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Abstract 

The youngest major turnover in deep-sea benthic foraminifcra (termed the Stilostomella 

extinction) is documented in two ODP s ites in the South Atlantic Ocean. This study is 

the first detailed investigation of its kind in this region, and reveals the pulsed decline 

and eventual extinction of 33 species of e longate, cylindrical benthic foraminifcra 

belonging to the families Stilostomellidac, Pleurostomellidae, and part of the 

Nodosariidae during the mid-Pleistocene climatic transition (MPT, ~ 1200 - 600 ka). 

Furthermore, the Stilostomella extinction is limited to elongate spec ies with highly 

specific apertural characteristics (e.g. cribrate, s lit lunate, and hooded with secondary 

teeth) , such as Chrysalogonium, Ellipsoglandulina , and Pleurostomella spec ies, 

respectively. 

Micropaleontolog ical and sedimentological data from lower bathyal Sites I 082 and 

I 088 ( 1290 m and 2082 m water depth, respectively) provide a proxy record of 

oceanographic changes in the South Atlantic Ocean through the MPT. This study 

compares the timing and causes of the Stilostomella extinction between two highly 

contrasting environmental settings in relation to paleoceanographic history, sediment 

regime and paleoproductivity. 

In the South Atlantic, the abundance and accumulation rate of Ext inction Group (EG) 

taxa began to decline between ~ I 070 and I 000 ka at both core sites. The rate of decline 

was pulsed, with major declines usual ly associated with cool periods, and partial 

recoveries during intervening warm periods. The timing of highest occurrences (HOs) 

was diachronous between sites, and the final Stilostomella extinction datum is marked 

by the uppermost occurrence of Myllostomella matanzana and Siphonodosaria 

sagrinensis at ~ 705 ka in Site 1082, and Myllostomelfa matanzana and Pleurostomella 

alternans at ~600 ka in Site I 088 . This corresponds with the previously documented 

global Stilostomella extinction datum within the period of 700 and 570 ka. Detailed 

comparisons with North Atlantic and Southwest Pacific studies confirm the highly 

diachronous nature of HOs of EG species, a nd furthermore, revea l that there is a lead 

time of ~ I 00 kyr between HOs of the same species in the North Atlantic, compared with 

the South Atlantic. 



- --------------

This study suggests that declines and extinctions at Site 1082 were primarily driven by 

highly fluctuating food supply associated with increased productivity caused by 

intensi fied upwelling during MPT glacial periods. In contrast, extinctions at Site I 088 

appear to have been a result of the MPT reorganisation of the global deep-water 

'conveyor belt ', wit h 8 13C gradients revealing that high disso lved oxygen Glacial North 

Atlantic Intermediate Water (GNAIW) bathed the region during cool periods. Far from 

a s imple response to change in a s ingle parameter, numerous factors have interacted and 

appear to have caused the demise of the Stilostomelfa extinction taxa. These factors 

include encroachment by well-ventilated (high disso lved oxygen) G AIW, fluctu at ions 

in food supply, and possibly winnowing (of the phytodetritus layer) by vigorous bottom 

currents during MPT glacial periods. 

11 



Acknowledgements 

r am very grateful to Bruce Hayward for the opportunity to embark on this project, for 

his enthusiasm, supervision and financial support over the cour e of this study. I thank 

the Ocean Drilling Program for providing the samples, isotopic and age model data. A 

special thanks to the team at Geomarine Research, Hugh Grenfell, Ashwaq Sabaa and 

Shungo Kawagata, for their hospitality, support and time, which they always so 

generously bestowed. I would also like to thank those mentioned above for providing 

data sets from previous Stilostomella Extinction studies for very useful comparative 

purposes, and their suggestions for improving this thesis. Kindest regards to the 

Hayward household for making me feel so at home! 

Thanks to Doug Hopcroft of Hort Research, Palmerston North, for his time and use of 

the SEM. The supervision of Vince Neall and Julie Palmer was greatly appreciated, as 

is their unwavering support during my university career. Thank you Vince for your 

time, encouragement, enthusiasm, our travels, and all the amazing opportunities you 

have directed my way during the course of my studies. Thanks to all the staff of the 

Massey University Soil and Earth Sciences Group and postgraduate students. I am 

especia ll y grateful to Moira Hubbard and Michael Turner for their support and 

friendship. 

Lastly, but most importantly, to my family, r love you and know that without your on­

going love and support none of this would have been possible. To my Heavenly Father, 

for His blessings and grace. Thank you. 

111 



TABLE OF CONTENTS 

Table of Contents 

Abstract ... .... .................... ......... ... ................ .. ............. ....................... ............. ............ .. i 

Acknowledgements ........................... ................................................ ...... ..... .. ..... ....... iii 

Table of Contents ....... ................................................................................................ iv 

List of Figures ................................... ...... .... ............................................ ................. viii 

List of Tables ....................................................... ................................. ...................... xi 

List of Plates ................................ ............. .................. ........ ........................... ........... xiii 

Abbreviations and Acronyms .. .. ................. ......... ... .. ........... ........ ...... ... ... .... .. .. ...... .. xiv 

CHAPTER 1 ~ INTRODUCTION 

1.1 Objectives ................. .... ... ....... ................ ........... .... ...................................... ..... I 

1.2 Southeastern Atlantic Site I 082 ........ ................................................................. 3 

1. 2.1 Regional Geology ......................................... .. ...... .. .... .... ................... ... .. 3 

1.2.2 Location and Modern Oceanographic Setting .................................. .. ..... 3 

1.2.3 Past Changes in the Benguela Current Upwelling System ..................... I 0 

1.2.4 Sediment Regime ...................... .. ..... .................................................... 11 

1.3 Southern Ocean sector South Atlantic Site I 088 ............. ... .................. ... ......... 13 

1.3. 1 Regional Geology .... ........................... .. ....... ...................................... ... 13 

1.3 .2 Location and Modern Oceanographic Setting .. .. ................. .............. .... 14 

1.3.3 Past Oceanographic Changes .................... .. ......................................... . 15 

1.3.4 Sediment Regime ...... ........ ....................... ... ................................ ... ...... 16 

1.4 Previous South Atlantic Paleoceanographic Studies ......................................... 18 

1.4.1 Southeastern Atlantic Site I 082 .................................................... .. ...... 18 

1.4.2 Southern Ocean sector Site I 088 ............ ... ................................. ....... ... 20 

1.5 The Mid-Pleistocene Climatic Transition ......................................................... 23 

1.6 Previous Extinction Studies .. .................... .... ................................................... 25 

1.6. 1 Cenozoic Turnover of Benthic Foraminifcra ......................................... 25 

1.6.2 Mid-Pleistocene Extinction of Bcnthic Foraminifcra ... ......................... 25 

I. 7 Marine Oxygen [sotope Stages ................................................. ......... .... .......... 30 

IV 



TABLE OF CONTE TS 

CHAPTER 2 ~ ODP METHODS 

2.1 ODP Drilling Operations .............. .. .............................................. ...... ...... ...... . 32 

2.2 Standard ODP Sample Labelling ........................................ .. ........................... 37 

2.3 Age Models ... ..... .. .. .. ....... .. .... .. ..... .............. ... ... ... .................. .................. ..... ... 39 

2.3.1 Biostratigraphic Datums .. .... ............ ................................ ...... .. .. .......... . 39 

2.3.2 Palcomagnctic Datums ............ ........ .................................... ................. 40 

2.3.3 Environmental Proxy Correlation ....................................... ........ ...... .. .. 40 

2.3.3.1 Colour Reflectance .................................... .. ........................... 40 

2.3.3.2 Natural Gamma Radiation .................................. .... ................ 41 

2.3.3.3 8 180 - Oxygen [so topc Record ....................................... .. .. .. .. 42 

2.3 .3.4 8 13C - Carbon Isotope Record .......................................... .. ..... 42 

2.3.4 Age Model for Site I 082 .............. .................. .............................. ........ 42 

2.3.5 Age Model for Site I 088 ...................................................................... 44 

CHAPTER 3 ~ METHODS 

3.1 Sample Process ing .... ..... .. ............... ......... .. .... ................................... ............... 47 

3.2 Extinction, Survivor and Count Groups .................. ...... ........ .............. ...... ....... 49 

3.2. 1 Extinction and Survivor Groups .. ........ .. .............. .... .. ............................ 49 

3.2 .2 Low-Oxygen Tolerant Count Group ................................................ ..... 51 

3.3 Quantitative Studies ............... .. ...... ... ................................... ......... .................. 52 

3.3 . 1 Planktic Foraminifcra and Fragmentation [ndcx .............. .. .................. .. 52 

3.3.2 [cc-Rafted Debris (IRD) ........ .................. .................... .. .. ..................... 53 

3.4 Data Analys is .. .......... .. ................................................... ........................ ....... .. 54 

3.4.1 Pearson' s Correlation Coe fficient .................................. ....................... 54 

CHAPTER4~TAXONOMY 

4.1 Features of the Extinction Group and Survivor Group Genera .......................... 55 

4.2 Stilostomella Extinction Group ...... ........ ............ .. ............................ .. ............ .. 58 

4.3 Surv ivor Group .. ... ...... ................... ...... .. ... ...... ....... ... ....................................... 81 

4.4 Low-Oxygen Tolerant Count Group .......... .. ..................... ...... ........... .. ............ 84 

V 



TABLE OF CO TENTS 

CHAPTER 5 ~ RES UL TS 

5. 1 Environmental Proxies ............................................ .. ........................ .... .. ......... 86 

5. 1.1 Site 1082 .......................... ............................ ........................................ 86 

5. 1.2 Site 1088 ...... ................. ....... ........ .. ..................... ................................. 89 

5.2 Misce llaneous Microfossi l Data ................................... ............ .......... .............. 91 

5.2. 1 Sitc 1082 ............ ....................... ...... .. ................................................... 91 

5.2.2 Site I 088 ..................... ......... .................... ........ .............................. ...... 93 

5.3 The Stilostomefla Extinction Group ...... .. .. ...... ................................................. 95 

5.3. 1 Taxonomic Composition ...................................................................... 95 

5.3.2 Abundance and Diversity Distribution .................................................. 98 

5.3.2. 1 Site I 082 ................................. ............... ............. ................... 99 

5.3.2.2 Site 1088 ........................... ...... ........................... ............... ... I 02 

5.3.3 Stratigraphic Ranges of Extinction Group Taxa .................................. I 06 

5.3.4 Dominant Extinction Group Species and Blooms ......................... .. .... I 08 

5.3.4. 1 Site 1082 .............. ......... ...... ........ .................... .. ................... 108 

5.3.4.2 Site I 088 .......................... ............ ........................................ 111 

5.3.5 Timing of Local Disappearances (HOs) .............................................. 11 3 

5.4 The Survivor Group ........ ............................ ........ ........................ .. ................. 11 5 

5.4. 1 Abundance and Diversity Patterns ...................................................... 11 5 

5.4. 1. 1 Site 1082 .. .. .................................. .... .................................... 1l 5 

5.4. 1.2 Sitc l088 .............................................................................. 11 8 

5.5 The Low-Oxygen Tolerant Count Group ....................................................... 120 

5.5. 1 Abundance and Diversity Patterns ............................................ .......... 120 

5.5. 1. 1 Site 1082 ........... ........................ ................................... .... .... 120 

5.5.1.2 Site 1088 .............. ........ ..................... .. .............. .. .............. ... 123 

5.6 Correlation Coefficients ................................................................................. 125 

5.6. 1 Site I 082 - Pre ~800 ka ........ ................ ................. .................. ........... 125 

5.6.2 Site 1082 - All Data .......... ................... ........................................ ..... 127 

5.6.3 Site I 088 - Pre ~800 ka ...................................................................... 129 

5.6.4 Site 1088 - AII Data .......................................................... ................. 13 1 

VI 



TABLE OF CONTENTS 

CHAPTER 6 ~ DISCUSSION 

6.1 South Atlantic Declines and Extinctions .. ......... .......... .................. .. ............... 133 

6.1.1 Taxa Comprising the Stilostomelfa Extinction .................................... 133 

6.1 .2 Preferential Extinction of Specific Morpho logies ................................ 134 

6.1.2.1 Test Morphology and Eco logy .. .. ......... ..... .......... ... ... .. ... ....... 136 

6.1.2.2 Extinction Group Morphology and Eco logy ................. ..... .... 136 

6.1.2.3 Extinction Group Aperture .......................... .. .. ......... ... ..... ..... 137 

6.1.3 Decline in Extinct ion Group ........................................ .. ........ ... ... ....... 138 

6.1.4 The Final Stilostomelfa Extinction Datum in the South Atlantic ... ....... 141 

6.1.5 Paleoceanographic Change and Possible Explanations ........................ 143 

6.1 .5. 1 Sitel082 .............................................................. ... ...... ... .... 144 

6.1 .5.2 Site I 088 ....................... ............. ... .. .......... ... .. .. .. ..... .. .. ... ...... 147 

6.2 The Stilostomelfa Extinction .... ........ ........... .. .. .. .. .. .. ............ .................... .... ... 153 

6.2.1 Local Extinction Patterns ........................................................ ......... ... 153 

6.2.2 Global Extinction Patterns ................................................... .. ............. 157 

6.2.3 Extinction Orderings and Extinction Group Morphology .......... .......... 163 

CHAPTER 7 ~CONCLUSIONS .......... ....... .... .. .............. .... .... .... ........ ....... .. .. ... .. .. 165 

CHAPTER 8 ~REFE RENCES ................ ... ..... ........ ..... ....... ... ....... ... ... .. ... .... .. ..... .. 168 

APPENDICES (CD-Rom) 

Appendix I 

Appendix 2 

Appendix 3 

Sedimentological and Micro fossil Data from Census Count 

EDS Gypsum Results 

Correlation Coefficient Data 

Vll 



Figure I . I 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

Figure 2. 1 

2.2 

2.3 

2.4 

LIST OF FIGURES 

List of Figures 

Location of Site I 082 in relation to other ODP Leg 175 sites, major bathymctric 
features and previously drilled ODP and DSDP sites in the South Atlantic study 
region (modi lied from We fer et al., 200 I) (pg. 4). 

A cross-section through the major intermediate- and deep-water ma scs in the region of 
Site I 082, South Atlantic Ocean (modified from Gcrsonclc et al., 1999) .. AABW -
Antarctic Bottom Water: CPDW = Circum-polar Deep Water: NADW = orth Atlantic 
Deep Water; AAIW Antarctic Intcrmccliatc Water; SACW - South Atlantic Central 
Water (pg. 5). 

Location of ODP Site I 082 and the major surface currents influencing the region today. 
Arrows represent pre cnt clay surface current in the Southca t Atlantic Ocean 
(modified from Motoyama. 200 I). AB = Agulhas Bank; ABF = Angola-Bcngucla 
Front; STF = Subtropical Front; AC Angola Current; BC = Bcngucla Current (pg. 6). 

Schematic view of the outhwcst African margin and Walvis Ridge, showing the 
Angola Current (AC). Bcnguela Current (BC), coastal upwelling system, and the 
Angola Dome. otc: A and B refer to upwelling of Antarctic Intermediate Water 
(AA IW) and South Atlantic Central Water (SACW) (Modified from Hay and Brock, 
1992) (pg. 7). 

Locations of Bcngucla Current Upwell ing System Cells (Modified from Wcfcr et al., 
200 I). Note: The siLc of the upwelling cell is based on its relative upwelling 
strength (pg. 9). 

Location of itc I 08 in relation to other ODP Leg 177 sites ( I 088 - I 094). major 
bathymctric feature and oceanic frontal boundaries (after Ger ondc et al., 1999) 
, otc: The position of pre\ ious ODP sites in the Southern Ocean sector of the South 
Atlantic Ocean arc al o given (pg. 13). 

A cro s-scction of the present day intermediate- and deep-water masses, and frontal 
systems in the Southern Ocean sector of the South Atlantic Ocean, Site 1088 (modi fied 
from Gcrsondc et al., 1999) AABW Antarctic Bottom Water; CDW = 
Circum-polar Deep Water: 1 ADW = North Atlantic Deep Water; AA IW= 
Antarctic Intermediate Water; SASW South Atlantic Surface Water; SAF= 
Subantarctic Front: Pr Antarctic Polar Front (pg. 15). 

Global location ofODP and DSDP si tes in which the "Stilostomella Extinction" has 
previously been documented (modified after I layward, 2002) (pg. 27). 

Calibrated ages for marine isotope stages (MIS) for last 1.8 Ma, using ice volume 
simulation (from Chen e l al .. 1995) (pg. 31 ). 

Relative core lengths and method of drilling. Example from Site I 082 
(mbsf = metres below sea floor) (pg. 33 ). 

Spliced section for magnetic susceptibility and colour reflectance of Site I 082 
(from Wcfcr et al .. 1998) Depth is given in med = metres composite depth 
(pg. 34). 

Composite section for magnetic susceptibility. bulk densi ty and colour reflectance of 
Site 1088 (modified from Gcrsondc et al. 1999). Holes 1088A (left curve), 10888 
(middle curve), and 1088C (right curve) arc horizontally offset from each other by: 2.0 
x IO 5 SI un its (for magnetic susceptibility); 0. 15 g/cm1 (for GRA bulk density); and 
15% (for colour reflectance). Depth is given in med metres composite depth (pg. 35). 

Example ofODP core numbering and sample labelling methods (pg. 38). 

Vlll 



2.5 

2.6 

Figure 5.1 

5.2 

5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

5.9 

5. 10 

5. 11 

5. 12 

5.1 3 

5. 14 

5. 15 

LIST OF FIGURES 

Age model for Site I 082. Isotopic data from the bcnthic 8180 record of ODP Site 659 
(thin lin e, upper graph) (T iedemann et al. 1994) has been compared with the planktic 
Globorotalia inflata 8180 record o f ODP Site I 082 (th ick line, upper graph) (Jahn et al. 
2003). Sedimentation rate, band-pass-fi ltered 4 1-kyr components (lower graph), and 
marine oxygen isotope stages (MI S) arc a lso g iven (pg. 43). 

Age model for Site 1088. The bcnthic fora minifcr Cibicidoides 8 180 record (dark black 
line) relati ve to percent red refl ectance (650-750 nm; grey line) are shown (data from 
Hodell et al. 2003). Marin e oxygen isotope stages (MI S) arc also given (pg. 45). 

Environmenta l proxy records for Site I 082. Planktic foramininfcra l oxygen isotope 
data from Jahn et al. 2003 ; spl iced composi te colour re fl ectance curve is from Wefer et 
al. I 998. Selected g lacial marine oxygen isotope stages (MIS) arc labelled (pg. 88). 

Environmenta l proxy records of Site I 088 . Bcnthic foraminifcral oxygen isotope 
data and CaCO3 data from Hodel l et al. 2003. Selected g lac ia l marine oxygen isotope 
stages (MIS) arc label led (pg. 90). 

Absolute abundance and accumulati on rate of radiolaria and ostracods in Site I 082. 
Isotopic oxygen and carbon records arc from Jahn et al. (2003) (pg. 92). 

Absolute abundance and accumul ation rate of radio laria and ostracods at Site I 088. 
Isotopic oxygen and carbon records arc from Hodell et al. (2003) (pg. 94). 

Stratigraph ic records an d highest occurrence (HO) of Extinction Group taxa 
(a bsolute abundance - spcc imcns/g sediment) versus age (o f Ja hn et al., 2003) from Site 
1082. Marine oxygen isotope stages (MI S) arc given (pg. 96) . 

Stratigraph ic records an d h ighest occurrence (HO) of Extinction Group taxa 
(a bsolute abundance - spccimcns/g sediment) versus age (o f Hodell et al. , 2003) 
from Si te I 088. Marine oxygen isotope stages (MI S) arc given (pg. 97). 

Declines in absolute abundance (spcc imcns/g sect .) and accumulation rate 
(no./cm2/kyr) of Exti nction Group taxa at Site l 082. Isotopic 8 13C and 8 180 records arc 
from Jahn et al. (2003) (pg. 100) . 

Extinction Group d iversity across the MPT at Site I 082. Isotopic data ourced from 
Jahn et al. (2003) (pg. I O I ). 

Decl ines in absolu te abundance (spccimcns/g sect .) and accumulation rate (no./cm2/kyr) 
of Extinction Group taxa at Site I 088 . Isotopic 8 13C and 8180 records arc from Hodell 
et al. (2003) (pg. 104). 

Extinction Group di versity across the MPT at Site I 088. Isotopic data sourced from 
Hodell et al. (2003) (pg. I 06). 

Dominant EG species of Site I 082 (pg. 11 0). 

Dominant EG species of S ite I 088 (pg. 11 2). 

umber of highest occurren ces (HO) of EG species per I 00 kyr in South Atlantic 
Sites 1082 and 1088 (pg. 114). 

Absolute abundance (spcc imcn s/g sect .), accumulation rate (no./cm2/kyr), and di versity 
of SG taxa at Site I 082. Isotopi c data sourced from Jahn et al. (2003) (pg. I 17). 

Absolute abundance (spccimcns/g sect .), accumulation rate (no./cm 2/kyr) and d iversity 
of SG taxa at Site I 088. Isotopic data sourced from Hodell et al. (2003) (pg. I 19). 

IX 



5.16 

5.17 

Figure 6.1 

6.2 

6.3 

6.4 

6.5 

6.6 

LIST OF FIGURES 

Absolute abundance (spccimcns/g scd.) and accumulation rate (no./cm2/kyr) of LOTG 
taxa of Site I 082. Isotopic data sourced from Jahn et al. (2003) (pg. 122). 

Absolute abundance (spccimcns/g scd.) and accumulation rate (no./cm2/kyr) of LOTG 
taxa at Site I 088. Isotopic data sourced from Hodell et al. (2003) (pg. 124). 

Comparison of the timing of the highest occurrences (H0s) of Extinction Group species 
in South Atlantic Sites I 082 and I 088 . Oxygen isotope records arc based on ODP Site 
982 (Yenz and Hodell , 1999). Marine oxygen isotope stages (M IS) are shown. Solid 
and dashed lines represent peak glacia l and interglacial stages, respectively (pg. 142). 

Vertical fractionation of intermediate (Site I 088) and deep (Site I 090) watermasses 
within the Southern Ocean during the last I 000 ka. Bcnthic oxygen isotope 
stratigraphy at Site I 090 (bottom line with glacial MIS stages given), and bcnthic 
carbon isotope gradient data based on Cibicidoides wuellerstmfi (from Hodell et al., 
2003)(pg. 147). 

Schematic representation of glacial-to-interglacial changes in thcrmohalinc 
ci rculation in the South Atlantic prior to the MPT and during the MPT. Positions 
of water masses arc inferred from benthic 813C records and intermediate to deep 
water 13C gradients from Sites 982 , 607, 925,929, and I 090 ji-om Yenz and Hodell 
(2002). NCW = Northern Component Water; SCW = Southern Component Water; 
G AIW = Glacial orthcm Atlantic Intermediate Water (pg. 149). 

Inferred changes in microhabitat by dysoxic Extinction Group species during 
well-ventilated MPT glacial periods (pg. 150). 

Global comparisons of the number of highest occurrences (H0s) of Extinction Group 
taxa per 100 kyr. AAIW = Antarctic Intermediate Water ; CPDW = Circum-Polar Deep 
Water; SAMW = Subantarctic Mode Water ; u-NADW = upper-North Atlantic Deep 
Water; L-NAOW = lower-North Atlantic Deep Water; NADW = North Atlantic Deep 
Water. SW Pacific data from Hayward (2002); North Atlantic data from Kawagata et 
al. (in press) (pg. 156). 

Globa l timing of highest occurrences (H0s) of the studied South Atlantic Extinction 
Group species. Oxygen isotope records arc based on ODP Site 982 (Yenz and Hodell, 
1999). Marine oxygen isotope stages (M IS) arc shown . Solid and dashed lines 
represent peak glacia l and interglacial stages, respectively. SW Pacific data is from 
Hayward (2002); orth Atlantic data is from Kawagata et al. (in press) (pg. 162). 

X 



Table 2.1 

Table 2.2 

Table 2.3 

Table 3.1 

Table 3.2 

Table 3.3 

Table 5.1 

Table 5.2 

Table 5.3 

Table 5.4 

Table 5.5 

Table 6.1 

Table 6.2 

Table 6.3 

Table 6.4 

LIST OF TABLES 

List of Tables 

Example of sp li ce tic points used to create the continuous "spliced" stratigraphic 
sequence for Site I 082 (ji'On'l Wcfcr et al. , 1998). mbsf = metres below scafloor; 
med = metres composite depth (pg. 36). 

Age datums identified in Site 1082. Biostratigraphic and magnctostratigraphic 
data from We fer et al. ( 1998).Palcomagnctic timescale used is that of Berggren et 
al. ( 1995). LO = last occurrence; FO = first occurrence; mbsf = metres below sea floor 
(pg. 44) . 

Age datums identified in Site 1088. Biostratigraphic data from Gcrsondc et al. 
( 1999). LO = last occurrence; FO = first occurrence; RE = re-entrance; mbsf = 
metres below scafloor (pg. 44) 

List of South Atlantic Extinction Group bcnthic foraminifcra (pg. 50), 

List of South Atlantic Survivor Group bcnthic foramini fcra (pg. 50). 

List of South Atlantic Low-Oxygen Tolerant Group bcnthic foraminifcra (pg. 5 I). 

Stratigraphic ranges of South Atlantic Extinction Group taxa (pg. I 07). 

Correlation coefficien ts between prc- 800 ka records of Extinction Group foraminifcra 
at Site 1082 and selected environmental proxies. Correlation coefficients > 0.30 arc 
boldcd, and >0.60 arc boldcd and underlined. Isotopic va lues arc interpolated based 
on data from Jahn et al. (2003) (pg. 126). 

Correlation coefficients between entire study interval records of Extinction Group 
foraminifcra at Site I 082 and selected environmental proxies. Correlation coefficients 
> 0.30 arc boldcd, and >0.60 arc boldcd and underlined . Isotopic val ues arc 
interpolated, based upon data from Jahn et al. (2003) (pg. 128). 

Correlation coefficients between prc- 800 ka records of Extinction Group foraminifcra 
at Site I 088 and selected environmenta l proxies. Correlation coefficients > 0.30 arc 
boldcd, and >0.60 arc bolded and underlined. Isotopic va lues arc interpolated based 
upon data from Hodell et al. (2003) (pg. 130). 

Correlation coefficients between entire study interval records of Extinction Group 
foramini fcra at Site I 088 and selected environmental proxies . Correlation coefficients 
> 0.30 are boldcd, and >0,60 arc boldcd and underlined . Isotopic val ues arc interpolated 
based upon data from Hodel I et al. (2003) (pg. 132). 

South Atlantic occurrence of Extinction Group taxa and global biogcographic affi nity 
during the MPT (pg, 134) . 

Summary of the apcrtural characteristics of South Atlantic EG, SG and LOTG bcnthic 
forami nifcra (Modified from Hayward, 2002) (pg. 135) , 

Global biogcographic affinity of the South Atlantic Extinction Group during the MPT 
(pg. 158). 

Global comparison core site data, with number of Extinction Group species and 
time of youngest extinction . AAIW = Antarctic Intermediate Water ; uCPDW = 

XI 



LIST OF TABLES 

uppcr-Circum Polar Deep Water; NADW = North Atlantic Deep Water; lNADW 
= lower- orth Atlantic Deep Water; SASW = Subantarctic Surface Water; CPDW 
= Circum Polar Deep Water (pg. 159). 

Xll 



Plate 4.1 

Plate 6.1 

LIST OF PLATES 

List of Plates 

Selected Extinction Group species (pg. 80). 

Apcrtural characteristics of selected Extinction Group species (pg. 138) . 

Xlll 



AAIW 

APC 

AR 

8/M 

cc 
CCD 

cos 

CPDW 

DCC 

DO 

DSDP 

EG 

F[ 

GNAIW 

GRA 

HO 

lRD 

ICPDW 

LGM 

IN ADW 

LOTG 

LPTM 

MAR 

mbsf 

med 

MlS 

MPT 

MST 

na 

NADW 

NCW 

ACRONYMS AND ABBR.EVIA TIONS 

Abbreviations and Acronyms 

Antarctic lntermediate Water 

Advanced piston corer 

Accumulation rate 

Brunhes/Matuyama paleomagnetic boundary 

Core catcher 

Carbonate compensation depth 

cosmopolitan 

Circum Polar Deep Water 

Carbon isotope gradient between intermediate and deep watermasses 

Dissolved oxygen 

Deep Sea Drilling Program 

Extinction Group 

Fragmentation index 

Glacial North Atlantic lntermediate Water 

Gamma-ray attenuation 

Highest occurrence 

Ice-rafted debris 

lower-Circum Polar Deep Water 

Last Glacial Maximum 

lower-North Atlantic Deep Water 

Low-oxygen tolerant Group 

Late Paleocene Thermal Maximum 

Mass accumu lation rate 

metres below seatloor 

metres composite depth 

Marine Oxygen [sotope Stage 

Middle Pleistocene Climatic Transition 

Mulit-sensor track 

North Atlantic 

North Atlantic Deep Water 

Northern Component Water 

XIV 



AC RONYMS AND ABBREV IA TIO S 

NRM Natural remnant magnetism 

ODP Ocean Drilling Program 

¾ PF Percent planktic foraminifcra 

PETM Paleocene-Eocene Thermal Maximum 

PDB PeeDee Belemnite 

psu Practical Salinity Unit 

sa South Atlantic 

SAF Subantarctic Front 

SAMW Subantarctic Mode Water 

SASW Subantarctic Surface Water 

sew Southern Component Water 

SEM Scanning electron microscope 

SG Survivor Group 

SR Sedimentation rate 

SSSTs Summer sea-surface temperates 

STF Subtropical Front 

swp South-west Pacific 

TOC Total organic carbon 

XCB Extended core barrel 

XRD X-ray diffraction 

uCPDW upper-Circum Polar Deep Water 

uNADW upper-North Atlant ic Deep Water 

xv 



I: INTRODUCTION 

1. INTRODUCTION 

1.1 Objectives 

This study is the first high resolution investigation into the Stilostomella extinction 

event in the South Atlantic Ocean. The primary aim of the research was to document 

the progressive decline, the timing of local disappearances, and the eventual extinction 

of deep-sea benthic foraminifcra in two cores from the South Atlantic Ocean during the 

mid-Pleistocene Climatic Transition (MPT) . This youngest period of bcnthic 

foraminifcral extinctions has been attributed to global climate cooling during the MPT 

between ~ 1200 - 600 ka (Hayward, 200 I, 2002; Kawagata et al. in press). 

Previous studies have revealed that the pulsed decline and extinctions were limited to a 

specific group of foraminifcra , namely, elongate deep-sea foraminifcra belonging to the 

families Stilostomellidae, Pleurostomellidae, and part of the Nodosariidae. 

Furthermore, the Stilostomella extinction selectively affected foraminifera with certain 

shell morphologies and highly specific apertural characteristic s. 

South Atlantic ODP Sites 1082 and 1088 have been purposefully chosen to allow for 

comparisons between two highly contrasting environmental settings, in relation to 

paleoceanographic history, sediment regime and paleoproductivity. Regional intcrsite 

comparisons will be undertaken to investigate whether the timings and causes of the 

Stilostomella extinction were similar at both sites. 

Timings of declines and extinctions in the South Atlantic will be compared with proxy 

data for various environmental factors to provide clues to the cause of these mid­

Pleistocene extinctions. Additionally, results will be compared with similar detailed 

Stilostomella extinction studies in the North Atlantic and Southwest Pacific Oceans, in 

an effort to understand the different timings of highest occurrences in different 

watcrmasscs (depth) and in different parts of the oceans. 
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Another aspect to be investigated is the possible link between the morphologic 

characteristics of the Stilostomella Extinction Group taxa (particularly apertural 

modifications) and the ordering of highest occurrences both in the South Atlantic and 

the global scene. 
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1.2 Southeastern Atlantic Site 1082 

1.2.l Regional Geology 

Thirteen sites ( I 075-1087) were drilled during ODP Leg 175, spanning the western 

coast of Africa from 5° to 32° S (Fig. 1.1 ). Site I 082 is located on the Abutment Plateau 

of the Frio Ridge segment of the Walvis Ridge where it adjoins the continental slope of 

Namibia. The Walvis Ridge is an aseismic basaltic ridge formed from hotspot activity 

during the early Cretaceous per iod (Dean and Gardner, 1985). It extends south­

westwards from the continental margin for >2500 km towards the Mid-Atlantic Ridge 

(Shannon and Nelson, 1996), and may have served as a dam to paleocirculation and 

current-transported sediment (Bolli et al., 1978), above which thick, mainly biogenic 

sediment has accumulated. 

