence of

whole and some articulated molluscs in the

uppermost sediment suggests that the sediment

was last reworked during the Last Glacial
Maximum (MIS2) from 28 to 18 ka, with

deposition since 18 ka associated with the marine

transgression to the Holocene interglacial

highstand, established since 11.5 ka.
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Fig. 3.19. Correlation of Plio/Pleistocene sediments on the upper slope (ODP sites 1081/2;
Wefer et al., 1998a) to highly condensed phosphorite deposits offshore of Rocky Point (Fig.
3.10). The deposition of shelly phosphorite sands having multiple erosional contacts is related
to major Pleistocene sea-level fluctuations (Lisiecki and Raymo, 2005; Bintanja et al., 2005).

Reworked phosphorite grains exposed on the
seafloor to the low phosphate concentrations of
bottom waters may have undergone partial
dissolution of francolite cement and oxidation of
included pyrite. For example, some pelletal
phosphorite grains have irregular pitted and
bleached surfaces, while others have irregular
interior layers, some of which are iron-oxide
stained and overgrown with younger phosphorite
layers (Compton et al., 2002). However, the low
solubility of francolite in seawater appears to
have limited the return of P to the ocean, with a
large net accumulation of phosphorite on the
Namibian shelf through Pleistocene

glacial/interglacial cycles. Upwelling, deposition
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of organic-rich mud and phosphorite formation
continued during glacial periods, but was
focused over the present-day middle and outer
shelf regions. Unlike the present-day Holocene
highstand mud belt, glacial period mud belts
were probably less stable and shorter lived, as
less accommodation space made them more
prone to episodic reworking (Fig. 3.20).
Repeated cycles of organic-rich mud deposition
and phosphogenesis followed by reworking
would explain the concentric layered pelletal
phosphorite grains, older pelletal grains
cemented in concretionary phosphorite pebbles,
as well as complex, multi-generational

composite phosphorite pebbles.
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Some older phosphorite deposits on the present-
day inner shelf may be covered by dune sands
deposited during glacial lowstands. For example,
the Holocene diatomaceous mud belt is
interpreted to rest upon relict lowstand dune
sands directly offshore of Walvis Bay (Bremner,
1977). The extent to which relict phosphorite
deposits may occur below the Holocene mud
belt and lowstand dune deposits on the inner
shelf is unknown. However, it is possible that
much of the phosphorite formed in highstand
inner shelf mud belt deposits was reworked
during marine regressions and transported to the
middle and outer shelf regions where it has
accumulated from repeated sediment reworking
by dissipation of wave base energy, shelf break
internal waves and bottom currents (Monteiro et
al., 2005; Inthorn et al., 2006; Compton and
Wiltshire, 2009). At glacial terminations when
sea level rose rapidly, the reworked pelletal
phosphorite sands on the outer and middle shelf

were bypassed and generally starved of

65

sediment as today, while those on the middle to
inner shelf were partially overlain by the next
highstand organic-rich mud deposits.
Phosphorite formation was renewed within the
highstand mud belt either as new phosphorite
grains or as additional layers on reworked
grains forming, for example, concentrically
banded pelletal phosphorite grains (Figs. 3.11
and 3.14). Therefore, phosphorite formation
likely continued throughout Pleistocene glacial
to interglacial cycles, but it was sea-level
fluctuations that reworked the phosphorite into
highly condensed, economic deposits (Fig. 3.20).

3.5.4. Phosphorite, upwelling intensity and
aridification

Phosphorite formation on the Namibian shelf is
ultimately driven by the highly productive
Benguela Upwelling System. High productivity
over a shallow shelf enhances the delivery of
relatively fresh organic matter to the seafloor

where it is rapidly degraded by bacteria.
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Bacterial release of organic-bound P, especially
the episodic release from large sulfur bacteria,
to pore water promotes the precipitation of
francolite pore-filling cement. Additional P may
be sourced from the release of iron-bound P
associated with terrigenous iron oxide particles
under reducing conditions. Francolite variably
cements the host organic-rich mud into silt- to
pebble-sized phosphorite grains sufficiently
hard and durable to be retained on the shelf. In
this way, phosphorite retained on the shelf as
sand and gravel lag deposits is a proxy for
intense upwelling conditions over the shelf,
even if most of the original organic-rich mud
deposits in which it formed are later removed by

reworking and dispersal beyond the shelf.

In general, the phosphorite SIS ages correspond
to other proxies of upwelling intensity on the
Namibian margin, such as sea surface
temperature (SST), organic carbon mass
accumulation rate (Corg MAR) and diatom
abundance index (DAI) recorded in higher-
resolution and better-dated upper slope deposits
(Figs. 3.21 and 3.22). The SIS ages of
phosphorite grains indicate that phosphogenesis
extended from the latest Miocene to the present,
with most phosphorite formed during the
Plio/Pleistocene. Relating specific episodes of
phosphorite formation to SST, Corg MAR and
DAl records are limited by the age resolution of
the phosphorite samples. SIS ages in most cases
represent the average age of multiple grains and
have uncertainties associated with the steepness
of the marine Sr isotope curve and possible
uptake of radiogenic Sr discussed above.
Despite these limitations, the diagenetic and
depositional histories of phosphorite deposits on
the Namibian shelf provide new perspectives
into the evolution of the BUS.
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The onset of phosphorite formation in the latest
Miocene (7-5 Ma) is consistent with other
evidence for the initiation of Benguela
upwelling as recorded by SST, Corg MAR and
diatom abundance centered on the Walvis Ridge
at Site 362 (Siesser, 1980) and Site 1081 (Wefer
et al., 1998a; Hoetzel et al., 2013). The
relatively small amount of phosphorite of latest
Miocene age is also consistent with the
relatively modest indicators of upwelling
intensity on the margin at this time (Fig. 3.22).
The possibility of phosphorite older than
samples recovered and dated in this study seems
unlikely because reworked middle Miocene
foraminifera, but not phosphorite, were
recovered from both offshore Rocky Point (14—
16 Ma) and Luderitz—Walvis Bay (10-13 Ma)
areas. Therefore, the oldest phosphorite dated
from the Namibian shelf is in agreement with
other indicators that the northern BUS was
initiated in the latest Miocene.

The phosphorite from this study is largely
Plio/Pleistocene in age and centered on the
period between 3 and 0.5 Ma (Figs. 3.21 and
3.22). These ages broadly overlap with upper
slope margin records of major increases in
upwelling intensity for the BUS north of the
Orange River. Variations among the individual
records suggest asynchronies in upwelling
indicators along the margin; however, most
proxies of increased upwelling intensity are
centered on the period from 3 to 0.5 Ma. These
records include colder SST, increased Corg
MAR and higher diatom abundance (DAI) for
sites near the Walvis Ridge (1081 and 1082)
and Site 1084 offshore of Liideritz (Wefer et al.,
1998a; Lange et al., 1999; Marlow et al., 2000;
Etourneau et al., 2009). These records, as well

as other regional records of upwelling
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Site 1084 (Marlow et al., 2000). The cooling of

SST is associated with increased organic carbon

productivity changes (Ravelo et al., 2004),
suggest two major cooling shifts in global
climate associated with upwelling intensity. The and diatom deposition on the upper slope, most

first cooling step corresponds to the gradual of which was likely sourced from the reworking

establishment of Northern Hemisphere
glaciation (NHG) between roughly 3 and 2.6
Ma, followed by a second cooling step from
roughly 2 to 1.5 Ma (Ravelo et al., 2004). The

of organic-rich mud deposits off the shelf (Fig.
3.20). Therefore, although the deposition of
organic rich mud associated with upwelling

over the shelf is ephemeral, much of it ends up

SST records from Namibia show marked buried longterm on the slope, although at
relatively low organic carbon burial efficiencies

(Compton et al., 2008).

cooling events approximately 3 to 2 Ma, but a
pause in cooling from roughly 2 to 1.4 Ma,
followed by increased variability since 1.4 Ma
and a major cooling step from 1.4 to 0.6 Ma
(Marlow et al., 2000; Etourneau et al., 2009).
Overall, SST has dropped 10°C since 3.2 Ma at
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The large Luderitz—Walvis Bay phosphorite
deposits are comparable in extent and occur on
the shelf immediately offshore of the Namib
Desert (Fig. 3.5), but to what extent are the
Namib Desert aridification and the BUS linked?
The record of the Namib Desert consists of the
Tsondab Sandstone Formation eolianites with

an aerial extent exceeding that of the overlying
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unconsolidated dunes of the Namib Sand Sea
(Ward, 1987; Ward and Corbett, 1990). The
Tsondab Sandstone Formation is estimated to be
early to middle Miocene in age based on fossils
(Pickford and Senut, 1999; Senut, 2000).
However, no indicators of upwelling or high
productivity are known from the Namibian
margin older than late Miocene. Either older
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phosphorite deposits are yet to be recovered
from the Namibian margin or the earliest Namib
Desert was not associated with phosphorite
formation and coastal upwelling. The Namib
Desert Tsondab Sandstone Formation does,
however, overlap with major episodes of
phosphorite formation on the South African
shelf (southern BUS), associated with possibly
warm rather than cold water coastal upwelling
since the latest Oligocene (Compton et al., 2002,
2004; Wigley and Compton, 2006).

Arid desert conditions are considered to have
persisted since deposition of the Tsondab
Sandstone, although less arid climates may have
occurred before hyperaridity associated with the
Namib Sand Sea was established (Ward, 1987;
Ward and Corbett, 1990). The unconsolidated
dunes of the Namib Sand Sea are considered to
be at least one million years old based on
cosmogenic nuclides (Vermeesch et al., 2010)
and are estimated to be 2.4 to 2.7 Ma based on
molecular dating of the appearance of Namibian
dung beetles adapted to hyperaridity (Sole et al.,
2005). The Pliocene to Pleistocene pollen
record from Site 1082 off the Kunene River
indicates increased seasonality from 2.7 Ma and
a general increase in semi-arid plants in the
broader, interior regions from 2.7 to 1.8 Ma
(Dupont et al., 2005). Together, these records
are consistent with the age of phosphorite
formation and the SST records indicating
upwelling of colder waters since roughly 3 Ma
(Figs. 3.21 and 3.22). Therefore, support for
linking coastal hyperaridity to the BUS appears
fairly robust in the case of unconsolidated dunes
of the Namib Sand Sea, but is less obvious for
the underlying older eolianites of the Tsondab

Sandstone Formation.
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The modern BUS can be divided into a southern
BUS (Cape Point to Orange River) and northern
BUS (Orange River to Kunene River) based, in
part, on differences in total annual productivity,
with the present-day northern BUS significantly
more productive than the southern BUS (Carr,
2002). The distribution, abundance, texture and
age of phosphorite on the margin provide
evidence for the long-term geological evolution
of the BUS. Phosphorite occurs along the entire
stretch of the BUS including the Agulhas Bank,
but there are marked differences in the
phosphorite deposits from the southern and
northern regions of the BUS. Phosphorite from
the northern BUS is latest Miocene to Holocene
in age, with most of the phosphorite
Plio/Pleistocene in age. In contrast, phosphorite
from the southern BUS is latest Oligocene to
Holocene in age, with most of the phosphorite
latest Oligocene to early Miocene in age (26 to
16 Ma) (Compton et al., 2002, 2004). The age
of phosphorite from the Agulhas Bank is poorly
known, but from fossil evidence most
phosphorite is thought to range from late
Eocene to Pliocene in age (Dingle, 1974). These
ages suggest that the BUS initiated in the
southern region, perhaps in relation to the final
opening of Drake's Passage (Compton et al.,
2004). Upwelling in the southern BUS was most
intense from the latest Oligocene to middle
Miocene and then generally tapered off but
continued to the present-day. Upwelling appears
to have shifted focus to the northern BUS
starting in the latest Miocene and then
intensified through the Pliocene and Pleistocene.
Like today, upwelling continued throughout the
BUS, but was far more intense in the northern
than southern BUS (Carr, 2002).
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Far more intense upwelling in the northern than
the southern BUS is supported by differences in
the abundance, composition and texture of the
phosphorite. The amount of phosphorite (wt.%
P,0s) in the northern BUS deposits is far greater
overall and by unit area than in deposits of the
southern BUS (Fig. 3.1). Glauconite is generally
the dominant authigenic mineral in the southern
BUS, whereas glauconite is a relatively minor to
trace mineral in the phosphorite deposits in the
northern BUS. Pyrite is common to both areas,
but pyrite is particularly abundant in
phosphorite grains from the northern BUS.
Pelletal sand grains dominate Namibian
phosphorite, whereas phosphatized limestone
and biogenic carbonate tend to be the dominant

phosphorite grains in the southern BUS.