1.2.2 Location and Modern Oceanographic Setting 

ODP Site I 082 (2 l.5°S, I l.5°E) was drilled during Leg 175 in 1290 m water depth on 

the Walvis Ridge, c . 250 km offshore from the coast of Namibia. Positioned at the 

outer edge of the modem Benguela Current Upwelling System ( amibian upwelling 

cell) , the core site is overlain by well-oxygenated, low-sa linity Antarctic Intermediate 

Water (AAIW) (Fig. 1.2), which flows equatorward along the slope off Namibia above 

which is the Benguela Current (Wefer et al., 1998). 

3 
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Figure 1.1: Location of Site 1082 in relation to other ODP Leg 175 sites , major bathymetric 
features and previously drilled ODP and DSDP sites in the South Atlantic study region 
{modified from Wefer et al .. 2001 ). 
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Figure 1 2: A cross-section through the major intermediate- and deep-water masses in the region 
of Site 1082, South Atlantic Ocean (modified from Gersonde et al .. 1999) . AABW = Antarctic 
Bottom water; CPDW = Circum-polar Deep Water; NADW = North Atlantic Deep Water; 
AAIW = Antarctic Intermediate Water; SACW = South Atlantic Central Water. 

Modem oceanographic conditions off Southwest Africa have been documented by 

Moroshkin et al. ( 1970), Bang ( 197 1 ), Nelson and Hutchings ( 1983), Shannon ( 1985a, 

19856), a nd more recently by Hay and Brock ( 1992) and Dowsett and Willard ( 1996). 

A major component o f the heat trans fer system from the southeastern Atlantic is the 

Angola-Bengucla Current (ABC) system, compris ing the Angola Current and the 

Benguela Current (Fig . 1.3). The Bengucla Current is a shallow (<80 m) equatorward­

flowing cool surface current, flowing para lle l to and within ~ 320 km off the southwest 

margin of the African continent (Durham et al., 200 1). At ~ 16° S latitude, these 

no rthward flowing waters meet the warm and sa line southward-flowing Angola Current 

and develop the Angola-Bengucla Front (ABF) (Summerhayes et al., 1995). At this 

front, the Benguela Current is deflected west and merges with the South Equatoria l 

Current, making up the eastern limb of the South At lantic Subtropical Gyre. Upwelling 

of cold, nutrient-rich South Atlantic Central Water (SACW) (from depths between 200-

500 m) occurs over the shelf break in response to offshore divergence and along the 

southwestern African coast in response to offshore Ekman transport (Fig. 1.2). Beneath 

the SACW lies cold nutrient-rich Antarctic Intermediate Water (AAIW). AAIW is 
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Figure 1.3. Location of ODP Site 1082 and the maior surface currents 1nfluenc1ng the region today. Arrows 
represent present day surface currents 1n the Southeast Atlanti c Ocean (modified from Motoyama, 2001 ). 
AB= Agulhas Bank, ABF = Angola-Benguela Front; STF = Subtropical Front. AC = Angola Current, 
BC = Benguela Current. 

found in a ll sectors of the Southern Hemisp here oceans to the north of the Antarctic 

polar front. Throughout the tropica l South Atlantic, AAIW occupies the depth range 

from 650 to 1050 m (Reid, 1994), w ith typical temperature and sa linity va lues of 3° C 

and 34.3 psu, respectively. AAIW spreads across the equator where traces can be found 

as far north as 30° N in the North Atlantic (Ta lley, 1996). 

The Benguela Current is unusua lly productive because it delivers an admixture of 

nutrient-rich AAIW and SACW to the surface through a two-step process (Fig. 1.4) 
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(Hay and Brock, 1992). Below the surface Bcngucla Current, a poleward flowing 

cyclonic subsurface gyrc wells up nutrient-rich AAIW (A in Fig. 1.4) to just below the 

pycnoclinc, which shoals to less than 250 m off Walvis Bay (Dowsett and Willard, 

1996). Herc it mixes with the nutrient-rich SACW, and surface upwelling processes, in 

tum, bring this water up from between 200 m and 330 m to the surface (8 in Fig. I .4) , 

creating a region of cold, nutrient-rich water where primary productivity is very high . 

BENGUELA COASTAL UPWELLING SYSTEM 
ANGOLA DOME 

1a·s 

WALVIS RIDGE 

Figure 1.4: Schematic view of the southwest African ma rgin and Walvis Ridge , showing the Angola Current (AC), 
Benguela Current (BC) , coasta l upwelling system, and the Angola Dorne . Note : A and B refer to upwelling of 
Antarctic Intermediate Water (AAIW) and South Atlantic Central Water (SACW) (refer to text) 
(Modified from Hay and Brock , 1992). 

Wind conditions along the coast, responsible for the upwelling, arc extremely stable 

because winds circulating around the South Atlantic subtropical high pressure cell arc 

constrained by the steep Kalahari escarpment. The wind stress that intensifies during 

the Southern Hemisphere summer results in maximum upwelling between December 

and April each year (Dowsett and Willard, 1996). 

To the north, the Bcngucla Current Upwelling System (BCUS) is bounded, at about 16° 

S, by the Angola-Bcngucla Front (ABF) (Fig . 1.3). The ABF migrates seasonally 

between about 14° S and 16.5° S (Summcrhaycs et al. , 1995). In the late austral 

summer the front weakens and warm, sa line, Angolan water penetrates south along the 

coast, occasionally reaching 20° Sin ' Bcngucla El Nino' events. 
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To the south, the BCUS is bounded by the Agulhas Bank (AB in Fig. 1.3), south of 

which lies the Subtropical Front (STF) . This front is known to induce the northward 

flow of cold filaments of Subantarctic Surface Water (SASW) . South of the African 

coastline and north of the STF warm waters of the Agulhas Current flow in from the 

Indian Ocean and return cast, generating eddies of warm water that spin off to the 

northwest in the Bcngucla Current (Summcrhaycs et al. , 1995). 

The western margin of the upwelling region is not well defined in terms of sca-surfacc­

tcmpcraturc anomalies. Satellite imagery has shown large-scale frontal features, 

resembling 'g iant rip-currents' , extending up to 500 km offshore (Hay and Brook, 

1992). 

Present day coastal upwelling vanes seasonally, with the seasonal signal more 

pronounced off Namibia (north of the Orange River) than further south. During the 

austral winter and spring, water cooler than 16° C extends along the entire coast, but in 

the summer and autumn its northward extent is reduced. Lutjcharms and Mceuwis 

( 1987) have subdivided the present day Namibian coastal upwelling into four zones or 

cells, based on the relative strength of the upwelling cell (Fig. 1.5). Their investigations 

showed upwelling to be particular ly strong at ~25° S (centre of the Luderitz upwelling 

cell), somewhat less so at ~22° S (Walvis cell, ODP Site I 082) and at ~ 19° S (Namibia 

cell) , and weakest ~ 17° S (Cunene cell). The Luderitz cell is the coldest, the most 

persistent, and extends the farthest offshore. Lutjeharms and Mccuwis ( 1987) also 

found a strong correlation between intensity of upwelling and the direction and strength 

of coastal winds. Further, there is also a loose association between the location of 

upwelling cells and the shape of the seabed, upwelling being more intense where the 

deep water is closest to the coast (S hannon, 1985) . The highest productivity is currently 

reached off Namibia between 20°S and 25°S . At this latitude optimumal productivity 

prevails because of the rate of upwelling and the nutrient content of the upwelled 

waters. Trade winds arc strong, offshore transport is vigorous, and cold upwellcd water 

is high in both phosphate and silicate (We fer et al. , 200 I). 

8 
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Figure 1.5: Locations of Benguela Current Upwel ling System Cells (Modified 
from Weter et al., 2001 ). Note: The size of the upwelling cell is based on its 
rela tive upwelling strength. 
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1.2.3 Past changes in Benguela Current Upwelling System 

Previous evidence from the region of the Walvis Ridge has proved to be contentious 

over the issue of glacial-interglacial upwelling intensity changes, and has been debated 

by several authors. Studies by Oberhansli ( 1991 ), Surnmerhayes et al. ( 1995) and Little 

et al. ( 1997) concluded that upwelling at the latitude of the Walvis Ridge general ly 

increased during glacial periods, conversely, other studies suggest that intensity 

increased during interglacial periods (Diester-Haass, 1985). It has since been suggested, 

however, that the discrepancy between these studies may in fact be due to the 

complexity of the site, resulting from past changes in thermo ha line circulation, and poor 

preservation of upwelling indicators (Durham et al. , 2001). 

Productivity records from nearby Site I 081 (also on the Walvis Ridge) generally 

provide evidence for increased productivity during glacial intervals, particularly prior to 

~ 1000 ka (Durham et al. , 2001). The Mid-Pleistocene Transition (MPT) and associated 

increased cooling and aridity on the adjacent landmass, brought about changes in the 

chemical and physical properties of the upwelling water masses and their nutrient 

content. Durham et al. 's 2001 study revea led a significant and rapid drop in overall 

productivity at ~800 ka. Between 800 and 500 ka productivity began to increase again, 

however, this was followed by another rapid decrease in productivity at ~500 ka. Post-

500 ka fluctuations in productivity were common, with short-lived peaks in response to 

( I) nutrient-enriched bottom waters being closer to the surface due to sea-level drop and 

(2) less volume of water in which nutrients were distributed (Hay and Brock, 1992). 

These peaks were short-lived as enhanced productivity removed nutrients faster than 

they could be replaced, and consequently, the system stabilized, and productivity 

decreased once again. 

During the Last Glacial Maximum (LGM) the 7° of latitude northward displacement of 

the Polar Front (PF), the 2° northward displacement of the STF, and the 2-5° C cooling 

of the Subantarctic Surface Waters, all suggest that the thermal gradient south of Africa 

steepened in glacial intervals, displacing the South Atlantic mid-latitude high pressure 

cell north by 2-5° of latitude (Tyson, 1986). The equatorward movement of the pressure 

system forced a similar shift in the upwelling- favourable Trade Winds, with the steeper 

thermal gradient also strengthening them. This strengthening of the coastal and shelf-

10 
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edge wind field is thereby thought to have enhanced upwelling (intensity and increased 

productivity) along the Namibian margin during glacial and cooler intcrstadial periods. 

Productivity records from past studies in the region of Site I 082 show that there may 

not necessarily be a simple response to apparently linear changes, and that in fact, 

numerous factors may interact together and influence the records of deep-sea sediments 

in these complex regions of high productivity. 

1.2.4 Sediment Regime 

Site I 082 has a continuous sedimentary record based on density, magnetic susceptibility 

and colour reflectance data, spliced in small intervals from Holes I 082B and I 082C, 

where sediment column was disturbed or missed during the coring process. The 600 m 

long sediment sequence of Hole I 082A has wcll-dcvclopcd cyclic sedimentation, with 

glacial and interglacial cycles represented as cycles of carbonate dissolution, 

productivity, and terrigcnous sediment supply. Sediment is composed of continuous 

hcmipelagic mud spanning the latest Miocene to Holocene (5 .8 - 0 Ma), with the early­

mid to late-Pleistocene, investigated in this study, composed of alternating intervals of 

bioturbatcd olive and black nannofossil- and foraminifcr-rich clay (Jahn et al. , 2003). 

Varying abundances of diatoms, nannofossils, foraminifcrs , and radiolarians, and minor 

authigcnic minerals, such as glauconitc and gypsum, arc found throughout the study 

interval (We fer et al. , 200 I). 

Sedimentation rates arc comparatively high within Leg 175 sites, varying between 70 to 

150 m/myr (Durham et al. , 200 I) , Glacial- interglacial cyclicity of the late Quaternary 

is represented by cycles of carbonate dissolution, productivity, and terrigenous sediment 

supply, and is recorded as dark and light colour variations in the sediment retrieved 

from Site I 082. These colour cycles (total reflectance) reflect sharp changes in 

concentrations of calcium carbonate, organic carbon, and total sulphur. Generally, the 

darker layers have higher concentrations of organic carbon and total sulphur, and lower 

concentrations of calcium carbonate and biogenic opal (We fer et al. , 1998). Changes in 

magnetic susceptibility down the core can also be utilized and reflect changes in 

terrestrial sediment input and calcium carbonate deposition across climatic cycles. At 

Site I 082, these wcll-dcvclopcd cycles, in which concentrations of calcium carbonate 

11 
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and organic carbon vary between I and 85% and <0. 1 and 16. 1 wt%, respectively, 

reflect fluctuations in the elevated marine production associated with the Bcnguela 

Current Upwelling System; higher concentrations of organic carbon recording higher 

productivities over the past 2 Ma (Wcfcr et al. , 1998). This high supply of organic 

matter drove intense diagcnctic activity and periods of elevated carbonate dissolution. 

Studies by Berger ( 1970), Berger et al. ( 1982), and Emerson and Bender ( 1982), 

suggest that carbonate disso lution on continental margins in water depths above the 

oceanic lysoclinc or carbonate compensation depth (i.e. Site I 082) can only be 

attributed to decomposition of organic matter and resultant production of pore water 

CO2. This dissolution is controlled by two processes: (a) surface water productivity 

(Berger, 1970) and (b) lateral supply of organic matter from the shelf and/or upper 

continental slope (Dicstcr-Haass et al. , 1986) . The cquatorward movement of the South 

Atlantic high pressure system produced a similar shift in the upwelling-favourable 

Trade Winds (Tyson, 1986), strengthening of the coastal and shelf-edge wind field, and 

is thereby thought to have enhanced upwelling (intensity and increased productivity) 

along the Namibian margin during glacia l and cooler intcrstadial periods. 

The tcrrigcnous input signal inferred fi-om nearby S itc I 081 reveals an increase in the 

supply of aeolian material during g lacial periods (Durham et al. , 2001). [n addition to 

increased supply of terrestrial material in response to the lowering of sea-level (global 

cooling and increased ice volume) and erosion of the now exposed continental shelf and 

slope areas, the strengthening of the coastal wind field during glacial intervals (and 

continental aridity) is inferred to have enhanced aeolian transport of sediment (including 

Fe and Si, recognized as having key roles in increasing primary productivity during 

glacial periods (Boyd et al. , 2004)) fi-om the Namib desert into the region of the Walvis 

Ridge (Dicstcr-Haass et al., 1988). These two processes, an increase in surface water 

productivity and increase in the lateral supply of organic matter from continental 

shelf/upper slope areas, resulted in an increase in net organic matter accumulation and 

thus an enhanced carbonate dissolution during glacial times (Dicstcr-Haass et al. , 1992). 

lee-rafted debris (IRD) has not been encountered in previous studies as far north as Site 

I 082 (Siesser, 1980; Dicstcr-Haass et al., 1986, 1992). 
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1.3 Southern Ocean sector of Southeastern Atlantic - Site 1088 

1.3.1 Regional Geology 

Sites drilled during Leg 177 arc assoc iated with the Agulhas Bas in and arc arranged 

a long a north-south transect extending fro m the Agulhas Frac ture Zone Ridge in the 

north, to Bouvct Is land in the south (Fig . 1.6). The Agulhas Basin lies on the African 

Plate and is bounded by the Agulhas Fracture Zone to the no rth, the Southwest Indian 

Ridge to the south, the Meteo r Rise to the west, and the Agulhas Plateau to the cast 

(Gcrsondc et al. , 1999). 
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Figure 1.6: Location of Site 1088 in relation to other ODP Leg 177 sites (1088 - 1094). major bathymetric 
features and oceanic frontal boundaries (after Gersonde et al . 1999) Note: The position of previous 
ODP sites 1n the Southern Ocean sector of the South Atlantic Ocean are also given 
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The Agulhas Ridge is an elongate topographic feature that parallels the Agu lhas 

Fracture Zone and extends from the northern tip of the Meteor Rise to terminate 

abruptly at 40°S, I 5°E, where it intersects the northern end of an abandoned spreading­

ridge axis in the Agulhas Basin (Gcrsondc et al. , 1999) . Formation of the Agulhas 

Ridge is hotly debated; theories include formation from extension at the fracture zone 

resulting in scrpcntinitc diapirism (Bonatti , 1978) , and volcanic construction resulting 

from extension and/or a mantle plume, such as the Shona Hotspot (Kastens, 1987; 

Hartnady and le Rocx, 1985) . A thick sequence of pelag ic mud covers the basement 

rocks of the Agulhas Ridge . 

1.3.2 Location and Modern Oceanographic Setting 

ODP Site 1088 (4l.8°S, 13.3°E) was drilled during Leg 177 in 2082 m water depth on 

the broad northeastern end of the Agulhas Ridge , in the Southern Ocean sector of the 

South Atlantic Ocean, c. 700 km southwest of the tip of South Africa (Fig. 1.6). 

The southeastern South Atlantic is an important component of the global conveyor 

circulation, representing the junction point of major ocean currents and the initial entry 

point of North Atlantic Deep Water (NADW) into the Southern Ocean. Site 1088 is 

located in the northern Subantarctic Zone between the Subtropical Front (STF) and the 

Subantarctic Front (SAF) (Fig. 1.6) . This site is influenced by distal eddies and 

filaments of the Agu lhas Current retroflection (Dickmann and Kuhn, 2002). Site I 088 

is one of the shallowest of sites in ODP Leg 177 (well abo ve the regional CCD) and is 

located at the boundary between upper Circum Polar Deep Water (CPDW) and North 

Atlantic Deep Water (NADW) (Fig. 1.7) . 
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Figure 1. 7: A cross-section of th e presen t day intermediate- and deep-water masses , and frontal systems in the 
Southern Ocean sector of the South Atlant ic Ocean , S~e 1088 (modified from Gersonde et al .. 1999 ) 
AABW = An tarctic Bottom VVa ter; CDW= Circum-polar Deep Water; NADW = North Atlantic Deep Water; AAIW= 
Antarctic Intermediate Water: SASW = South Atlantic Surface Water: SAF= Subantarctic Front; PF= Antarctic 
Polar Front 

1.3.3 Past Oceanographic Changes 

The unique location of Site 1088 gives great potential to reconstruct changes m the 

mean deep water mass composit ion over time, and elucidate past fluctuations m the 

production rate of Northern Component Water (NCW) (high latitude northern 

hemisphere sourced waters, such as the NADW), the strength of the NADW conveyor, 

and mixing ratios between NCW and Southern Component Water (SCW) (southern 

sourced waters, such as CPDW). Dickmann and Kuhn (2002) recognise two distinct 

modes of conveyor belt circulation in the study region during the MPT. The modern 

interglacial warm - route conveyor mode implies a far southward injection of relatively 

warm and sa line NADW into the ACC, compensated to a large extent by the northward 

flow of warm surface and intermediate waters, which enter the South Atlantic via the 

Agulhas Current (Gordon et al., 1992) . The second mode of circulation occurred during 

glacial periods, when the cold-route conveyor mode is implied. This mode was 

characterised by prevailing cold southern-source water masses with a diminished 

NADW influx, in combination with only sporadic influence of the Agulhas Current 

leakage (Dickmann and Kuhn, 2002) . These studies by Dickmann and Kuhn (2002) at 

nearby ODP Site I 090 revealed that glacial-interglacia l contrasts in the regional 
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conveyor circulation strengthened across the MPT, roughly in accordance with global 

ice-volume fluctuations. Dickmann and Kuhn (2002) also inferred changes in 

dccpwatcr circulation over the MPT using variations in sediment composition and clay 

mineralogy. Clay mineralogical studies revealed that Circumpolar Deep Water (CDW) 

expanded farther north during glacials after 1.2 Ma, further supporting the isotopic data 

of Yenz and Hodell (2002) 

1.3.4 Sediment Regime 

Three holes were drilled representing a spliced record of 223.4 m, with the sediment 

investigated in this study, sampled between 5.39 and 14.38 med, being predominantly 

foraminifcr-bcaring nannofossil ooze (Gcrsondc et al. , 1999). Rock fragments 

interpreted as ice-rafted debris ([RD) occur at various frequencies down core. Site I 088 

is situated northward of the Antarctic Polar Front (a zone centred at ~45°S with a 

latitudinal span of approximately ± 2.5° (Lutjcharms and Mccuwis, 1987)), such that 

glacial-interglacial migrations of this ecological and physical water mass boundary arc 

unlikely to have had great influence on the biogcnic sediment constituents at the site. 

Other than a slight shift: in the area of dominant diatom deposition towards Site I 088, 

calcareous oozes, composed of calcareous phytoplankton (mainly coccoliths), 

calcareous zooplankton (mainly planktic foraminifcra), form the biogcnic component 

during both glacial and interglacial intervals (Dickmann et al., 2003). Glacial­

interglacial carbonate variations at Site I 088 arc likely to be a result of dilution effects 

of biogcnic and lithogcnic sediment components, by changes in the mode of biological 

productivity and/or enhancement of terrestrial erosion and fluvial sediment supply 

during cold climate stages. During these stages, low stands of sea level facilitated 

glacigenic and flu vial sediment supply beyond the shelf and sediment gravity transport 

towards the deep sea. The water depth of < 3500 m places Site 1088 well above the 

regional lysoclinc, and thus the settling of calcareous particles is relatively unaffected 

by disso lution processes initiated by the glacial incursion of the corrosive CPDW. 

Furthermore, it has been inferred that improved carbonate preservation was likely at 

Site I 088 during the MPT, as slightly increased sedimentation rates (from 7 m/myr in 

the Pliocene, to 10 m/myr in the Pleistocene; Gcrsondc et al. , 1999) may promote 

survivability of calcareous particles. 
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lnorganic terrestrial sediment is sourced from the arid continental regions of South 

Africa and around the southern African margin, being supplied by the south-eastern 

trade winds, and to a lesser extent, through fluvial input and ocean currents. The latest 

findings from ODP Site 1090, which is situated to the west of Site 1088, have shown 

that fluctuations in illitc chemistry (representing the major clay mineral from South 

Africa) arc consistent with climatic oscillations in southern Africa (Dickmann and 

Kuhn, 2002). These studies reveal that abundant iron-bearing illitc is indicative of arid 

conditions with prevailing physical weathering, typical of glacial intervals, whereas 

chemical weathering under humid interglacial conditions attacks and depletes iron­

bearing illitcs and favours more stable Al-illitcs. Other significant studies, such as 

fluctuations in the ratio of kaolinite to chloritc, can be used to demonstrate changing 

source region of river particulates and latitudinal shifts in watcrmass boundaries. For 

example high kaolinitc/chloritc ratio s demonstrate Site I 088 was within the reaches of 

the Agulhas Current retroflection (Dickmann et al. , 2003). 

A study of ice-rafted debris (IRD) delivery to the South Atlantic was undertaken by 

Kanfoush et al. (2000) , in order to reconstruct the distribution of [RD across the PFZ. 

ln the South Atlantic, !RD peaks reflect instability of ice shelves in the Weddell Sea 

region, and arc associated with intcrstadial warm periods, and increased N AD W 

production in the North Atlantic (Gersondc et al., 1999) Kanfoush et al. (2000) 

revealed that the first identifiable IRD above background levels occurred at southerly 

ODP Site 1092 (~47°S) (Fig. 1.6) in the late Pliocene (~3. 18 Ma) , yet across the MPT 

there was no change in the ampl itude or pacing of !RD delivered to the site . IRD has 

not been previously studied at Site I 088 . 
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1.4 Previous Paleoceanographic Studies 

1.4.1 Southeastern Atlantic Site 1082 

The upwelling system associated with the Bcngucla Current is one of the most 

productive areas of the modern ocean, and as a consequence has been the focus of 

several studies into the evolution of upwelling and changes in productivity over 

geological time. Sediments from Deep Sea Drilling Project (DSDP) Sites 362 and 532 

( 1325 m and 1331 m water depth, respectively) (Fig. 1. 1 ), which arc close to Walvis 

Ridge ODP Sites 1081 and 1082, have provided a preliminary record of the evolution of 

upwelling and changes in biological productivity of the upwelling system. 

Site 362 was rotary drilled during DSDP Leg 40 in 1975 , resulting in all of the cores 

taken above a sub-bottom depth of 200 m being badly disturbed. Despite this, Sicsscr 

( 1980) was able to conclude from changes in organic carbon and diatom abundances 

from Site 362 that upwelling-enhanced productivity had gradually increased since the 

onset of the Bcngucla upwelling system ~ IO Ma (Miocene) . 

Hydraulic piston coring of Site 532 was undertaken in 1980, and yielded a more 

complete record of upwelling history (Hay and Brock, 1992). Peaks in concentrations 

of organic carbon and diatoms indicated that productivity also peaked at the Walvis 

Ridge location in the late Pliocene to early Pleistocene (Dean et al. , 1984). Further, Site 

532 also revealed light-dark alternations in sediment colour, corresponding to changes 

in the concentrations of organic carbon, calcium carbonate, and clay minerals. Dicstcr­

Haass et al. ( 1986, 1992) conclude these colour changes record glacial-interglacial 

shifts of the Bcnguela Current, sea-level changes, oxidation strength, and source of 

tcrrigcnous elastic sediment components. 

Reconstructing the glacial-interglacial shifts in upwelling intensity were of high priority 

in studies by Durham et al. (200 I). Preliminary investigations at ODP Sites I 081 and 

I 082 generally provide evidence for increased productivity during glacial periods. 

There is a prominent peak in all proxy records of productivity at I I 00 ka that coincides 

with a maximum abundance of diatoms. This diatom abundance is observed in many 

records from the South Atlantic (Berger and Wcfcr, 1996) and is followed by a decrease 
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in abundance. Following this there is a rapid change in the dominant microfossil, with 

the abundance of foraminifcra beginning to increase. The timing of these changes in 

productivity suggests that they may be related to the MPT. 

The terrigenous input signal of the Walvis Ridge sites has also been a focus of previous 

study (Diester-Haass et al. , 1988). As expected, magnetic susceptibility records of Site 

532 revealed increased terrigenous input during glacial periods in association with 

global cooling and enhanced aridity, leading to an increase in the supply of aeolian 

material. In the case of the Walvis Ridge location, aeolian transport from the Namib 

Desert by northeasterly to easterly winds was enhanced during glacial times (Durham et 

al., 200 I). In addition, Diester-Haass et al. ( 1988) suggested that the lowering of sea­

levels in response to global cooling and increased ice volume during glacial periods, left 

greater areas of the continental shelf and slope exposed to erosion, which forms an 

important component of terrestrial input to Walvis Ridge sites . Studies by Diester­

Haass et al. ( 1986) and Lutjeharms and Meeuwis ( 1987) , revealed two contrasting 

terrigenous signals, one evident pre-M PT (prior to ~ 1200 ka) , and another dominating 

the Walvis Ridge in the last 800 ka . Clay mineralogical evidence at DSDP Site 532 

revealed that over the past 800 ka, supply of terrigenous material to the ridge has been a 

mix of reworked material fi-om the continental shelf and material from the Orange River 

to the south, transported to the ridge by the intensified strength and flow of the 

Benguela Current during glacial periods (Lutjeharms and Meeuwis, 1987) . In contrast, 

an opposite signal was evident in the pre-MPT period (prior to ~ 1200 ka) , where 

mineralogy suggests increased terrigenous material during interglacial periods. This 

suggested that the supply of terrigenous material via aeolian input may have only been 

significant at the Walvis Ridge in the last 800 ka, implying that prior to this period a 

different source of terrigenous material played a major role. Further studies by Diester­

Haass et al. ( 1986) revealed that the fluctuating position of the Angola-Benguela Front 

(ABF) (which controls the latitude at which the Benguela Current turns west, and the 

southerly extent of the southward- flowing Angola Current) (Fig. 1.3) influenced the 

source of terrigenous materials to the ridge . Kaolinite concentrations in interglacial 

sediments in the 1500 to I 000 ka period show a source of terrigenous material from the 

Kunene River, inferring that during this time the ABF may have been far enough south 

to allow supply and transportation to the Walvis Ridge via the Angola Current (Fig. 

1.3). The timing of this change in supply and source ofterrigenous input to the Walvis 
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Ridge coincided with the onset o f the MPT. T he associated increase in arid ity of the 

African continent during this time may also have caused a decrease in the flow of the 

Kunene River (Durham et al., 200 I). 

1 .4.2 Southern Ocean sector Site 1088 

Previous deep-sea drilling in the Southern Ocean include DSDP Leg 7 1 (S ites 51 1-5 14); 

O DP Legs 11 3 (Sites 689-697) , 11 4 (S ites 698-704) , 11 9 (Sites 739-746), and 120 

(S ites 747-75 1 ), some o f which arc shown in figure 1.6. Sections recovered have 

provided a basic understanding of the paleoceanographic and paleoclimatic evolution of 

the southern high latitudes during the Cenozoic, but o ften core sections from previous 

Antarctic drill ing arc incomp lete. Furthermore, cores arc easily disturbed when 

recovered from the hostile seas of the Southern Ocean (Gersondc et al., 1999). As a 

result of incomplete core recovery, disturbance, the presence of hia tuses, and 

diminished CaCO3 preservation potential at high lat itudes, efforts to obtain continuo us 

paleoclimatic records in the Southern Ocean have been few and far between. Compared 

with the excellent records now available from the high-latitude North Atlantic Ocean, 

prior to Leg 177, the South Atlantic sector o f the Southern Ocean had an obvious 

deficiency in the distribut ion of ocean-drilled cores, with re lat ively few continuous late 

Neogene records recovered. Of the 32 sites dr illed during legs 11 3, 11 4, 11 9, and 120, 

only Site 704 (Leg 11 4) (Fig. 1.6) had su fficient stratigraphic continuity in the Plio­

Pleistocene interva l to allow fo r high-reso lutio n pa leoceanographic and paleoclimatic 

studies (Hodel l and Yenz, 1992). Thus, o ne o f the primary aims during Leg 177 was to 

fill a cr itica l gap in the distribution o f drilled ocean sites to decipher the role the 

Southern Ocean had in the Quaternary histo ry o f the Earth 's c limatic system. 

O DP Site 704 is positio ned in the eastern Subantarctic South Atlant ic (46°52.8'S, 

7°25.3'E) (Fig. 1.6), w ith in the mixing zone o f the North Atlantic Deep Water (NADW) 

and Circum Polar Deep Water (CPDW), just no rth of the Antarctic Polar Front Zone 

(PFZ). The PFZ separates cold, nutrient-rich Antarctic surface water to the south from 

warmer, Subantarctic sur face waters of lower nutrient status, to the north. Furthermore, 

the PFZ represents a trans ition zone from pure d iato m ooze to the south near the 

Antarctic Po lar Front to a mixed si liceous-calcareous ooze to the north near the 

Subantarctic Front (Hodell and Yenz, 1992). Values of the 8180 of precip itated ca lc ite 
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demonstrate the PFZ is also a region of steep temperature gradients, and as a result , 

even subtle changes in the position of the PFZ can be recorded by the 8180 ofplanktic 

foraminifcrs. 

Isotopic data from Site 704 provided new insights into the climatic evolution of the 

Southern Ocean during the Plio-Plcistoccne. Global climate is generally considered to 

have been warmer than today during the Pliocene (prior to 3.2 Ma) , and the cryosphere 

is believed to have been unipolar and restricted to Antarctica (Hodell and Yenz, 1992). 

During this time the amplitude of the planktic and bcnthic 8180 signals was low 

(~0 .5%o), accommodating some warming and minor dcglaciation during the Pliocene. 

However, records arc inconsistent with major warming and massive deglaciation of the 

Antarctic continent. Isotopic records from S itc 704 suggest that the Antarctic glacier 

system did not fluctuate on a large sca le prior to 3.2 Ma, rather, it was not until the late 

Gauss (2.7-2.4 Ma) (when the large Northern Hemisphere ice sheets developed) , that 

the Southern Ocean underwent a major climatic trans ition. During this time fauna! 

assemblages indicate the northwards advance of the PFZ and the accumulation of IRD 

in the Subantarctic sector. It is also thought that the lowering of sea level by increased 

ice in the northern hemisphere stimulated ice advance along the Antarctic margin. In 

addition, increased glacial suppression of NADW after 2.7 Ma may have decreased the 

heat flux to the Southern Ocean (Hodell and Yenz, 1992). Carbon isotopic gradients 

between the North Atlantic (Site 607), the Southern Ocean (Site 704) and the Pacific 

(Site 677) suggest that the suppression of NADW intensi fied greatly during glacial 

periods after marine oxygen isotope (MIS) stage 52 ( 1.55 Ma), which in turn is 

attributed to an increase in the amplitude of the Earth's obliquity cycle (Hodell et al., 

2003). 

Documentation of IRD, including Heinrich Events, in the North Atlantic has contributed 

greatly to our understanding of Laurcntidc Ice Sheet dynamics (Yenz and Hodell, 2002). 

Kanfoush et al. (2000) found s imilar evidence for millennial-scale variability in the 

Antarctic Ice Sheet, through discrete episodes of IRD deposition throughout the last 

glaciation and over the last four climate cycles. The study of IRD delivery to the South 

Atlantic at Site I 094 (54°S) found that the last four g lacial cycles were marked by high 

IRD abundance during the latter half of the interglacial period or onset of ncoglaciation 

(composed predominantly of volcanic ash (source believed to be South Sandwich 
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Is lands in the Scotia arc) and quartz with minor amounts of fine-grained volcanics, 

coarse-crystalline rock fragments, and mica); possibly reflecting the instability of the ice 

shelves in the Weddell Sea region (Yenz and Hodell, 2002). 
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I. 5 Mid-Pleistocene Climatic Transition 

The mid-Pleistocene Climate Transition (MPT) is the name given to the period of time 

when the dominant periodicity of glacial-interglacial cycles changed from the 41-kyr 

obliquity signal to the I 00-kyr eccentricity signal (Durham et al. , 200 I). Brocckcr and 

van Donk ( 1970) described it as the transition observed in proxy climate records from 

symmetrical low-amplitude, high-frequency (41 -kyr) ice volume variations to high­

amplitudc, low- frequency ( I 00-kyr) asymmetrical saw-toothed ice volume variations 

indicating gradual ice build-up terminated by rapid dcglaciation events. During the 

MPT, glacial-interglacial contrasts became more severe and the I 00-kyr climate cycles 

developed their distinctive asymmetric pattern of the late Quaternary, resulting in a 

change in the mean state of the global climate system, including lower global 

temperatures, increased global ice volume, and lower sea-surface temperatures 

(Shackleton et al. , 1990). 

The MPT occurred over several hundred thousand years (between c. 1200 and 600 ka) 

and is documented by bcnthic foraminiferal 8180 records in marine sediments from the 

world's oceans. Bcnthic foraminifcral 8180 records document a general increase in 

global ice volume and the onset of weak 100-kyr cycles between 1250 ka and 900 ka 

and the establishment of strong I 00-kyr cycles since 600 ka (Ruddiman et al. , 1989; 

[mbric et al., 1993; Berger et al. , 1994; Chen et al., 1995 ; Mudclscc and Schulz, 1997). 

Ruddiman et al. ( 1989) and Mix et al. ( 1995) report a bcnthic 8180 increase of 

approximately 0.29%0 at ~920 ka, which corresponds to a sea level fall of about 30 m. 

During the same time interval s ignificant changes in carbon cycling was occurring, 

including changes in the mean ocean 813C, probably caused by the addition of terrestrial 

carbon to the ocean-atmosphere reservoirs as global aridity increased (Raymo et al. 

1997). Positive feedbacks to the CO2 budget on earth, an increase in carbon in the 

marine realm (from increased primary production and transport from continental shelf 

to deep sea), along with many other factors, arc thought to have affected deep-water 

physical and chemical composition in the North Atlantic (NADW) and subsequently the 

global thcrmohalinc circulation of the oceans. 
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The timing, duration, and the cause of the MPT is yet to be adequately explained. It is, 

however, known that the MPT was a global event, and its occurrence has been well 

documented in both marine and continental records worldwide. The problem lies in 

identifying a mechanism that would amplify the climate system's response to relatively 

weak insolation forcing. The MPT demonstrates that the causal link between insolation 

and ice volume suggested by Milankovitch ( 1930) is, in fact, much more complex than 

it may first appear. During the Pliocene and early Pleistocene it appears that a linear 

relationship between orbital forcing, ice volume and climate variations existed ([mbrie 

et al. 1993) . Yet, reconstructions of insolation values by Berger and Loutre (1991) 

suggest that there is no significant change in the pattern of insolation at the time of the 

MPT to account for the transition observed in climatic variations from 41- to I 00-kyr 

cycles. The lag between ice growth at 920 ka and the establishment of strong I 00-kyr 

world at - 650 ka, further complicates the problem, indicating decoupling between ice 

volume and the I 00-kyr cycle. 
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1.6 Previous Studies on the Extinction of deep-sea 

Benthic F oraminifera 

1.6.1 Cenozoic Turnover of Benthic Foraminifera 

I : INTRO DUCT IO 

Three periods of increased taxonomic turnover and in fauna! abundance changes in 

deep-sea foraminifcra during the Cenozoic have been identified globally (Thomas, 

1992; Miller et al., 1992) : the Paleocene-Eocene boundary, Eocene-Oligocene 

boundary, and middle Miocene. Of these, the first, resulted in the most severe 

extinctions ofbenthic foraminifcra (loss of30-50% of species ; Thomas, 1992; MacLeod 

et al. , 2000) during the Paleoeene-Eocene thermal maximum (PETM , ca. 55 Ma) . This 

extinction has been attributed to an abrupt warming and change in ocean circulation due 

to circulation of oxygen-poor, warm, corrosive bottom waters , coupled with changes in 

primary productivity in the surface waters (Katz et al., 1999) . The second and third 

periods of increased taxonomic turnover the 36-30 Ma and 16-12 Ma were more 

gradual, correlating with a decrease in high latitude and deep-water temperatures 

(Shackleton and Kennett , 1975 ; Thomas, 1992), and a shift in 8 13C values (initiated by 

changes in surface ocean productivity) , respectively. 

1.6.2 Mid-Pleistocene Extinction of Benthic Foraminifera 

The mid-Pleistocene extinction or "Stilostomella extinction event" (Weinholz and 

Lutze, 1989) has now been recognised as the most recent turnover in benthic 

foraminiferal taxa. First documented in DSDP Site 397 off north-west Africa in the 

Atlantic Ocean (Lutze, 1979), it marks the final phase in the progressive decline of 

elongate cylindrical taxa (belonging to the families Stilostomellidae, Pleurostomellidae 

and uniserial Nodosariidae). [t includes the extinction of all elongate, cylindrical, 

uniserial, biserial or multiserial tests with highly specific apertural characteristics: i.e. 

cribrate (Chyrsafogonium, Cribronodosaria), slit lunate, hooded with two teeth 

(P leurostomellidae), or secondarily toothed, necked (Stilostomellidae) apertures 

(Hayward, 2002). These fauna reached their greatest abundance (up to 70% of benthic 

foraminifcral faunas) in the latest Eocene (40-35 Ma), forming a significant proportion 

of middle bathyal to upper abyssal (c . 500-3000 m depth) benthic foraminifcral faunas 

(Thomas et al. , 2000). Since the latest Eocene this group of elongate taxa has 
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progressively declined in abundance and diversity, with strongest declines occurring 

during the late Eocene-early Oligocene cooling when the East Antarctic Ice Sheet 

formed (Thomas and Vincent, 1987) , and the late middle Miocene cooling, related to 

the expansion of the West Antarctic fee Sheet (Thomas 1987, 1992) . The final demise 

of the Extinction Group taxa, called the "Stilostomella extinction", reported here, 

occurred between I 000 and 600 ka (Lutze, 1979; Weinholz and Lutze, 1989; Schonfeld, 

1996), and has been hypothesized to be related to the intensification of Northern 

Hemisphere glaciation, and associated changes in the oxygenation of bottom-water 

masses and food supply fluctuation s. 

Figure 1.8 illustrates the global locations of deep-sea ODP and DSDP sites in which the 

"Stilostomella extinction" event has previously been documented. Lutze ( 1979) 

identified the decline and extinction of IO benthic foraminifcral species from six genera 

( e.g. Stilostomella, Orthomorph in a, Plectofrondicularia, E llipsoglandulina, 

Nodogenerina, and Pleurostomella) between I 000 and 600 ka in DSDP 397 off 

northwest Africa in the Atlantic Ocean. 

When Weinholz and Lutze ( 1989) undertook a detailed investigation of DSDP 658 and 

659, off west Africa they initiated the term "Stilostomella Extinction", named after the 

family Stilostomellidae which disappeared at this time; which has been used since to 

describe this global benthic foraminifcral extinction event. Their study revealed the 

diachronous nature of the fauna! boundary, with highest occurrence datums (HOs) of 

the Extinction Group taxa spanning some two hundred thousand years (810 - 640 ka) , 

the timing differing between sites and water depth. An important discovery made by 

Weinholz and Lutze was that the final extinction of the taxa appeared to be c . I 00 kyr 

earlier in the deeper water (DSDP 659, 3081 m) than shallower (DSDP 658, 2263 m). 

Gupta ( 1993) then confirmed the decline in relative abundance and eventual demise of 

Siphonodosaria lepidula (as Stilostomella lepidula) in the Pliocene and Pleistocene of 

two DSDP sites (DSDP 214 and 219) in the Indian Ocean. Benthic census data showed 

a progressive decline in relative abundance of Siphonodosaria /epidu/a, from greatest 

abundance during the late Pliocene (3 .2-1.8 Ma), comprising I 0-20% of the benthic 

foraminifcral fauna > 150 µm , to an abrupt decrease and regional disappearance at ~ 730 

ka, near the Brunhes/Matuyama boundary (780 ka) . 
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In the Pacific Ocean the "Stilostomella extinction" has been recognised in the northwest 

(Kaiho, 1992; Keller, 1980; Jian et al. , 2000), central (Schonfeld, I 995) , southeast 

(Schonfeld and Spiegler, 1995) and southwest (Hayward , 200 I, 2002). 

Schonfeld ( 1996) reviewed all known records of the mid-Pleistocene extinction event, 

which confirmed the extinction (HOs) of the relevant species of elongate benthic 

foraminifera between I 000 and 600 ka (predominately 800 to 700 ka) with highly 

variable timings. He noted the diachronous nature of highest occurences in sites only a 

few tens or hundreds of kilometres apart, e.g. DSDP 658 and 659, or 548 and 549, in the 

Central and North Atlantic Ocean, with HOs of Siphonodosaria lepidula differing by 

166,000 and 155 ,000 years respectively (Schonfeld, 1996). Schonfeld also concluded 

that regional extinctions took place earlier in water depths below 3500 m, farther 

offshore, and at mid- to low southern latitudes, possibly linking rapid changes in deep­

water formation and ventilation with the "Stilostomella extinction". 

Hayward (200 I, 2002) undertook the first detailed "Stilostomella extinction" study 

which included the decline and extinction of the rare and small taxa (>63 µm) , which 

had been overlooked in most previous studies. Hayward (2002) revealed that in the 

southwest Pacific , the total abundance of Extinction and Die-back Group specimens 

decline dramatically during the early and middle Pleistocene ( 1200-700 ka) , the rate of 

decline is not uniform but pulsed, o ften with major declines coinciding with the onset of 

cold intervals . Further, Hayward (2002) concluded that in the southwest Pacific, the 

local disappearances of the Extinction Group species occurred earlier in deeper and 

cooler water locations (earliest site ODP 1123 and latest site ODP 1125), suggesting the 

pattern may be related to food supply. Contrary to Schonfeld ' s conclusion of highly 

variable youngest occurrence timings of the Extinction Group taxa (900-600 ka, 

Schonfeld, 1996), Hayward's southwest Pacific sites revealed a highly consistent final 

disappearance of the taxa, constraining the Stilostomella extinction datum to 650-570 

ka, despite differences in depth. 

Most recently, Kawagata et al. (in press) document the extinctions of deep-sea bcnthic 

foraminifera in the North Atlantic Gateway. ODP Sites 980 and 982, located in 

intermediate water depths in the northern North Atlantic, arc close to the present 

formation area of North Atlant ic Deep Water (NADW). Both cores reveal the 
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progressive decline and eventual regional extinct ion of 51 species of elongate, 

cylindrical bcnthic foraminifcra, with the majority of Extinction Group taxa (~96%) 

having HOs between 1200 and 700 ka. The last of these species to disappear in the 

North Atlantic was Pleurostomella alternans at ~679 ka and ~694 ka in Sites 980 and 

982, respectively. These North Atlantic studies arc in good agreement with the 

previously documented final global ·'Stilostomella extinction" datum of 700-580 ka 

(Wcinho lz and Lutze, 1989; Ka iho, 1992; Gupta, 1993; Schonfeld, 1996; Hayward, 

200 I, 2002). They concluded that changes in chemical ventilation of the bottom water 

and food supply to the sea floor might have decimated the elongate, uniscrial deep-sea 

foraminifcra during the MPT. 
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I. 7 Marine Oxygen Isotope Stages 

The Milankovitch theory o f c limate change, linking variations in the Earth's orbita l 

parameters to climate fluctuations, continues to gather support as the primary driver for 

g lac ial and interglac ia l climatic cycles. Muc h o f the climatic cycl icity that is 

docume nted in the marine sed imentary reco rd over the past I millio n years can be 

expla ined by linear responses o f c limate to the 4 1,000-ycar o rbita l obliquity and 23,000-

year orbita l precessio n cycles. The increasing avai la bility o f lo ng, high qua lity ODP 

cores has made it poss ible to monito r spectral s ignals and phase re lationships bac k 

beyo nd the Miocene. However, o rbita lly modulated fluctuations o f so lar irradianee 

a lone cannot expla in the lo nger-term evo lution o f the Earth's c limate system. An 

important compone nt in the lo ng-term Cenozoic cooling trend was pla te tectonics, 

namely its influence on mo untain up lift and ocean c irculat ion. There is now abundant 

evide nce that the reconfiguration o f oceans and continents, no tably the opening and 

c losure of oceanic gateways, and assoc iated change in thermo ha line c irculation and heat 

transport, set the stage fo r northern hemisphere g laciation ( lmbrie et al.. 1993). 

Thermoha line forcing thro ugh changes in deep water temperature has been proposed by 

lmbrie et al. ( 1993) to be one possible d river o f the 100,000-ycar climate cycle. Further 

studies invo lving high-reso lution correlations between ice core pa leoclimate records and 

the marine 8180 record support not only a dominant greenhouse forc ing (Shackleton, 

2000), but a lso reveal a lag period between ice vo lume (as seen in the marine reco rd) 

and atmospheric CO2 c hanges. Such evidence fa vours atmospheric CO2 as the primary 

player during the lo ng-term cyc les o f glac ia l- interglac ia l c limatic c hange (Shackleton, 

2000). 
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The marine oxygen isotope stage numbering system that is used throughout this thesis is 

based upon the timescale calibrated by Chen et al. ( 1995), fo r the 0- 1.8 Ma period (Fig. 

1.9). Chen et al. ( 1995) use the 8 180 records from the bcnthic foraminifcral species 

Cibicides ·wuellerstor/i to simulate orbitally-induced ice vo lume changes over the past 

3.6 Ma (ODP 758). The marine isotope stages (MIS) arc recognised in the glacial and 

interglacial periods based on the downcorc variation o f the 8180 of foraminifcra and arc 

labelled us ing conventional notations of even numbers fo r glac ial stages and odd 

numbers for interglacial stages . 

.. 
) ~ ) 0 d I 2 • j 1 1 

Figure 1 .9· Calibrated ages for marine isotope stages (MIS) for last 1 8 Ma, using ice volume simulation 
( from Chen et al . 1995) 
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2. ODP METHODS 

2. I ODP Drilling Operations 

As with all coring operations, the recovery o f complete sedime ntary sections w ithin the 

cored interva ls was crucia l to the palcoccanographic objectives of Leg 175 and 177. 

Two coring systems were utilised during drilling o f Site I 082 and I 088: the advanced 

hydraulic piston corer (APC) and the extended co re barrel (XC8); both were used to 

maximise core recovery in the specific lithology being drilled. Each cored interva l was 

approximate ly 9.5 m long, which is the length of the core barrel. 

Three holes were cored with the APC/XC8 at Site 1082 to a maximum depth of 600.6 

metres be low scafloor (mbsf) (The term 'mbsf is the depth from the scafloor to the 

interval being cored). Hole I 082A was cored with the APC to 128.6 mbsf and was 

extended with the XC8 to a depth of 600.6 mbsf (Wcfcr et al. , 1998). Cores from 

I 0828 and I 082C were taken with the APC to depths of 127.0 mbsf and 202.0 mbsf, 

respecti vely (F ig. 2. 1 ). 

Three holes were drilled at Site I 088 to a total depth of 233.7 mbsf, recovering 

Holocene to middle Miocene calcareous ooze. Hole I 088A was unsuccessfu l, because 

when the co re was recovered it was full of disturbed sediment (Gcrsondc et al., 1999). 

Hole I 0888 was drilled by APC down to 129 mbs f and Ho le I 088C, w hich was drilled 

w ithout coring to 124 mbsf, was continuo usly cored by XC8 from 124 mbsf down to 

233 mbsf. 
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Figure 2 1 Relative core lengths and method of drilling. Example from Site 1082 
(mbsf = metres below seafloor). 

As w ith previous ODP legs, mu lt i-ho le drilling and compos ite depth sections were 

compiled a t both Sites 1082 and 1088. Drilling o f multiple ho les ensures that interva ls 

missing fro m one ho le as a result o f recovery gaps between cores arc cored in an 

adjacent hole, thus ensuring the most complete record o f continuous sedimentation a t 

the s ite. Composite sections arc constructed through various shipboard measurements 

that arc made as soon as the core sections have equilibrated to room temperature. 

Before splitting, who le-round core sections were run through the multi-sensor track 

(MST) and therma l conductivity measurements were taken. Magnetic susceptibility, 

gamma-ray attenuation (GRA), wet bulk dens ity (GRAPE), and colour reflectance 

para meters were a ll used to develop inter-ho le co rrelations across gaps between cores, 
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w ith the integration o f at least two physical properties a llowing ho le-to-hole correla tions 

to be made with greater co nfidence. All composite section data were co llected at 2-cm 

(MST) and 4-cm (co lour reflectance and G RAPE bu lk density) interva ls, and data 

presented in composite depth scale (Fig. 2.2 - I 082 (MST and co lour re flectance) and 

Fig. 2.3 - I 0 88 (MST, colour re fl ectance and G RAPE bu lk density)). 
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Figure 2.2: Spliced section for magnetic susceptibil ity and colour reflectance o f Site 1082 ( from We fer et 
al .. 1998). Depth is given in med = metres composite depth. 
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2: ODP METHODS 

Figure 2.3: Composite sect ion for magnetic susceptibility, bulk density and colour reflectance of Site 
I 088 (Ji-om Gerson de et al. 1999). Holes I 088A (left curve), I 0888 (middle curve) , and I 088C (right 
curve) arc horizontally offset from each other by: 2.0 x 10·5 S I units (for magnetic susceptibility); 0.15 
g/cm3 (for GRA bulk density) ; and 15% (for colour reflectance). Depth is given in med = metres 
composite depth . 

Once data had been collected, ho le- to-hole correlations were made using an interactive 

software programme "Splicer", and 'tic points' or identifiable intervals where 

distinctive featu res arc pre cnt in multiple holes, resulting in a single spliced record for 

each site given in an adjusted depth scale known as ' med ' or mean composite depth. 

Site I 082 yielded a complete spliced section to 141 med ( core recovery was relatively 

poor below this but some MS and colour reflectance data is available), and Site 1088 

yielded a total thickness of 224 med. An example of the use of tie points in the Site 

I 082 continuous "spliced" stratigraphic sequence is shown in table 2. I . 
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Table 2. 1: Example of splice tic points used to c reate the cont inuous "spliced'' stratigraphic sequence for 
Site 1082 (ji'()//1 Wefer et al., 1998). mbs f = metres below seanoor; med = metres composi te depth. 

Once the cores were split into working and archiva l halves, the work ing ha lf of each 

core was sa mpled fo r both shipboard ana lysis, such as phys ica l properties (for fo rmation 

of a spliced section as mentioned above), carbonate, co lour re flectance, bulk X-ray 

diffraction (X RD) mineralogy, and shore-based studies . T he arc hive-half sections were 

passed through the cryogenic magnetometer, then black-and-white and co lour 

photographed, and described visua lly and by means of smear s lides (Gcrsondc et al., 

1999). Once shipboard ana lysis was complete both halves of the core were placed into 

labelled plastic tubes, sca led and stored in co ld-storage space on the drill ing vessel. At 

the end of Leg 175 a nd 177, the co res were trans ferred to the O DP core repository in 

Bremen, Germa ny (Wefcr et al., 1998), fro m where the samples for this study were 

obta ined. 
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2.2 Standard ODP Sample Labelling 

General core handling procedures described in previous Initial Reports volumes and the 

Shipboard Scientist's Handbook, arc summarised here. For all ODP drill sites, a letter 

suffix dist inguishes each hole drilled at the same site. Using ODP Site I 082 as an 

example, the first hole drilled was assigned the site number modified by the suffix "-A", 

e.g. I 082A; the second hole takes the site number and suffix "-8 ", e.g. I 0828, and so 

forth . The cored interval is measured in metres below scafloor (mbst). The depth 

interval assigned to individual cores begins with the depth below scafloor that the 

coring operation began, extending to the depth at which coring ceased. Cores taken 

from a hole arc numbered seria lly from the top of the hole downward. At the base of 

each cored section is the core catcher sample (CC), a device at the bottom of the core 

barrel which catches sediment when the barrel is being retrieved from the hole . Once 

the cores arrive on deck core-catcher samp les arc the first to be analysed in terms of 

biostratigraphic significance. Once the recovered core is on deck in its liner it is cut 

into 1.5-m sect ions for ca c of handling. When a complete core is recovered these 

sect ions arc numbered from the top , I through 7, with the last section usually being 

s lightly shorter than the rest. 

When a sample is taken from a core for analysis, the sample is given a unique label that 

is based on d istance (measured in centimetres) from the top of the core section to the top 

and bottom of each sampled interval. A full curatorial label for a sample contains the 

following information: leg, site, hole, hole-suffix, core number, core type, section 

number, and the interval measured in centimetres from the top of the core section. For 

example, a sample from Site I 082 can be identified as follows : " 175- 1082A-2H-6, 50-

52 cm", representing a sample taken from the interval between 50 and 52 cm below the 

top of Section 6, Core 2H (H meaning that this core was taken with the APC system) of 

Hole I 082A cored during Leg 175 (Fig. 2.4). 
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Figure 2.4: Example of ODP core numbering and sample labelling methods. 
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2. 3 Age Models 

lt is currently proposed for the Pleistocene to be formally split into three intervals: early 

Pleistocene ( 1.8-0.78 Ma, B/M palcomagnctic boundary) , middle Pleistocene (0.78-0. 13 

Ma, B/M - MIS 6) and late Pleistocene (0. 13-0 Ma, MIS 5-1) (Gradstein et al., 2004). 

This study dea ls with samples of the early and middle Pleistocene, a time period over 

which there has been a combination of different dating methods of different levels of 

accuracy. 

The age models for Site I 082 and I 088 have been produced using several absolute age 

dates and biostratigraphic datums, coupled with variations in environmental proxy data 

and correlations with the marine oxygen isotope curve. 

2.3 .1 Biostratigraphic Datums 

Basic biostratigraphy is concerned with the recognition of fossils , and relics on the 

physical zonation of biota, both in time and space, in order to establish the relative 

stratigraphic position of sedimentary units between different geographic localities. 

Shipboard micropalcontological studies were carried out initially on core-catcher 

samples from both Sites I 082 and I 088. Additional samples from within the cores were 

examined to improve biostratigraphic resolution. Both calcareous and siliceous 

microfossil groups were investigated, although through sheer abundance, good 

preservation, and resistance to diagenctic processes, calcareous nannofossils were found 

to be critical in the construction of a detailed biostratigraphy and a well-constrained age 

model for both sites. Besides biostratigraphical information, calcareous nannofossils 

can be used as tracers of upwelling dynamics and studies into trophic domains, as 

documented in a study by Giraudcau ( 1993) . Ages for calcareous nannofossil, planktic 

foraminifcra l, diatom, and radiolarian events and epoch boundaries arc based mainly on 

the geomagnetic-polarity time scale of Berggren et al. ( 1995), and calcareous 

nannofossil biohorizons in accordance with Okada and Burkry' s ( 1980) zonal markers. 
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2.3.2 Paleomagnetic Datums 

Palco magnetism is the term given to the study o f the changing intensity and direction o f 

the Earth 's magnetic field in the geologic past through the remnant magnetism in rocks 

or sediment. Reversals in the Earth's magnetic field arc recorded in sediments as iron­

bearing minerals settle through ocean water and magnetica lly align themselves to the 

prevailing magnetic field. The use o f magnetic polarity reversals as a stratigraphic tool 

is based on identifying characteristic patterns o f reversals. The absolute age o f each 

reversal has been established and a quantitative time scale fo r reversals has been set up. 

The geomagnetic polarity time scale has evo lved since the 1960s, with various new data 

po ints being added and age estimates re fined . The polarity time scale is subdivided into 

po larity "chrons", such as the Brunhes Normal Po larity Chron, and shorter "subchrons", 

such as the Jaramillo Polarity Subchron. Measurements of natura l remnant magnetism 

(NRM) were made on all archive-half core sections from both Sites 1082 and 1088. A 

paleo intensity curve was formed and magnctostratigraphic datums identified through 

studying the variations in the remnant intensity (palco intcnsity) in the past geomagnetic 

field strength. 

2.3.3 Environmental Proxy Correlation 

Fluctuations in several environmenta l prox ies can be used to correlate between sites, to 

de lineate warm and cool periods and to predict the position of marine oxygen isotope 

stages. The most useful properties fo r establishing a record of glac ial-interglac ial 

cyclicity arc colour reflectance, GRA, 8180 and 813C. 

2.3.3. 1 Colour Reflectance 

Reflectance o f visible light from cores (using a Minolta spectrophotometer CM-2002) 

was used to establish semiquantitative relationships between lithologies down-hole, as 

an attempt to recognise climatic signals in the Pleistocene-aged sediments. Previous 

studies o f sediment cores have shown that the rat io o f re flectance va lues o f red and blue 

wavelengths is closely related to the diagenetic redox conditions in the sediment, 

re flect ing the presence of iron oxyhydroxides or sulph ides (Mix et al. , 1995). 

Re flectance data can therefore be a suitable proxy fo r reconstructing high-resolution 

changes in carbonate sedimentation, which is known to vary, sometimes dramatica lly, 

during interglacial and glacial stages. 

40 



2: ODP METHODS 

Studies by Berger ( 1970), Berger et al. ( 1982), and Emerson and Bender ( 1982), 

suggest that carbonate disso lution on continental margins and in water depths above the 

oceanic lysoclinc or CCD can only be attributed to decomposition of organic matter and 

resultant production of pore water CO2. This dissolution is controlled by two processes: 

(a) surface water productivity (Berger, 1970) and (b) lateral supply of organic matter 

from the shelf and/or upper continenta l slope (Dicster-Haass et al .. 1986). Productivity 

on continenta l margins has generally increased during glacial times, compared with 

interglacia l periods (We fer et al .. 200 I). These two processes - an increase in surface 

water productivity, and an increase in the lateral supply o f organic matter from 

continental shcltluppcr s lope areas (as a result of increased aridity and therefore 

increased aeolian transport of terrigenous materia l), resu lts in an increase in net organic 

matter accumulation, and thus enhanced carbonate dissolution during glacial periods 

(Diestcr-Haass el al. , 1992). 

Colour data was measured in 2-cm interva ls in both Sites I 082 and I 088. The colour 

cycles re flect sharp changes in the concentrations of calcium carbonate, organic carbon 

and total sulphur. It is recognised that the general trend is such that dark layers have 

higher organic carbon concentrations, higher sulphur and lower concentrations of 

calcium carbonate and biogenic opal, and in the study area represent sediments 

deposited during glacia l periods. Conversely, lighter layers represent periods o f higher 

ca lcium carbonate accumulation, higher total reflectivity, and in the study area represent 

interglac ia l intervals (Gersonde et al .. 1999). 

2.3.3.2 Natura l Gamma Radiation 

The natural gamma record serves as a proxy fo r bulk density or clay content, and like 

other physical property data sets, changes in gamma-ray attenuation (GRA) va lues 

down-core (reflecting sediment composition) reveal clear and pronounced glac ial­

interglac ial cycles. High bulk-dens ity values arc consistent with interglacial intervals o f 

high carbonate contents. Studies show a positive correlation between high reflectivity 

and high density, and low reflectivity and low density sediments, suggesting that colour 

and density variations arc largely driven by variations in the carbonate content of 

sediments (Gcrsondc et al .. I 999). 
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2.3.3.3 <> 180 - Oxygen Isotope Record 

Oxygen isotope stratigraphy from plankt ic and bcnthic foraminifcra is now a routinely 

used stratigraphic correlatio n tool fo r deep-sea sediments, providing a time series record 

of g lo ba lly synchronous events w ith a reso lution of a few thousand years. Stable 

isotope ana lyses for bo th Sites I 082 and I 088 reveal pronounced glacial-interg lac ia l 

varia tions in the ratio of 8180 to 8 160; reflecting temperature-dependant fractionatio n 

and re lat ive enric hment of the heavier isotope 8180 during g lacial periods and 8
18

0 

depiction during interglacial periods. 

2.3.3.4 <> 13C - Carbon Isotope Record 

The 813C record reveals variations in the partitioning o f carbo n between different carbon 

reservoirs (biosphere, atmosphere, and hydrosphere), variations in ocean ventila tion, 

and the changing ocean chemistry or nutrient content, over time. The initial studies o f 

Shackleton ( 1975) and Kroopnick ( 1980), showed that forami nifcral carbon isotope 

records can be used to monito r variatio ns in deep-water formation a nd deep-ocean 

ventila tion through geo logic time (c.g Duplessy, 1982; Dup lessy and Shackleton, 1984). 

Deviations from the "global mean" record arc common as there can be both species­

specific deviations fro m carbon isotopic equilibrium (vital effects) and a lso loca l o r 

regio na l overprints in areas w here deep-sea circulation c hanges arc large, such as 

upwelling areas (Jansen, 1989). Thus, the utilisation of carbon isotopes for correlatio n 

and dating purposes should be used only to prov ide additional age control, a nd no t as 

the primary too l (Jansen, 1989). 

2.3.4 Age Model for Site 1082 

An astronomically-tuned age model at Site I 082 fo r the last 1.5 Ma was established by 

Ja hn et al. (2003), and is based on the stable oxygen isotope records of bcnthic and 

planktic fora minifcra, w ith the help of several nannofossil datums and 

magnctostratigraphic data from We fer et al. ( 1998) (Fig. 2.5). Stable oxygen isotope 

data was obtained from the planktic foramini fcra Globorotalia in/lata, at down-core 

intervals of ~ 20 cm. For each sample, 15-20 specimens were hand-picked in the > 150 

µm size fraction, and 8 180 values were measured on a Finnigan MAT 25 1 micromass 

spectrometer, calibrated to the PDB (PeeDee Be lemn ite) standard scale (Jahn et al. , 

2003). Globorotalia inJlata is commonly used in isotope stratigraphy, and therefore 

was chosen to allow for comparisons of the 8 180 record across sites. 
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Figure 2.5 : Age model for Site I 082. Isotopic data from the bcnthic 8180 record of ODP Site 659 (thin 
line, upper graph ) (Tiedemann et al. 1994) has been compared with the planktic Globorotalia in/lata 8 180 
record of ODP Site 1082 (thick line, upper graph) (Jah n et al. 2003). Sedimentation rate, band-pass­
filtcrcd 41-kyr components (lower graph), and marine oxygen isotope stages (M IS) arc a lso given. 