More intense upwelling in the northern BUS
resulted in a greater abundance of siliceous
(diatoms) than calcareous algae, and greater
organic carbon accumulation rates, more intense
microbial activity, greater phosphate ion release
and more phosphorite formation. Both the
northern and southern BUS receive abundant
terrigenous clay and iron associated with mud
delivered by the Kunene River and Orange
River and deposited in similar inner to middle
shelf mud belts. The large production of H,S in
highly reducing, organic-rich muds may lead to
efficient sequestration of available iron by
pyrite formation, thereby limiting the amount of
glauconite that can form. Sediment on the
Namibian margin has significantly higher
organic carbon content (Mollenhauer et al.,
2002; Inthorn et al., 2006) and H,S gas
eruptions are observed on the Namibian shelf
(Fig. 3.4). These factors may contribute to the
large difference observed in the regional

glauconite content of the BUS.

70

3.5.5. Economic significance

The exclusive prospecting license (EPL) areas
between Lideritz and Walvis Bay cover an area
of 7642 km?. Based on the total thickness and
grade (wt.% P,0s) of the phosphorite deposit
from recovered cores, these areas are estimated
to have a total of 551 Mt P,Os, equivalent to
2900 Mt phosphorite (‘phosphate rock’) at an
average grade of 19 wt.% P,0s. Extrapolating
beyond the heavily cored EPL areas to the entire
18,350 km? area between Liideritz and Walvis
Bay having phosphorite-rich seabed sediment
yields an estimated total of 1312 Mt P,0s
(equivalent to 6900 Mt phosphate rock at an
average grade of 19 wt.% P,0s). Taking the
average thickness (0.6 m), density (1.2 g/cm®)
and mean phosphorite content (20 wt.%) of
cores recovered from offshore of Rocky Point
yields an estimated total of 246 Mt phosphate
rock over an area of 1716 km?. Extrapolating
beyond the cored area to the entire 6340 km?
between Palgrave Point and the Kunene River
having phosphorite-rich seabed sediment (>5
wt.% phosphorite; Fig. 3.9), yields an estimated
total of 900 Mt phosphate rock in the northern

area.

Although crude, these estimates suggest that the
Namibian shelf is host to a world-class
phosphorite deposit, containing a phosphate
rock resource on the order of 7800 Mt at an
average grade of 19 wt.% P,0Os exposed over a
seabed area of 24,700 km?. The Namibian shelf
deposit represents approximately 2-5% of the
estimated global phosphate rock resource
(USGS, 2015; Edixhoven et al., 2014). The
largest producers of onshore phosphate rock are
currently China, Morocco and the USA (USGS,
2015), but there has yet to be any significant

mining of offshore phosphorite deposits.
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Although several mining licenses have been
issued, there is a moratorium on mining
phosphorite on the Namibian shelf pending an
assessment of the potential impacts, particularly

to the sea fisheries industry.

3.6. Conclusions

Although extensive surface deposits were
known since the 1970's, recent mineral
exploration has recovered a large number of
cores that provide new insights into the
stratigraphy, age, origin and size of phosphorite
deposits on the Namibian shelf. The largest
deposit outcrops over an area of 18,350 km?
offshore between Luderitz and Walvis Bay
while a secondary deposit outcrops over an area
of 6340 km? offshore between Palgrave Point
and the Kunene River mouth. The overall
stratigraphy of the deposits is similar and
consists of a sharp erosional contact overlain by
a coarsening-upward succession of phosphorite
sandy muds, muddy sands and gravelly (shelly)
sands. Integration of biostratigraphy and
strontium isotope stratigraphy indicates that the
phosphorite is as old as latest Miocene (7-5 Ma),
but that the majority of the phosphorite formed
in the Pliocene to Pleistocene. The highly
condensed, coarsening-upward succession is
interpreted to reflect changes in the frequency
and amplitude of sea-level fluctuations, with the
lower muddy sands reworked by modest glacial
to interglacial cycles during the early
Pleistocene and the overlying shelly sands
reworked by major glacial to interglacial cycles

during the middle to late Pleistocene.

Pelletal sand is the dominant phosphorite grain
type, with variable amounts of concretionary
and skeletal grains. Pelletal and concretionary

grains formed by the early diagenetic
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precipitation of francolite (carbonate
fluorapatite) pore-filling cement in organic-rich,
pyritic mud, similar to modern phosphorite
formation in the Holocene diatomaceous mud
belt. The major Namibian phosphogenic
Plio/Pleistocene episode corresponds to other
proxies of intensified upwelling from the
Namibian margin, such as organic carbon
accumulation rates, diatom abundance and sea
surface temperature, as well as to global cooling
events. Increased coastal upwelling delivered P
to the surface where it was taken up by primary
producers and transported to the seafloor as
organic P. Microbial degradation released the
organic P, some of which was further
concentrated by other P-accumulating bacteria,
creating supersaturated conditions that led to the
precipitation of francolite cement. Cemented
phosphorite grains became concentrated in lag
deposits during periods of lowered sea level
when energy dispersion preferentially
suspended and removed organic-rich mud
deposits off the shelf. Repeated cycling of
phosphorite formation and reworking resulted in
the natural beneficiation of the phosphorite into
a world-class economic deposit having an
estimated 7800 Mt of phosphate rock with an
average grade of 19 wt.% P,0s. The phosphorite
deposits on the Namibian shelf are younger,
larger and less glauconitic than those studied on
the South African shelf and indicate that the
Benguela Upwelling System intensified and
shifted its focus north over the Namibian shelf

since the Plio/Pleistocene.
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4. Distribution and taxonomic overview of Middle Miocene
foraminifera from the northern Namibian continental
shelf

Abstract

Middle Miocene foraminifera from the northern Namibian shelf are indicators of a period prior to the
initiation of the Benguela Upwelling System (BUS) that includes the Middle Miocene Climatic Optimum
(MMCO). The distribution, taxonomic descriptions and ecological preferences of 53 benthic and 9
planktic foraminiferal species from the northern Namibian shelf are summarised here. Most species are
reported for the first time from the middle Miocene on the southwestern shelf of Africa off Namibia.
Eleven taxa reported here have previously only been reported on the genus level on the southwestern
shelf of South Africa. All planktic taxa, except Globigerinoides ruber, occurred along the southwestern
margin from the Congo Basin to South Africa during the middle Miocene. Certain benthic species from
the study area, such as Glandulina laevigata, Brizalina alata, Sphaeroidina bulloides and Gyroidinoides
soldanii continued to occur in Plio-Pleistocene to Recent sediments along the southwestern continental
shelf of Africa. Many of the species reported in this study from the shelf have also been documented in
continental slope studies. At least 15 benthic taxa are reported from Northern Hemisphere middle

Miocene deposits and indicate their widespread distribution during this time period.

4.1. Introduction interpretation of geologic outcrops (Dale and
Fossil foraminifera are valuable proxies in McMillan, 1999), palaeoceanographic studies
biostratigraphy, palaeoecology, palaeoclimate (Schmiedl and Mackensen, 1997; Marlow et al.,
and palaeoceanography studies, and in the 2000; Rau et al., 2002; Jahn et al., 2003;
petroleum exploration industry. The long Baumann and Freitag, 2004; Diester-Haass et al.,
evolutionary record of foraminifera and their 2004; Lazarus et al., 2008; Leiter and Altenbach,
high abundance in the fossil record aid in 2010) and biostratigraphy (Compton et al.,
geologic and exploration studies (Armstrong 2004; Compton and Bergh, 2016). Although
and Brasier, 2005). The taxonomy and correct foraminifera have been studied for ~150 years
identification of the taxa are the first steps to along the southern African coast, taxonomic
unlocking and understanding the palaeo- work has been restricted to South African
environment and determining the age of strata. studies (Ovechkina et al., 2010). Taxonomic
The distribution of foraminifera allows for a information on Miocene-aged foraminiferal
better understanding of the palacoenvironment faunas from southern Africa is not well
and oceanographic changes over time. documented despite the Miocene representing

an important time interval in which tropical to
Along the margin of southern Africa, subtropical foraminifera disappeared at southern
foraminifera have been utilised in the latitudes in the southern oceans off Namibia

79



Chapter 4

Middle Miocene taxonomy and distribution

(Bergh et al., 2018) and the Benguela Upwelling
System (BUS) initiated along the northern
Namibian margin (Siesser, 1980). Information
for southern African taxa found in the Miocene
can only be referred to in global studies with the
exception of Kender et al. (2008) in which
Miocene-aged foraminifera from the Congo

Basin were described.

Considering the few Miocene foraminiferal
studies along the western margin of southern
Africa, this chapter aims to contribute to
existing knowledge from studies in the Congo
Basin and along the western margin of South
Africa. This chapter also provides a taxonomic
and palaeoecological summary of middle
Miocene foraminifera. This time interval
represents a global period of warmer
temperatures prior to the initiation of the BUS.

These assemblages from the middle Miocene

can therefore be used as reference to a warmer

period in Earth’s history.

4.2. Materials and Methods

Thirty samples from the basal olive-green mud
unit of three cores from the northern Namibian
shelf (core 2658 from a water depth of 211
mbsl; core 2670 from a water depth of 219 mbsl
and core 2682 from a water depth of 229 mbsl)
(Fig. 4.1) studied by Bergh et al. (2018) were
processed. Samples were taken at a mean
spacing of 5 cm which allowed for multiple
samples to be analysed for the time period
investigated. Each sample was washed, sieved
and split into <63 um (mud), 63 um to 2 mm
(sand) and >2 mm (gravel) fractions. The units
were dated using biostratigraphic indicators
according to Bolli et al. (1985) and Kennett and
Srinivasan (1983), and Sr-isotope stratigraphy
as described in Compton and Bergh (2016).
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to ODP sites (black circles) and c) the location of cores discussed in this study. The contour
intervals for the bathymetric lines in b are 1000 m and in ¢ 100 m. Adapted from maps provided

by Minemakers Australia Pty Ltd.
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The bulk sediment and foraminifera from the
sand fractions were put in an ultrasonic bath for
up to 1 minute to disaggregate and suspend the
sediment particles. The separated sand-sized
fraction was oven dried at 70°C and
foraminifera were picked and identified under a
binocular microscope. Picked specimens were
mounted onto black adhesive carbon tabs and
coated with Gold-Palladium using a BIO-RAD
SEM coating system before images were taken
with a JEOL JSM-5200 scanning electron
microscope (SEM) at 1ziko Museums of South
Africa in Cape Town and a Nova NanoSEM
scanning microscope at the Electron Microscope
Unit of the University of Cape Town.
Photomicrographs were also taken with a Leica
EZ4D stereo microscope.

The ages of the samples were based on
Compton and Bergh (2016) and results on the
identification and distributions from this study
were compared to previous studies (Martin,
1981; Hay et al., 1984; Lowry, 1987; Wefer et
al., 1998; Compton et al., 2004; Kender, 2007;
Kender et al., 2008) in which lists of taxa were
given to determine the occurrence and
distribution of foraminifera along the
southwestern margin of Africa since the

Miocene.

4.3. Stratigraphy

The core lithostratigraphy is composed of a
basal olive-green mud overlain by gravelly
pelletal phosphorite sands that coarsen upwards
(Fig. 4.2). Components in core 2670 were dated
using strontium isotope stratigraphy (SIS)
(Howarth and McArthur, 1997). Picked
foraminifera in the basal mud unit had a SIS
middle Miocene age (14.4 to 16.1 Ma) and the
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overlying pelletal phosphorite units had SIS
ages indicating a Plio-Pleistocene depositional
age (Compton and Bergh, 2016). Shell
fragments at the contact between the
phosphorite units and the basal muddy unit had
SIS ages of Mio-Pliocene (5.1 to 6.2 Ma). In the
overlying units above the contact phosphorite
pebbles had SIS ages of 0.0 to 1.3 Ma and fish
bone 0.0 to 1.6 Ma. Bivalve shells in the upper
sections of the core had SIS ages of 0.0 to 1.2
Ma (Compton and Bergh, 2016).

Indicator species Globigerinoides bisphericus
(early to middle Miocene; Bolli et al., 1985) and
Globoquadrina dehiscens (early to late
Miocene; Kennett and Srinivasan, 1983) in the
basal olive-green mud agree with the bulk
foraminiferal sand SIS ages of middle Miocene
for the basal unit. The occurrence of the
indicator species in cores 2658 and 2682 is
cross-correlated with the SIS ages and indicator
species in core 2670. The biostratigraphic ages
of the indicator species in the overlying gravelly
pelletal phosphorite sands, Globorotalia
(Globoconella) inflata and Globorotalia
truncatulinoides, are consistent with the Plio-

Pleistocene ages obtained by SIS.

4.4. Taxonomic overview

Taxonomic descriptions of all the benthic and
planktic foraminiferal species that could be
identified to at least the genus level are given.
The generic classification of foraminifera is
based on the morphology of the tests by
Loeblich and Tappan (1988). Planktic species
are discussed following the benthic forms
according to taxonomic classification. Species
identified as genus sp. could not be identified

with certainty beyond the genus level.
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Fig. 4.2. Statigraphy for the three cores of this study (core 2670 at a depth of 219 mbsl; core 2658 at 211
mbsl and 2682 at 229 mbsl) based on planktic indicators and SIS of different components within and above
the Miocene section of core 2670 (Compton and Bergh, 2016).

Synonymies and associated references for each 4.4.1. Benthic Foraminifera
identified species are given followed by a short

description and justification to the identification Order: LITUOLIDA Lankester, 1885

of the specific taxa. Remarks on the abundance Family: SPIROPLECTAMMINIDAE
of the taxa within the cores and dimensions of Cushman, 1927a

the tests are given together with a global or Genus: SPIROPLECTAMMINA Cushman,
regional stratigraphic range for some of the 1927a

foraminifera. The stratigraphic ranges are based

on relevant publications (e.g. Jones, 1994; Spiroplectammina sp.

Holbourn et al., 2013). The occurrences of the PI. 1 figs. 1a-b

taxa are given in a regional context Description: The chamber walls are
incorporating results from previous studies such agglutinated and well cemented. The test is

as Martin (1981), Lowry (1987), the Ocean flattened and broad with the margins rounded.
Drilling Program Leg 175 (Wefer et al., 1998), In cross section the test is trapezoid in shape.
Compton et al. (2004), Kender (2007) and Chambers are biserially arranged with flush
Kender et al. (2008). Many of the taxa have sutures. The arched aperture is situated along
been recorded in a variety of environments and the margin of the terminal chamber.

their ecological preferences are given as Remarks: Only a few tests were identified (not

examples. exceeding 5% in samples) in core 2670
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measuring up to 0.4x0.6 mm. Tests are
commonly broken or have predatory holes.
Ecological examples: Species of the genus
Spiroplectammina are infaunal in low oxygen
environments (Hallam and Wignall, 1997) of
increased food availability (Alegret and Thomas,
2007)

Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River

mouth.

Family: EGGERELLIDAE Cushman, 1937
Genus: KARRERIELLA Cushman, 1933

Karreriella siphonella (Reuss, 1851)
PI. 1 figs. 2-3

Gaudryina siphonella Reuss, 1851, p.78, pl.5,
figs. 40a, b; 42a, b
Karreriella siphonella King, 1989, p. 456, pl.
9.2, fig. 3; Hemleben et al., 1990, p. 194, pl. 12,
fig. 17-18; pl. 25, fig. 8.
Description: The chamber walls are
agglutinated. The test is elongate, rounded in
cross-section and trochospiral in the early stage
reducing to triserial and biserial in the adult
stage. The chambers enlarge toward the terminal
end. Sutures are depressed. The aperture is
terminal and slit-like.
Remarks: Large test size of up to 0.2x1.5 mm.
Major component of the agglutinate
foraminifera in this study in all three cores, but
minor component (<5%) of total benthic
foraminiferal assemblage.
Ecological examples: The genus Karreriella is
epifaunal, unattached and prefers muddy
sediments on the outer shelf to slope (Murray,
2006).
Global stratigraphic range: Genus occurs
from the Eocene to Recent (Loeblich and
Tappan, 1988)
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Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River

mouth.

Genus: MARTINOTIELLA Cushman, 1933

Martinottiella communis (d’Orbigny, 1846)
Pl. 1 fig. 4

Clavulina communis d’Orbigny, 1846, p. 196, pl.
12, fig. 1-2
Martinottiella communis Kohl, 1985, p. 33, pl. 4,
fig. 2; Cicha et al., 1998, p. 111, pl. 9, fig. 6-7;
Kender et al., 2008, p. 507, pl. 12, fig. 8-10
Description: The chamber walls are
agglutinated and well cemented. The test is
elongate and mostly uniserial. The sutures are
depressed. The aperture is terminal and rounded
in the centre of the final chamber. The test is
trochospiral in the early stage reducing to
triserial and biserial in the adult stage. The
aperture is rounded on a short neck above the
terminal chamber.
Remarks: Large test size of up to 0.2x1.5 mm.
Few specimens have been found in cores 2670
and 2682 forming trace components (<1%) of
the total benthic foraminifera assemblage.
Ecological examples: The genus Martinottiella
is epifaunal, unattached and prefers muddy
sediments on the outer shelf to slope (Murray,
2006). The species M. communis has been
reported from variable environmental conditions.
It has been associated with low-oxygen water
from the outer shelf to upper abyssal depths
(Kaiho and Hasegawa, 1986), but it has also
been reported in low numbers in comparatively
well oxygenated lower continental slope
environments in late Quaternary sediments
(Schmiedl and Mackensen, 1997).
Global stratigraphic range: Oligocene to
Recent (Jones, 1994)
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Regional occurrence: Middle Miocene on the
northern Namibian continental shelf (this study)
and in the Congo Basin (Kender et al., 2008).
Specimens of Martinottiella communis have
been recovered in Miocene to Pleistocene-aged
sediments in minor relative abundances (<10%)
from the western continental slope of Namibia
(Hay et al., 1984; Wefer et al., 1998) and South
Africa (Wefer et al., 1998). The highest
abundances were recorded at the deepest ODP
site (1084) during the Pleistocene.

Family: VALVULINIDAE Berthelin, 1880
Genus: CLAVULINA d’Orbigny, 1826

Clavulina angularis (d’Orbigny, 1826)
PI. 1 figs. 5-6

Clavulina angularis Brady, 1884, p. 396, pl.48,
figs. 22-24; Said, 1949, p. 8, pl. 1, fig. 19; Le
Calvez, 1977, p.10, figs. 1-3; Banner and
Pereira, 1981, pl. 9, figs. 5-6, pl. 10, figs. 4, 6,
10; Weidich, 1988, p. 340, pl, 2, figs. 1-24;
Hottinger et al., 1993, p. 41-42, pl. 21, figs. 1-13
Clavulina pacifica, Cushman, 1924, p. 22;
Coleman, 1980, figs. 1-3, pl. 1, figs. 1-8.
Description: The test wall is agglutinated and
well cemented, semi-triangular in section and
tricarinate in form. The early stage is triserial
becoming uniserial and angular as chambers are
added. Sutures are depressed. The aperture is
rounded, dentate and terminal.
Remarks: Large test size of up to 0.5x2 mm.
Few specimens of Clavulina angularis have
been found in core 2670 forming trace
components (<1%) of the total benthic
foraminifera population.
Ecological examples: The species C. angularis
has been reported to be infaunal and occurring
in muddy sands (Abu-Zied et al., 2011).

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene
River mouth.

Clavulina trilatera (Cushman, 1926)
Pl. 1 figs. 7a-b

Clavulina trilatera Cushman, 1926, p. 588, pl.
17, fig. 2
Clavulina trilatera var. aspera Cushman, 1926,
p. 589, pl. 17, fig. 3; Cushman, 1946, p. 38, pl. 9,
figs. 10-16
Clavulinoides trilatera Mello, 1969, p. 50, pl. 1,
fig. 3a-b.
Description: The test wall is agglutinated and
well cemented. The test is triangular in section
tapering towards the initial end and broadening
towards the apertural end. The early stage is
triserial becoming uniserial and angular as
chambers are added. The chambers enlarge as
added with flush sutures. The aperture is
rounded, dentate and terminal.
Ecological examples: Infaunal (Ali, 2015) at
slope to abyssal depths (Alegret et al., 2002;
Holbourn et al., 2013).
Remarks: Large test size of up to 0.5x2 mm.
Few specimens have been found in core 2670
forming a minor component (<5%) of the total
foraminifera composition.
Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene
River mouth.

Order: LAGENIDA Delage and Herouard,
1896
Family: NODOSARIIDAE Ehrenberg, 1838
Genus: DENTALINA Risso, 1826
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Dentalina acuta (d’Orbigny, 1846)
Pl. 1, fig. 8

Dentalina acuta d’Orbigny, 1846, p.56, pl. 2,
fig. 40-43; Beissel, 1891, p. 37, pl. VII, fig. 28-
52; Papp and Schmid, 1985, pl. 18, fig. 1-6.
Description: The wall is calcareous, hyaline.
The test is elongate, slightly arcuate and
uniserial with the initial chamber possessing a
spine. Longitudinal costae cover the test surface.
The chambers enlarge gradually toward the
terminal end. The aperture is terminal and
radiate.
Remarks: Few tests were found comprising
<1% of the total benthic foraminifera
assemblage in core 2670.The tests are up to
3 mm long and thin measuring 0.15 mm in
cross-section. .
Ecological examples: Infaunal, adapted to
suboxic conditions (Kaiho, 1994)
Global stratigraphic range: Triassic to
Quaternary (Collinson, 2012)
Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene

River mouth.

Dentalina albatrossi (Cushman, 1923a)
Pl. 1, fig. 9

Nodosaria vertebralis var. albatrossi, Cushman,
19233, p. 47, pl. 15, fig. 1.
Dentalina albatrossi, Jones, 1994, p. 76, pl. 64,
figs. 11-12, 14; Hanagata and Nobuhara, 2014,
p. 25, fig. 9.12-9.13.
Description: The test wall is calcareous,
hyaline. The test is elongate and uniserial.
Longitudinal costae cover the test surface. The
chambers gradually increase in size towards the
terminal end. The aperture is terminal.
Remarks: Few tests, commonly broken,
comprising <1% of the total foraminiferal

assemblage in core 2670.The tests are long and
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thin (0.2 mm in cross-section and up to 2.5 mm
long).

Ecological examples: Infaunal, adapted to
suboxic to dysoxic conditions (Kaiho, 1994,
1999)

Global stratigraphic range: Miocene to
Recent (Jones, 1994)

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene

River mouth.