However, this species docs not occur continuously throughout the investigated sediment 

sequence at Site 1082, and is absent in MIS 47, 43 , 33, and 25. To overcome this, the 

8 180 record of Site I 082 was visually aligned to the bcnthic 8 180 record of ODP Site 

659 from the Cape Verde Plateau off northwest Africa, to show a good correspondence 

for glacial-interglacial cyclicity. The 8180 record of G. inflata shows a much less 

pronounced glacial-interglacial amplitude than that of Site 659 (particularly from MIS 

21 to 17), so magnctochrons (such as the well-dated boundary of Brunhcs/Matuyama-

0. 78 Ma (~74 mbsf) , and the top and bottom of the Jaramillo - 0.99 (~97 mbst) and 

1.06 Ma (~ I 05 mbsf)) , were used to reinforce the age model. Datum events used in the 

reconstruction of the age model arc summarised in table 2.2. Ages for micro fossil data 

and magnetic reversals arc based mainly on the geomagnetic polarity timescale of 

Berggren et al. ( 1995). Sedimentation rates were estimated by linear interpolation 

between age control points. Jahn et al. (2003) indicated that sedimentation rates (SR) 

over the past 1.5 Ma have been in the order of IO cm/kyr, and further, that the time 

43 



2: ODP METHODS 

interval encompassing the MPT, from 1.0 Ma (MIS 34) to about 0.75 Ma (MIS 18), is 

characterised by slighter higher SRs of about 15 cm/kyr (Fig. 2.5). 

POLARITY C HRON/EVENT AGE (MA) DEPTH COMM ENTS 
(MBSF) 

C ln 0.00 - 0.78 0-74 Brunhcs epoch 
CI r. l r 0.78 - 0.99 74-97 Matuyama epoch 
C ir. In 0.99 - 1.07 97-105 Jaramillo epoch 
CI r.2r- l n 1.20- 1. 2 1 11 8 Cobb Mountain epoch 

LO Bachmannocena quadrangula 0.80 56-65 Si I icoflagcllatc 
LO Reticulofenestra asanoi 0.83 65-69 Calcareous nannofossi l 
LO Nitzschia fiJssilis 0.92 56-65 Diatom 
LO Rhizosolenia matuyarna 1.10 94- 103 Diatom 
LO Helico5phaera sellii 1.25 11 5- 11 9 Calcareous nannofossil 

Table 2.2 : Age datums identified in Site I 082. Biostratigraph ic and magnctostratigraphic data from 
We fer et al. ( 1998) .Palcomagnctic timescale used is that of Berggren et al. ( 1995). LO = last occurrence; 
FO = first occurrence; mbsf = metres below sea floor . 

2.3.5 Age Model for Site 1088 

The chronostratigraphy adopted for Site I 088 (covering the past 1.2 Ma) was based on 

the identificat ion and counting of iso tope stages in the spliced composite CaC03 curve, 

8 180 record for plankt ic and bcnthic fora mini fcra , and several nan no fossi I datums 

(Hodell et al. , 2003) (Fig . 2.6) . Throughout the entire core, 25 age-depth 

biostratigraphic control points were identified, three of which help to constrain the study 

interval. Age datums arc summarised in table 2.3 . 

BIOSTRA TIGRAPHIC AGE DEPTH (MBSF) COM MENTS 
DATUM (MA) 

LOR. asanoi 0.88 I 1- 12 Calcareous nannofossil 
RE Gephyrocapsa medium 0.96 11-12 Calcareous nannofossil 
FOR. asanoi 1.08 14- 16 Calcareous nannofossi l 

Table 2.3: Age datums idcnti fi cd in Site I 088. Biostratigraphic data from Gerson de et al. ( 1999). LO = 
last occurrence; FO = first occurrence; RE = re-entrance; mbsf = metres below sca floor. Note: no useful 

magnctostratigraphic data was obtainabl e. 
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2: ODP METHODS 

2.5 

Figure 2.6: Age model for Site 1088. The bcnthic foraminifcr Cibicidoides 8 1MO record (dark black lin e) 
relative to percent red reflectance (650-750 nm ; grey line) arc shown (data from Hodell et al. 2003). 
Marine oxygen isotope stages (MIS) arc al so given . 
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Stable oxygen iso topes were measured on the bcnthic foraminifcra Cibicidoides 

wuellersto,fi and the planktic fo ra mini fcra Globigerina bulloides in down-core intervals 

o f ~ 5 cm. For each sample, specimens were hand-picked in the > 150 µm size fraction 

and 8180 va lues were measured on a Finnigan M AT 252 micromass spectrometer, 

calibrated to the PDB (PccDcc Bclcmnitc) standard scale (Hodell et al., 2003). 

Attempts to identify the Brunhcs/Matuyama boundary were unsuccessful, and as a 

result o f core-barrel-induced magnetisation problems, no useful magnetostratigraphy 

was obtained to constrain the age o f the different intervals. Diffuse spectral reflectance 

measurements, obtained by OSU-SCAT and Minolta CM-2002 spectrophotometers, 

provided a high-reso lution proxy for lithostratigraphic records over time. interglac ial 

( lighter, carbonate-rich) and glac ial (darker and diatom-rich) cycles were easily 

identified, and in conjunction with biostratigraphic datums, were primarily used to 

estimate marine isotope stage positions down the core. Sedimentation rates at Site I 088 

arc low, averaging at ~ I cm/kyr (Hodell et al., 2003). Despite th is very low SR, al l 

Ple istocene to Recent marine oxygen isotope stages (between MIS I and 31) arc 

identifiable in the record. 
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3. METHODS 

3.1 Sample Processing 

Core samples of approximately 20 cc volume from the early-middle Pleistocene interval 

of ODP Sites I 082 and 1088 in the South Atlantic Ocean were processed. Sediment 

samples were taken at various depths down the cores, with each sample spanning 

approximately 2 cm of core thickness. From Sites I 082 and I 088, 61 samples were 

analysed to determine the stratigraphic ranges of spec ific benthic foraminifera: 23 

samples from ODP Leg- 175-1082A-6 H to - 14H, 7 core-catcher samples from ODP 

Leg-175-1082B-8H to - 14H and 31 samples from ODP Leg- 177- 1088B-IH to - 2H 

(Appendix 1 ). Most of these samples were selected from glacial and interglacial peaks 

based on oxygen isotope curves and colour reflectance . These provide an average 

intersample interval of 19-23 kyrs in the mid-Pleistocene transition (MPT) . 

All but - 2 cc of each sample was carefully disaggregated in water and washed through a 

63 um sieve, the remaining sample was rescaled in its original bag to be archived (at the 

Institute of Geological and Nuclear Sciences (IGNS), Lower Hutt, New Zealand) for 

possible futu re use. Between sieving samp les the sieve was washed with water and a 

brush, and later soaked in a methyl blue so lution to stain any remnant specimens and 

avoid cross contamination. Foraminifcra were concentrated by washing out the mud 

fraction and dried in a 40°C oven overnight. The dried sample was then weighed and 

the weight recorded as 'g sand' . The dried sample residue >63 µm was sieved into three 

size fractions (63-150, 150-300, and >300 µm), weighed, labelled and stored in separate 

glass vials for micropaleontologica l studies . Between each sample all sieves were 

brushed and cleaned with compressed a ir. 

Initial microscopic studies involved picking and identification of all specimens of 

elongate and uniserial benthic foraminifcral taxa, later to be known as the Extinction 

Group (EG) (Table 3.1) and the Survivor Group (SG) (Table 3.2) . Certain biserial and 

triserial taxa were identified to species/and or genus level only and counted (known as 

the Low-Oxygen Tolerant Group - LOTG) (Table 3.3), as abundance changes in these 
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taxa may be used as a proxy to infer changes in food supply and/or oceanographic 

parameters, such as bottom current strength and bottom oxygen concentrations, through 

time. 

Specimens were picked and or/counted from a small picking tray using a fine tipped 

paintbrush. All targeted taxa (EG and SG) were picked and mounted on a gridded slide, 

and LOTG benthic foraminifcra abundances recorded. I 00% of the >300 µm size 

fraction of each samp le was searched for EG , SG and LOTG benthic foraminifcra . Of 

the 150-300 µm fractions, samples were repeatedly split using a Carpco micro-splitter to 

give approximately 300 benthic foraminifcra (EG, SG and LOTG), as part of a total 

census count of the benthic assemblage. In several samples it was not possible to pick 

300 benthic forms due to extremely low abundances. Again the Target Group (EG and 

SG) specimens were picked, mounted on fauna! slides, identified and counted. Each 

Target Group species was mounted into a separate box on the fauna! slide; the layout of 

specimens remained the same for all samples . [RD (ice-rafted debris) , gypsum rhombs, 

glauconized foraminifcra tests, radio larian, diatom and ostracod specimens, and any 

other miscellaneous objects were a lso counted and recorded as part of the census, 

however, no attempt was made to identify radiolarian, diatom or ostracod specimens as 

this is beyond the scope of this study. 
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3.2 Extinction, Survivor and Count Groups 

For comparative purposes bcnthic fo ramini fcra have been classified into three groups, 

based on the ir stratigraphic range and the ir presence or absence from Recent scafloor 

sediment in the region: 

a) Extinction G roup (EG) 

b) Surv ivor G roup (SG) 

c) Low-Oxygen Tolerant Count Group (LOTG) 

3.2.1 Target Benthic Foraminifera (Extinction and Survivor Groups) 

Target Group spec ies arc commonly e lo ngate and/or uniscria l, calcareous bcnthic 

foraminifcra. The Extinction Group (EG) (Table 3. 1) includes a ll e longate cylindrical 

spec ies that became extinct in the South Atlantic (this study), northern North Atlantic 

(Kawagata et al., in press), and/or Southwest Pacific s ites (Hayward, 2002), during the 

early and midd le Pleistocene. The Survivo r Group (SG) comprises elongate cylindrical 

species, w hich either died back dra matically, but survived in low numbers; o r survived 

through to the Recent in these regions, without major evidence o f d ie-back (Table 3.2). 

Both groups o f target benthic fora minifcra (EG and SG) were picked from the > 300 µm 

and 150-300 µm s ize fractions o f each sample, identified and counted. 
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South Atlantic Extinction Croup 

.i 11'//l.'ll IO.l'IU 

( 'hr\'So!ogo11111111 cu/0111orph11111 
( ·1,r\'su/ogo11111111 crassi tes/11111 
( ·111y.,a!ogo11i11111 dt!cep1or111111 

( ·111:nulowmi11111 f!OIIIJJh!frmni,· 
( ·111:nulogo11111111 III1er1eII11u1I1111 

( ·111:nologm1111111 .,11111/lle11111 
( ·r1hro11odomna sp. rl 
J-:llip.,oJ:la11d11/i11a lahiaw 
,\ ~\'I /o.\·to1111! I la ad, ·e11u 
,\/rllosf0111t!lla cosfui 

,\ ~rllos10111t!lla JUJJOllico 
\ ~rllmtrmw//1111111101,:011,1 

( )nho111mph111a u111h1g11a 
( )r1!,0111oq1!1111u g!w1£hge11a 
( Jr1ho111orfJhi1w /ue1·1s 
( )r1ho11101p/1111a /Jc!ITl.'/'\'£1 

( )r1/w111or;J/1111u 1ri11chera.w11s1s 
JJarafro11d1c11 /um, w 1w11i 110 
l'uru/ro11d1rnlaria flle,·ig(lfil 
/

1/e11ros10111e/lu uc11111i1w1u 
l'lt!w·o ,·1 omel la alf e rna11s 
/

1/e11ro,·10111ellll hre,H 

/>/e11rmfo111ellll .,a;1JJC'ri 
l'rox1/i·o11., 111aeq1wlrs 

S111lw11odosar10 hrm~\'I 
_..,.,f'l/0//()t/Osana h,.vm/11/a 

.\1pho11odosana reef([ 
S1pl1<11wdosanu sagri11e11.,1s 
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S1p!uJJ1<1dc1.wn,1 pm1111/igera 
Si I lmtr 1111el lu/i., 111cll 
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Table 3.1: South Atlantic Extinction Group bcnthic foraminifcra. 

South Atlantic Survivor Group 

Acuslilllt sp.A 
Astw.:o/l(s i11soliws 
Astuco/l(s sp.A 
/)e11wli11a 11//(fahlis 
/)e111a/111a sp. B 
G/a11cllfli11a orn/a 
( ;1a11dl(/i11a sp.A 
c;ngel,s ore ct 11s 
Grigelis sp.A 
Grigelis sp. B 
l.ae 1 ·icle111ali11a ucll'C! lllt 

l.ae 1 ·ide111a/i11u arie11u 
J.ae 1 •1de 111a/1 na frohisherem ,s 
l.ae 1 ·ide111ali11a gull [/'era 
f.ae,·hlema/11,a sidebottomi 
J.ae 1•1de111a/11 ,a s11hso/111a 
l.ae1·id<!11tali11u 1·agi11a 

l.ae1·ide111ali11a sp.A 
f.ae1·ide111a/ina sp.B 
l .,w1·idl'11talfflo sp C 
Margi1111/i11u ohesu 
Marli1101rie//a comm1t11is 
1'vlarti110/tie//a mriah/is 
Nodosuria iitflexa 
Noclosuria l011giscala 
Noclosuria sp.A 
/

1an(frm1cliclflaria.Jm•m,a 
Pse11do11ndosaria hre ,·is 
f c1xi11lflllllf lf!flara 
1 ·agi1111/111a .~p,nigem 
I ·ugi11lfli11u ~p.Jjo11gute 
I c1gi11lfl111oµsis albatrossi 
1 ·ugi111d11wpsis sp.A 

Table 3.2: South Atlantic Survivor Group bcnthic foraminifcra. 
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3.2.2 Count Group Benthic Foraminifera (Low-Oxygen Tolerant Group) 

Count Group bcnthic foraminifcra arc those that have previously been regarded as 

infauna!, low-oxygen tolerant species (Kaiho, 1991, 1994, 1999; Kaiho and Hasegawa, 

1994; Harloff and Mackcnscn, 1997; Gooday and Rathburn, 1999). These faunas arc 

not included in the Target Group but their abundance is thought to reflect both dissolved 

oxygen concentrations in the sediment porcwatcr, and the flux of organic matter (food 

pulses) to the bcnthic environment. These 'proxy' taxa arc characterised by a number 

of different morphotypcs, including elongate agglutinated and elongate uniserial, 

biserial or multiserial calcareous deep-sea benthic foraminifcra. Most data on seasonal 

fluctuations of deep-sea foraminifcral population densities have been conducted from 

bathyal continental margins (such as the Californian margin - Bernhard and Reimers, 

199 1; Corliss and Silva, 1993; Rathburn, 1996, 1998), commonly areas of high organic 

matter flux , such as upwelling regions, where fluctuations arc most dramatic. [n these 

areas regional differences in the intensity of organic matter supply arise from temporal 

variability in upwelling and tcrrigenous input, and arc best recorded by the changes in 

the relative abundance of Low-Oxygen Tolerant Count Group (LOTG) benthic 

foraminifcra (Table 3.3) . 

South Atlantic Low-Oxygen Tolerant Group 

Bolivina pussilla 
Bolivi11a sub.'Jpi11sce11s 
Ro/ivina sp .A 
Rulimina acu/eata 
Rulimina exi/is 
Ru/imina marg;,w1a 
B11/imi11a mexicana 
B11/imi11a lr1111cana 
( assidel/a bradyi 
/';ggerella hradyi 
f:vo/vou1ssid11/ina sp . 

F11rsenkoina complcmata 
Gloho/m/imina a.fjinis 
Karrerie//a hrady i 
Praegloho/w/imina spi11sce11s 
R11the1fordoides mexicana 
Ti·[farina anglosa 
l lvigeri11a peregrina 
[ !vigerina proboscidea 
l/v1geri11a hispida 
l lvigerina hollocki 

Table 3.3 : South Atlantic Low-Oxygen Tolerant Group bcnthic forarninifcra. 
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3.3 Quantitative Studies 

All bcnthic foraminifcral census data and grain size data (such as %sand) was entered 

into a standard excel spreadsheet. From this data, the total number of specimens of 

target species (EG and SG) and count species (LOTG) in each sample was estimated by 

multiplying the number of target and count specimens found(> 150 µm size fraction) by 

number o f splits in that sample. Total number of bcnthic species and total number of 

bcnthic specimens per g of sediment and per g of sand could then be calculated. The 

accumulation rate (AR) or flux of EG , SG and LOTG taxa (no/cm2/kyr) could be 

calculated using linear sedimentation rates based on the age models of Jahn et al. (2003) 

for Site I 082 (Fig. 2.5), and Hodell et al. (2003) for Site I 088 (Fig. 2.6) . 

3.3.1 Planktic Fo ra min ifera and Fragmentation Index 

To evaluate carbonate dissolution effects on the samples and to compare between sites, 

the percentage planktic foraminifcra of the total(% PF) and the ratio of fragmented to 

whole planktic foraminifcral tests (Fragmentation Index - Fl) was calculated. The 

percentage of planktic foraminifcra was calculated by counting the number of planktic 

versus bcnthic foraminifcra from I picking tray volume in a random count pattern. [t 

has long been recognised that bcnthic foraminifcra (like radiolaria) arc approximately 

three times more resistant to dissolution than planktic foraminifcra (Berger, 1975), and 

arc therefore likely to increase in relative abundance as the parameters that favour 

carbonate disso lution increase (Volbers and Heinrich, 2002). The Fragmentation Index, 

proposed by Le and Shackleton ( 1992), is an index used to quantify and compare 

downcorc variations in carbonate dissolution through time, where: 

Fl = 100 * (number fragmcnts/8) / [(number fragmcnts/8) + (number whole)]. 

Le and Shackleton's formula is based on the assumption that one whole planktic 

foraminifcra will break into 8 fragments . Fragmentation was estimated by counting the 

number of planktic foraminiferal fragments (3 or fewer chambers) to whole planktic 

foraminifcra in a split of sand (> 150 µm). 
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3.3.2 Ice-Rafted Debris (IRD) 

[cc-rafted debris (IRD) is an important component of the marine sediment in the 

Southern Ocean cquatorwards of the Antarctic Continent and in the area of Site I 088. 

[RO pulses represent episodic cooling events and their intensity relates to the past 

magnitude of discharges of icebergs (during dcglaciations) from the Antarctic Ice Sheet. 

Lithic fragments (mica, quartz, mineral grains) in the > 150 µm fraction, interpreted as 

!RD, were counted. [RO components were calculated as the number of lithic sand 

grains (> I 50µm) per g of sediment , and an accumulation rate (AR) of IRD was 

calculated as number of lithic grains per/cm2/kyr. 
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3.4 Data Analysis 

The primary statistical analysis performed on the census data used Pearson's correlation 

coefficients. 

3.4.1 Pearson's Correlation Coefficient 

Correlation coefficients were calculated from the full census data from both Sites 1082 

and I 088. Two data sets were calculated for each site, one which included data from 

the entire study interval, and another on the interval older than ~800 ka to show 

' normal' background fluctuations in proxy records. Correlation is a technique for 

investigating the relationship between two quantitative, continuous variables. Pearson's 

correlation coefficient (r) is a "measure of' the strength of the association or 

relationship" between the two variables. Pearson's r-valucs for continuous/ linear data 

range from - 1 to + I, values approaching + I indicate positive correlations, while values 

approaching - 1 indicate negative correlations; 0 giving no correlation. Positive 

correlation (r > 0) indicates that both variables increase or decrease together, whereas 

negative correlation (r < 0) indicates that as one variable increases, so the other 

decreases, and vice versa . ft is always important to note that correlat ion docs not imply 

causation. 
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4. Stilostomella Extinction Taxonomy 

Taxonomic features, synonymies, and geographic and stratigraphic notes on species in 

the South Atlantic Stilostomella Extinction Group arc listed below. 33 species of 

bcnthic foraminifcra were recognised in samples > 150 µm from ODP Sites I 082 and 

I 088 as belonging to the Extinction Group (EG) (Table 3.1 ) . Of these EG species 

approximately 42% ( 14 species) were common to Sites I 082 and I 088. 33 species of 

bcnthic foraminifcra were identified in the Survivor Group (SG) (Tab le 3.2). Of these 

SG species approximately 48% ( 16 species) were common to both sites. Within this 

group, several laevidentalina, Grigelis, and Nodosaria specimens were unable to be 

identified to species level, and have been given sp.A, sp.B or sp.C attachments. A 

census count of 21 species of previous ly recognised Low-Oxygen Tolerant infauna! 

benthic foraminifcra (LOTG) was also undertaken in th is South Atlantic study (Table 

3.3). Previous studies show that population density fluctuations reflect changes in water 

mass ventilation and food supply in benthic environments ( e.g. Boersma, 1986; Kaiho , 

1994; Kawagata et al. , in press) . A list of the LOTG is thereby given. The following 

account outlines the main diagnostic criteria for EG and SG genera, the morphological 

characteristics that were used to distinguish between EG species, and the stratigraphic 

distribution of EG bcnthic foraminifcra within ODP Site I 082 and I 088. 

4.1 Features of the Extinction Group and Survivor Group Genera 

Key features of uniscrial genera with apertural tooth: 

Myllostomella: Chambers spherical to ovate; smooth to weakly pustulose; necked 

aperture with one flange (p hialine lip) in the adult with one large internal tooth and long 

internal denticles . Eocene-Pleistocene. 

Siphonodosaria : Chambers spherical to pyriform; sutures constricted; necked aperture, 

single crenulate phialine lip with distinct tooth on one margin . Eocene-Pleistocene. 
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Stilostomella : Chambers subglobular to ovate; finely pustular, hispid or smooth; necked 

or lipped, cribrate aperture, septa! foramina with a infoldcd simple tooth on one margin. 

Oligocene-Pleistocene. 

Key features of uniscrial genera: 

Awhea: Elongate, rectilinear, narrow; sutures flush and horizontal; 6-8 slightly twisted, 

longitudinal ribs ; elongate radiate aperture. Late Miocene-mid Pleistocene. 

Chrysalogonium: Elongate, rectilinear; sutures horizontal ; surface smooth; aperture 

terminal cribratc. Late Cretaceous-Pleistocene. 

Dentalina : Elongate, arcuatc ; apiculatc proloculus; horizontal or oblique sutures; 

smooth surface or longitudinal costatc; protruded termina l radial aperture. Crctaceous­

Rcccnt. 

Glandulina : Elongate, ovate tapering at each end, circular cross-section; rectilinear, 

mostly uniscrial; rapidly increasing in size; sutures flu sh; radiate aperture with short 

cntosolenian tube. Paleocene -Recent. 

Grigelis: Chambers elongate ovate separated by long narrow necks ; radiate aperture on 

long neck. Eocene-Recent. 

Laevidentalina: Elongate, arcuatc; horizontal to slightly oblique sutures; unornamented; 

aperture of radial slits closed at apex; Cretaceous-Recent. 

Marginulina : Slightly curved to rectilinear; chambers circular in section, costate; 

terminal radiate aperture at dorsal angle, may be necked. Jurassic-Recent. 

Nodosaria : Rectilinear; globular-ovate chambers; unornamentcd; necked aperture 

radiate or rounded with radial grooves. Jurassic-Recent. 

Orthomorphina: Rectilinear; globular chambers trending ovoid; inornatc, striated or 

rugose; sutures depressed ; necked, rimed or unrimed, round aperture. Eocenc­

Plcistocene. 

Pseudonodosaria: Rectilinear, early chambers strongly overlapping, increasing rapidly 

in diameter; sutures horizontal, flush; aperture terminal radiate. Cretaceous-Recent. 

Vaginulina : Rectilinear to arcuatc; ovate to lenticular in section; dorsal margin often 

straight; sutures often thickened and elevated; aperture at dorsal angle. Jurassic-Recent. 

Vaginulinopsis : Early planispiral , involute; later uncoiled, rectilinear; chambers ovate 

to lenticular in section; terminal radiate aperture at dorsal angle. Triassic-Recent. 
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Key features of biserial genera: 

Ellipsoglandulina: Uniserial, ovate to subglobular, strongly overlapping chambers; 

smooth; semilunate slit aperture ; succesive apertures joined by an internal tube. L. 

Cretaceous-Pleistocene. 

Parafrondicularia: Elongate, lanceo late; flattened with an ovate section; initially 

biserial, later uniserial arched-chevron-shaped chambers; longitudinally costate. 

Eocene-Pleistocene, ?Recent. 

Pleurostomella : Biserial, some time cuneate and alternating in position; smooth; 

aperture with projecting hood and two teeth or bifid tooth or no tooth. L. Cretaceous­

Pleistocene. 

Proxifrons : Strongly compressed, palmate; short biserial followed by uniserial chevron­

shaped chambers; surface smooth or with several short costae. Eocene-Pleistocene. 
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4.2 Stilostomella Extinction Group 

Taxonomic features , synonymies, and geographic and stratigraphic notes on species in 

the South Atlantic Stilostomella Extinction Group. 

Picked faunas and illustrated specimens of this study arc to be held in the 

micropalcontological collections of the Institute of Geological and Nuclear Sciences, 

Lower Hutt, New Zea land. A reference to the original identification of each species is 

given, followed by references to published SEM images that were used in this study to 

identify specimens. In most cases, unpublished SEM and digital images (from 

Kawagata et al. of Gcomarinc Research , Auckland , New Zealand) were also used to 

confirm EG identities. 

Stilostomella Extinction Group 

Family N odosariidae 

GenusAwhea Vella, 1963 

Awhea tosta (Schwager, 1866) 

Nodosaria tosta Schwager, 1866, p.219, pl.5 , fig.42 . 

Awhea tosta (Schwager). Hayward, 2002, p.296, pl.2 , figs.7-8. 

Descriptive notes: Narrow, elongate, rectilinear test ; symmetric cross-section; sutures 

flush and horizontal; 4-8 slightly twisted, longitudinal ribs; elongate radiate aperture. 

South Atlantic distribution : / 082: Present in 37% of samples; forms < I% of the total 

Extinction Group (EG); common between 144.2 and 93 .6 med ( 1280-865 ka), with 

highest abundance between 144.2 and 134.2 med ( 1280-1173 ka); highest occurrence 

58 



4: TAXONOMY 

(HO) ~ 93.6 med(~ 865 ka) . 1088: Present in 26% of samples; forms ~ 1% of the total 

EG ; rare between 14.4 and 10.8 med (1101-867 ka) , with highest abundance at 11.6 

med (~928 ka) ; highest occurrence ~ 10.8 med (~867 ka) . Rare at middle bathyal 

depths ( I 088) and common at lower depths ( I 082) in offshore southern Africa sections. 

World distribution : lndo-Pacific - Andaman Sea, Taiwan, Japan, Indonesia, New 

Zealand, California, SE Pacific, South Atlantic, North Atlantic; Late Miocene-middle 

Pleistocene. Member of the South Atlantic Extinction Group. 

Genus Chrysalogonium Schubert, 191 I 

Type species: Nodosaria polystoma Schwager, 1866 

Chrysalogonium calomorphum (Reuss, 1866) 

Nodosaria calomorpha Reuss, 1866, p. 129, pl. I , figs . 15-19. 

Chrysalogonium calomorphum (Reuss) . Hayward, 2002, p.297 , pl.2, figs .9-10. 

Descriptive notes: Elongate, large uniserial test; large spherical proloculus with short 

spine, followed by 3 (or 4) smooth, ovate chambers with deeply incised sutures; 

truncate cribrate aperture, surrounded by low rim (lip) . 

South Atlantic distribution : 1082: Present in 3% of samples; forms 0.02% of the total 

EG ; only 2 specimens occur and HO at 144.2 med(~ 1280 ka) . 1088: Absent. 

World distribution : Cosmopol itan ; Oligocene-middle Pleistocene. Member of the 

South Atlantic Extinction Group. 

Chrysalogonium crassitestum (Schwager, 1866) 

Nodosaria crassitesta Schwager, 1866, p.224, pl.5 , fig.55. 

Chrysalogonium crassitestum (Schwager). Hayward, 2002, p.297, pl.2 , figs. I I­

I 2. 
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Descriptive notes: Elongate, robust , uniserial test, tapers towards both ends (with 

greatest diameter near two thirds the length); slightly pointed cribrate aperture without 

surrounding rim; c.20 strong longitudina l costae. 

South Atlantic distribution : 1082: Present in 10% of samp les; forms 0.07% of the 

total EG; rare between 144.2 and 105.0 med ( 1280-940 ka) , highest abundance and HO 

at I 05 .0 med ( ~940 ka) . / 088: Absent. 

World distribution : Probably cosmopol itan; Indo-Pacific - Japan, Philippines, 

Mallorca, Andaman Sea, New Zealand, South Atlantic , North Atlantic; Miocene-early 

Pleistocene. Member of the South Atlantic Extinction Group. 

Chrysalogonium deceptorium (Schwager, 1866) 

Nodosaria deceptoria Schwager, 1866, p.2 12, pl.5 , fig .30. 

Dentalina deceptoria (Schwager). Hayward, 2002, p.298, pl. 2, Figs .28-29 . 

Descriptive notes: E longate, large , parallel-sided, uniseria l test ; ovate chambers with 

short, twisted, prolocular spine ; numerous ( 18-24), straig ht , narrow costae; s lightly 

pointed cribrate aperture without surround ing rim. 

South Atlantic distribution : 1082: Abse nt. /088: Present in 3% of samples; fo rms 

0.08% of the total EG population; occurrence limited to 2 spec imens at 13.95 med 

(~ 1068 ka). 

World distribution : Cosmopolitan; Late Cretaceous- Pleistocene, Pliocene-Recent 

(tropica l Pac ific Ocean). Member of the South Atlantic Extinction Group. 

Chrysalogonium gomphiformis (Schwager, 1866) 

Nodosaria gomph{/ormis Schwager, 1866, p.220, pl.5 , fig.48. 

Chrysalogonium gomphi/ormis (Sc hwager) . Srinivasan and Sharma, 1980, p.29, 

pl.4, fi g. I 5. 

Chrysalogonium aff. gomphi/ormis (Schwager) . Hayward, 2002, p.297, pl. 2, 

fi gs. 15- 16. 
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Descriptive notes : Elongate, large, uniscrial test ; distinguished by up to 20 strong 

lo ngitudinal costac, which do not tend to extend over the last few chambers (last 1-3 

chambers smooth) . Sutures become increasingly depressed towards adult end, where 

chambers arc more inflated and spherica l. Specimens show a diverse range of fo rms, 

with differing numbers of smooth, costac-frcc adult end chambers in each population. 

South Atlantic distribution : 1082: Present in 47% of samples; forms ~9% of total EG ; 

common from 144.2 to 105 med ( 1280-940 ka) with 2 large blooms at 11 5.5 and 123 

med ( 101 9 and 1076 ka); HO at 105 med (~940 ka) . 1088: Absent. 

World distribution : Probably cosmopolitan ; West Indies (Miocene), Andaman Sea, 

New Zealand, South At lant ic, North Atlantic ; early Miocene-early Pleistocene. 

Member of the South At lantic Extinction Group. 

Chrysalogonium intertenuatum (Schwager, 1866) 

Nodosaria intertenuata Schwager, 1866, p.226, pl.6 , fig .58 . 

Chrysalogonium intertenuatum (Schwager) . Hayward, 2002 , p. 297, pl.2 , 

figs.17-20 . 