Genus: LAEVIDENTALINA Loeblich and
Tappan, 1986

Laevidentalina inornata (d’Orbigny, 1846)
PI. 1, fig. 10

Dentalina inornata d’Orbigny, 1846, p. 44, pl. 1,
figs. 50-51; Papp and Schmid, 1985, p. 28, pl. 9,
figs. 5-8.
Description: The test surface is smooth,
calcareous, hyaline and circular in cross section.
The test is elongate, arcuate and uniserial with
nine chambers gradually increasing in size
towards the terminal end. The proloculus is
rounded. The sutures are depressed and
horizontal. The aperture is terminal with slits
radiating towards the end.
Remarks: The classification was made as
Laevidentalina on account of the description in
Loeblich and Tappan (1988). It is distinguished
from Dentalina in having a smooth surface
rather than having longitudinal costae.
Few tests comprising <1% of the total
foraminiferal assemblage in core 2670. The tests
are up to 1 mm long and thin measuring 0.1 mm
in cross-section.
Ecological examples: The genus
Laevidentalina is infaunal (Alegret et al., 2003)
and occur under a variety of oxic conditions, e.g.

under high oxygen conditions in the
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Mediterranean Sea (Cimerman and Langer,
1991; Sgarella and Moncharmont Zei, 1993;
Milker and Schmiedl, 2012) and under suboxic
to dysoxic conditions (Rogl and Spezzaferri,
2002).

Global stratigraphic range: The stratigraphic
range for the genus Laevidentalina is
Cretaceous to Recent (Loeblich and Tappan,
1988).

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene

River mouth.

Laevidentalina sp. A
PI. 1, fig. 11

Description: The wall is smooth, calcareous
and hyaline. The test is elongate, and uniserial
with the chambers gradually increasing in size
towards the terminal end. The sutures are
depressed. The aperture is terminal with slits
radiating towards the end.
Remarks: Similar to L. inornata, the
classification was made as Laevidentalina on
account of the description in Loeblich and
Tappan (1988). It is distinguished from
Dentalina in having a smooth surface rather
than having longitudinal costae.
The test is 0.1 mm in cross-section diameter and
1 mm in length.
Ecological examples: Laevidentalina spp. have
been documented as being infaunal (Alegret et
al., 2003) under varying oxygen conditions
(Cimerman and Langer, 1991; Sgarella and
Moncharmont Zei, 1993; Rogl and Spezzaferri,
2002; Milker and Schmiedl, 2012).
Global stratigraphic range: The stratigraphic
range for the genus Laevidentalina is
Cretaceous to Recent (Loeblich and Tappan,
1988).

86

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene

River mouth.

Laevidentalina sp. B
Pl. 1, fig. 12

Description: The wall is calcareous. The test is
elongate, slender, uniserial, arcuate and circular
in cross-section. The initial end is pointed. The
chambers are separated by flush sutures and
gradually increase in size toward the apertural
end. The surface of the test is smooth. The
aperture is terminal and arcuate in shape
produced on a short neck.
Remarks: Few tests making up a trace
component (<1%) in core 2670. Tests are
relatively large measuring 0.1 mm in cross
section and up to 1 mm in length.
Ecological examples: The genus
Laevidentalina has been reported as being
infaunal (Alegret et al., 2003) under high
(Cimerman and Langer, 1991; Sgarella and
Moncharmont Zei, 1993; Milker and Schmiedl,
2012) and suboxic to dysoxic conditions (RAgl
and Spezzaferri, 2002).
Global stratigraphic range: The stratigraphic
range for the genus Laevidentalina is
Cretaceous to Recent (Loeblich and Tappan,
1988).

Genus: GRIGELIS Mikhalevich, 1981

Grigelis semirugosa (d’Orbigny, 1846)
Pl. 1, fig. 13
Nodosaria pyrula d’Orbigny, 1826, p. 253, fig.
13
Nodosaria semirugosa d’Orbigny, 1846, p. 34,
pl. 1, fig. 20-23; Papp and Schmid, 1985, p. 24,
pl. 4, fig. 6-8
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Grigelis semirugosa Jones, 1994, p. 75, pl. 63,
fig. 23-27.

Description: The wall is calcareous, hyaline.
The test is elongate, uniserial and semi-circular
in cross section. The chambers are rounded and
oval in shape. A tubular neck separates each
chamber from the next. Ridges are prominent on
the base of each chamber. The rounded aperture
is terminal at the end of a long thin neck.
Remarks: Few specimens comprising <1% of
the total foraminiferal assemblage in core 2670.
Tests are long measuring 0.25 mm in cross-
section and up to 3 mm in length.

Ecological examples: Species of the genus
Grigelis are infaunal under suboxic conditions
(Pezelj et al., 2013)

Global stratigraphic range: Miocene to
Recent (Jones, 1994)

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene

River mouth.

Genus: NODOSARIA Lamarck, 1812

Nodosaria latejugata (Glmbel, 1868)
Pl. 1, fig. 14

Nodosaria latejugata Glmbel, 1868, p. 619, pl.
1, fig. 32.
Nodosaria affinis Cushman and Renz, 1942, p.
6, pl. 1, figs. 8-10; Cushman and Jarvis, 1930, p.
34, pl. 10, fig. 13
Description: The wall is calcareous, hyaline.
The test is thick, elongate and uniserial with a
single spine at the base. The sutures are
depressed. Longitudinal costae cover the length
of the test from the base to the radiate apertural
end.
Remarks: Few, mostly broken specimens
comprising <1% of the total foraminiferal

assemblage in core 2670. Tests are elongated
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measuring 0.1 mm in cross-section and up to 3
mm in length.

Ecological examples: Elongated cylindrical
species of the genus Nodosaria are generally
shallow infaunal in the upper 5 cm of the
sediment (Olériz et al., 2006)

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene
River mouth.

Genus: PSEUDONODOSARIA Boomgaart,
1949

Pseudonodosaria brevis (d’Orbigny, 1846)
PI. 1, fig. 15

Dentalina brevis d’Orbigny, 1846, p. 48, pl. 2,
figs. 9, 10
Glandulina discreta Reuss, 1850, p. 366, pl. 46,
fig. 3; Loeblich and Tappan, 1964, C522, fig.
408: 5-6
Description: The wall is calcareous, hyaline.
The test is large, ovate, globular and circular in
cross section. Chambers become larger as added.
Sutures are depressed with the aperture radiate
projecting slightly from the larger last chamber.
Remarks: One test identified as
Pseudonodosaria brevis was found between 74
and 79 cm in core 2670. The test is of moderate
size measuring 0.4 mm in cross-section and up
to 0.9 mm in length.
Ecological examples: Infaunal under suboxic
conditions (Pezelj et al., 2013 and references
therein)
Regional occurrence: First identification of
this species in the area for the middle Miocene
Namibian continental shelf, south of the Kunene
River mouth. Hay et al. (1984) recorded this
species on the slope off the Walvis Ridge in late

Miocene to Pleistocene sediments.
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Genus: LINGULINA d’Orbigny, 1826

Lingulina seminuda (Hantken, 1875)
Pl. 1, fig. 16

Lingulina costata var. seminuda Hantken, 1875,
p. 41-42, pl. 4, fig. 8a-b.
Lingulina seminuda Cushman and Jarvis, 1930,
p. 361, pl. 33, fig. 3a-b; LeRoy and Levinson,
1974, p. 8, pl. 4, fig. 10-11; Cicha et al, 1998, p.
111, pl. 22, fig. 2; Horvath, 2003, p. 13, pl. I, fig,
13, pl. 11, fig, 13.
Description: The wall is calcareous, smooth
and finely perforate. The test is large, biconvex,
ovate in outline, uniserial and rectilinear. The
length of the test is slightly greater than the
width. Three distinct chambers can be seen
rapidly increasing toward the apertural end. The
final chamber is inflated and much larger than
the initial two chambers comprising
approximately three quarters of the test size.
Costae stretch along the margin of the test from
the apical end towards the apertural end. The
aperture is an elongate terminal slit.
Remarks: This Lingulina species differs from
Lingulina costata in that it is more globular in
shape, does not have costae throughout the test
surface, but only at the margins. The initial
chambers are smaller than those in Lingulina
costata. The Lingulina seminuda specimens
from this study best resemble Lingulina sp. B in
Robertson (1998, p.54, pl.18, fig. 1) and are
slightly more inflated than the specimen
described in LeRoy and Levinson (1974). The
sutures are slightly less depressed than L.
seminuda in Cushman and Jarvis (1930) and
Jones (1994). Only a few specimens (<1% of
the total foraminifera assemblage in core 2670)
of Lingulina seminuda were identified in this
study. The test size of specimens in this study

ranges between ~1 and 2 mm in diameter.
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Cushman and Jarvis (1930) mention Lingulina
seminuda tests from Jamaica to be up to 2.5 mm.
LeRoy and Levinson (1974) had test sizes of up
to 2.1 mm in length and 1.4 mm in breadth
while Horvath (2003) had a size range of 1.5 to
2 mm in length and 1.2 to 1.6 mm in breadth.
Ecological examples: Species of the genus
Lingulina are shallow infaunal and inhabit low
energy, deep environments in soft muddy
substrates (Reolid et al., 2013).

Global stratigraphic range: Jones (1994)
identified the stratigraphic range of L. seminuda
to be Pleistocene to Recent. Specimens of L.
seminuda have however also been found in
Miocene-aged deposits (Cushman and Jarvis,
1930; Cicha et al., 1998).

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene

River mouth.

Family: PLECTOFRONDICULARIIDAE
Montanaro-Gallitelli, 1957
Genus: PLECTOFRONDICULARIA Liebus,
1902

Plectofrondicularia sp. A
PI. 1, fig. 17

Description: The wall is calcareous. The test is
flat with a keeled periphery and pronounced
proloculus with later uniserial chambers
extending in an angular arched chevron-shape
towards the terminal chamber. The test widens
and curves where it narrows towards the
apertural end. The sutures are limbate and the
aperture terminal, radiate with projecting
laminae fusing centrally.
Remarks: The tests are mostly broken and are
moderately large in size (up to 0.6 mm in width

and 1 mm in length) in trace abundances (<1%).
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Ecological examples: Species of the genus
Plectofrondicularia are infaunal under suboxic
conditions (Pezelj et al., 2013 and references
therein).

Regional occurrence: Middle Miocene on the
northern Namibian continental shelf, south of

the Kunene River mouth (this study).

Plectofrondicularia sp. B
PI. 1, fig. 18; pl. 2, fig. 1
Description: The wall is calcareous. The test is

flat with a keeled periphery; biserial in the early

stage becoming uniserial as chambers are added.

The later chambers are chevron-shaped. The
side abruptly widens and curves where it
narrows towards the apertural end. The initial
stage protrudes more than the later stage
chambers. The sutures are limbate and the
aperture terminal, radial with projecting laminae
fusing centrally.

Remarks: Tests range between narrow (pl. 1,
fig. 18) and broad (pl. 2, fig. 1). The tests are
mostly broken and resemble Frondicularia
sagittula in Jones (1994; pl. 65, fig. 23) and
Plectofrondicularia vaughani in Holbourn et al.
(2013, p. 422), but with a peripheral keel and
the absence of a basal spine. In this study the
specimens have been classified as
Plectofrondicularia because of its keeled
margin (Loeblich and Tappan, 1988). The
specimens in this study were not assigned to P.
vaughani because of its broader peripheral keel
and thicker, more pronounced proloculus.

The tests are large in size (up to 1 mm in width
and 3 mm in length) in trace abundances (<1%)
in all three cores.

Ecological examples: Plectofrondicularia spp.

have been documented to occur as infaunal and
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under suboxic conditions (Pezelj et al., 2013 and
references therein).

Regional occurrence: Middle Miocene on the
northern Namibian continental shelf, south of
the Kunene River mouth (this study). Wefer et
al. (1998) recorded minor occurrences of
Plectofrondicularia spp. (Plectofrondicularia cf.
inaequalis, Plectofrondicularia cf. raricosta and
Plectofrondicularia cf. semicosta) in late
Miocene to Pleistocene-aged sediments along
the Namibian and southwestern South African
slope. The highest abundances (<10%) were
recorded along the northern Namibian slope
(Wefer et al., 1998).