Descriptive notes : Elongate, moderate-s ized, uniscria l test; ovate chambers, with 

moderately incised sutures; smooth; las t chamber tapers to a neck, bearing a radially 

truncate cribratc aperture. 

South Atlantic distribution : 1082: Present in 20% of samples; fo rms 0 .3% of the total 

EG population; rare in samp les between 144.2 to 89.7 med ( 1280-843 ka); highest 

abundance between 144.2 and 139.4 med ( 1280- 1228 ka) ; HO at ~89.7 med (~843 ka) . 

l 088: Present in 6% of samples; forms 0.3% of the total EG population; found only in 

two samp les ( 4 specimens in each) at 12.55 and 5.36 med ( I 000 and 508 ka); 

C.intertenuatum may have survived through the MPT at the middle bathyal Site 1088, 

or these specimens may be present as a result of bioturbation. 

World distribution : Probably cosmopolitan; lndo-Pacific - Andaman Sea, Japan, New 

Zea land, South Atlantic, North Atlantic ; Miocene-midd le Pleistocene. Member of the 

South Atlantic Extinction Group. 
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Chrysalogonium stimu/eum (Schwager, 1866) 

Nodosaria stimulea Schwager, 1866, p.226, pl.6, fig .57; Cushman, 1934, p. I 14, 

pl.12 , fig .7. 

Dentalina stimulea (Schwager). Srinivasan and Sharma, 1980, p.33, pl.5 , fig . I; 

Hayward, 2002, p.298, pl.2 , figs.34-35 . 

Descriptive notes: Elongate, uniserial, parallel-sided test that slightly tapers towards 

both ends; elongate, ovate chambers , including a proloculus with apical spines; weakly 

incised, horizontal sutures; unomamcnted, pointed cribrate aperture without 

surrounding rim. 

South Atlantic distribution : 1082: Present in 10% of samples; forms 0. 1% of total EG; 

rare between 144.2 to I 05 med ( 1280-940 ka) , with highest abundances at 143 med 

(~ 1266 ka) ; HO at 105 med(~ 940 ka). 1088: Present in 19% of samples; forms 3% of 

the total EG ; common between 14.38 and 11.76 med (1101 -943 ka), with highest 

abundances at 12.81 and 12.10 med ( l015 and 967 ka) ; HO at ~ 11.76 med (~943 ka) . 

World distribution : Probably cosmopolitan; Trinidad, Mallorca, Andaman Sea, Guam, 

Philippines, Fiji , New Zealand, South Atlantic , North Atlantic; Oligocene-middle 

Pleistocene. Member of the South Atlantic Extinction Group. 

Genus Cribronodosaria Le Calvez, de Klasz, and Brun, 1974 

Type species: Cribronodosaria africana Le Calvez, de Klasz and Brun, 1974 

Cribronodosaria sp. A 

Cribronodosaria sp. A. Hayward, 2002, p.297, pl.2 , figs .25 -27. 

Descriptive notes: Elongate, uniseria l test; distinguished by its campanulate chamber 

shape ; short neck with terminal aperture consisting of pores forming a reticular mesh in 

a domelike hemispherical trematophore. This specimen is distinguished by its 

campanulate chamber shape ; short neck with hemispherical trematophore ; and short, 
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weak, backwards-pointing spines on the lower part of each chamber. Late Cretaceous­

late Pliocene. 

South Atlantic distribution : 1082: Present in 3% of samples; forms 0.02% of the total 

EG; two specimens found at 144.2 med ( 1280 ka) . 1088: Absent. 

World distribution : Only recorded from New Zealand and the South Atlantic so far. A 

single species was seen in the SW Pacific extinction study, occurring in late Pliocene 

sediment (2.9 Ma) at lower bathyal depths cast of New Zea land. Member of the South 

Atlantic Extinction Group. 

Genus Orthomorphina Stainforth, 1952 

Type species: Nodogenerina havanensis Cushman and Bermudez, 1937 

Orthomorphina ambigua (Neugeboren, 1856) 

Nodosaria ambigua Ncugcborcn, 1856, p.71 , pl. I, figs.13- 16. 

Orthomorphina ambigua (Ncugcborcn). Stainforth, 1952 ; Barker 1960, p.130, 

pl.62 , fig .3; Hayward, 2002, p.299, pl.2 , figs.44-45 . 

Descriptive notes: Test rectilinear, uniscrial ; initial chambers squashed spherical and 

similar size throughout ; smooth to weakly pustular; small , rounded terminal aperture 

lacking a collar or neck . Eocene-middle Pleistocene. 

Srinivasan and Sharma ( 1980) note that untapcrcd forms (e.g., tomata type) arc the 

mcgalosphcric generation and tapered forms (e.g. , koina type) arc the microspheric 

generation within a single species . 

South Atlantic distribution : / 082 Present in 23 % of samples; forms 0.2% of the total 

EG; rare between 144.2 and I 00.0 med ( 1280 to 912 ka) , with highest abundances at 

136 med ( 11 86 ka); HO at ~ 100.0 med (~912 ka). 1088: Absent. Present only at lower 

bathyal depths ( I 082). 

World distribution : Cosmopolitan ; ?Eocene-, Miocene-middle Pleistocene, ?Recent. 

Member of the South Atlantic Extinction Group. 
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Orthomorphina glandigena (Schwager, 1866) 

Nodosaria glandigena Schwager, 1866, p.219, pl.5 , fig.46. 

Orthomorphina glandigena (Sc hwager) . Stainforth, 1952; Boltovskoy, 1978, 

pl.5, fig . 19; Srinivasan & Sharma 1980, p.36, pl.5 , figs.20 , 2 1. 

Descriptive notes: Test rectilinear, uniserial; 0. glandigena is distinguished from 0 

ambigua by having chambers, which increase size and become elongate rapidly; test 

smooth to weakly pustular; small rounded aperture lacking a collar or neck. 

South Atlantic distribution: 1082: Present in 3% of samples; forms 0 .02% of total EG; 

only 2 specimens found at I 00.0 med (912 ka) . / 088: Absent. Rare at lower bath ya I 

depths (1082). 

World distribution: West Indies, North Atlantic, South Atlantic ; Oligocene­

Pleistocene . Member of the South Atlantic Extinction Group. 

Orthomorphina laevis (Cushman and Bermudez, 1937) 

Nodogenerina laevis Cushman and Bermudez, 1937, p. 15 , pl.2, fig.2 . 

(?) Orthomorphina laevis (Cushman and Bermudez). Stainforth, 1952. 

Descriptive notes: Uniserial, test small, elongate, fusiform, inornate, constricted at 

sutures, chamber overlapped ; aperture terminal small, rounded simple opening at the 

end of narrow long neck without lip. 

South Atlantic distribution: 1082: Present in 3% of samples; forms 0.05% of total 

EG; 4 specimens found at 139.4 med ( 1229 ka). 1088: Present in 10% of samples ; 

forms 0.6% of total EG ; rare between 13 .95 and 12. 1 med (1068-967 ka), with highest 

abundances at 13 .95 med ( 1068 ka); HO at ~ l2.I med (~967 ka). 

World distribution : Cuba (Eocene); North Atlantic (Pleistocene), South Atlantic ; 

Eocene-Pleistocene. Member of South Atlantic Extinction Group. 
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Orthomorphina perversa (Schwager, 1866), Pl. I, Figs.50-52 

Nodosaria perver a Schwager, 1866, p.212, pl.5 , fig.29; Brady, 1884, pl.64, 

figs .25-27; Cushman, 1934, p. I 14, pl.I 2, fig. I 4. 

Orthomorphina perversa (Schwager). Stainforth, 1952; Hayward, 2002, p.288, 

pl.2, figs.50-51 . 

Descriptive notes: Uniserial, spherical chambers of markedly different diameters, often 

ultimate chamber smaller than penultimate; test with distinct longitudinal costae over 

entire test or so; aperture rounded simple opening at the end of the test with various 

length of neck with thick, phialine lip. 

South Atlantic distribution: 1082: Present in 23 % of samples ; forms 0.4% of total EG; 

common between l 44.2 and 121.1 med ( 1280-1061 ka) , with highest abundances 

between 144.2 and 134.2 med (1280- 1173 ka); HO at ~ 121.1 med (~ 1061 ka) . 1088: 

Present in 32% of samples ; forms 2.3% of total EG ; common between 14.38 and I 0.1 l 

med ( l IO 1-814 ka) , with highest abundances between 14.38 and 11. 76 med ( 1101-943 

ka) ; HO at ~ 10. 11 med (~814 ka). 

Wo rld distribution : Cosmopolitan; Oligocene-middle Pleistocene. Member of South 

Atlantic Extinction Group. 

Orthomorphina trincherasensis (Bermudez, 1949), Pl. I , Figs.53-54 

Nodogenerina trincherasensis Bermudez, 1949, p.179, pl. I I , fig .60 . 

Orthomorphina trincherasensis (Bermudez) . Hayward, 2002, p.288, pl.2, figs . 

53-54. 

Descriptive notes: Uniserial; test with rounded, nodular costae early, later coarsely 

pustular; aperture terminal small , rounded simple opening at end without lip . 

South Atlantic distribution: 1082: Present in 3% of samples; forms 0.05% of total EG; 

4 specimens found only in one sample at 144.2 med (1280 ka) . 1088: Present in 3% of 

samples; forms 0.08% of total EG; 2 specimens found only in one sample at 13.95 med 

( I 068 ka) . 
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World distribution : Cosmopolitan; Caribbean, Ki [stands, New Zealand, North 

At lantic, South At lantic; rare ; Eocene-middle Pleistocene. Member of the South 

At lantic Extinction Group. 

Genus Parafrondicularia Asano, 1938 

Type species: Parafrondicufariajaponica Asano , 1938 

Parafrondicularia antonina (Karrer, 1878) 

Frondicufaria antonina Karrcr , 1878 . 

Parafrondicufaria peffucida (Finlay) . Gibson, 1967, pl.5 , fig .93 ; Hayward, 

2002, p.288, pl.2 , figs.1 -2. 

Descriptive notes : Elo ngate, lanccolatc ; flattened with an ovate section; initially 

biserial, later uniscrial, arched-chevron-shaped chambers; 8- 12 thin, longitudinal costac 

on each face. 

South Atlantic distribution : 1082: Present in 13% of samples ; forms 0.2% of total EG; 

rare between 144.2 and 8 1.5 med ( 1280-793 ka) , with highest abundances between 

144.2 and 136 .0 med (1280- 1186 ka); HO at ~81.5 med (~793 ka) . 1088: Absent. 

Found only at lower bath ya I depths ( I 082). 

World distribution : New Zea land, Austra lia , South Atlantic; late Miocene-middle 

Pleistocene. Member of the South Atlantic Ext inction Group. 

Parafrondicularia laevigata (Karrer, 1868) 

Frondicufaria fa evigata Karrcr, 1868. 

Proxifrons inaequafis (Costa, 1855). Hayward, 2002, p.284, pl. I , fig.4 (part). 

Descriptive notes : Narrow elongate test, uniserial c hevron-shaped chambers; smooth 

sur face wit h severa l short longitudinal costae over the early portion of the test; small 
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spherical pro loculus. Differ from P. jal'Ona spec imens that tend to be very irregu lar in 

their early chamber arrangement. 

South Atlantic distribution: 1082: Present in 83% o f samples; fo rms 34% o f tota l EG; 

moderately commo n between 144.2 and 74 .6 med ( 1280-749 ka), with hig hest 

abundances at 8 1.5 med (793 med) and between 123.0 and 97.9 med ( I 070-895 ka); HO 

at ~74.6 med (~749 ka). 1088: Present in 13% o f samples; fo rms 0.5% o f total EG ; rare 

between 11.76 and 7.06 med (943-6 13 ka), with highest abundances at I 0 .95 med (88 1 

ka); HO at ~7.06 med (~6 13 ka). Moderately common in lower bathya l depths ( 1082); 

rare at middle bathya l depths ( I 088). 

World distribution : ?Cosmopolita n; Eocene- Ple istocene. Member o f the South 

Atlantic Extinction Group. 

Genus Proxifrons Vella, 1963 

Type spec ies: Frondicularia ad,·ena Cushman, 1923 

Proxifrons inaequalis (Costa, 1855) 

Frondicularia inaequalis Costa, 1855, p.372, pl.3, fig.3. 

Proxi/rons inaequalis (Costa) . Hayward, 2002, p.284, pl. I , figs.8-9 (in part). 

Descriptive notes: Strong ly compressed, pa lmate; broadly flaring, non-costate, and 

have a large ovate proloculus, a lmost complete ly surrounded by the first post-prolocular 

chamber (sec Hayward , 2002, p.284, pl. I , figs.8-9 - macrospheric fo rm). 

South Atlantic distribution: 1082: Present in 20% o f samples; fo rms 0. 14% o f to tal 

EG ; rare between 144.2 and I 00.0 med ( 1280-9 12 ka), with highest abundances 

between 144.2 and 139,6 med ( 1280- 1229 ka); HO at ~ 100.0 med (~9 12 ka). 1088: 

Present in 16% of samples; forms 0.5% o f total EG; rare between 11.76 and 9.85 med 

(943-794 ka), with highest abundance at 11.56 med (928 ka); HO at ~ 9.85 med (~794 

ka). 

World distribution: Cosmopol itan; Eocene-Pleistocene, ? Recent. This distinctive 

spec ies has been recorded as rare specimens in Recent sediments in a variety o f p laces 
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around the world and may have surv ived through to the present day in low numbers. 

Member of the South Atlantic Extinct io n Group. 

Family Pleurostomellidae Reuss, 1860 

Genus Ellipsoglandulina Silvestri , 1900 

Type species: Ellipsoglandulina laevigata A. Silvestri, 1900 

Ellipsoglandulina labiata (Schwager, 1866) 

Glandulina labiata Schwager, 1866, p.237, pl.6, figs. 77a-b. 

Ellipsoglandulina labiata (Schwager). Hayward , 2002, p.284, pl. I, fi gs. 15- 16. 

Descriptive notes: Test large, uniseria l throughout, circular cross-section; chambers 

increasing rapidly in s ize ; final chamber enveloping up to two-thirds of test length ; 

unomamcnted; semilunate, terminal aperture . 

South Atlantic distribution: 1082: Absent. 1088: Present in 6% of samples ; forms 

0. 12% of tota l EG ; 3 specimens found in total , in 2 samples at I 0.55 and 8.06 med, 850 

and 673 ka, respectively; HO at ~8.06 med ( ~673 ka) . Rare and only found at middle 

bathyal depth Site 1088. 

World distribution: Cosmopolitan; Eocene-middle Ple istocene . Member of the South 

Atlantic Extinction Group. 
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Genus Pleurostomella Reuss, 1860 

Pleurostomellina Schubert 191 I 

Ellipsonodosaria (Ellipsodentalina) Franke 1928 

Pleuroskelidion Patterson 1987 

Type species: Dentalina subnodosa Reuss, 185 1 

Pleurostomella acuminata Cushman, 1922 . 
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Pleurostomella acuminata Cushman, 1922 , p.50, pl. I 9, fig .6; Locblich and 

Tappan, 1994, p. 133 , pl.26 1, figs . I I - I 2. 

Pleurostornella sp. I. Hayward, 2002, p.284, pl. I , fi gs.20-2 1. 

Descriptive notes: Elongate ovate chambers, biserial throughout, slender to moderately 

inflated, smooth test; ovate cross-section; often sma ll ; termina l aperture, with projecting 

hood on one s ide ; often with initial spine. 

South Atlantic distribution : / 082: Absent. I 088: Present in 19% of samples; forms 

0.5% of tota l EG; common between 12.55 and 8.25 med ( I 000-684 ka), with highest 

abundance ( 13 specimens) at 12.55 med ( 1000 ka) ; HO at ~8.25 med (~684 ka). Found 

on ly at middle bathyal depths ( I 088). 

World distribution : Cosmopolitan; ?Eocene-, Miocene-middle Pleistocene. Member of 

the South Atlantic Extinction Group. 

Pleurostomella alternans, Schwager, 1866 

Pleurostornella alternans Schwager, 1866, p.238, pl.6, fig .79; Hayward, 2002, 

p.284, pl. I , figs.22-24. 

Descriptive notes: Elongate, smooth, slender, moderately large test; chambers squat; 

initially regu lar biserial, becoming staggered ; terminal aperture with projecting hood on 

one side. 
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South Atlantic distribution : / 082: Absent. 1088: Present in 42% of samples; forms 

7% of total EG; common between 13.3 1 and 6.85 med (1035-60 1 ka) , highest 

abundances between 12 .10 and 11.56 med (967-928 ka); HO at ~6.85 med (~60 1 ka) . 

Present only in middle bathyal depth Site I 088. 

World distribution : Cosmopolitan; Oligocene-middle Pleistocene, ?Recent- Several 

live (stained) specimens recorded from the South Atlantic (Timm, 1992), may indicate 

that this species has survived in greatly reduced numbers in local refuges. Member of 

the South Atlantic Extinction Group. 

Pleurostomella brevis Schwager, 1866. 

Pleurostomella brevis Schwager, 1866, p.239, pl.6, fig .8 1; Hayward, 2002, 

p.284, pl. I , figs .25-26. 

Descriptive notes: Elongate, large, smooth, inflated test; chamber inflated, 

overlapping about half the test; terminal apertural medial s lit long; prolocular end 

pointed or broadly rounded ; apertural end broadly rounded. 

South Atlantic distribution : 1082: Absent. 1088: Present in 3% of samples; forms 

0.08% of total EG ; 2 specimens in tota l found at 13 .05 med ( I 025 ka). Rare and found 

only in middle bath ya I depth Site I 088. 

World distribution : Cosmopolitan; Late Eocene-middle Pleistocene. Member of the 

South Atlantic Extinction Group. 

Pleurostomella sapperi Schubert, 1911 

Pleurostomella sapperi Schubert, 1911, p.56, figs.3a-b; Hayward, 2002, p.284, 

pl. I , figs.3 5-36. 

Descriptive notes: Elongate, s lender, moderately large test; chambers squat to ovate, 

biserial becoming staggered ; costate; terminal aperture usually has a projecting hood on 

one side and the lower side with two sma ll teeth projecting into it. 
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South Atlantic distribution: 1082: Absent. 1088: Present in 23 % of samples; forms 

1% of total EG ; rare between 12.81 and 9.10 med (1015 -752 ka), with highest 

abundance at 12.10 med (967 ka) ; HO at ~9. 10 med (~752 ka) . Found only at middle 

bathya l depth Site I 088. 

World distribution : Cosmopolitan - SW Atlantic Ocean, Fiji, Cook Islands, Papua 

New Guinea, New Zealand, South Atlantic, North Atlantic; Pliocene-middle 

Pleistocene. Member of the South Atlantic Extinction Group. 

Family Stilostomellidae Finlay, 1947 

Genus Myllostomella Hayward, 2002 

Type species: Siphonodosariafijiensis Cushman, 1934 

Remarks : This genus differs from Stilostomella in the possession of a flange-like , 

phialine lip around the aperture with internal denticles; and from Siphonodosaria in 

possessing a single, rather than double flange on the neck ; long, rather than short, 

apertural denticles; and simple rather than strongly T-shaped apertural tooth. 

Myllostomella advena (Cushman and Laiming, 1931) 

Nodogenerina advena Cushman and Lai ming, 1931 , p. I 06, pl. I I , fig. I 9. 

Myllostomella advena (Cushman and Laiming) . Hayward, 2002, p.290, pl.3 , 

figs .6-9. 
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Descriptive notes: Uniscrial, elongate, gently tapering test of small-medium size; 

chambers squarish; sutures flush to weak ly incised; smooth; rounded proloculus, spine 

absent; aperture at end of neck with single collar, 8- 12 apcrtural denticlcs (Plate 4. 1). 

South Atlantic distribution: /082: Present in 20% of samples; forms 0.7% of total EG; 

common between 144.2 and 87.9 med ( 1280-833 ka), with highest abundances between 

144.2 and 139.4 med ( 1280- 1229 ka); HO at ~87.9 med (~833 ka). 1088: Absent. 

Found only in lower bathyal depth Site I 082. 

World distribution : Cosmopolitan - Japan, Taiwan, Gu lf of Mexico, California, 

Indonesia, New Zealand, South Atlantic, North Atlant ic; Miocene-early Pleistocene. 

Member of the South Atlantic Extinction Group. 

Myllostomella costai (Schwager, 1866) 

Dentalina costai Schwager, 1866; Srinivasan and Sharma, 1980, (includes 

neotype). 

Myllostomella .fijiensis (Cushman, 193 1 ). Hayward, 2002, p.290, pl.3, figs. I 0-

12. 

Descriptive notes: Uniserial, elongate, s lightly arcuate test of medium to small size; 

globular prolocular ·'spine''; chambers becoming ovate; sutures flush to weakly inc ised; 

terminal aperture on end o f neck with single co llar, 4-8 long apertural dcnticles (Plate 

4. 1 ). 

South Atlantic distribution : 1082: Present in 30% of samples; fo rms 6% of total EG; 

common between 144.2 and 87.9 med ( 1280-833 ka), with highest abundance (400 

specimens) at 134.2 med ( 11 73 ka); HO at ~87.9 med (~833 ka). 1088: Present in 45% 

of samples; forms 27% of total EG; common between 13.95 and 9.45 med ( I 068-77 1 

ka), with highest abundance ( 15 1 specimens) at 11.95 med (957 ka); HO at ~9.45 med 

( ~ 77 1 ka). Common in both lower and middle bathyal depths ( I 082 and I 088). 

World distribution: Cosmopolitan; late Eocene-middle Pleistocene. Member of the 

South Atlantic Extinction Group. 
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Ellipsonodosariajaponica [shizaki, 1943 , p.682, figs. 14- 15 . 
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Descriptive notes: Uniserial, elongate , small, slender test; chambers spherical in earlier 

part and become fusiform, later chambers show some ornamentation with short spines; 

terminal aperture on end of neck with single collar. 

South Atlantic distribution : / 082: Absent. I 088: Present in 3% of samples; forms 

0.2% of total EG; 4 specimens present at 11 .95 med (957 ka). Found only in middle 

bathyal depth ( I 088) . 

World distribution : Cosmopolitan - Japan, Mexico , South Atlantic, North Atlantic; 

early Pliocene-middle Pleistocene . Member of the South Atlantic Extinction Group. 

Myllostomella matanzana (Palmer and Bermudez, 1936) 

Ellipsonodosaria matanzana Pa lmer and Bermudez, 1936, p. 298, pl. 18, fig . 12. 

Siphonodosaria lepidula f. hy ugaensis ([shizaki) . Hayward, 2002, p.290, pl.3 , 

figs.23-24 (non Ellipsonodosaria hyugaensis [shizaki, 1943). 

Descriptive notes: Uniserial, elongate , smal l test; chambers spherical in earlier part and 

fusiform, some specimens with small pustules on the lower part of adult chambers; 

some specimens showing a globular proloculus; terminal aperture on end of short neck 

with a single collar (Plate 4 .1). 

South Atlantic distribution: 1082: Present in 77% of samples ; forms 5% of total EG; 

common between 144.2 and 69.2 med ( 1280-704 ka) , with highest abundances between 

124.0 and 113.6 med (1076-1008 ka); HO at ~69.2 med (704.5 ka). 1088: Present in 

52% of samples; forms 20% of tota l EG; common between 14.38 and 6.85 med ( 1101 -

60 I ka) , with highest abundances between 12. 10 and 11 .56 med (967-928 ka); HO at 

~6.85 med (~601 ka). Common at both lower and middle bathya l depths (1082 and 

1088). 
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World distribution : Cosmopolitan - Malaysia, Japan, Aleutians, California, Mexico, 

Cuba, Caribbean, North Atlantic, South Atlantic, New Zealand; Oligocene-middle 

Pleistocene. Member of the South Atlantic Extinction Group. 

Genus Siphonodosaria Silvestri, 1924 

Nodogenerina Cushman, 1927 

Sagrinodosaria Jedlitschka, 1931 

Type species: Nodosaria abyssorum Brady, 188 1 

Siphonodosaria sagrinensis (Bagg, 1912) 

Nodosaria sagrinensis Bagg, 19 12, p.58, pl. I 6, fig.4 . 

Siphonodosaria lepidufa f. lepidula (Schwager), Hayward, 2002 , p.290, pl.3 , 

figs .25-32. 

Siphonodosaria lepidula f. spinata (Cushman). Hayward, 2002, p.290, pl.3 , 

figs.33-36. 

Siphonodosaria hispidula (Cushman) Hayward, 2002, p.290, pl. 3, figs. 19-20 (in 

part) . 

Descriptive notes: Siphonodosaria sagrinensis (=anti/lea= "lepidula " s. l. of Hayward, 

2002). Uniseria l, elo ngate test of various s ize ; chambers spherica l, occasionally s lightly 

campanu late, with so me specimens with pustules or short spines on the lower part of 

each chamber; specimens can be highly variable, forming a continuum; rounded 

aperture, with one large T-shapc dentate projection inside, and numerous, short internal 

denticles. Apertural opening at the termina l end of a long neck with double flanges 

(phia line lips). 

South Atlantic distribution : 1082: Present in 50% of samples; fo rms 5.4% of total EG; 

common between 144.2 and 69 .2 med ( 1280-704 ka), with highest abundances between 

136.0 and 124.0 med ( 11 86- 1076 ka); HO at ~69.2 med ( ~ 704.5 ka). / 088: Present in 
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52% of samples; forms 32% of total EG ; common between 14.38 and 9.85 med ( 1101 -

794 ka), with highest abundances between 12.10 and 11.19 med (967-899 ka); HO at 

~9.85 med(~ 794 ka). Common fauna of the South Atlantic lower and middle bathyal 

depths ( 1082 and I 088). 

World distribution : Cosmopolitan; early Miocene-middle Pleistocene. Member of the 

South Atlantic Extinction Group. 

Siphonodosaria bradyi Cushman , 1927 

Nodogenerina brady i Cushman, 1927, p.79; Loeblich and Tappan, l 987 , pl.585, 

figs.13-15 . 

Stilostomella sp. Weinholz and Lutze, 1989, p. 1 17, fig .3A. 

Descriptive notes : Uniserial, elongate, small to medium test; chambers distinctively 

bell-shaped (with continous keel around angled part of each chamber) , with small spines 

at the edge of chambers; rounded aperture, with one large T-shaped dentate projection 

inside, and numerous, short internal denticles. Apertural opening at the terminal end of 

a long neck with double flanges (phialine lips). 

South Atlantic distribution : 1082: Present in 57% of samples ; forms 36% of total EG; 

common between 144.2 and 87.9 med ( 1280-833 ka) , with highest abundances between 

144.2 and 112.0 med (1280-997 ka) , with a large ' bloom' at 124.0 med (1076 ka) of 

1240 specimens in one sample ; HO at ~87.9 med (~832 .5 ka). 1088: Absent. S. bradyi 

is a dominant component (36% of the EG census population) of lower bathyal depth 

Site I 082, but is absent from middle bathyal depths of the South Atlantic study area. 

World distribution : Cosmopolitan; Cuba (Oligocene) , North Atlantic, South Atlantic 

(ear ly-middle Pleistocene), New Zealand (Pliocene) ; Oligocene-middle Pleistocene. 

Member of the South Atlantic Extinction Group. 

Siphonodosaria hispidula (Cushman, 1917) 

Nodosaria fepidufa var. hispidu!a Cushman, 1917, p.654; Cushman, 1921 , pl.36, 

fig .7 . 
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Siphonodosaria hispidula (Cushman) , Hayward, 2002, p.290, pl.3 , fig.18 (in 

part). 

Descriptive notes: Uniscrial, elongate, medium-large sized test ; globular chambers, 

sutures weakly incised ; dense, strongly developed ornamentation of short downward­

pointing costac and spines ; rounded aperture, with one large T-shapcd dcntatc 

projection inside, and numerous, short internal dcnticlcs. Apcrtural opening at the 

terminal end of a long neck, with double flanges (phial inc lips) ; prolocular spine may be 

present. Specimens arc highly variable in their development of costatc and spinosc 

ornament. 

South Atlantic distribution: 1082: Present in 10% of samples; forms 0.3% of the total 

EG; rare between 144.2 and 123 .0 med (1280-1070 ka) , with highest abundance at 

~ 144.2 med (1280 ka); HO at ~ 123.0 med (~ 1070 ka). 1088: Present in 23% of 

samples; forms 1.5% of the total EG; rare between 13 .31 and 10.11 med (1035-814 ka), 

with highest abundance (22 specimens) at I 0.76 med (867 ka) ; HO at ~ I 0. 11 med (~814 

ka). S. hispidula was rare but present at both lower and middle bathyal depths in the 

South Atlantic study area. 

World distribution: Cosmopolitan - South Atlantic, North Atlantic, Japan, Philippines, 

New Zealand; Eocene-middle Pleistocene. Member of the South Atlantic Extinction 

Group. 

Siphonodosaria pomuligera (Stache, 1864) 

Dentalina pomuligera Stachc, 1864, p.204, pl.22, fig .31; Cushman, 1933, pl.3, 

fig.7. 

Siphonodosaria pomuligera (Stachc), Hayward, 2002, p.290, pl.3, figs.37-40. 

Descriptive notes: Uniserial, elongate, medium to large sized test; robust, spherical 

chambers, with sutures becoming deeply incised; unomamcntcd; rounded aperture, with 

one large T-shapcd dcntatc projection inside, and 14- 18 apcrtural denticles. Apertural 
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opening at the terminal end of a long neck, with double flanges (phialine lips); one/or 

several long prolocular spine/s. 

South Atlantic distribution: 1082: Absent. 1088: Present in 3% of samples; forms 

0.3% of the total EG; only 8 specimens found at 11.95 med (957 ka). Although rare, S. 

pomuligera was present in middle bathyal depths ( 1088) in the South Atlantic study 

area. 

World distribution: Cosmopolitan; Eocene-middle Pleistocene. Member of the South 

Atlantic Extinction Group. 

Siphonodosaria recta Palmer and Bermudez, 1936 

Ellipsonodosaria recta Palmer and Bermudez, 1936, p.297, pl.18, figs.6-7 . 

Siphonodosaria ketienziensis (lshizaki) , Hayward, 2002, p.290, pl.3 , figs .2 1-22. 

Descriptive notes: Uniserial, elongate, medium to large sized test; robust, globular 

chambers throughout, with wide limbate sutures throughout, becoming constricted, 

thick and opaque; may have weak, pustular spines on lower half of chambers; rounded 

aperture, with one large T-shaped dentate projection inside, and numerous apertural 

denticles . Apertural opening at the terminal end of a long neck, with double flanges 

(phialine lips) ; strong, off-centre, prolocular spine/or spines. 

South Atlantic distribution: 1082: Present in 7% of samples; forms 0.04% of the total 

EG; 3 specimens found in 2 samples, 143.0 and 134.2 med (1266 and 1173 ka, 

respectively); HO at ~134.2 med (~1173 ka). 1088: Present in 10% of samples; forms 

0.7% of total EG; rare between 11.95 and 10.95 med (957-881 ka) , with highest 

abundance at 11.95 med (957 ka) ; HO at ~10.95 med (~881 ka) . Rare but present in 

both lower and bathyal depths in the study area. 

World distribution: Cosmopolitan- Japan, Cuba, New Jersey, New Zealand, South 

Atlantic, North Atlantic; Eocene-middle Pleistocene. Member of the South Atlantic 

Extinction Group. 

Siphonodosaria spinea (Cushman, 1934) 

Ellipsonodosaria curvatura var. spinea Cushman, 1939, p.71 , pl.12, fig.I 1. 
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E!Lipsonodosaria sp. Cushman and Jarvis , 1934, pl. I 0, figs.4 ,5. 

Siphonodosaria hispidula (Cushman) . Hayward, 2002 , p.290, pl.3 , fig. 15 (in 

part) . 

Descriptive notes: Uniscrial, elongate, medium-large sized test; globular chambers, 

sutures weakly incised; dense, strongly developed ornamentation of short downward­

pointing costac and spines. Differs from S.hispidula in the development of much 

heavier spinosc o rnament; rounded aperture, with one large T-shapcd dcntatc projection 

inside, and numerous, short internal dcnticlcs. Apcrtural opening at the terminal end of 

a long neck, with double flanges (phia linc lips) ; prolocular spine may be present (P late 

4. 1 ). 