Plectofrondicularia sp. C
Pl. 2, fig. 2

Description: The wall is calcareous. The test is
flat with a thin keeled periphery. The test
slightly broadens midway before narrowing
again towards the apertural end. The sides of
the test slightly widen and curve where it
narrows towards the apertural end. The initial
stage protrudes more than the later stage
chambers. Costae extend from the initial end to
midway of the test.
Remarks: The test is more rounded than
Plectofrondicularia spp. A-C. The tests are
large (up to 0.5 mm in width and 3 mm in
length) forming trace abundances (<1%) of the
total foaminiferal assemblage.
Ecological examples: Species of the genus
Plectofrondicularia have been reported to be
infaunal under suboxic conditions (Pezelj et al.,
2013 and references therein)
Regional occurrence: Middle Miocene on the
northern Namibian continental shelf, south of
the Kunene River mouth (this study). Wefer et
al. (1998) recorded minor occurrences of

Plectofrondicularia spp. in Miocene to



Chapter 4

Middle Miocene taxonomy and distribution

Pleistocene-aged sediments along the western

continental slope of southern Africa.

Family: VAGINULINIDAE Reuss, 1860
Subfamily: LENTICULININAE Chapman et
al., 1934
Genus: LENTICULINA Lamarck, 1804

Lenticulina calcar (Linnaeus, 1767)
Pl. 2, figs. 3-4

Nautilus calcar Linnaeus, 1758, p. 709, pl. 14,
fig. 14; Linnaeus, 1767, p. 1162, 272.
Lenticulina calcar De Blainville, 1825, p. 390;
Barker, 1960, p. 146, pl. 70, figs. 9-12; LeRoy
and Levinson, 1974, p. 7, pl. 3, fig. 12; Martin,
1981, p. 32, pl. 8, fig. 6; Kohl, 1985, p. 47, pl.
10, figs. 4-5; Papp and Schmid, 1985, pl. 30,
figs. 1-3; Lowry, 1987, p. 165, pl. 9, fig. 4; Bolli
etal., 1994, p. 294, pl. 294, pl. 77, fig. 5;
Kender et al., 2008, p. 510, pl. 14, fig. 14.
Robulina calcar d’Orbigny, 1846, p. 99, pl. 4,
figs. 18-20; Renz, 1948, pl. 3, fig. 6.

Cristellaria calcar Parker et al., 1871, p. 241, pl.

10, figs. 91-94; Brady, 1884, p. 551, pl. 7, figs.
9-12; Nuttall, 1928, pl. 5, fig. 8; Macfayden,
1930, pl. 3, fig. 17.

Robulus calcar Cushman, 1923b, p. 115, pl. 30,
fig. 7, pl. 31, figs. 4-5; Bandy, 1956, p. 197, pl.
30, fig. 11; Braga, 1960, p. 101, pl. 10, fig. 4.

Description: The wall is smooth and calcareous.

The large test is involute, planispiral, biconvex
with a keeled periphery. Tests have three to four
spines extending from alternating chambers.
There are up to seven limbate chambers visible
in the final whorl increasing gradually in size
toward the apertural end. The sutures are
slightly curved. The aperture is terminal and
radiate.

Remarks: Generally in low relative abundances

(<1%) in this study. LeRoy and Levinson
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(1974) reported a maximum diameter of 0.85
mm. Tests in this study are slightly larger with
diameters of up to 1 mm.

Ecological examples: Unattached, epifaunal
under oxic (Pezelj et al., 2013 and references
therein) to suboxic conditions (Kaiho, 1994)
preferring muddy substrates (Murray, 1991) on
the shelf to middle slope (Gallagher et al., 2001)
Global stratigraphic range: Miocene to
Recent (Jones, 1994)

Regional occurrence: Miocene in the Congo
Basin (Kender et al., 2008) to south of the
Kunene River mouth (this study). Wefer et al.
(1998) do not distinguish between the different
species, but recorded minor relative abundances
for Lenticulina spp. of less than 5% along the
Namibian slope from the late Miocene to
Pleistocene. The occurrence of Lenticulina
calcar has been recorded along the entire
coastline of South Africa in surface sediments
(Martin, 1981; Lowry, 1987).

Lenticulina cultrata (de Montfort, 1808)
PI. 2, figs. ba-b

Robulus cultrata de Montfort, 1808, p. 214, fig.
S4e.
Lenticulina cultrata Kohl, 1985, p. 47, pl. 10,
fig. 6-7; Weidich, 1990, p. 123.
Description: The wall is calcareous, smooth
and finely perforate. The test is planispiral
involute and biconvex with a peripheral keel.
The chambers gradually increase in size toward
the terminal aperture. The sutures are flush and
slightly curved. The aperture is radiate and
terminal.
Remarks: Specimens are relatively large with a
diameter of up to 1 mm. The relative abundance
is generally low forming minor components

(<5%) in some of the core samples.
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Ecological examples: Species of the genus
Lenticulina are generally epifaunal under oxic
(Pezelj et al., 2013 and references therein) to
suboxic conditions (Kaiho, 1994).

Global stratigraphic range: If the
identification in McMillan (2003) is correct then
the stratigraphic range for L. cultrata stretches
as far back as the Cretaceous.

Regional occurrence: Reported in Early
Cretaceous-aged deposits of the Eastern Cape,
South Africa (McMillan, 2003). Middle
Miocene on the Namibian continental shelf,

south of the Kunene River mouth (this study).

Lenticulina gibba (d’Orbigny, 1839)
Pl. 2, fig. 6a-b
Cristellaria gibba d’Orbigny, 1839, p. 40, pl. 7,

figs. 20-21; Brady, 1884, p. 546, pl. 69, figs. 8-9.

Robulus oblongus Coryell and Rivero, 1940, p.
332, pl. 43, fig. 12.

Robulus gibbus Bermldez, 1949, p. 126, pl. 7,
figs. 53-54.

Lenticulina gibba Barker, 1960, pl. 69, figs. 8-9;
Lowry, 1987, p. 168, pl. 9, fig.2; Jones, 1994, p.
81, pl. 69, figs. 8-9; Robertson, 1998, p. 66, pl.
22, fig. 4.

Description: The wall is calcareous, smooth
and finely perforate. The test is planispiral
involute and longer than wide; biconvex in side
view. A narrow keel surrounds the periphery of
the test becoming narrower along later
chambers. There are six to nine chambers in the
final whorl. The chambers gradually increase in
size toward the terminal chamber. The sutures
are flush and slightly curved. The aperture is
radiate and terminal.

Remarks: Specimens are moderately sized
measuring 0.5 mm in diameter and 0.75 mm in

length. The relative abundance is generally low
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forming minor components (<5%) in some of
the core samples.

Ecological examples: Species of the genus
Lenticulina are generally epifaunal under oxic
(Pezelj et al., 2013 and references therein) to
suboxic conditions (Kaiho, 1994). The
bathymetric range of Lenticulina gibba is given
as shelf to upper slope (Holbourn et al., 2013).
Global stratigraphic range: Early Miocene to
Recent (Holbourn et al., 2013).

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene
River mouth (this study). Lowry (1987)
recorded this species on the continental shelf off
Cape St. Blaize, Mossel Bay on the southern

coast of South Africa in surface sediments.

Lenticulina inornata (d’Orbigny, 1846)
PI. 2, figs. 7a-b

Robulina inornata d’Orbigny, 1846, p. 102, pl.
4, figs. 25-26;
Cristellaria inornata Reuss, 1866, p. 144.
Cristellaria (Robulus) inornata Ten Dam, 1944,
p.88.
Lenticulina inornata Papp and Schmid, 1985, p.
43, pl.31, figs. 6-8; Obaje and Okosun, 2013, p.
360, pl. 1, fig. 15.
Description: The wall is calcareous, smooth
and finely perforate. The test is planispiral and
is as wide as long with a large central boss;
biconvex in side view. The sutures are flush and
slightly curved radiating from a narrow small
region. There are up to eight chambers visible in
the final whorl increasing in size toward the
apertural end. The aperture is radiate and
terminal.
Remarks: Specimens are relatively large
measuring up to 1 mm in diameter. The relative
abundance is generally low forming minor

components (<5%) in some of the core samples.
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Ecological examples: Foraminifera from the
genus Lenticulina have been reported to be
epifaunal to shallow infaunal under oxic (Pezelj
et al., 2013 and references therein) to suboxic
conditions (Kaiho, 1994).

Global stratigraphic range: Miocene to
Recent (Jones, 1994).

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene

River mouth (this study).

Lenticulina iota (Cushman, 1923a)
Pl. 2, fig. 8a-b

Cristellaria cultrata Brady, 1884, p. 550, pl. 70,
fig. 4-6.
Cristellaria iota Cushman, 1923a, p. 111, pl. 29,
fig. 2; pl. 30, fig. 1.
Lenticulina iota Barker, 1960, pl. 70, fig. 4-6;
Thomas, 1988, p. 74, pl. 1, fig. 10; Jones, 1994,
p. 81, pl. 70, fig. 4-6; Holbourn et al., 2013, p.
336.
Description: The wall is calcareous, smooth
and finely perforate. The test is planispiral,
involute and biconvex in side view. A keeled
periphery surrounds the test margin. The keel is
initially broad narrowing towards the terminal
end. The chambers gradually increase in size.
The sutures are flush and curved. The aperture
is radiate and terminal.
Remarks: Specimens are relatively large
measuring up to 1 mm in diameter. The relative
abundance is generally low forming minor
components (<1%) in some of the core samples.
Ecological examples: Species of the genus
Lenticulina are generally epifaunal under oxic
(Pezelj et al., 2013 and references therein) to
suboxic conditions (Kaiho, 1994). The
bathymetric range of Lenticulina iota is given as

shelf to upper slope (Holbourn et al., 2013).

Global stratigraphic range: Miocene to
Recent (Thomas, 1988).

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene
River mouth (this study). Lowry (1987)
recorded this species from the continental shelf
in surface sediments off Cape Agulhas, South
Africa.

Genus: SARACENARIA Defrance, 1824

Saracenaria italica (Defrance, 1824)
Pl. 2, figs. 9-10

Saracenaria italica Defrance, 1824, p. 344, pl.
13, fig. 6; Sandidge, 1932, p. 355, pl. XXXI|,
fig. 18; Barker, 1960, pl. 68, figs. 17-18; 20-23;
Braga, 1960, p. 122, pl. 11, fig. 16; McMillan,
1974, p. 49, pl. 4, fig. 8; Martin, 1981, p. 34, pl.
10, fig. 3; Lowry, 1987, p. 177, pl. 9, figs. 164,
b.
Cristellaria italica Brady, 1884, p. 544, pl. 68,
figs. 17-18; 20-23; Cushman, 19233, p. 125, pl.
35, figs. 2, 5-7.
Description: The wall is calcareous and finely
perforate. The test is planispiral becoming
rectilinear and triangular in cross-section. The
sutures are curved and the apertural face is
triangular and broad. The aperture is radiate at
the dorsal angle of the final chamber.
Remarks: Specimens are relatively large
ranging between 0.5 and 1 mm in width and
between 1 and 2 mm in length. The relative
abundance is low forming trace components
(<1%) in some of the samples in core 2670.
Ecological examples: Species of the genus
Saracenaria are generally epifaunal (Barbieri
and Panieri, 2004) under suboxic conditions
(Gebhardt, 1999). The species S. italica has
been documented to occur in shelf and slope

environments (Renz, 1948).
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Global stratigraphic range: Oligocene to
Recent (Renz, 1948).

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene
River mouth (this study). In surface sediments
on the continental shelf, Liideritz, Namibia to
north of Durban, South Africa (Martin, 1981;
Lowry, 1987).