South Atlantic distribution: 1082: Absent. 1088: Present in 10% of samp les; forms 

0.8% of the total EG ; rare between 11.95 and 8.76 med (957-724 ka) , with hig hest 

abundances at 11.95 and 11.1 9 med (957 and 899 ka) ; HO at ~8.76 med (~724 ka). 

Rare in middle bath ya I depths in the South Atlantic study area ( I 088) , absent in lower 

bathyal depths ( I 082) . 

World distribution : ?Cosmopolitan ; Eocene-middle Pleistocene . Member of the South 

At lantic Extinction Group. 

Genus Stilostomella Guppy, 1894 

Type species: Stilostomella rugosa Guppy, 1894, OD. 

Stilostomellajistuca (Schwager, 1866) 

Nodosaria.fistuca Schwager, 1866, p.216, pl.5 , figs.36-37. 

Stilostomella.fistuca (Schwager) . Hayward, 2002, p.290, pl.3 , figs.41-45 . 

Descriptive notes : Uniscrial, elongate, large test ; ovate chambers, becoming elo ngate­

ovate in adult specimens, scpcratcd by incised sutures; dense, short, pustulosc ornament 
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over the entire test, including short neck; aperture on end of stout neck, lacking a 

phialine lip or flange, however bearing one or several (4 or more) infolded triangular 

teeth (Hayward, 2002 , p.290, pl.3 , fig.45) . In some specimens internal apertural teeth 

may development into a loose mesh network (Hayward, 2002, p.290, pl.3 , fig.43) (Plate 

4. 1). 

South Atlantic distribution : 1082: Present in 30% of samples ; forms 0.2% of the total 

EG ; rare between 144.2 and 89. 7 med ( 1280-843 ka) , with highest abundances between 

144.2 and 136.0 med (1280-1186 ka); HO at ~89 .7 med (~843 ka) . 1088: Present in 

23% of samples; forms 0.8% of the total EG ; rare between 14.38 and 11.56 med ( 1101 -

928 ka) , with highest abundances at 12.55 and 11. 95 med ( 1000 and 957 ka, 

respectively); HO at ~ 11.56 med ( ~928 ka) . Rare at both lower and middle bathyal 

depths in the South Atlantic study area . 

World distribution : Cosmopolitan; middle Eocene-middle Pleistocene. Member of the 

South Atlantic Extinction Group. 

Stilostomella holoserica (Schwager, 1866) 

Nodosaria holoserica Schwager, 1866, p.22 1, pl.5 , fig.49. 

Stilostomella holoserica (Schwager, 1866). Hayward, 2002, p.290, pl.3 , figs.46-

48. 

Descriptive notes : Uniserial, elongate, variable-sized test ; spherical chambers, tending 

ovate in adult specimens, seperated by narrow necks (after the first two chambers) ; 

finely spinose over the entire test; stout apertural neck lacking a phialine lip or flange, 

rather a wavy-rimmed aperture with loose infolded, triangulat teeth, commonly 

connected by a partially developed mesh network (Hayward, 2002, p.290, pl.3 , fig.47) 

(Plate 4. I) . 

South Atlantic distribution : 1082: Present in 13% of samples; forms 0.09% of total 

EG ; rare between 144.2 and 89 .7 med (1280-843 ka) , with highest abundance at 144.2 

med ( I 280 ka) ; HO at ~89 . 7 med ( ~843 ka) . 1088: Absent. S. holoserica is found only 

in lower bathyal depth site I 082. 
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World distribution: Cosmopolitan ; early Eocene-middle Pleistocene. Member of the 

South Atlantic Extinction Group. 

A Myllostomella costai 

B Siphonodosaria spinea 

C Myllostomella advena 

D Myllostomella matanzana 

E Stilostomella holoserica 

F Sti/ostomella fistuca 

Plate 4.1 : Selected Extinction Group species - Scale bar = 100 m unless otherwise stated 
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4.3 South Atlantic Survivor Group 

Reference list of calcareous, elongate, uniserial Survivor Group species of benthic 

foraminifera present in late Pliocene and Pleistocene sections of ODP Sites I 082 and 

I 088 and surviving through the MPT in the South Atlantic study region . SG species 

were identified from original descriptions, sketches and published SEM images. In 

some cases unpublished SEM and digital images (from Kawagata and others of 

Geomarine Research, Auckland, New Zealand) were also used to confirm SG identities. 

Some SG specimens were unable to be identified to spec ies le ve l, and have been given 

sp.A, sp.B or sp.C attachments. 

South Atlantic Survivor Group 

Acostina sp.A 

Astacolus insolitus 

Astacolus sp.A 

Dentalina mutablis 

Dentalina sp. B 

Glandulina ovula 

Glandulina sp.A. 

Grigelis orectus 

Grigelis sp.A. 

Grigelis. sp. B. 

Laevidentalina advena 

laevidentalina ariena 

laevidentalinafrobisherensis 

laevidentalina gutt[/era 

laevidentalina sidebottomi 

(Schwager) . Jones, 1994, pl.67 , fig . 17. 

(Costa). Cushman, 1923, pl. I, figs. 30-32; 

Jones, 1994, pl.64, figs.20-22 . 

(d'Orbigny). Jones, 1994, pl. 61, figs. 17-22. 

Loeblich and Tappan. Hayward et al., 1999, 

pl.6, fig . 14. 

(Cushman). Jones, 1994, pl.63 , fig . I . 

Patterson and Pettis 1986. Jones, 1994, pl.62, 

figs.27-3 1. 

Loeblich and Tappan, 1953, pl. l 0, figs.1 -9. 

Reuss, 1851, pl. 3, figs . 4a-b. 

(Cushman, 1933). Loeblich and Tappan, 1994, 

pl.I 13 , figs . 13 - 19. 
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Laevidentalina subsoluta 

Laevidentalina vagina 

Laevidentalina sp.A 

Laevidentalina sp. B 

Laevidentalina sp.C 

Marginulina obesa 

Martinottiella communis 

Martinottiella variablis 

Nodosaria inflexa 

Nodosaria long iscata 

Nodosaria sp.A 

*Paraf'rondicularia javana 

Pseudonodosaria brevis 

Vaginu lina inJlata 

Vaginulina spinigera 

Vaginulina sp.E longate 

Vaginulinopsis albatrossi 

Vaginulinopsis sp.A 
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(Cushman, 1923). Jones , 1994, pl.62 , figs.13-16. 

(Stachc, 1864). Hornibrook, 1971 , pl.7, figs.119-

124; Jones, 1994, pl.62 , figs.25-26 (as Dentalina 

subemaciata). 

(Cushman). Jones, 1994, pl.65 , figs.5-6. 

(d'Orbigny, 1826). Loeblich and Tappan, 1964, 

C280,p l.l 88, figs. I 0- 1 I. 

(Schwager). Hayward, 2002, p.288, pl.2, fig.4 . 

(Silvestri, 1872). Jones, 1994, pl.62, fig.9. 

d 'Orbigny, 1846, pl. I , fig . 43 . 

(Boomgaart). Hayward, 2002, p.284, pl. I , figs .5-7 

(in part-as Prox(frons inaequalis-see note below). 

(Reuss). Loeblich and Tappan, 1994, pl. 117, 

figs. 1-6. 

Parr, 1950, pl. I I , figs.2 1,22 . 

Brady. Jones, 1994, pl.67, figs.13 - 14. 

(Cushman). Jones, 1994, pl.66 , figs.24-25. 

* Parafrondicularia javana (Boomgaart, 1949) 

Proxifrons javana (Boomgaart). Loeblich and Tappan, 1994, pl. 118, figs.8-10. 

Frondicularia inaequalis Costa. Brady, 1884, pl.66, figs . 8- 10. 

Proxifrons inaequalis (Costa). Hayward, 2002 , p.300, pl. I , figs.5-7 (in part) . 

Descriptive notes: Narrow elongate test, especially in the initial part; early irregular 

chamber arrangement, later uniserial chevron-shaped chambers; maybe one or two weak 
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early costae. Once ' lumped ' together with Proxyifrons inaequalis, forms arc somewhat 

irregular and narrowly flaring (Hayward, 2002, Pl. 2, Figs.5-7) , and are thought to die­

back to rare specimens during the mid Pleistocene and possibly persist into the Recent. 

South Atlantic distribution: 1082: 2 specimens present at 57.69 med (582.5 ka) . This 

species is thought to have persisted through the mid-Pleistocene extinction interval in 

the South Atlantic study area. No specimens were found in ODP I 088. 

World distribution: New Zealand, North Atlantic, South Atlantic; mid Pleistocene­

Recent. 
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4.4 South Atlantic Low-Oxygen Tolerant Group 

Population density changes in infauna(, low-oxygen tolerant species (e.g. Bolivina spp., 

Bulimina spp. , Tr[/arina spp ., Uvigerina spp. , etc.) , arc thought to reflect changes in 

water mass ventilation (dissolved oxygen concentrations) and food supply (organic 

carbon flux) in bcnthic environments ( c.g Boersma, 1986; Kai ho , 1994; Kawagata et al. , 

in press). These survivor taxa arc elongate agglutinated and elongate, biserial or 

multiscrial calcareous deep-sea bcnthic foraminifcra . Several species termed the Low­

Oxygen Tolerant Group were counted during this study and absolute abundance and 

accumulation rate calculated for use as a proxy for changes in the parameters mentioned 

above. LOTG species were identified from original descriptions, sketches and 

published SEM images. fn some cases unpublished SEM and digital images (from 

Kawagata and others of Gcomarinc Research, Auckland, New Zealand) were also used 

to confirm LOTG identities. 

South Atlantic Low-Oxygen Tolerant Group 

Bolivina pussilla 

Bolivina subspinscens 

Bolivina sp.A 

Bulimina aculeata 

Bulimina e.xilis 

Bulimina marginata 

Bulimina mexicana 

Bulimina truncana 

Cassidella bradyi 

Eggerella brady i 

Evolvocassidulina spp. 

(Schwager, 1866). 

(Cushman, 1922). Jones, 1994, pl.52 , figs.24-25. 

d 'Orbigny, 1826, p.7 ; Hayward et al. , 2002, pl. I , 

figs.5-6. 

Brady, 1884, pl.3 , figs.1-2 . 

d'Orbigny, 1826, p.269, no.4, pl.XI[ , figs. I 0-12; 

Hayward et al. , 1999, pl.9 , figs.13-15 . 

d'Orbigny, 1826. Jones, 1994, pl.SI , figs.10-13. 

Gumbel , 1868; Hayward et al. , 2002 , pl. I , figs .9-

10. 

(Cushman, 1922). Jones, 1994, pl.52 , fig.9. 

(Cushman, 191 I) . Locblich and Tappan, 1964, 

C276, pl. I 86, fig . I ; Jones, 1994, pl.4 7, figs.4-6. 
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Fursenkoina complanata 

Globobulimina a/finis 

Karreriella bradyi 

Praeglobobulimina spinscens 

Rutherfordoides rotundata 

Tr[/arina anglosa 

Uvigerina peregrina 

Uvigerina proboscidea 

Uvigerina hi pida 

Uvigerina hollocki 
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(Egger, 1893). Jones, 1994, pl.52, figs.1-3. 

(Cushman, 1927). Jones, 1994, pl.SO, figs.7-8. 

(Cushman, 1911). Jones, 1994, pl.46, figs.1-4; 

Hayward, 2002, p.288, pl.2, fig. I. 

(Brady, 1884). Jones, 1994, pl.SO, figs . 11 - 12. 

(Parr, 1950). Jones, 1994, pl.52, figs. I 0-11. 

(Wil liamson, 1858) . Jones, 1994, pl.74, figs . 15-

16; Hayward et al., 2002, pl. I , figs.16-17. 

(Cushman) . Hayward et al., 2002, pl. I , figs.20-21 . 

Schwager, 1866, p.250, pl. 7, fig .96. 

Schwager, 1866, p.249, pl.7, fig.95; Boersma, 

1984, p. 74, figs. 1-4. 

(Thalmann, 1950). Jones, 1994, pl.74, figs.6-7. 
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5. RESULTS 

A census was undertaken on each sample at both Sites 1082 and 1088 (Appendix I). 

The census included measuring and recording several scdimentological properties 

(proxies), miscellaneous microfossil abu ndance data, and changes in the abundance and 

accumulation rate of individual Extinction Group, Survivor Group and Low-Oxygen 

Tolerant Group species. Statistical analyses using Pearson's correlation coefficient 

were employed to measure the strength of the relationship between any two variables. 

Each group of data is summarised below. 

5.1 Environmental Proxies 

Changes in the %CaCO3, Sedimentation Rate (SR) , Fragmentation [ndcx (FI), 

Accumulation Rate (AR) of Ice-Rafted Debris ([RD) (Site 1088), % Planktic 

Foraminifcra (%PF), and the Number of Gypsum Rhombs (Site I 082) , were 

investigated and arc recorded in appendix I . Energy Dispers ive Spectrometry (EDS) 

results for gypsum rhombs arc given in appendix 2. 

5.1. t Site 1082 

Proxy environmental data for Site I 082 arc shown in figure 5. 1. The colour reflectance 

data of Wcfcr et al. 1999 showed clear cyclic variations in chromaticity b values, 

suggesting fluctuations in %CaCO3 over glacial-interglacial cycles. CaCO3 values 

range between IO and 70% over the MPT, reflecting fluctuations in the delivery of 

organic matter across the study interval. Sedimentation rates (SR) ranged between 16.4 

and 8.5 cm/kyr (Fig. 5.1 ), with the highest rate of sediment deposition occurring during 

the late MPT, between 865 and 720 ka (94 and 71 med) ; SR steadily declined to 8.5 

em/kyr in the youngest sample at 580 ka (58 med) . No [RO was found in Site 1082. 

The Fl values ranged from I 00 to I , with a period of complete dissolution of plank.tic 

foraminifcra at 1075 ka (124 med) (Fl = 100) (Fig. 5. 1) . This high dissolution interval 

coincides with a peak in gypsum rhomb accumulation, and also , a % PF value of zero 

(complete disso lution of planktic foraminifcra). % PF in Site 1082 ranged from 91% to 

0%. Low troughs in % PF correlate with peaks in Fl ( especially at I 075 ka ( 124 med) , 

930 ka ( I 03 med) and 750 ka (75 med)). The number of gypsum rhombs/g sediment for 
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each sample was recorded, ranging from 0 lo 46. There is a clear peak in gypsum 

rhomb accumulation (46/g scd) coinciding w ith a period o f elevated d isso lution at I 075 

ka ( 124 med, FI = I 00, %PF = 0). However, a lthough some peaks in the number of 

gypsum rhombs/g scd correspond with peaks in disso lution proxy, this relationship was 

not consistent down the core. For example, the peak a t I 075 ka ( 124 med) where 

gypsum rhombs = 46/g scd, the Fl = I 00, whereas a t IO IO ka ( 11 4 med) the gypsum 

rhombs = 30/g scd, and the FI = 1.7; at 940 ka ( 105 med) the gypsum rhombs = 33/g 

scd, and the FI = 2.1 ; and at 650 ka (64 med) the gypsum rho mbs = 42/g scd, and the 

FI = 3.0 (Fig. 5. 1 ). 
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5. t .2 Site 1088 

Proxy environmental data fo r Site I 088 is shown in figure 5.2. Calcium carbonate data 

o f Hode ll et al. (2003) showed clear cyclic g lacial-interglacial fluctuations, with values 

fluctuating between 83 and 90%. Lowest values occurred at 1015 ka ( 12.8 med), 750 

ka (9. 1 med) and 685 ka (8.3 med) (a ll 83%), with a clear increase in the amplitude of 

%CaCO3 fluctuation during the MPT. CaCO3 variations return to near 90% va lues 

post~650 ka (~ 7.8 med), with only minor fluctuations after this point. The SRs varied 

from I to 2.6 cm/kyr, with a fairl y constant rate during the MPT. SR declined fro m 1.7 

to I between 700 ka (8.5 med) and the youngest sample at 508 ka (5.4 med). Cyclic 

fluctuations in !RD accumulation were present at Site I 088. The accumulation rate o f 

IRD ranged from 69 to I per cm2/kyr, with major peaks in AR at 930 ( 11.6 med) and 

760 ka (6.7 med). The Fl values at Site 1088 ranged from 2.4 to 0.9. There were two 

s light peaks in FI al 945 ( 11 .8 med) and 590 ka (6.7 med), with Fl values of 2.3 and 2.4 

respectively. These peaks coinc ide with % PF values o f 98 and 95% respective ly. 

Between these two points, the MPT is c haracterised by only minor fluctuations in Fl , 

with the period between 900 a nd 600 ka having an average Fl o f ~ 1.5. The % PF values 

in Site I 088 ranged fro m 99% to 95%. The lowest value occurred at 590 ka (6. 7 med), 

with a % PF value of 95. Gypsum rhombs were no t found in any Site 1088 samples. 
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5.2 Miscellaneous Microfossi/ Data 

The numbers of radiolaria and ostracods encountered were recorded and arc shown in 

figures 5.3 and 5.4. There was no attempt made to identify radiolarian and ostracod 

specimens to genus or species level, as this was beyond the scope of this study. 

However, changes in the abundance of these microfossils as a whole were recorded as 

fluctuations may coincide with the decline and extinction of the EG taxa. 

5.2.1 Site l 082 

In the study interval of Site I 082 there were two prominent peaks in the abundance of 

radiolaria (Fig. 5.3). These peaks occurred at I 075 ka ( 124 med) and 845 ka (90 med) , 

with values of 23 and 14/g scd., respectively. Throughout the interval, radio larian 

abundance ranged from 0 to 23/g scd. The AR of radiolaria in Site 1082 was highly 

variable, with values ranging from 308 radiolaria/c ni2/kyr at I 075 ka ( 124 med) to as 

low as 8 radiolaria/cm2/kyr at 1020 ka ( 116 med) . The AR ofradiolaria declined after a 

sharp drop at ~ I 060 ka ( 121 med) , with relatively low abundances occurring 

throughout the MPT. Ostracods occurred less frequently than radiolaria, with 

abundances ranging between 0 and 2/g sediment (Fig . 5.3). Peaks of 2/ g scd. occurred 

at 865 ka (94 med) and 705 ka (69 med) at Site I 082 . The AR of ostracods ranged 

between 31 to 0/cm2/kyr. There were two distinct peaks in the AR of ostracods, one at 

895 ka (94 med) and another at 705 ka (69 med) , with va lues of 31 /cm2/kyr and 

25/cm2/kyr, respective ly (F ig. 5.3). Between these prominent peaks there was a sharp 

drop in AR at 865 ka (94 med), where values remained between 0 - 2/cm2/kyr. 
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5.2.2 Site 1088 

[n Site I 088 abundances of radiolaria ranged from 0.4 to 24/ g sed., with peaks at 945 

ka (11.8 med), 795 ka (9.9 med) , 750 ka (9 . 1 med) , and 560 ka (6.3 med) (Fig. 5.4). 

These peaks have values of 24, 14, 12 and 13/g sed., respectively. There is also a 

visible decline in abundance between 750 and 600 ka (9.1 and 6.9 med). The AR of 

radiolaria at Site I 088 was highly variable across the study interval, with values ranging 

from 31 radiolaria/cm2/kyr at 945 ka (11 .8 med) to I radiolaria/cm2/kyr at 6 15 ka (7.1 

med) . 

As in Site I 082 ostracods occurred less frequently than radiolaria, abundances ranging 

between O and 5/g sed. (Fig. 5.4) . Peaks of 4 and 5/g sed. occurred at 1000 ka (12.6 

med) and 850 ka ( l 0.6 med) . Again , as with radiolaria, there was a clear decline in 

abundance in Site 1088 between 750 and 600 ka (9 . 1 and 6.9 med) , to zero at 588 ka 

(6 .7 med) . The AR of ostracods at Site 1088 was again highly variable across the MPT 

and ranged from 6 ostracods/cm2/kyr at I 000 ka ( 12 .6 med) to O ostracods/cm2/kyr at 

590 ka ( 6. 7 med). 
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5.3 The Stilostomella Extinction Group (EG) 

5.3.1 Taxonomic Composition 

In these two South Atlantic deep sea sites 33 species from 11 genera of elongate and/or 

uniserial benthic foraminifcra (Table 3 . 1, Appendix I) became extinct, at least 

regionally, in the MPT (1200 - 600 ka) . 

At the shallower Site 1082, the EG comprises 24 species from 9 genera: Awhea, 

Chrysalogonium, Cribronodosaria, My llostomella, Orthomorphina, Parafrondicularia, 

Prox[f'rons, Siphonodosaria , and Stilostomella (Fig. 5.5). The deeper Site I 088 has 22 

species from IO genera in the EG: Awhea, Chrysalogonium, Ellipsoglandulina, 

Myllostomella, Orthomorphina, Parqfrondicularia, Pleurostomella, Prox[frons, 

Siphonodosaria, and Stilostomella (Fig. 5.6). 
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In the Pleistocene, IO EG species ( Chrysalogonium calomorphum, C. crassitestum, C. 

gomph[/ormis, Cribronodosaria sp.A, Myllostomel/a advena, Orthomorphina ambigua, 

0. glandigena, Parafrondicularia antonina, Siphonodosaria bradyi, and Stilostomella 

holoserica) were restricted in their occurrence to the shallower Site 1082 (1280 m 

depth); whereas 9 EG species (Chrysalogonium deceptorium, Ellipsoglandulina labiata, 

Myllostomella japonica, Pleurostomella acuminata, P. alternans, P. brevis, P. sapperi, 

Siphonodosaria pomuligera, and S. spinea) were found only in the deep Site I 088 (2082 

m depth). Approximately 40% (13 species) of all recovered EG species arc common to 

both sites. These species were Awhea tosta, Chrysalogonium stimuleum, Myllostomella 

costai, Myllo tomella matanzana, Orthomorphina laevis, Orthomorphina perversa, 

Orthomorphina trincherasensis, Para/rondicularia laeviga ta, Proxi/rons inaequalis, 

Siphonodosaria hispidula, Siphonodosaria recta, Siphonodosaria sagrinensis, and 

Stilostomella .fistuca. Of the most recently recorded total number of mid-Pleistocene 

'Stilostomella' Extinction Group taxa, this study shows 33 of 67 (Hayward, 2002; 

Kawagata et al. , in press) species were recognised to become extinct in the South 

Atlantic Ocean, representing approximately 50% of the total known EG taxa. 

Chrysalogonium intertenuatum, a member of the EG taxa in previous studies (North 

Atlantic and SW Pacific), occurs in both cores in the study area, however, becomes 

locally extinct at Site I 082 only, seemingly surviving in low numbers at Site I 088 . 

5.3.2 Pattern of MPT Declines in Absolute Abundances and Diversity 

The abundance and diversity of the EG was greatest at middle bathyal depth Site I 082, 

beneath AAIW (at 1280 m, 24 species, up to 42.5 specimens per g/sed .), and slightly 

lower at lower bathyal Site I 088 (at 2082 m, 22 species, up to 10.4 specimens per 

g/scd.), bathed in waters of the uCPW/NADW interface. The absolute abundances 

(specimens/g sediment) and accumulation rate (spccimcns/cm2/kyr) of the EG had 

higher values prior to ~ l000 ka, and declined progressively throughout the MPT. The 

EG was dominant within the targeted species (EG and SG) in both sites pre ~ I 000 ka, 

with severa l low troughs in the relative abundance of the EG during this time (Figs. 5.1 

and 5.2) . Figure 5.7 and 5.9 show the overall decline at both sites, typically, with 

substantial reductions in abundance and diversity going into and during glacial periods, 

with partial, although generally decreasing recovery during the mid- to end of the 

intervening warm interglacial period. 
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5.3.2.1 Site 1082 

The pulsed decline and eventual local extinction of the EG taxa at Site I 082 is shown in 

figure 5.7. Oxygen isotope records obtained for the planktic foraminifcra Globorotalia 

inflata (of Jahn et al. , 2003) and fluctuations in the number of EG specimens 

encountered per gram of sediment and AR show a clear trend of declining abundance 

and AR going into and during glacial cool periods throughout the MPT, and partial 

recoveries in the EG taxa during the intervening warm interglacial periods. Abundance 

and AR ofEG taxa peaked at 124 med (1075 ka, ~ MIS 31), with an abundance of42 

EG taxa/g scd. and AR of 556 spccimcns/cm2/kyr. Abundance and AR dropped 

dramatically going into glacial period MIS 30, with numbers dropping to 11 

spccimcns/g scd. and 142 spccimcns/cm2/kyr, at 121 med ( I 060 ka) . Complete 

recovery of abundance of the EG was obtained in the next intervening warm interglacial 

MIS 29, 116 med ( I 020 ka) , with abundance and AR reaching 41 spccimcns/g scd. and 

595 spccimcns/cm2/kyr, respectively. After ~ 1000 ka, the abundance and AR of EG 

taxa declined abruptly, with comparatively smaller amplitude pulses (decline and partial 

recovery) in abundance and AR towards the final extinction datum for the Stilostomella 

EG taxa at Site I 082 . Entering into glacia l period MIS 28, numbers dropped to 5 

spccimcn/g scd., and AR of 76 spccimcns/cm2/kyr, at 112 med (1000 ka) , after which 

recovery to pre ~ I 000 ka levels were never achieved. Declines in EG taxa occurred at 

M[S 24 ( I 05 med (940 ka) ; with an abundance of 5 spccimcns/g scd.; AR: 62 

spccimcns/cm2/kyr) , MIS 22 (98 med (895 ka) ; with an abundance of 3 specimens/g 

sed.; AR: 44 specimens/cm2/kyr) , MIS 20 (88 med (835 ka) ; with an abundance of 2 

specimens/g sed.; AR: 26 spccimens/cnl/kyr) , entering into MIS 18 (79 med (775 ka) ; 

with an abundance of l specimen/g sed.; AR: 18 specimens/cm2/kyr) , and to zero 

entering into MIS 16 (71 med (720 ka)) . Declining partial recoveries of EG taxa 

occurred during intervening warm periods and arc shown in figure 5.7 . Also shown in 

this figure is a very slight increase in abundance and AR following MIS 16, at 69 med 

(705 ka), and represented the identification of 4 Myllostomella matanzana specimens 

and 16 Siphonodosaria sagrinensis specimens in this sample. No EG taxa were 

encountered in any samples after this point (post ~ 700 ka) ; the highest occurrence of 

these two species is thought to represent the Stilostomella Extinction Datum at Site 

1082 (Figs. 5.5 and 5.7) . 
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At Site I 082 declines in EG taxa were generally contemporaneous with lowest (more 

negative) 8 13C values . Declines in EG taxa a t 121 , 11 2, 105, 88, 79 and 69 med (1060, 

I 000, 940, 835, 775 and 705 ka) , all coincided with periods of lowest 8 13
C value (Fig. 

5.7) . 

Figure 5 .8 shows the fluctuation of EG species diversity across the MPT. Of the 24 EG 

species encountered at Site I 082, never at one time were all EG species identified in the 

one sample. Diversity peaked at 144 med ( 1280 ka) with 20 EG species identified 

within the sample. These included Awhea tosta, Chrysalagonium calomorphum, C. 

crassitestum, C. gomph[/ormis, C. intertenuatum, Cribronodosaria sp. A, 

laevidentalina stimulea, Myllostomella advena, M. costai, M. matanzana 

Orthomorphina perversa, 0. trincherasensis, Para/rondicularia antonina , P. laevigata, 

Proxffrons inaequalis, Siphonodosaria bradyi, S. hispidula , S. sagrinensis, Stilostomella 
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.fistuca, and Stilostomella holoserica. Diversity gradually decreased to 6 EG species (C. 

gomph(formi , M. matanzana , 0. perversa, P. laevigala , S. brady i and S. sagrinensis) at 

121 med (1060 ka, MIS 30), with a slight recovery to 8 EG species (C. crassitestum, C. 

gomph[formis, M. costai, M. matanzana, P. laevigata, S. bradyi, S. sagrinensis, and S. 

.fistuca) at 116 med ( I 020 ka, MIS 29) . Small fluctuations in species diversity followed 

after ~ I 000 ka, with EG species varying between 9 and O per sample. Most declines in 

diversity coincided or directly followed glacial intervals (for example, MIS 30 (121 med 

(1060 ka); diversity: 6 (sec above) , MIS 22 (98 med (895 ka) ; diversity: 2 (M. 

matanzana , P. laevigala)) , MIS 20 (84 med (810 ka) ; diversity: 3 (M. matanzana, P. 

laevigata , and S. sagrinensis)) , MIS 18 (75 med (750 ka) ; diversity: I (P. laevigata)) , 

MIS 16 (69 med (705 ka); diversity: 2 (M. matanzana, S. sagrinensis) and MIS 16 (71 

and 66 med (720 and 675 ka) ; diversity : 0), where no EG taxa were found (Fig. 5.8). 

5.3.2.2 Site l 088 

Figure 5.9 shows the pulsed decline and local extinction of EG taxa at Site 1088. 

Oxygen isotope records were obtained from benthic foraminifcra Cibicidoides sp. (of 

Hodell el al., 2003) , and as in Site 1082, there was a clear relationship between the 

enrichment of 8 180 in the benthic foraminifcra Cibicidoides (during and approaching 

cool glacial periods) and the pulsed decline and eventua l extinction of EG taxa. The 

record of EG taxa abundance and AR in Site I 088 begins at 14.4 med ( 1100 ka), during 

warm interglacial period MlS 31. Abundance and AR dropped from 6 specimens/g sed. 

and 8 specimens/cm2/kyr at 14.4 med to 3 specimcns/g sed. and 5 specimens/cm2/kyr as 

the EG was subjected to the glacial conditions of MIS 30 at 14.0 med ( I 070 ka) . 

Complete recovery of EG abundance was obtained in the next intervening warm 

interglacial period MIS 29, 13 .3 med (I 035 ka) , with abundance and AR reaching 6 

specimens/ g scd. and 15 spccimcns/cm2/kyr, respectively. This peak in relative 

abundance and AR was once again followed by a decline in EG taxa upon entering 

glacial period MIS 28 at 12.8 med (1025 ka), with a partial recovery (12 .8 med, 1015 

ka; MIS 27) and followed by another decline at MIS 26, 12.6 med ( 1000 ka) to a pre~ 

1000 ka low of 2 spccimens/g scd. and AR of3 spccimcns/cm2/kyr. During interglacial 

period MIS 25 , between 12.2 and 11 .8 med (965 to 945 ka) , complete recovery of EG 

taxa occurred, with abundance and AR reaching a peak of IO specimens/g sed. and 14 

specimens/cm2/kyr at 11 .8 med (945 ka). After ~ 950 ka, the abundance and AR of EG 

taxa began a progressive and gradual decline, interrupted by small amplitude slight 

102 



5: RESULTS 

recoveries s ignalling warmer interglacial periods (Fig . 5.9) . Abundance of EG taxa 

never recovered to pre - 950 ka levels, with declines going into MIS 22 ( 11 .0 med (880 

ka) ; with an abundance of 2 spccimcns/g scd.; AR: 3 spccimcns/cm2/kyr) , M[S 20 (IO. I 

med (815 ka); with an abundance of I spccimcn/g scd.; AR: I spccimcn/cm2/kyr), MIS 

19 (9.9 med (795 ka)) ,to zero at MIS 18 (8.8 med (730 ka) , MIS 16 (8 .3 med (685 ka) 

and 7.9 med (660 ka)) , and M[S 14 (7. 1 med (615 ka)) . Declining partial recoveries of 

EG taxa occurred during intervening warm periods and arc shown in figure 5.9. This 

figure also shows a decrease in abundance and AR at M[S 19 (9 .9 med (795 ka)) , M[S 

17 (9.1 med (750 ka)) , and a slight recovery of EG taxa following M[S 14, at 6.9 med 

(600 ka) , which represents the identification of 4 specimens of My llostomella 

matanzana and 4 specimens of Pleurostomella alternans. The highest occurrence of 

these two species is thought to represent the Stilostomella Extinction Datum at Site 

I 088 (Fig . 5.6) . 