Saracenaria sp.
Pl. 2, fig. 11

Description: The wall is calcareous, smooth
and finely perforate. The test is planispiral
becoming rectilinear. The test is triangular in
section with a rounded outline. The apertural
face is triangular and broad. The aperture is
radiate at the dorsal angle of the final chamber.
Remarks: The test is more rounded compared
to Saracenaria italica with a curved initial end.
Specimens are relatively large ranging between
0.5 and 1 mm in width and between 1 and 2 mm
in length. The relative abundance is low
forming trace components (<1%) in some of the
samples in core 2670.
Ecological examples: Saracenaria spp. have
been reported to be epifaunal (Barbieri and
Panieri, 2004) under suboxic conditions
(Gebhardt, 1999).
Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene

River mouth.

Saracenaria spinosa (Eichenberg, 1935)
Pl. 2, figs. 12a-c
Lenticulina (Saracenaria) spinosa Eichenberg,
1935, pl. 4, fig.5

Saracenaria spinosa Bolli et al., 1994, p. 28, fig.

8.44-8.48
Description: The wall is calcareous, smooth

and finely perforate. The test is planispiral
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becoming rectilinear, triangular in section and
almost twice as long as wide. Ridges form along
the test surface ending in spines along margins
pointing away from the apertural end. Chambers
enlarge toward the terminal end with the
terminal chamber being the largest. The initial
end is slightly curved away from the apertural
end. The apertural face is triangular and broad.
The aperture is radiate at the dorsal angle of the
final chamber.

Remarks: Specimens of this species are
relatively large measuring up to 0.5 mm in
width and 1 mm in length. The relative
abundance is low (<1%).

Bolli et al. (1994) remarked that S. spinosa is an
index to the Albian and Aptian. If indeed S.
spinosa is restricted to the Cretaceous then the
figured specimen found in this study could have
been reworked in the upper part of the Mio-
Pliocene section of the core.

Ecological examples: Species of the genus
Saracenaria are generally epifaunal (Barbieri
and Panieri, 2004).

Global stratigraphic range: Cretaceous (Bolli
etal., 1994).

Regional occurrence: Possibly reworked in
middle Miocene sediments, Namibian
continental shelf south of the Kunene (this

study).

Genus: ASTACOLUS de Montfort, 1808

Astacolus crepidulus (Fichtel and Moll, 1798)
Pl. 3, fig. 1

Nautilus crepidula Fichtel and Moll, 1798, p.

107, pl. 19, fig. g-i

Cristellaria crepidula Cushman, 1923a, p. 117,

pl. 35, fig 3-4.
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Lenticulina crepidula Sandidge, 1932, p. 346,
pl. XXXII, fig. 6

Astacolus crepidulus Barker, 1960, pl. 67, fig.
20, pl. 68, fig. 1-2; Lowry, 1987, p. 149, pl. 8,
fig. 3; Loeblich and Tappan, 1994, p. 72, pl.
130, fig. 1-20; Jones, 1994, p. 80, pl. 68, fig. 1-2
Description: The wall is calcareous, smooth
and finely perforate. The test is compressed and
some specimens are nearly three times longer
than broad. Up to seven chambers increase in
size toward the apertural end and the slightly
depressed sutures are oblique with the angle
between the suture and base of the test
increasing as chambers are added. The radiate
aperture protrudes at the terminal end of the test.
Remarks: Specimens are moderate in size
measuring up to 0.5 mm in width and 1 mm in
length. The figured specimen in Sandidge
(1932) is 1.2 mm in length. The relative
abundance is generally low forming trace
components (<1%) in some of the samples in
core 2670.

Ecological examples: Infaunal adapted under
oxic to dysoxic conditions (Kaminski, 2012).
Global stratigraphic range: Jones (1994)
reported Astacolus crepidulus to occur from the
Miocene to Recent, but Cushman (1923a)
extends it back to the Cretaceous.

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene
River mouth (this study) and in Recent
sediments off Cape Agulhas, South Africa
(Lowry, 1987).

Genus: AMPHICORYNA Schlumberger in
Milne-Edwards, 1881

Amphicoryna scalaris var. hirsuta (d’Orbigny,
1826)
Pl. 3, figs. 2a-b
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Nodosaria hirsuta d’Orbigny, 1826, p.252.
Nodosaria hispida d’Orbigny, 1846, p. 35, pl. 1,
figs. 24-25; Papp and Schmid 1985, p. 25, pl. 5,
figs. 1-8

Amphicoryna scalaris Yassini and Jones, 1995,
p. 136, fig. 724

Description: The wall is calcareous and the
surface covered with ridges running along most
of the length of the chambers. The test is
elongate and uniserial, circular in cross-section
with several inflated globular chambers
separated by deeply incised sutures. A
maximum of approximately twenty ridges run
along the terminal chamber. The ridges increase
in number towards the terminal chamber and do
not extend the full length of the chambers as in
the case of Amphicoryna scalaris. The tests are
covered with small pustulose structures. The
aperture is terminal at the end of a long neck.
Remarks: Specimens are small to moderate in
size with the larger terminal chamber reaching
~0.15 mm and the test 0.6 mm in length. The
relative abundance is generally low forming
minor components in some of the core samples.
Ecological examples: The bathymetric range of
Amphicoryna spp. is broad from the shelf to
abyssal depths. The preferred substrate is mud
under low oxygen (suboxic) (Rogl and
Spezzaferri, 2002; Kaminski, 2012) to high
oxygen conditions (Milker and Scmiedl, 2012).
Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River

mouth.

Amphicoryna sp.
Pl. 3, figs. 3-4
Description: The wall is calcareous and
covered with ridges extending towards the base
of each chamber. The test is elongate and

uniserial, circular in cross-section with several
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inflated globular chambers. Each chamber is not
entirely rounded and has a flat base.
Approximately twenty ridges run along the
terminal chamber. The ridges increase in
number towards the final chamber and terminate
at the base of each chamber. The aperture is
terminal at the end of a long spiral neck.
Remarks: The larger terminal chamber is ~0.2
mm and the test 0.6 mm in length. The relative
abundance is generally low forming minor
components in some of the core samples.
Ecological examples: The bathymetric range of
Amphicoryna spp. is broad from the shelf to
abyssal depths. The preferred substrate is mud
under low oxygen (suboxic) (Régl and
Spezzaferri, 2002; Kaminski, 2012) to high
oxygen conditions (Milker and Scmiedl, 2012).
Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River

mouth.

Amphicoryna sublineata (Brady, 1884)
Pl. 3, figs. 5a-b

Nodosaria hispida var. sublineata Brady, 1884,
p. 508, pl. 63, fig. 19-22
Amphicoryna? sublineata LeRoy and Levinson,
1974, p. 7, pl. 3, fig. 9.
Amphicoryna sublineata Jones, 1994, p. 75, pl.
63, fig. 19-22.
Description: The wall is calcareous and
covered with short spines. The test is elongate,
slightly arcuate, uniserial and circular in cross-
section. Approximately six rounded conical
chambers are connected to the next by a short
neck. The base of each chamber is covered with
hirsute structures. The aperture is terminal at the
end of a short neck.
Remarks: The specimen is long (2 mm) and
thin (0.5 mm). The test in LeRoy and Levinson
(1974) is 0.33 mm in diameter and 1.3 mm with
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thicker and more rounded chambers compared
to the specimen in this study. The relative
abundance is generally low forming trace
components (<1%) in some of the samples of
core 2670.

Ecological examples: The bathymetric range of
Amphicoryna spp. is broad from the shelf to
abyssal depths. The preferred substrate is mud
under low oxygen (suboxic) (Régl and
Spezzaferri, 2002; Kaminski, 2012) to high
oxygen conditions (Milker and Scmiedl, 2012).
Global stratigraphic range: The stratigraphic
range for the genus Amphicoryna is Miocene to
Recent (Loeblich and Tappan, 1988).

Regional occurrence: Middle Miocene on the
Namibian continental shelf south of the Kunene
River mouth (this study).

Genus: MARGINULINA d’Orbigny, 1826

Marginulina costata (Batsch, 1791)
PI. 3, figs. 6-11

Nautilus (Orthoceras) costatus Batsch, 1791, p.
2, pl. 1, fig. 1a-g.
Marginulina raphanus d’Orbigny 1826, p. 258,
pl. X, fig. 7-8.
Marginulina costata Brady, 1884, p. 528, pl. 65,
fig. 10-13; Bagg, 1912, p. 62, pl. XVIII, fig. 4;
Cushman, 1921, p. 256, pl. 41, fig. 5-8; Heron-
Allen and Earland, 1922, p. 176; Cushman,
19234, p. 132, pl. 37, fig. 2; Jones, 1994, p. 77,
pl. 65, fig. 13; Milker and Schmiedl, 2012, p. 74,
fig. 18.26; Obaje and Okosun, 2013, p. 360, pl.
1.18.
Description: The wall is calcareous and finely
perforate. The test is elongate, uniserial and
circular in cross-section. The initial portion is
coiled. Up to nine chambers are visible on the
exterior. The chambers are rectilinear arranged

and separated by depressed sutures and covered
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with longitudinal costae. The costae may extend
from the initial to the terminal chamber. The
final chamber is globular in shape with a
terminal and radiate aperture at the dorsal angle
of a pronounced neck.

Remarks: The tests show a variable degree of
size and ornamentation. The variety identified
as Marginulina cf. costata (pl. 3, figs. 7-9)
resembles that of M. sendaiensis in Asano
(1949; p. 427, fig. 1) posessinging less or no
ornamentation on their terminal chamber and
are more abundant (up to 5% in some of the
samples) than those having tests completely
covered in costae. The relative abundance of M.
costata is generally low forming trace
components (<1%) in some of the samples of
core 2670. The tests of Marginulina cf. costata
are smaller than those that are ornamented
throughout the test, but are still relatively large,
measuring up to 0.2 mm in cross section
diameter and 1 mm in length while tests with
ornamentation throughout are large measuring
up to 0.4 mm in cross section and 2 mm in
length. A third variety was identified as
Marginulina costata var. hirsuta (PI. 3, figs. 10-
11). This form resembles M. costata in having
longitudinal costae but is covered with spinose
structures extending in all directions on most of
the chambers. The initial chambers were
covered with spines becoming less in the later
chambers where costae become more visible.
The relative abundance of M. costata var.
hirsuta is generally low forming trace
components (<1%) in some of the samples of
core 2670. Tests are large measuring up to 0.3
mm in cross section diameter and 3 mm in
length.

Ecological examples: Species of the genus
Marginulina are generally shallow infaunal in

environments with variable conditions of low
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(Bernhard, 1986) to high oxygen (Milker and
Schmiedl, 2012).

Global stratigraphic range: Jurassic to Recent
(Bagg, 1912)

Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River

mouth.

Marginulina obesa (Cushman, 1923a)
Pl. 3, figs. 12-13

Marginulina glabra Brady, 1884, p. 527, pl. 65,
figs. 5-7; Flint, 1899, p. 133, pl. 60, fig. 1
Marginulina glabra var. obesa Cushman, 1923a,
p. 128, pl. 37, fig. 1
Marginulina obesa Barker, 1960, pl. 65, figs. 5-
6; LeRoy and Levinson, 1974, p. 8, pl. 4, fig. 3-
4; Lowry, 1987, p. 174, pl. 9, fig. 12; Jones,
1994, p. 77, pl. 65, figs. 5-6.
Description: The wall is calcareous and smooth.
The test is elongate, circular in cross-section,
initially curved becoming rectilinear in the later
stage. Three inflated chambers increase in size
towards the terminal end. The chambers are
separated by straight and slightly depressed
sutures. The aperture is terminal and radiate.
Remarks: The relative abundance is generally
low forming trace components (<1%) in some
of the samples of core 2670. The length of the
tests in LeRoy and Levinson (1974) is reported
to be 1 mm and a diameter of 0.62 mm. The
tests in this study are slightly smaller measuring
up to 0.4 mm in cross section diameter and 0.7
mm in length.
Ecological examples: The bathymetric
disctribution of M. obesa is given as slope to
abyssal (Holbourn et al., 2013). Species of the
genus Marginulina are generally shallow
infaunal in environments with variable
conditions of low (Bernhard, 1986) to high
oxygen (Milker and Schmiedl, 2012).
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Global stratigraphic range: Miocene to
Recent (Jones, 1994).

Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River
mouth (this study). In surface samples south
coast of South Africa (Lowry, 1987).

Genus: VAGINULINA d’Orbigny, 1826

Vaginulina legumen (Linnaeus, 1758)
Pl. 3, fig. 14
Nautilus legumen Linnaeus, 1758, p.711
Vaginulina badenensis d’Orbigny, 1846, p. 65,

pl. 3, figs. 6-8; Papp and Schmid, 1985, p. 36, pl.

20, figs. 6-11

Vaginulina legumen Brady, 1884, p. 580, pl. 66,
figs. 13-15; Bagg, 1912, p. 63, pl. XVIII, fig. 6-
7; Sandidge, 1932, p. 355, pl. XXXI, fig. 15;
Loeblich and Tappan, 1988, pl. 454, figs. 15-17
Description: The wall is calcareous and
perforate. The test is large, elongate,
compressed, uniserial and lenticular in cross-
section. The initial end may be with or without a
spine. Sutures are slightly thickened. The
aperture is pronounced, terminal and radiate.
Remarks: The relative abundance is generally
low forming trace components (<1%) in some
of the samples of core 2670. The length of the
figured specimen in Sandidge (1932) is 0.7 mm.
The tests in this study are larger than that of
Sandidge (1932) measuring up to 0.4 mm in
cross section and 2 mm in length.

Ecological examples: Infaunal under suboxic
conditions (Pezelj et al., 2013 and references
therein).

Global stratigraphic range: Triassic to Recent
(Bagg, 1912; Sandidge, 1932).
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Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River
mouth (this study).

Vaginulina sp.

Pl. 3, figs. 15-16
Description: The wall is calcareous and
perforate. The test is elongate, compressed,
uniserial and lenticular in cross-section. The
sutures are slightly flush. The initial chambers
are broad, narrowing in later chambers with the
terminal chamber broadened and more
pronounced than the middle chambers. The
aperture is pronounced, terminal and radiate.
Remarks: This species has more basal spines
(up to five) compared to V. legumen. The
relative abundance is generally low forming
trace components (<1%) in some of the samples
of core 2670. The tests of Vaginulina sp.
measure up to 0.25 mm in cross section and 1
mm in length.
Ecological examples: Species of the genus
Vaginulina are generally infaunal (Jenkins,
2013).
Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River
mouth (this study).

Family: GLANDULINIDAE Reuss, 1860
Subfamily: GLANDULINIDAE Reuss, 1860
Genus: GLANDULINA Lamarck, 1804

Glandulina laevigata (d’Orbigny, 1839)
Pl. 4, figs. 1a-b
Nodosaria (Glandulina) laevigata var. ovata
d’Orbigny, 1826, p. 252, pl. 10, fig. 1-3; Brady
1884, p. 490, pl. 61, fig. 20-22; Cushman, 1921,
p. 185, pl. 33, fig. 1; Cushman and Applin, 1926,
p. 169, pl. 7, figs. 12-13.
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Glandulina laevigata d’Orbigny, 1846, p. 29, pl.
1, fig. 4-5; Sandidge, 1932, p. 360, pl. XXXII,
fig. 15.

Glandulina laevigata var. ovata Ellisor, 1933, pl.

2, fig. 6.

Description: The wall is calcareous and smooth.

The test shape is ovate, globular, tapering at
each end and circular in transverse section with
few chambers increasing toward the apertural
end. The final chamber is the largest making up
almost two thirds of the test volume. The
sutures are fine and flush. The aperture is
radiate and projects slightly from the larger last
chamber.

Remarks: Also referred to as Nodosaria
(Glandulina) laevigata and Nodosaria laevigata
(Loeblich and Tappan, 1988). Few tests
comprising <1% of the total foraminiferal
assemblage in core 2670. Tests are moderate to
large in size ranging from 0.5 mm to nearly 1
mm in cross-section and 0.75t0 1.2 mm in
length. The figured specimen of Glandulina
laevigata in Sandidge (1932) is 0.5 mm in
length.

Ecological examples: Infaunal and tolerant of
low oxygen conditions (Gupta, 1993).

Global stratigraphic range: Cretaceous to
Recent (Sandidge, 1932).

Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River

mouth.

Order: ROTALIIDA Delage and Herouard,
1896
Family: BOLIVINITIDAE Glaessner, 1937
Genus: BOLIVINA d’Orbigny, 1839

Bolivina reticulata (Hantken, 1875)
Pl. 4, figs. 2a-b
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Brizalina reticulata Hantken, 1875, p. 65, pl. 15,
fig. 6; Fenero et al., 2012, p. 292, fig. 5.7;
Valchev et al., 2013, p. 95, pl. 1, fig. 16
Brizalina subreticulata Jones, 1994, p. 59, fig.
30-31.

Description: The wall is calcareous and
microperforate. The test is small, broad, biserial,
triangular-ovoid in shape and elliptical in cross-
section. The test is less than twice as long as
what it is wide. Irregular, reticulate, interwoven
costae cover the entire test giving a reticulate
appearance to the test. The aperture is slit-like
situated at the base of the terminal chamber.
Ecological examples: Infaunal (Drinia et al.,
2007), unattached and prefers muddy sediments
under dysoxic conditions (Kaiho, 1994) with a
bathymetric distribution from the inner shelf to
slope (Murray, 2006).

Remarks: The relative abundance is generally
low forming trace components (<1%) in the
samples of core 2670. The tests are small
measuring 0.2 mm in width and 0.35 mm in
length.

Global stratigraphic range: Oligocene to
Recent (Fenero et al., 2013).

Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River
mouth (this study).

Genus: BRIZALINA Costa, 1856

Brizalina alata (Seguenza, 1862)
Pl. 4, fig. 3

Vulvulina alata Seguenza, 1862, p. 115, pl. 2,
fig. 5
Bolivina alata Cushman, 1937, p. 106, pl. 13,
figs. 3-11; Cushman and Todd, 1945, p. 42, pl. 6,
fig. 25; Renz, 1948, p. 116, pl. 6, fig. 26; pl. 12,
fig. 12; Lowry, 1987, p. 280, pl. 18, figs. 3a-b;
Bolli et al., 1994, p. 339, figs. 78.4-78.5.
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Brizalina alata van Marle, 1991, p. 166, pl. 17,
figs. 1-2; Jones, 1994, p. 58, pl. 53, figs. 2-4;
Yassini and Jones, 1995, p. 131, figs. 516-517;
Robertson, 1998, p. 120, pl. 47, figs. 1-2;
Holbourn et al., 2013, p. 76.

Description: The wall is calcareous and
coarsely perforate. The test is small, elongate,
biserial, strongly compressed and elliptical in
cross-section. The chambers increase rapidly
and become more inflated towards the apertural
end, slightly overlapping the previous chambers.
Chambers have a downward pointing spine
located at the base giving a serrated edge to the
test margin. A peripheral keel surrounds the test.
The sutures are slightly depressed and curved.
The aperture is loop-shaped and extends up the
terminal chamber.

Remarks: Moderately abundant (<10%) in all
cores discussed in this study. The tests are small
measuring 0.2 mm in width and 0.6 mm in
length.

Ecological examples: The genus Brizalina is
infaunal, unattached and prefers muddy
sediments in dysoxic conditions (Kaminski et al.,
2002). The species Brizalina alata has a shelf
distribution (Holbourn et al., 2013).

Global stratigraphic range: Miocene to
Recent (Jones, 1994).

Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River
mouth (this study). In surface samples on the
continental shelf north of the Orange River
mouth (Lowry, 1987).

Family: CASSIDULINIDAE d’Orbigny, 1839
Genus: GLOBOCASSIDULINA Voloshinova,
1960

Globocassidulina subglobosa (Brady, 1881)
Pl. 4, figs. 4-5
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Cassidulina subglobosa Brady, 1881, p. 60;
Brady, 1884, p. 430, pl. 54, fig. 17; Barker,
1960, pl. 54, fig. 17.

Globocassidulina subglobosa LeRoy and
Levinson, 1974, p. 14, pl. 7, fig. 8; Tjalsma and
Lohmann, 1983, p. 31, pl. 16, fig. 9; Lowry,
1987, p. 239, pl. 14, figs. 7a-c; Miller and Katz,
1987, p. 134, pl. 3, fig. 4; Hermelin, 1989, p. 74;
Thomas, 1990, p. 590; Jones, 1994, p. 60, pl. 54,
fig. 17; Robertson, 1998, p. 136, pl. 53, figs. 1-
2; Kuhnt et al., 2002, p. 144, pl. 10, figs. 3-5; pl.
17, figs. 1-2; Kender et al., 2008, p. 512, pl. 17,
fig. 1-2; Milker and Schmiedl, 2012, p. 85, figs.
20.13-20.14; Holbourn et al., 2013, p. 264.
Description: The wall is calcareous and smooth.
The test is small, subglobular and subcircular in
cross-section. The chambers are biserially
arranged, inflated and globular in shape,
separated by depressed sutures. The aperture is
slit-like situated interio-marginal and stretches
along the margin of the terminal chamber.
Remarks: Trace component (<1%) in core
2658, minor component (<5%) in core 2682 and
major component (<40%) in core 2670. The
tests from this study are smaller than that of
LeRoy and Levinson (1974) (diameter of up to
0.75 mm) measuring 0.25 mm in diameter.
Ecological examples: Epifaunal-shallow
infaunal (Kaiho, 1994; Vilela, 1995), generally
unattached and prefers muddy sediments under
oxic (Kaiho, 1994) to suboxic (De and Gupta,
2010) conditions. Schmiedl et al. (1997)
recorded G. subglobosa in oligotrophic areas
under vigorous bottom currents and sandy
substrates. Panieri and Gupta (2008) recorded
this species in relatively high abundances in
muddy substrates. The bathymetric range of G.
subglobosa is broad, from the middle shelf to
abyssal depths (Murgese and de Deckker, 2005;
Holbourn et al., 2013).
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Global stratigraphic range: Palaeocene to
Recent (Holbourn et al., 2013)

Regional occurrence: In Miocene-aged
sediments from the Congo Basin (Kender et al.,
2008) to the Namibian continental outer shelf
south of the Kunene River mouth (this study).
Hay et al. (1984) and Wefer et al. (1998)
reported the occurrence of Globocassidulina
subglobosa in late Miocene to Pleistocene-aged
sediments along the continental slope in
relatively minor abundances (<10%) at most
sites. Lowry (1987) recorded occurrences of G.
subglobosa in surface sediments on the
continental shelf between Cape Town and Port
Elizabeth.

Family: UVIGERINIDAE Haeckel, 1894
Genus: UVIGERINA d’Orbigny, 1826

Uvigerina peregrina (Cushman, 1923a)
Pl. 4, fig. 6
Uvigerina peregrina Cushman, 1923a, p. 166,

pl. 42, figs. 7-10; Martin, 1981, p. 44, pl. 10, fig.

12-14; Milker and Schmiedl, 2012, p. 90, fig.
20.29

Euuvigerina peregrina Barker, 1960, pl. 74, fig.
11-12.

Description: The wall is calcareous and finely
perforate. The test is broad, elongate, rounded in
cross-section, triserial and covered in
longitudinal costae. Later chambers become
inflated with depressed sutures. The costae are
separated by the sutures. The aperture is
terminal produced on a neck with a pronounced
lip bordering the edge of the aperture.
Remarks: The tests measure ~0.5 mm in cross
section diameter and 0.8 mm in length. Major
component (<50%) in all three cores.
Ecological examples: Shallow infaunal, most

abundant under high organic carbon (Murray,
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2006) adapted to suboxic conditions (Kaiho,
1994).