Carbon isotope data for Site I 088 were obtained from the cpifaunal bcnthic foraminifcra 

Cibicidoides sp. (from Hodell et al .. 2003) . Fluctuations in the record of relative 

enrichment and depiction of 8 13C in the test of this foraminifcr were studied across the 

MPT with respect to the decline and eventual local extinction of EG taxa . There was no 

consistent relationship between more negative or more positive 8 13C values and the 

declining EG taxa, with the major declines ofM[S 30 and 28 (14.0 and 13.1 med (1070 

and 1025 ka) coinciding with highest 8 13C values, whi lst declines into MIS 22, 11 .0 

med (880 ka) and M[S 16, 7.9 med (660 ka) coincided with the lowest 8 13C values (Fig. 

5.9) . 
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Figure 5.10 shows the variability of EG species diversity across the MPT at Site 1088. 

Of the 22 EG species identified at Site I 088, the highest number of EG species 

encountered in one sample was 12, at 12.0 to 11 .8 med (955 to 945 ka (MIS 25)). The 

following EG taxa were identified at 12.0 med (955 ka) : Laevidentalina stimulea, 

Myllostomella costai , M. matanzana, M. japonica, Orthomorphina perversa , 

Pleurostomella alternans, Siphonodosaria hispidufa, S. pomuligera, S. recta , S. 

sagrinensis, S. spinea and Stilostomella ./istuca. At I 1.8 med (945 ka) the following 12 

EG species were encountered: Awhea tosta, L. stimulea, M. costai , M. matanzana, 0. 

perversa, Parafrondicularia laevigata , P. alternans, Pleurostomefla sapperi, Prox[frons 

inaequalis, S. hispidula, S. sagrinensis and S. Jistuca. Prior to this peak in species 

diversity, the number of EG species fluctuated between IO and 6 EG species per sample, 

with lowest values coinciding with cool glacial periods. For example, at 13 . 1 med 

( I 025 ka, MIS 28) , EG diversity was 6 (M. costai , M. matanzana, 0. perversa, P. 

alternans, P. brevis and S. sagrinensis); at 12 .6 med ( I 000 ka, M[S 26), diversity was 9 

(A . tosta , C. intertenuatum, L. stimulea, M. matanzana, 0. perversa, P. acuminata, S. 

hispidula , S. sagrinensis and S. Jistuca). Following the peak in EG diversity between 

12.0 and 11.8 med (955 to 945 ka), divers ity gradually declined throughout the MPT. 

Lowest diversity values often coincided with full glacial or cooling intervals (e.g. at 

11 .2 med (900 ka, M[S 22); diversity: 7 (M. costai , M. matanzana, P. alternans, P. 

inaequalis, S. recta , S. sagrinensis, and S. spinea) ; at I 0.8 med (865 ka, MIS 20) ; 

diversity: 5 (A. tosta , M. costai, P. acuminata , S. hispidula and S. sagrinensis); at 8.8 

med (730 ka, MfS 18); diversity: 0; and at 8.3 and 7.9 med (685 and 660 ka, M[S 16); 

diversity: 0). However, there were also occasions when low diversity coincided with 

interglacial periods, for instance at 9.9 med (795 ka, MIS 19); diversity: 2 (P. inaequalis 

and S. sagrinensis); at 9.1 med (750 ka, MIS 17); divers ity: I (P. sapperi); at 7.5 med 

(635 ka, M[S 15); diversity: 0; and at 6.7 med (590 ka, MIS 15); diversity: 0 . Figures 

5.6 and 5.9 show the occurrence of previously recognised EG species, Chrysalogonium 

intertenuatum, identified at 5.4 med (510 ka) . 
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Figure 5.10. Extinction Group diversity across the M PT at Site I 088. Isotopic data sourced from Hodell 
et al. (2003 ). M PT ........ .. 

5.3.3 Stratigraphic Ranges of EG Taxa 

The stratigraphic ranges and highest occurrences (HOs) o f EG taxa from Site I 082 and 

1088 arc summarised in table 5. 1. ft is important to ment ion that the reliabil ity of the 

HOs o f rarer species with disjointed ranges is uncertain. 
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South Atlantic EG South Atl . EG Stratiaraohic Ranae in Site 1082 and 1088 s s 

Awhea tosta 1082: 144 - 94 med (1280-865 ka ); 1088: 14.4 - 10 .8 med ( 1100-865 ka) 
Chrysalogonium calomorphum 1082: 2 specimens at 144 med (1 280 ka); 1088: Absent 

Chrysalogonium crassitestum 1082: 144 - 105 med (1280-940 ka); 1088: Absent 

Chrysalogonium deceptorium 1082: Absent; 1088: 2 specimens at 14.0 med (1070 ka) 

Chrysalogonium gomphiformis 1082: 144 - 105 med (1280-940 ka); 1088: Absent 

Chrysalogonium intertenuatum 1082: 144 - 90 med (1280-845 ka); 1088: part of SG 

Chrysalogonium stimuleum 1082: 144-105 med (1280-940 ka); 1088: 14.4-11.8mcd (1100-945 ka) 

Cribronodosaria sp. A 1082: 2 specimens at 144 med (1280 ka); 1088: Absent 

Ellipsoglandulina labiata 1082 Absent; 1088: 10.6 - 8.1 med (850-675 ka) 

Myflostomella advena 1082: 144 - 88 med (1280-835 ka); 1088: Absent 

Myflostomella costai 1082: 144 - 88 med (1280-835 ka); 1088: 14.0 - 9.5 med (1070-770 ka) 

Myflostomella japonica 1082: Absent; 1088: 4 specimens at 12.0 med (955 ka) 

Myflostomella matanzana 1082: 144 - 69 med (1280-705 ka ), 1088. 14.4 - 6. 9 med (1 100-600 ka) 

Orthomorphina ambigua 1082: 144 - 100 med (1280-910 ka); 1088: Absent 

Orthomorphina glandigena 1082: 2 specimens at 100 med (910 ka ), 1088: Absent 

Orthomorphina laevis 1082: 4 specimens at 139 med (1230 ka); 1088: 14.0 - 12.1 med (1070-965 ka) 

Orthomorphina peNersa 1082: 144 -121 med (1280-1060 ka); 1088: 14.4- 10.1 med (1100-815 ka) 

Orthomorphina trincherasensis 1082: 4 specimens at 144 med (1280 ka); 1088: 2 specimens at 14.0 med (1070 ka) 

Parafrondicularia antonina 1082: 144 - 82 med (1280-795 ka); 1088: Absent 

Parafrondicularia laevigata 1082: 144 - 75 med (1280-750 ka); 1088: 11 .8 - 7.1 med (945-615 ka) 

P/eurostomella acummata 1082: Absent; 1088: 12.6 - 8.3 med (1000-685 ka) 

Pleurostomella alternans 1082: Absent; 1088: 13.3 - 6.9 med (1035-600 ka) 

Pleurostomella brevis 1082: Absent; 1088: 2 specimens at 13.1 med (1025 ka) 

Pleurostomella sapperi 1082: Absent; 1088: 12.8 - 9.1 med (1015-750 ka) 

Proxifrons inaequalis 1082: 144 - 100 med (1280-910 ka); 1088: 11 .8 - 9 .9 med (945-795 ka) 

Siphonodosaria bradyi 1082: 144 - 88 med (1280-835 ka ); 1088: Absent 

Siphonodosaria hispidula 1082: 144 -123 med (1280-1070 ka); 1088: 13.3 - 10.1 med (1035-815 ka) 

Siphonodosaria recta 1082: 143 -134 med (1265-1175 ka); 1088: 12.0 - 11.0 med (955-880 ka) 

Siphonodosaria sagrinensis 1082: 144 - 69 med (1280-705 ka); 1088: 14.4 - 9.9 med (1100-795 ka) 

Siphonodosaria spinea 1082: Absent; 1088: 12.0 - 8.8 med (955-725 ka) 

Siphonodosaria pomuligera 1082: Absent; 1088: 8 specimens at 12.0 med (955 ka) 

Stilostomella fistuca 1082: 144 - 90 med (1280-845 ka); 1088: 14.4 - 11 .6 med (1100-930 ka) 

Stilostomella holoserica 1082: 144 - 90 med (1280-845 ka); 1088: Absent 

TABLE 5.1. Stratigraphic ranges of South Atlantic Extinction Group taxa 
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5.3.4 Dominant EG Species and Blooms 

Dominant EG species were singled out as those that form greater than 5% of the to tal 

encountered EG taxa throughout the study interval, and their ARs arc shown in figures 

5. 1 I and 5. 12. There were s ix dominant species at Site I 082: Chrysalogonium 

gomphiformis, Myllostomella co tai, M. matanzana, Para/rondicularia laevigata, 

Siphonodosaria bradyi, and S. sagrinensis. Four species were shown to dominate the 

EG assemblage at Site I 088: Myllostomella costai, M. matanzana, Pleurostomella 

alternans, and Siphonodosaria sagrinensis. 

5.3.4.1 Site 1082 

Six dominant EG species were identified at Site I 082, fluctuations in AR arc shown in 

figu re 5.11. 

Chrysalogonium gomphiformis was present in 47% of samples at Site I 082, and forms 

~9% of the total EG specimens. C. gomphilormis was common from 144 to I 05 med 

( 1280-940 ka) with 2 large ' 'blooms" with AR of 96 spccimcns/cm2/kyr and 211 

spccimcns/cnl/kyr at 123 and 116 med ( I 070 and I 020 ka), respectively. There was 

another small peak in AR at I 07 med, where 30 spccimcns/cm2/kyr were encountered. 

The highest occurrence (HO) o f C. gomphi/ormis at Site I 082 was at ~ I 05 med (~940 

ka) (Fig. 5.5, Table 5. 1). No specimens were fo und at Site 1088. 

Myllostomella costai was present in 30% o f samples, forming ~6% of the total EG 

specimens. This spec ies was common between 144 and 88 med ( 1280-835 ka), with a 

highest AR of84 specimcns/cm2/kyr at 134 med (~ 1175 ka). AR declined dramatically 

a fter 11 00 ka with two peaks at 11 6 and I 00 med ( I 020 and 9 10 ka) of 7 

specimens/cm2/kyr and 5 specimens/cm2/kyr, respectively. The HO of M. costai at Site 

1082 was at ~88 med (~835 ka) (Fig. 5.5 , Table 5. 1). 

Myllostomella matanzana, present in 77% of samples, formed ~5% of the total EG 

specimens. The abundance and AR of M. matanzana was highly variable across the 

MPT, and was commo n between 144 and 69 med ( 1280-705 ka). The highest 

abundances and A Rs of this species occurred between 136 and 114 med ( 11 85 and 1010 

ka), with ARs averaging 24 specimens/cm2/kyr. The HO of M. matanzana in Site 1082 

was at ~69 med (~705 ka) (Fig. 5.5, Table 5. 1). 
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Parafron.dicularia laevigata was prcscnl in 83% of samples, and formed ~34% of the 

total EG spec imens encountered. This species was common throughout the 

stratigraphic range of 144 to 75 med ( 1280-750 ka), and despite AR and abundance 

being highly variable across the MPT, three distinct peaks in AR arc observed at 123, 

I 07 , and 82 med ( I 070, 960, and 795 ka), of 160, 136, and 124 specimcns/cm
2
/kyr, 

respectively. The HO of P. laevigata in Site 1082 was at ~75 med (~750 ka) (Fig. 5.5, 

Table 5. 1 ). 

Siphonodosaria bradyi, presenl in 57% of samples, formed ~36% of the total EG 

specimens of Site 1082. Abundance and AR progressive ly declined across the MPT, 

w ith two distinct ' 'blooms" at 124 and 11 6 med ( I 075 and I 020 ka), with A Rs of 465 

and 277 specimcns/cm2/kyr, respectively. There was a sharp drop in AR between these 

peaks, to 60 specimcns/cm2/kyr at ~ 123 med (~ 1070 ka), and again to zero 

spccimcns/cm2/kyr at ~ 107 med (~960 ka). The HO of S. bradyi at Site 1082 was at ~ 

88 med ( ~835 ka) (Fig. 5.5, Table 5. 1 ). 

Siphonodosaria sagri11e11sis was a dominant species at Site I 082, present in 50% of 

samples, and formed 5% of the tolal EG spec imens. S. sagrinensis was common 

between 144 and 69 med ( 1280 and 705 ka), with highest abundances and A Rs between 

136 and 124 med ( 11 85 and I 075 ka), of 30 and 48 spccimcns/cm2/kyr, respectively. 

Occurrence declined dramatically after 124 med (~ 1075 ka), with ARs between 17 and 

zero spccimcns/cm2/kyr for the reminder of the MPT. The HO of S. sagrinensis at Site 

I 082 was at ~69 med(~ 705 ka) (Fig. 5.5, Table 5. 1 ). 
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Figure 5.11 : Dominant EG species of Site 1082. MPT 
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5.3.4.2 Site 1088 

Four dominant EG species were identified at Site I 088 (Fig. 5. 12), three of which have 

a lso been included in the dominant EG species at Site I 082. ARs and abundances of 

these EG taxa were much lower than at Site I 082, with no obvious "blooms" in any 

species identified. 

Myllostomella costai was present in 45% of samples at Site I 088, and formed ~27% of 

the total EG specimens. This species was common between 14 and 9.5 med ( 1070-770 

ka), with the highest AR of 7 spccimcns/cm2/kyr at 12 med (960 ka). There was a 

gradual decline in AR of M. costai throughout the MPT, with three distinct peaks in AR 

observed, at 13.3, 12, and I 0.6 med ( I 035, 960, and 850 ka), 7, 5, and 3 

spccimcns/cm2/kyr, respectivel y. The HO of M. costai occurred at ~9.5 med (~770 ka) 

(Fig. 5.6, Table 5. 1 ). 

Myllostomella matanzana was present in 52% of samples, and formed ~20% of the 

total EG specimens encountered at Site I 088. M. matanzana was common between 

14.4 and 6.9 med ( 11 00-600 ka), and again, a progressive decline in AR was evident 

across the MPT. Highest ARs occurred between 13.3 and 11 .6 med ( 1035-960 ka), 4 

and 3 spccimcns/cm2/kyr, respectively. T he HO of M. matanzana at Site I 088 

occurred at ~6.9 med (~600 ka) (Fig. 5.6, Table 5. 1 ). 

P/eurostomella a/ternans was present in 42% of samples, forming ~ 7% of the total EG 

specimens. P. alternans commonly occurred between 13.3 and 6.9 med ( I 035-600 ka) , 

with highest ARs of ~ 1.3 specimens/cm2/kyr occurring between 12.1 and 11 .6 med 

(970-930 ka). AR was highly variable across the MPT, with several instances when no 

specimens were fo und, a t 12.5 and I 0 .7 med, and between I 0. 1 and 9.9, 9.3 and 8.8, 

and 8 .3 and 7. 1 med ( 1000 and 865 ka, and between 8 15-795, 760-730, and 685-6 15 

ka, respective ly). The HO of P. alternans at Site I 088 was a t ~6.9 med (~600 ka) (Fig. 

5.6, Table 5. 1 ). This species was not found at Site I 082. 

Siphonodosaria sagrinensis was identified as a dominant EG species a t Site I 088. S. 

sagrinensis was present in 52% of samples, forming ~32% of the total EG specimens 

encountered. This species was common between 14.4 and 9.9 med ( 1100-795 ka), with 

peaks in A R at 12.8 and 11.8 med ( 1015 and 945 ka), of 4 and 7 spec imens/cm
2
/kyr, 
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respectively. After a sharp decline in accumulation at ~ 11.7 med (940 ka), the AR of S. 

sagrinensis drops steadily to zero spcc imcns/cm2/kyr at ~9.9 med (HO = ~795 ka) (Fig. 

5.6, Table 5. 1 ). 
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Figure 5. 12. Dominant EG species of Site I 088. M PT , ....... 
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5.3.5 Timing of Local Disappearances (HOs) 

The highest occurrences (HOs) of each EG species in each site arc shown in figures 5.5 

and 5.6. Most species show diachronous HOs, but the disappearance of two species was 

synchronous between sites ( cg. Awhea tosta ( ~ 860 ka) and Chrysalogonium stimu feum 

(~ 940 ka)). The uncommon spec ies in the EG (e .g. Chrysalogonium ca fomorphum, C. 

crassitestum, C. deceptorium, Cribronodosaria sp. A, Ellipsogfandulina fabiata, 

Mylfostomelfa japonica, Orthomorphina g f andigena, Pleurostomefla brevis, 

Siphonodosaria pomuligera, S. recta, Stilostomelfa hofoserica) occurred so infrequently 

that studying the relative timing of loca l disappearances is of little value. The 

diachronous nature of HOs between sites is clearly shown in the more common species 

(e.g. Myffostomeffa costai, M. matanzana, Orthomorphina faevis, 0. perversa, 

Parafrondicularia fa evigata, Prox(/rons inaequafis, Siphonodosaria hispidufa, S. 

sagrinensis, Stilostomefla .fistuca), but the time lag of inter-sites HOs arc different 

between these species. ln this study there was clearly a steady increase in the rate of 

HOs through the MPT (prior to I 000 ka = 2-4HOs/l 00 kyr; after I 000 ka = 4-7HOs/l 00 

kyr). The maximum number of HOs occurred between I 000 and 700 ka at both sites, 

with a peak (7 HOs/ l00 kyr) between 900 and 800 ka for Site 1082 and 5HOs/l00 kyr 

between 800 and 600 ka for Site 1088 (F ig. 5.13). The hig hest level at which an EG 

species occur in the record is known as the Stilostome fla Extinction Datum. The 

Stilostomeffa Extinction Datum occurs at ~ 705 ka for My lfostomeffa matanzana and 

Siphonodosaria sagrinensis in Site I 082 (Fig. 5.5) and at ~ 600 ka for Myflostomeffa 

matanzana and Pfeurostomefla alternans in Site I 088 (Fig . 5.6), but sec discussion 

elsewhere on the higher occurrence of Chrysa fogonium intertenuatum. 
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5. 4 The Survivor Group (SG) 

Thirty-three species of bcnthic foraminifcra were identified in the Survivor Group, with 

abundances progressively declining in samp les from both cores after 700 ka (Appendix 

I , Table 3.2) . Of these Survivor Group (SG) species approximately 48% (16 species) 

were common to both sites . Within thi s group, several laevidentalina, Grigelis, and 

Nodosaria specimens were unable to be identified to species level, and arc referred to as 

sp.A, sp.B or sp.C. The majority of the 33 species in this group belong to 7 genera 

(Appendix I) having radiate or circular apertures: Astacolus (2 spp.), Dentalina (2 spp.), 

laevidentalina ( IO spp.), Nodosaria (3 spp.) , Martinottiella (2 spp.) , Vaginulina (3 

spp.), Vaginulinopsis (2 spp.). 

5.4.1 Abundance and Diversity Patterns 

The majority of the 33 species of SG bcnthic foraminifcra were relative ly rare prior to 

- I 000 ka, with the relative abundance in the early Pleistocene samples (prior to the die­

back and extinction period) , being only a sma ll proportion of the total uniscrial Target 

Group (EG plus SG), 5% in Site I 082 and 4% in I 088 (figure 5. 1 and 5.2) . Conversely, 

post-700 ka samples at both Sites show the SG forming a large proportion of the total 

uniscrial fauna , 25% in Site 1082 and 58% in Site 1088, the remaining proportion (75% 

in Site 1082, and 42 % in Site 1088) being occupied by Low-Oxygen Tolerant Group 

(LOTG) species. 

5.4.1.1 Site 1082 

Prior to - 116 med (- 1000 ka) , the mean absolute abundance of SG specimens at Site 

1082 averaged 0.7/g scd., with peaks of2/g scd. at 134 med (1175 ka) and 116 med 

( I 020 ka) (Fig. 5.14). The absolute abundance of SG specimens declined to a late MPT 

mean of0.4/g scd. aftcr - 69 med (- 700 ka, MIS 16). 

The AR of the SG at Site 1082 peaked to 34/cm2/kyr at 116 med (1020 ka) , after which 

the AR dropped sharp ly to 10/cm2/kyr at 108 med (970 ka) . After - 1000 ka, the MPT 

was characterised by low amplitude fluctuations ( declines and recoveries) in SG 

abundance and AR, declines usua lly coincided with abrupt interglacial warmings, for 

instance at I 07, 100, 84, 79, 71 and 64 med (960, 910, 8 IO and 775, 720, and 650 ka, 

MIS 25, 23, 19, 17 and 15 , respectively), with partial recoveries in abundance and AR 

115 



5: RESULTS 

during the intervening cool g lacia l periods. Species diversity of SG taxa fl uctuated with 

glacial and interglacial cycles, with declines in diversity during interglacial warm 

periods and near complete recoveries in subsequent glac ia l interva ls (Fig. 5. 14). For 

instance, SG diversity reached lowest levels at I I 6, I 07, 94, 75 and 66 med ( I 020, 960, 

865, 750 and 675 ka, MIS 27, 25, 21, 19 and 15, respectively), and reached zero SG 

species at 84 med (8 10 ka, MIS 19). 
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Figure 5.14. Absolute abundance (spccimcns/g sed.), accumulation rate (no./cm2/kyr) , and di versity of 
SG taxa at Site 1082. Isotopic data sourced from Jahn et al. (2003). MPT ··········· 
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5.4. t .2 Site t 088 

Site I 088 followed a similar trend of pulsating abundance across the MPT (Fig. 5.15). 

However, unlike Site I 082 , declines in SG abundance and AR did not consistently 

coincide with interglacial warming periods. Peaks in abundance and AR occurred at 

11.8 (0.5 specimcns/g sed), 11 .0 (0 .5 specimens/g sed), and 9.3 med (0.4 specimens/g 

sed) (945, 880 and 760 ka, MIS 24, 2 1, and 18, respectively). After ~ 1000 ka, 

abundance and AR of SG taxa neared zero on three occasions at 10.6, 8.3 and 7.5 med 

(850, 685 and 635 ka, MIS 20, 16 and 15), and similarly, these occurrences did not 

consistently correspond to either glacial or interglacial intervals . Species diversity at 

Site I 088 fluctu ated between 5 and 0 spec ies/sample across the MPT (Fig. 5.15). SG 

diversity was I species/sample at 8.3, 7.5 and 6.9 med (685, 635 and 600 ka, MIS 16, 

15 and 13, respectively) , and was zero at 13 . 1 and I 1.0 med ( I 025 and 850 ka, MIS 28 

and 20). SG diversity was 5 species/sample at 12 .6, I 0.1 and 8.8 med ( 1000, 815 and 

730 ka, MIS 26, 20 and 17). 

118 



5: RESULTS 

med 

5 6 7 8 9 10 11 12 13 14 15 

0.6 
j 
~ 0.5 
i 
C ., 

0.4 E 
~ 
C. 0 3 
!!. ., 
u 

0.2 C 

~ 
~ .., 
C 
~ 0.1 .c 

<( 

Cl 0 (/) 

~ 0.8 
-"' 
;;i 
E 
~ 0.6 
0 
~ 
(!) 0.4 
en ... 
0 
0:: 0.2 

~ < 

0 

., 
6 

.!!! 
I,) 

8. 5 ,,, 
lil 4 

~ ci 
3 .s 

~ 2 
~ ., 
-~ 1 
0 

lil 0 

N 

CD 
0 
Cl.. 

.J C') 

~ 
0 
:l;! 

. 1 

.,? 

.Q 

0 
0 
CX) 

IQ 18 20 
16 22 

l[) 

500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 
ka 

Figure 5.15. Absol ute abundance (spccimcn s/g scd.), accumulation rate (no./cm2/kyr) and diversity ofSG 
taxa at Site 1088. Isotopic data sourced from Hodell et al. (2003). M PT ......... .. 

119 



5: RES ULTS 

5.5 The Low-Oxygen Tolerant Group (LOTG) 

Twenty-one species of previously recognised Low-Oxygen Tolerant infauna! benthic 

foraminifcra (from Mackensen et al., 1995), known as the Low-Oxygen Tolerant Group 

(LOTG), were identified in this South Atlantic study (Appendix I , Table 3.3). The 

majority of the 21 species in this group belong to 3 genera: Bolivina (3 spp.) , Bulimina 

(5 spp.), and Uvigerina (4 spp.) ; with other species including: Cassidella bradyi, 

Eggerella bradyi, Evolvocassidulina spp. , Fursenkoina complanata , Globobulimina 

a/finis, Karreriella bradyi, Praeglobobulimina spinscens, Rutherf'ordoides mexicana, 

and Tri/arina anglosa. 

5.5.1 Abundance and Diversity Patterns 

lt is evident from the census count of LOTG specimens that absolute abundance and AR 

did not show a progressive decline over the MPT period (as seen w ith SG and EG 

benthic foraminifera populations), but on the contrary, sharp declines and often 

complete recoveries were evident (Figs. 5. 16 and 5. 17). 

5.5.1.1 Site 1082 

Site I 082 showed a general trend of pulsed decline and near-to -complete recovery 

across glacial and interglacial cycles of the MPT, with declines in abundance and 

accumulation rate generally coinciding with glacial intervals; and recovery with peak 

abundance and highest AR values during the intervening warm interglacial periods 

(particularly after ~ I 000 ka) (Fig. 5. 16). There were s ix prominent peaks in LOTG 

abundance and AR across the study interval at Site I 082 . These peaks occurred at 134 

med (1175 ka ; abundance of 95 specimens/g sed.; AR 875 specimens/cm2/kyr) , 116 

med ( I 020 ka; abundance = 150; AR = 2 170), I 05 med (940 ka; abundance = 70 ; AR= 

940), 94 med (865 ka; abundance = 60; AR = IO I 0), 81 med (795 ka; abundance = 85; 

AR = 1415) , and 69 med (705 ka; abundance = 80; AR = 855). These peaks in LOTG 

abundance and AR generally coincided with warm interglacial periods, such as at 134 

med (M[S 31), 116 med (M[S 27), 94 med (MIS 21) and 81 med (MIS 19), however 

peak values at I 05 and 69 med corresponded with glacial periods MIS 24 and 16 

respectively. Declines in LOTG taxa were therefore usually contemporaneous with full 

glacial periods or during the onset of g lacial conditions, such as at 114 med (1010 ka; 
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MIS 26; abundance = 40; AR = 600) , I 03 med (935 ka; MIS 24; abundance = 20; AR = 

250), 98 med (895 ka; MIS 22 ; abundance = 20; AR = 270) , 84 med ( 8 10 ka; MIS 20; 

abundance = 12; AR = 200), 79 med (775 ka; MIS 18; abundance = IO; AR = 190), and 

58 med (585 ka; MIS 14; abundance = 20; AR = 190). 
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Figure 5. 16. Absolute abundance (specimens.lg scd.) and accumulation rate (no./cm2/kyr) of LOTG taxa 
of Site 1082. Isotopic data sourced from Jahn et al. (2003). MPT .......... .. 
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5.5.1.2 Site 1088 

Site I 088 followed a similar trend to shallow South Atlantic Site I 082, with a pulsed 

decline and complete-to-near complete reco very of LOTG abundance and AR across the 

MPT (Fig. 5. 17). Both abundance and AR of LOTG taxa were much lower throughout 

the entire study interval at Site I 088, compared with Site I 082, with the largest peak in 

abundance of 35 LOTG spccimcns/g scd. occurring at I 1.8 med (945 ka) in Site I 088, 

in contrast to 150 LOTG specimens/g sed. at 116 med ( I 020 ka) in Site I 082. 

Similarly, AR of LOTG taxa reached a peak value at 13 .3 med ( I 035 ka) of 70 

spccimcns/cm2/kyr in Site I 088, compared to a peak value at I 16 med ( I 020 ka) of 

2170 specimcns/cm2/kyr in Site I 082 . Declines in the abundance and AR of LOTG 

species consistently coincided with glacial intervals, such as at 13 . 1 med ( 1025 ka ; MIS 

28; abundance = 1 O; AR = 45), 12.6 med ( 1000 ka; MIS 26; abundance = IO; AR= 25), 

11.2 med (900 ka ; MIS 22; abundance = IO ; AR = 20) , 9.5 med (770 ka; MIS 18 ; 

abundance = IO; AR = 30) , 8.3 med (690 ka; MIS 16; abundance = 8; AR = 20), 7.9 

med (660 ka ; MIS 16; abundance = 6; AR = 14) , 6.9 med (600 ka ; MIS 14; abundance 

= 7; AR = 15), and 6.3 med (550 ka; MIS 12; abundance = 6; AR = 8). All peaks in 

abundance and AR of LOTG taxa coinc ided with interg lacial warm periods, excluding a 

prominent peak in abundance and AR at I 1.8 med (945 ka), coinciding with glacial MIS 

24, and another peak at 8.2 med (685 ka), which coincided with glacial MIS 16. 
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5. 6 Correlation Coefficients 

Correlation coefficients were calculated from the census data from both Sites I 082 and 

I 088 . Two data sets were calculated for each site, one which included data from the 

entire study interval, and another on the interval older than ~800 ka to show ' normal' 

background fluctuations in environmental parameters prior to the major declines and 

extinctions of the MPT (Tables 5.2, 5.3 , 5.4 and 5.5)(Full correlation coefficient data is 

shown in Appendix 3). Correlation coefficients between bcnthic foraminifcral records 

and measured environmental proxies were calculated to try to determine the important 

factors relating to the extinction (Figs. 5. 1 and 5.2). Significant values of r (>0.3) arc 

highlighted in bold, with several strong negative and positive correlations >10.61 evident, 

boldcd and underlined. Significant associations arc outlined below: 

5.6.1 Site 1082 - Pre ~800 ka (Table 5 .2) 

• The AR of the EG shows a significant positive correlation with the AR 

of the LOTG (r = +0.52) , Fr (r = +0.56) med (r = +0.49) , and age (r = 

+0.42). %PF (r = -0.41) shows a significant negative correlation with the 

abundance of EG specimens. 

• The AR of the LOTG is positively correlated with subsets within the EG: 

Chrysalogonium spp. (r = +0.73) , Siphonodosaria spp. (r = +0.32), 

Nodosariidac (r = +0.72), and Stilostomellidac (r = +0.32). 

• The abundance of gypsum rhombs is positively correlated with FI (r = 

+0.44), EG subfamily Siphonodosaria spp. (r = +0.34) and 

Stilostomcllidac (r = +0.36), and 6180 (G. inflata) (r = +0.34), and 

negatively correlated to the abundance of ostracods (r = -0.31). 

• %PF is negatively correlated with 613C (G. in/lata) (r = -0.47), 6180 (G. 

inflata) (r = -0.50) , abundance of gypsum rhombs (r = -0.34) and Fl (r = -

0.44), and positively correlated to the abundance of ostracods (r = 

+0.42). 

• T c abundance of radiolaria is positively correlated to FI (r = +0.59) and 
med (r = +0.48). 