Regional occurrence: Middle Miocene on the
continental shelf of northen Namibia, south of
the Kunene River mouth (this study). Low to
high abundances in Pleistocene upper slope
sediments off western South Africa (GeoB
20601-4, 8342-6, 8336-6) and Namibia
(Schmiedl and Mackensen, 1997). Abundant in
Recent shelf to slope sediments along Namibia
(Lowry, 1987; Schmiedl et al., 1997) and South
Africa (Lowry, 1987)

Uvigerina pygmaea (d’Orbigny, 1826)
Pl. 4, fig. 7

Uvigerina pygmaea d’Orbigny, 1826, p. 269, pl.
12, figs. 8-9; Bermuldez, 1949, p. 209, pl. 13, fig.
44; Holbourn et al., 2013, p. 600.
Description: The wall is calcareous and the test
is strongly ribbed, short elongate, fusiform,
rounded in cross-section, triserial and covered in
longitudinal costae with short spines at the end
of each chamber. The costae are irregular in
length and separated by sutures. Later chambers
become inflated with distinct depressed sutures.
The aperture is terminal produced on a long
neck with a pronounced lip.
Remarks: Very few tests making up a trace
component (<1%) in core 2670. Tests are
moderate in size measuring 0.5 mm in cross
section and 0.8 mm in length.
Ecological examples: Upper slope distribution
(Holbourn et al., 2013) under suboxic
conditions (Kaiho, 1994).
Global stratigraphic range: Holbourn et al.
(2013) confine the chronostratigraphy of U.
pygmaea from the Late Eocene to the Early

Pliocene.
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Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River
mouth (this study).

Uvigerina spinulosa (Hadley, 1934)
Pl. 4, fig. 8

Uvigerina spinulosa Hadley, 1934, pl. 18, fig. 5;
Boersma, 1984, p. 163, pl. 1, figs 1-6; Van
Morkhoven et al., 1986, p. 218, pl. 74, figs 1-3;
Kender et al., 2018, p. 515, pl. 18, fig. 5.
Description: The wall is calcareous and
perforate. The test is triserial elongate, rounded
in cross-section and covered in longitudinal
costae which end in spines at the base of the
chambers. Later chambers are inflated with
depressed sutures. Fine hispid structures may
cover the initial and terminal ends. The aperture
is terminal produced on a neck with a
pronounced lip.
Remarks: The tests measure ~0.2 mm in cross
section diameter and ~0.5 mm in length. Less
abundant than U. peregrina.
Ecological examples: The species of the genus
Uvigerina are generally shallow infaunal; most
abundant under high organic carbon (Murray,
2006) adapted to suboxic conditions (Kaiho,
1994).
Regional occurrence: Middle Miocene on the
continental shelf of northen Namibia, south of
the Kunene River mouth (this study) and in the
Congo Basin (Kender et al., 2018).

Family: STILOSTOMELLIDAE Finlay, 1947
Genus: ORTHOMORPHINA Stainforth, 1952

Orthomorphina jedlitschkai (Thalmann, 1937)
Pl. 4, fig. 9

Nodogenerina jedlitschkai Thalmann, 1937, p.
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Orthomorphina jedlitschkai Barker, 1960, pl. 62,
fig. 1-2; Jones, 1994, pl. 62, fig. 1-2, suppl. pl. 1,
fig. 16, suppl. pl. 2, fig. 6-7; Hayward et al.,
2012, p. 136, pl. 8, fig. 24-27.

Description: The wall is calcareous and
generally smooth. The test is elongate, uniserial
with globular chambers and circular in cross-
section. The chambers are of different diameters
and separated from each other by deep incised
sutures. The penultimate chamber is larger than
the terminal chamber. The aperture is
surrounded by a round thick rim.

Remarks: Jones (1994) illustrated the similarity
in test morphology between O. jedlitschkai and
Glandulonodosaria spp. Based on the shape of
the aperture (slightly protruding and rounded)
and resemblance to the test morphology
displayed in Jones (1994) this specimen has
been assigned to Orthomorphina jedlitschkai.
Few tests making up a trace component (<1%)
in core 2670. Tests are moderate in size. The
broadest chamber measures 0.3 mm in cross
section and the test measures up to 0.8 mm in
length.

Ecological examples: Species of the genus
Orthomorphina were generally infaunal under
suboxic conditions (Pezelj et al., 2013 and
references therein)

Global stratigraphic range: Cretaceous to
Pleistocene (Hayward et al., 2012)

Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River
mouth (this study).

Order: STILOSTOMELLIDA Saidova, 1981
Family: SPHAEROIDINIDAE Cushman,
1927a



Chapter 4

Middle Miocene taxonomy and distribution

Genus: SPHAEROIDINA d’Orbigny, 1826

Sphaeroidina bulloides (d’Orbigny, 1826)
Pl. 4, figs. 10a-b

Sphaeroidina bulloides d’Orbigny, 1826, p.
267; LeRoy and Levinson, 1974, p. 8, pl. 5, fig.
2; Martin, 1981, p. 36, pl. 10, fig. 5; Papp and
Schmid, 1985, p. 96, pl. 90, figs. 7-12; Lowry,
1987, p. 379, pl. 27, figs. 7a-c; Jones, 1994, p.
91, pl. 84, figs. 1-2; Yassini and Jones, 1995, p.
160, figs. 936-937; Robertson, 1998, p. 196, pl.
74, fig. 4; Kender et al., 2008, p. 516, pl. 20, fig.
3; Holbourn et al., 2013, p. 520
Sphaeroidina austriaca d’Orbigny, 1846, p. 284,
pl. 20, figs. 19-21.
Description: The wall is calcareous,
imperforate and its surface smooth. The test is
subglobular with globular chambers separated
by slightly depressed sutures. The last whorl
contains three chambers. The aperture is located
near the junction between three chambers and is
crescentic in shape with a bordering lip (pl. 4,
fig. 10b).
Remarks: The relative abundances of
Sphaeroidina bulloides in this study decrease
toward the deeper cores. In core 2658 S.
bulloides formed one of the major species in
some of the samples (<20%), and in cores 2670
and 2682 minor (<5%).
Test sizes of Sphaeroidina bulloides in general
are variable. Diameters in LeRoy and Levinson
(1974) range between 0.23 and 1.15 mm. The
diameter measured in this study is ~0.5 mm.
Ecological examples: Infaunal under suboxic
(Kaiho, 1994) to dysoxic conditions (Pezelj et
al., 2013 and references therein) on the slope
and at abyssal depths (Holbourn et al., 2013).
Global stratigraphic range: Oligocene to
Recent (Jones, 1994; Holbourn et al., 2013)
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Regional occurrence: In Miocene-aged
sediments stretching from the Congo Basin
(Kender et al., 2008) to the continental shelf of
Namibia south of the Kunene River mouth (this
study) and the southwestern shelf of South
Africa (Compton et al., 2004). Hay et al. (1984)
reported the occurrence of Sphaeroidina
bulloides in late Miocene to Pleistocene
sediments on the slope off the Walvis Ridge.
Low relative abundances (<1%) along the slope
of Namibia during the late Miocene with higher
abundances off the Orange River to the south
(<15%). Wefer et al. (1998) recorded high
relative abundances of this species (<80%)
along the slope off the Walvis Ridge during the
Pliocene decreasing in abundance towards the
south. Low relative abundances (<1%) along the
Namibian slope and minor abundances (<10%)
along the southwestern slope of South Africa
during the Pleistocene (Wefer et al., 1998).
Lowry (1987) documented Sphaeroidina
bulloides in surface sediments on the
continental shelf between Lideritz and Cape

Agulhas.

Family: SIPHONINIDAE Cushman, 1927a
Genus: SIPHONINA Cushman, 1927a

Siphonina pulchra (Cushman, 1919)
Pl. 4, figs. 11-13

Siphonina pulchra Cushman, 1919, p. 42, pl. 14,
fig. 7a-c; Cushman, 19223, p. 49, pl. 7, fig. 11-
12; Cushman, 1927b, p. 8, pl. 2, fig. 5;
Cushman, 1931, p. 69, pl. 14, fig. 2-3; Palmer,
1945, p. 61
Description: The wall is calcareous and
perforate. The test is circular in outline, rounded,
compressed and biconvex in side view. There
are five chambers in the last whorl gradually

increasing toward the apertural end of the test.
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Sutures are coarsely perforate, distinct and
oblique radiating from the broad macroperforate
centre of the test. The periphery of the test is
unevenly carinate around the margin. The
chambers are separated by flush oblique sutures.
The elliptical-shaped aperture is produced on a
broad tubular neck with a thick bordering lip.
Remarks: The relative abundances recorded for
S. pulchra were trace (<1%) in all three cores.
Several specimens were found to be partially
broken or with the aperture missing. The
diameter of the tests in Cushman (1931) was
reported to be 0.65 mm. Tests in this study are
slightly smaller measuring 0.5 mm in diameter.
Ecological examples: The genus Siphonina is
epifaunal and prefers oxic bottom water
conditions (Kaiho, 1994) with a bathymetric
distribution from shelf to slope depths (Phleger
and Parker, 1951).

Regional occurrence: Middle Miocene on the
continental shelf south of the Kunene River
mouth (this study).

Family: CIBICIDIDAE Cushman, 1927a
Genus: CIBICIDOIDES Saidova, 1975

Cibicidoides crebbsi (Hedberg, 1937)
Pl. 4, figs. 14a-c

Eponides crebbsi Hedberg, 1937, p. 679, pl. 92,
fig. 1; Bolli et al. 1994, p. 240, pl. 55, figs 16-17,
p.,298, pl. 79, fig. 8.
Truncatulina floridana Nuttall, 1928, p. 98, pl.
7, figs. 14, 16
Cibicidoides crebbsi van Morkhoven et al.,
1986, p. 139, pl. 45; Katz and Miller, 19933, pl.
2, fig. 5; Kender et al., 2008, p. 516, pl. 20, figs.
4-5; Holbourn et al., 2013, p. 168-169
Description: The wall is calcareous and
macroperforate. The test is slightly inflated,

trochospiral and planoconvex to unequally
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biconvex in side view and in cross-section.
Approximately ten chambers are visible in the
final whorl. The chambers gradually increase in
size toward the terminal apertural end. The
chambers are separated by flush, less perforate
sutures. The sutures on the spiral side are
obligue whereas sutures on the umbilical side
are more radial and irregular. The aperture is an
interio-marginal basal slit.

Remarks: The relative abundances for
Cibicidoides crebbsi decrease toward deeper
depths forming minor (<10%) components in
the samples of all three cores. Tests are
relatively moderate to large in size measuring
up to 1 mm in diameter.

Ecological examples: Species of the genus
Cibicidoides are generally unattached, epifaunal
to shallow infaunal under oxic conditions
(Pezelj et al., 2013 and references therein) and
prefer muddy substrates (Murray, 1991). The
species C. crebbsi has a slope distribution
(Holbourn et al., 2013).

Global stratigraphic range: Early Oligocene
to Early Pliocene (Holbourn et al., 2013).
Regional occurrence: Middle Miocene,
continental shelf of Namibia south of the
Kunene River mouth (this study) and Congo
Basin (Kender et al., 2008).

Cibicidoides dutemplei (d’Orbigny, 1846)
PI. 5, figs. 1a-c

Rotalina dutemplei d’Orbigny, 1846, p. 157, pl.
8, figs. 19-21
Heterolepa dutemplei Papp and Schmid, 1985, p.
61, pl. 52, figs. 1-6; Loeblich and Tappan, 1988,
p. 632, pl. 709, figs. 1-8; Holbourn et al., 2013,
p. 294-295
Cibicidoides dutemplei van Morkhoven et al.,
1986, p. 112, pl. 35
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Description: The wall is calcareous and
macroperforate. Th