• 613C (G. inflata) was positively correlated to 6180 (G. inflata) (r = 
+0.55), and showed a significant negative correlation to the abundance of 
ostracods (r = -0 .36). 
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Age 1.00 
018 (G. inflata) -0 .36 -0.36 
C13 (G. inflata) 0.16 0.19 0.55 
SR -0.15 -0.32 0.21 0.23 
Fl 0 .20 0.13 0.19 0.04 -0.02 

% PF 0.15 0.09 -0.50 -0.47 -0.16 -0.44 
Gypsum/gsed 0.05 0.15 0.34 0.06 -0.28 0.44 -0 .34 
Chrysalogonium 0.20 0.19 0.11 0.20 0.07 -0 06 -0.27 -0.10 
Orthomorphina 0.68 0.69 -0.50 0.11 -0.48 -0.11 0.39 0.08 -0 06 
Myllostomella 0.71 0.48 -0.12 0.16 -0 .25 0.12 0.05 0.27 0.19 0.40 
Siphonodosaria 0.43 0.36 0.1 7 0.14 -003 0.84 -0.45 0.34 0.40 -004 0.30 
Nodosariidae 0.24 0.23 0.08 0.21 0.05 -006 -0.24 -0. 10 1.00 -0.01 0.21 0.40 
Stilostomellidae 0.46 0.41 0.15 0.15 -007 0.81 -0 .41 0.36 0.41 0.02 0.43 0.99 0.41 
Plectofrondiculariinae 0.24 0.16 0.20 0.22 0.36 -0.11 -0.11 -0.15 0.42 -009 0.02 0.05 0.41 0.05 
EG. TOTAL NO 0.49 0.42 0.19 0.23 0.07 0.56 -0 .41 0.21 0.71 -0.01 0.39 0.88 0.71 0.89 0.44 
SG. TOTAL NO 0.11 0.10 0.11 0.14 0.18 -0.15 0.02 -0.12 0.69 -005 0.39 0.23 0.69 0.28 0.24 0.47 
Bolivina 0.22 0.27 -0 02 -0 03 -007 -0.13 -0 05 0.09 0.77 0.04 0.61 0.30 077 0.38 0.23 0.57 0.70 
Bulimina 0.15 0.11 0.17 0.21 0.11 0.00 -0 .20 -0.13 0.67 -0 03 0.05 0.40 0.67 0.38 0.23 0.55 0.61 0.44 
Uvigerina -0.10 -0.15 0.35 0.09 0.22 0.05 -0 .02 0.00 0.33 -0.22 -0 .11 0.23 0.32 0.20 0.02 0.25 0.39 0.30 0.48 
LOTG. TOTAL NO 0.01 -0.02 0.24 0.12 0.18 -0.07 -0 .10 -0.10 0.73 -0.16 0.12 0.32 0.72 0.32 0.24 0.52 0.75 0.66 0.89 
RADS 0.48 0.15 -0.11 0.1 1 0.14 0.59 0.06 0.04 -0.23 0.13 0.02 0.47 -0.22 0.45 -0.25 0.21 -0.21 -0.22 -0.06 
OSTRACODS -0.21 -0.22 -0.07 -0 .36 0.05 -0 08 0.42 -0.31 -0 .10 -0.17 -0.11 -0.13 -0 09 -0.14 -009 -0 .16 0.12 0.12 -0.10 

Table 5.2. Correlation coefficients between pre-800 ka records of Extinction Group foraminifera and selected environmental proxies . Correlation coefficients > 0.30 are 
balded , and >0.60 are balded and underlined. Isotopic values are interpolated based upon data from Jahn et al. (2003). 
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5.6.2 Site 1082 - Entire study interval (Table 5.3) 

• The AR o f the EG shows a significant posit ive correla tion w ith 8
13

C (G. 

in/la ta) 

(r = +0.30), L0TG (r = +0.59), Fl (r = +0.59) and 8 180 (G. inflata) (r = 

+0.55). ¾ PF (r = -0.54) shows a significant negative correlation with the 

abundance o f EG specimens. 

• The AR of the L0TG is pos it ive ly corre lated with subsets within the EG: 

Chtysalogonium spp. (r = +0.77), Siphonodosaria spp. (r = +0.34), 

Nodosari idae (r = +0.77), Stilostomcll idae (r = +0.34), and 

Plcctro fro nd icularinac (r = +0.3 1 ); and w ith the AR o f the SG ( r = 

+0.86), and 8 180 (G. in/la ta) (r = +0.3 1 ). 

• T he abu ndance o f gypsum rhombs is positively correlated with Fl (r = 

+0.53), age (r = +0.33) and EG subfamilies Myllostomella (r = +0.36), 

Siphonodosaria (r = +0.45) and fa mily St ilostomcllidae (r = +0.48). 

• ¾ PF is negatively corre lated with 813C (G. in/lata) (r = -0.38), 8
18

0 (G. 

inflata) (r = -0.53), Fl (r = -0.49), and EG subfami lies Chrysalogonium (r 

= -0.32), Siphonodosaria (r = - 0.54), and family Stilostomellidac (r = -

0.5 1 ). ¾ PF is pos itive ly correlated with the EG subfam il y 

Orthomorphina (r = +0.46) and abundance of ostracods (r = +0.35). 

• The abundance o f radiolaria is pos itively correlated with Fl (r = +0.62) , 

med (r = +0.52), and the EG fami ly a nd subfamily, St ilostome ll idae (r = 

+0.46), Siphonodosaria (r = +0.48); and negatively co rrelated w ith the 

EG family Plectofrond iculari inae (r = -0.34). 

• 8 13C (G. in/lata) is positively correlated with 8 180 (G. inflata) (r = 

+0.52). 

• 8180 (G. inJlata) is pos itively correlated with Fl (r = +0.32) , the EG 

subfamily Siphonodosaria (r = +0.4 1 ), the fa milies Stilostomc llidac (r = 

+0.40) and Plcctofrondiculariinac (r = +0.69) and negatively correlated 

to the EG sub fa mily Orthomorphina (r = -0.60). 
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~ 0 ~ 0::: >, 6 t: a- 0 &, 
<l) 0 ::, 

E 0 (/) U: 'cf?. C) 0 ~ z a:: w (/) Cil Cil 

med 

Age 1.00 
018 (G. inflata) -0.28 -0.31 
C13 (G. inflata) 0.18 0.21 0.52 
SR -0.88 -0.89 0.34 -0 .13 

Fl 0.19 0.11 0.32 0.03 -0.03 
% PF 0.26 0.11 -0.53 -0.38 -0.21 -0.49 

Gypsum/gsed 0.26 0.33 -0 .02 -0 .19 -0.38 0.53 -0.28 
Chrysalogonium 0.08 0.08 0.25 0.25 0.07 -0.08 -0.32 -0.12 
Orthomorphina 0.75 0.71 -0. 60 0.14 -0.67 -0.15 0.46 0.11 -0 .13 
Myllostomella 0.61 0.37 0.14 0.24 -0.41 0.10 0.02 0.36 0.14 0.32 
Siphonodosaria 0.35 0.25 0.41 0.19 -0 .08 0.85 -0.54 0.45 0.37 -0.14 0.23 
Nodosariidae 0.12 0.12 0.22 0.26 0.03 -0.08 -0.29 -0.12 1.00 -0 .08 0.15 0.37 
Stilostomellidae 0.37 0.30 0.40 0.19 -0.13 0.83 -0.51 0.48 0.37 -0.09 0.37 0.99 0.37 
Plectofrondiculariinae -0 .36 -0 .31 0.69 0.25 0.34 -0 .17 -0 .18 -0.20 0.39 -0.29 -0.17 -0.08 0.37 -0.10 
EG . TOTAL NO 0.27 0.19 0.55 0.30 0.00 0.59 -0.54 0.29 0.71 -0 .18 0.29 0.88 0.70 0.88 0.30 
SG. TOTAL NO -0 .08 -0 04 0.25 0.14 0.08 -0.1 7 -0 .02 -0.15 0.72 -0.10 0.38 0.22 0.72 0.27 0.18 0.48 
Bolivina 0.07 0.13 0.14 0.08 -0.07 -0.16 -0.14 0.15 0.77 -0 .05 0.59 0.25 0.78 0.33 0.15 0.54 0.75 
Bulimina 0.10 0.05 0.28 0.31 0.21 -0 .01 -0 .23 -0.20 0.68 -0.08 0.01 0.39 0.68 0.38 0.24 0.58 0.70 0.44 
Uvigerina 0.01 -0.10 0.20 -0.08 0.31 0.07 0.04 -0.11 0.41 -0.22 -0.06 0.31 0.41 0.28 0.15 0.39 0.55 0.39 0.51 
LOTG. TOTAL -0.05 -0.09 0.31 0.16 0.27 -0.08 -0 .14 -0.15 0.77 -0.20 0.13 0.34 0.77 0.34 0.31 0.59 0.86 0.68 0.90 
RADS 0.52 0.11 -0 .01 0.06 0.04 0.62 0.05 0.15 -0.26 0.11 -0.01 0.48 -0 .25 0.46 -0.34 0.20 -0.24 -0.25 -0 .08 
OSTRACODS -0 .30 -0.27 0.04 -0.19 0.28 -0.08 0.35 -0.26 -0.10 -0 .19 -0.09 -0.15 -0.09 -0 .15 0.00 -0 .15 0.15 0.04 

Table 5.3. Correlation coefficients between records of Extinction Group foraminifera and selected environmental proxies. Correlation coefficients> 0.30 are 
bolded, and >0.60 are bolded and underlined . Isotopic values are interpolated, based upon data from Jahn et al. (2003). 
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5.6.3 Site 1088- Pre ~800 ka (Table 5.4) 

• The AR of the EG shows a s ignificant positive correlation with the 

LOTG (r = +0.80), 8 13C (Cibicidoides) (r = +0.31), FI (r = +0.53) and 

age (r = +0.35). 

• The LOTG is positive ly correlated w ith subsets within the EG: 

Chrysafogonium spp. (r = +0.30), Myllostomella spp. (r = +0. 75) , 

Siphonodosaria spp. (r = +0.49) , Stilostomcllidac (r = +0.78) , and 

Pleurostomella spp. (r = +0.51 ); and the AR of IRD (r = +0.36). The 

LOTG is negatively co rre lated with CaCO3 (r = -0.58). 

• %PF is negative ly correlated with the EG subfamilies Siphonodosaria (r 

= -0.44), Orthomorphina (r = -0.38) and family Nodosariidac (r = -0.33); 

and Fl (r = -0.60). 

• The abundance of radiolaria is posi tively correlated to Fr (r = +0.56), the 

AR of the EG taxa (r = +0.53) and med (r = +0.52), and is negative ly 

correlated with CaCO3 (r = -0.63). 

• 8 13C (Cibicidoides) is positively co rrelated with CaCO3 (r = +0.33), the 

EG subfamilies Myllostomella (r = +0.31) , Orthomorphina (r = +0.47), 

the EG family Stilostomcllidac (r = +0.30) , and the abundance of 

ostracods (r = +0.36) . 

• 8 180 (Cibicidoides) is negati ve ly correlated with 8 13C (Cibicidoides) (r = 

-0 .78), CaCO3 (r = -0.46), and the EG sub fami ly member Orthomorphina 

(r = -0.42) . 

• The AR of IRD is s ignificantly positive ly correlated to 8 180 (r = +0.3 7) 

and s ignificantly negati vely correlated to CaCO3 (r = -0.49) . 

• CaCO3 is significantly negati vely correlated with Fl (r = -0.39), the AR 

of the EG taxa (r = -0.48), the EG subfamilies Siphonodosaria (r = -

0.43), Chrysalogonium (r = -0.44), Pleurostomella (r = -0.43), and the 

EG families Nodosariidac (r = -0.49), Stilostomcllidae (r = -0.41 ), 

Plcurostomcllidac (r = -0.43) ; and the AR of the SG (r = -0.40) . 
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018 (Cibicidoides sp.) -0.43 
C13 (Cibicidoides sp.) 0.62 -0.78 
CaCO3 0 .22 -0 .46 0.33 
SR 0.45 -0.01 0.18 -0.36 
Fl 0 .26 -0.03 0.18 -0.39 0.04 

% PF -0.48 0.10 -0 .24 -0 .14 0.19 -0.60 

IRDAR -006 0.47 -0 .25 -0.11 -0 01 -0 06 0.17 
EG. TOTAL NO 0.35 -0 .04 0.31 -0.48 0.43 0.53 -0 .15 0.18 
Myllostomella 0.28 0.06 0.31 -0.28 0.54 0.10 0.13 0.29 0.83 

Siphonodosaria 0.25 -0.14 0.16 -0.43 0.07 0.79 -0 .44 0.00 0.78 0.32 

Chrysalogonium 0.34 0.03 0.10 -0.44 0.35 0.41 -0 .13 -0 .18 0.20 -0 .11 0.32 

Orthomorphina 0.73 -0 .42 0.47 -0.14 0.25 0.46 -0 .38 -0.29 0.32 0.05 0.43 0.65 
Pleurostomella -0 .35 -0.03 0.07 -0 .43 -0.12 0.34 0.24 0.05 0.49 0.26 0.52 0.03 -0 .18 

Nodosariidae 0 .50 -0 .07 0.19 -0 .49 0.30 0.57 -0 .33 -0.08 0.36 -0.04 0.52 0.91 0.82 0.03 

Stilostomellidae 0 .33 -0 03 0.30 -0 .41 0.43 0.46 -0 .13 0.21 0.99 0.88 0.73 0.08 0.25 0.44 0.23 

Pleurostomellidae -0 .35 -0.03 0.07 -0 .43 -0 .12 0.34 0.24 0.05 0.49 0.26 0.52 0.03 -0.18 1.00 0.03 0.44 

SG. TOTAL NO -0 .18 0.10 -0 .21 -0 .46 -0 .23 0.23 0.19 0.05 0.16 -0 .12 0.33 0.11 0.12 0.61 0.25 0.07 0.61 

Bolivina 0.14 -0 08 0.11 -0 .16 0.68 0.12 0.23 -0.20 0.31 0.35 0.12 0.33 0.03 0.15 0 .11 0.31 0.15 -0.34 
Bulimina 0.39 0.20 0.32 0.03 0.30 0.26 -0 .10 0.48 0.54 0.66 0.18 0.10 0.09 0.02 0.10 0.57 0.02 -0 .23 0.18 

Uvigerina 0.07 0.20 0.10 -0 .53 0.43 0.25 0.23 0.42 0.82 0.82 0.47 0.03 -0 05 0.56 0.11 0.83 0.56 0.29 0.24 0.60 

LOTG. TOTAL NO 0.16 0.16 0.08 -0 .58 0.65 0.28 0.26 0.36 0.80 0.75 0.49 0.30 0.06 0.51 0.29 0.78 0.51 0.15 0.58 0.51 0.89 

RADS -002 0.00 0.13 -0 .63 0.30 0.56 0.00 0.05 0.53 0.40 0.45 0.03 0.13 0.43 0 .22 0.50 0.43 0.38 0.08 0.17 0.62 0.51 

OSTRACODS -0 .12 -0 .06 0.36 -0.08 0.04 -0 07 0.14 -0 .04 0.26 0.45 -0 .06 -0.25 -0 .18 0.19 -0 .23 0.30 0.19 -0.05 -0 .16 0.39 0.50 0.19 

Table 5.4 . Correlation coefficients between pre-800 ka records of Extinction Group foraminifera and selected environmental proxies . Correlation coefficients> 0.30 are balded , and >0.60 are 
balded and underlined. Isotopic values are interpolated based upon data from Hodell et al. (2003) . 
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5: RESULTS 

5.6.4 Site 1088 - Entire study interval (Table 5.5) 

• The AR of the EG shows a s ignificant pos itive correlation with the 

L0TG (r = +0.66), % PF (r = +0.34), radiolaria (r = +0.32), ostracods (r = 

+0.3 I), and age (r = +0.76). 

• The L0TG is posit ively correlated with subsets w ithin the EG: 

Chrysalogonium spp. (r = +0.33), Myllostomella spp. (r = +0.66), 

Siphonodosaria spp. (r = +0.5 1 ), Sti lostomellidae (r = +0.65), 

Nodosariidae (r = +0.38) and Pleurostomella spp. (r = +0.47); and Fl (r = 

+0.37). The L0TG is negatively correlated with CaC03 (r = -0.36). 

• % PF is positively corre lated with the EG subfamilies Myllostomella ssp. 

(r = +0.36), Pleurostomella spp. (r = +0.38), Stilostomellidae (r = +0.33), 

and ostracods (r = +0.33); and negatively correlated with FI (r = -0.57). 

• The abundance of radiolaria is posit ively correlated with FI (r = +0.30), 

the AR of the EG taxa (r = +0.32), the AR o f the L0TG (r = +0.33), and 

med (r = +0.52), and negative ly correlated with CaC0 3 (r = -0.37). 

• 81.IC (Cibicidoides) is positive ly correlated with EG subfamily 

Orthomorphina (r = +0.3 1 ). 

• 8 180 (Cibicidoides) is negati vely correlated with 813C (Cibicidoides) (r = 

-0.56) and the EG subfamily member Orthomorphina (r = -0.37). 

• The AR of IR.D is significantly positively corre lated with 8 180 (r = 

+0.37), and the AR of SG (r = +0.35); and significantly negatively 

correlated with CaC03 (r = -0.49). 

• CaC03 is s ignificantly negatively correlated to the AR of the L0TG (r = 

-0.36), the AR o f the SG (r = -0.40), the abundance of radiolaria (r = -

0.37) and the AR o f IR.D (r = -0.49). 
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Age 
018 (Cibicidoides sp.) -0.20 
C13 (Cibicidoides sp.) 0.08 -0.56 
CaCO3 -0.02 -0.29 0.18 
SR 0.24 -0.03 -0.03 -0.20 
Fl 0.03 0.03 0.12 -0.18 0.10 
% PF 0.42 -0.04 -0.16 O.Q2 0.09 -0.57 
IRDAR -0.02 0.37 -0.22 -0.49 0.07 0.01 -0.09 
EG. TOTAL NO 0.76 -0.15 0.15 -0 09 0.31 0.24 0.34 -0.09 
Myllostomella 0.66 -0.09 0.17 -0.04 0.41 0.06 0.36 -0.01 0.91 
Siphonodosaria 0.68 -0.19 0.09 -0.09 0.10 0.42 0.21 -0.14 0.90 0.65 
Chrysalogonium 0.41 -0.03 0.07 -0.20 0.30 0.28 0.13 -0.18 0.40 0.18 0.47 
Orthomorphina 0.65 -0.37 0.31 0.00 0.18 0.24 0.16 -0.28 0.56 0.37 0.61 0.68 
Pleurostomella 0.44 -0.04 -0.02 -0.13 0.11 0.11 0.38 -0.14 0.62 0.47 0.60 0.20 0.14 
Nodosariidae 0.63 -0.15 0.12 -0.18 0.24 0.33 0.20 -0.17 0.62 0.37 0.70 0.89 0.86 0.28 

Stilostomellidae 0.74 -0.14 0.15 -0.07 0.31 0.22 0.33 -0.07 0.99 0.94 0.87 0.33 0.52 0.57 0 .55 

Pleurostomellidae 0.44 -0.04 -0.02 -0.13 0.11 0.11 0.38 -0.14 0.62 0.47 0.60 0.20 0.14 1.00 0 .28 0.57 

SG. TOTAL NO 0.03 0.12 -0.22 -0.40 0.03 0.01 0.21 0.35 0.01 -0.11 0.08 0.02 0.04 0.39 0.09 -0.04 0.39 
Bolivina 0.48 -0.25 0.12 -0.17 0.61 0.06 0.29 -0.10 0.52 0 .52 0.40 0.41 0.24 0.39 0.32 0 .51 0.39 -0.09 

Bulimina -0.02 0.08 0.15 0.10 0.27 0.11 -0.01 0.19 0.16 0 .25 0.01 0.02 -0.04 0.13 -0.01 0.17 0.13 0.06 

Uvigerina 0.23 -0.04 0.09 -0.37 0.40 0.42 -0.07 0.26 0.53 0.58 0.38 0.08 0.08 0.40 0.18 0.54 0.40 0.21 

LOTG. TOTAL NO 0.39 0.00 0.03 -0.36 0.64 0.37 0.12 0.23 0.66 0.66 0.51 0.33 0.20 0.47 0.38 0.65 0.47 0.16 

RADS 0.16 0.23 0.00 -0.37 0.25 0.30 0.00 0.19 0.32 0.28 0.29 0.06 0.10 0.42 0.17 0.31 0.42 0.37 
OSTRACODS 0.35 -0.10 0.19 -0.09 0.00 -0.19 0.33 -0.09 0.31 0.39 0.15 -0.08 0.16 0.30 0 .05 0.32 0.30 0.15 

Table 5.5. Correlation coefficients between records of Extinction Group foraminifera and selected environmental proxies. Correlation coefficients> 0.30 are 
bolded, and >0.60 are bolded and underlined. Isotopic values are interpolated based upon data from Hodell et al. (2003). 
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6: DISCUSS ION 

6 DISCUSSION 

6. I South Atlantic Declines and Extinctions 

6.1.1 Taxa Comprising the Stilostomella Extinction 

This study identifies 33 species of elongate benthic foraminifera that appear to have 

become extinct during the late-early and midd le Pleistocene (Table 3. 1 ). Table 6. 1 

shows the occurrence and biogcographic affinity o f the South Atlantic EG species from 

Stilostomefla Extinction studies by previous workers. Twenty six o f these species have 

a known cosmopolitan distribution ( from Hayward, 2002) and include, Awhea tosta, 

Chrysalagonium calomorphum, C. crassitestum, C. gomphi/ormis, C. intertenuatum, C. 

stimuleum, Ellipsoglandulina labiata. My llostomefla ad,·ena, M. costai, M. matanzana, 

Orthomorphina ambig11a, 0. pen ·ersa, 0. trincherasensis, Parafrondicularia laevig ata, 

Pleurostome fla acuminata, P. alternans. P. brevis, P. sapperi, Proxi/ rons inaequalis, 

Siphonodosaria hispidufa, S. recta. S. sagrinensis, S. spinea, S. pomuligera, 

Stilostomella.flst11ca, and S. holoserica. Of the remaining 7 EG species, 5 were limited 

to the Atlantic Ocean ( fro m Kawagata el al., in press; and this study), and include 

Chrysalagonium deceptorium, Myflostomella japonica, Orthomorphina glandigena, 0. 

laevis, and Siphonodosaria brady i. Two species, Cribronodosaria sp. A and 

Para/rondicularia antonina, were fo und only in Southern Hemisphere sites (from 

Hayward, 2002). All EG taxa identified in the South Atlantic have been previously 

recorded in studies around the world 's oceans (e.g. Wcinho lz and Lutze, 1989; 

Schonfeld, 1995, 1996; Hayward, 2002; Kawagata et al., in press), however, 

Chrysalogonium intertenuatum appears to have survived through the MPT in low 

numbers in isola ted rcfoges in the Southern Ocean sector o f the South Atlantic Ocean 

(Site I 088). Chrysalogonium intertenuatum was identified very infrequent ly in Site 

I 088 (8 specimens found over the cnllre study interval, with 4 identified in the youngest 

sample at 5.36 med (~508 ka)). A poss ible explanation fo r this youngest iso lated record 

(Figs. 5.6 and 5.10) may be upwards displacement of specimens by bioturbation or 

reworking (although bioturbation docs not discriminate between species), or it may be 

possible that this species is not part of the Stilostomefla Extinction Group in the region 

o f Site I 088 in the South Atlantic. 
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Extinction Group - South Atlantic Biogeog. affinity 

Awhea tosta cos 
Chrysa/agonium calomorphum cos 
Chrysalagonium crassitestum cos 
Chrysa/agonium deceptorium sa , na 
Chrysalogonium gomphiformis cos 
Chrysalogonium intertenuatum cos 
Chrysa/ogonium stimuleum cos 
Cribronodosaria sp. A swp , sa 
Ellipsoglandulina /abiata cos 
Myl/ostomella advena cos 
Myllostomella costai cos 
Myllostomella j aponica sa , na 
Myl/ostomel/a matanzana cos 
Orthomorphina ambigua cos 
Orthomorphina glandigena sa , na 
Orthomorphina /aevis sa , na 
Orthomorphina perversa cos 
Orthomorphina trincherasensis cos 
Para frondicularia antonina swp , sa 
Parafrondicularia laevigata cos 
Pleurostomella acuminata cos 
Pleurostomella a/ternans cos 
P/eurostomella brevis cos 
Pleurostomel/a sapperi cos 
Proxifrons inaequa/is cos 
Siphonodosaria bradyi sa , na 
Siphonodosaria hispidula cos 
Siphonodosaria recta cos 
Siphonodosaria sagrinensis cos 
Siphonodosaria spinea cos 
Siphonodosaria pomuligera cos 
Stilostomella fistuca cos 
Stilostomella holoserica cos 

Total number of species 33 

•cos = cosmopolitan, swp = SW Pacific . na = North Atlart1c. sa = South Atlant ic. 
"C. intertenuatum extends through the MPT in OOP 1088 (not part of EG) 
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ODP 1082 ODP 1088 

y y 
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y y 
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y y 
n y 
n y 
n y 
n y 
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y y 
y y 
y y 
n y 
n y 
y y 
y n 

24 22 

TABLE 6 .1. South Atlantic occurrence of Extinction Group taxa and global biogeographic affin ity during the MPT. 

6.1.2 Preferential Extinction of Specific Morphologies 

In contrast to earlier periods of deep-sea fauna! turnover, the middle Pleistocene 

Stilostomella extinctions arc almost entirely limited to elongate shell morphologies with 

highly specific apertural characteristics, and will be discussed in tum (sec Appendix I; 

Table 6.2 ; Plate 6. 1 ). 
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6: DISCUSSION 

MORPHOLOGY EG SG LOTG 

Cribrate aperture Chrysalogonium spp. 

Cribronodosaria sp.A 

Necked or lipped cribrate aperture Stilostomella spp. 

loose meshed network 

Semilunate slit aperture Ellipsoglandulina labiata 

Uniserial test , rounded aperture with Myllostomella spp. 

secondary tooth Siphonodosaria spp. 

Uniserial test, terminal round Orthomorphina spp . 

aperture with/without neck 

or phialine lip 

Hooded aperture with teeth Pleurostomella spp. 

Slender test , narrow loop aperture Bulimina exilis 

tooth plate may be present Cassidella bradyi 

Fursenkoina 

comp/an a ta 

Bulimina spp. 

Uniserial test, narrow Nodosaria longiscata 

Multiserial to uniserial test , Martino/tie/la variabilis Karreriella bradyi 

narrow spout aperture Martino/tie/la communis Trifarina anglosa 

Uvigerina spp. 

Para frond ic ularia 

Multiserial to uniserial , flabellate Parafrondicularia antonina javana 

to spathulate test Proxifrons inaequalis 

Radiate aperture Awhea tosta Glandulina ovu/a 

Laevidentalina spp. 

Grigelis spp. 

Dentalina spp. 

Vaginulina spp. 

Vaginulinopsis spp. 

Marginulina spp. 

Nodosaria simplex 

Pseudonodosaria 

brevis 

Table 6.2: Apcrtural characteristics of South Atlantic EG, SG and LOTG bcnthic foraminifcra (Modified 
from Hayward, 2002). 

135 



6: DISCUSSION 

6.1.2.1 Test Morphology and Ecology 

Many researchers have documented the complex relationship between food supply 

(organic carbon flu x) , oxygen availability, and the morphotyp ic characteristics (test 

s ize, wall thickness, degree o f o rna mentation, and test morpho logy) o f bcnthic 

fo raminifcra (Lutze and Coulbourn , 1984; Corliss and C hen, 1988; Ka iho, 199 1, 1994, 

I 999; Ka iho and Hasegawa, 1994; and Schonfe ld, 200 I). Ka iho a nd Hasegawa ( 1994) 

investigated ocean dysoxic events in the northwestern Pac ific Ocean, and conc luded that 

disso lved oxyge n leve l a nd organic carbon flux were the ma in a biotic fac tors controlling 

the abundance a nd distribution o f many bcnthic foraminifcral morpho typcs. They 

further speculated that increases in flux o f o rganic debris commo nly leads to decreases 

in disso lved oxygen in bo ttom water, such that variations in the abundance o f oxygen 

sens itive morphogroups may re flect palcoccanographic changes over time. T o estimate 

palcodisso lvcd oxygen, Ka iho ( 1994) subdivided calcareous bcnthic foraminifcra into 

dysoxic (0.1-0.3 mL/L), suboxic (0.3 - 1.5 mL/L), and oxic (> 1.5 mL/L) ind icators, based 

on the re la tio nship between morphotypcs and oxygen levels suggested in recent reports 

(Bernhard, 1986; Berger and Wcfcr, 1988; Corliss and Che n, 1988). 

6.1.2.2 Extinction Group Morphology and Ecology 

Ka iho ( 199 1, 1994) interpreted the Stilostomefla Extinction Group species to be 

do minated by dysoxic species based on a series o f known mo rpho logic characteristics 

and previous studies. These commonly e longate, fl attened, tapered and cylindrical 

morphologies, arc generally considered to live as infauna! dwe llers inhabiting the near­

surface (between 4 to 15 cm dep th) sed iment beneath we ll-oxygenated waters, o r can 

live as both cpi fauna or infauna in low-oxygen conditions w ith o r without hig h organic 

carbo n flu x (Gupta, 1993; Boersma, 1990; Kaiho, 1994). The most important 

morpho log ic characteristic o f dysoxic spec ies is a thin wall , which is thought to be 

re lated to the difficulty o f ca lc ium carbonate secretion in low oxygen environments 

(Rhoads and Morse, 197 1). In addition, most dysox ic spec ies arc sma ll, flat or 

e longate-tapered mo rpho typcs, w ith hig h po ros ity tests. The sma l I test size, high 

porosity, a nd high surface-area to vo lume ratios o f suc h morphotypcs arc thought to 

provide improved mitocho ndria l oxygen uptake (Kaiho, 1994). The mid-Ple istocene 

elongate EG foraminifcra were dominated by uno rnamcntcd , thin-walled Sti/ostomella, 

Myl/ostomella, Siphonodosaria, and Pleurostomella species, which arc common in 

lower Eocene, upper Oligocene and organic- and g lauconitc-ric h Pl iocene deep-sea 
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sediments in all oceans; periods of time recognised for lower oxygen levels m the 

geological reco rd (Kaiho, 1992) . 

6.1.2.3 Aperturnl Shape 

As mentioned, the majority of the Stilostome/la Extinction species belong to two 

families , Stilo tomcllidac, and Plcurostomcllidac, with some Nodosariidac also 

affected. These families were initially discriminated primarily on shell morphology, 

including apcrtura l shape . [n the South Atlantic the Stilostomella Extinction resulted in 

the decline and extinction of elongate species with cribratc (Chrysalogonium spp., 

Cribronodosaria spp.) , sl it lunate (Ellipsoglandulina spp) , hooded with two teeth 

(Pleurostome/la pp.), and secondary toothed (Myllostome/la spp. , Siphonodosaria spp., 

Stilostomella spp.) apertures (Hayward, 2002 ; Kawagata et al. , in press). Some 

exceptions to the rule exist with some uniscrial EG taxa having a simple round aperture 

( Orthomorphina spp.), and flabcllatc tests with simple round or terminal radiate 

apertures (Para/rondicularia spp. , Proxi/rons inaequalis) . The apcrtural characteristics 

of the South Atlantic EG and SG species arc summarised in table 6.2 , and the apertures 

of se lected EG members arc illustrated in plate 6. 1. 

The aperture has long been known to be the principal orifice by which the protoplasm 

flows in and out of the shell (Boltovskoy and Wright, 1976). As mentioned, the 

apertures of the EG species contain distinctive supplementary structures such as teeth, 

sieve plates, phia linc lips, and thick rims, yet the exact functional role of apcrtual 

modifications characteristic of the EG is poorly understood. It is possible that some 

may serve as devices to channel or retain the protoplasm or to prevent the entry of 

parasites or predators; as a device to subdivide incoming food mass, or orientate 

particles that arc to be ingested; as a holdfast mechanism; or it is possible they may 

serve as devices to mechanically strengthen the apcrtural margin (Bo ltovskoy and 

Wright, 1976). Further research into this aspect of the biology/ecology of benthic 

foraminifera would be helpful to understand the nature of the Stilostome/la Extinction, 

and whether these structures did indeed make their possessor more susceptib le to 

extinction and unable to adapt to the fluctuating environmental conditions of the MPT. 

137 



6: DISCUSS IO 

Plate 6.1: Scanning electron micrographs of examples of the apertural characteristics of 
the selected Extinction Group species. A= Chrysa/ogonium crassitestum; B = Chrysalogonium 
gomphiformis; C = Myllostomella advena; D = Orthomorphina perversa; E = Siphonodosaria sp. 
F = Stilostomella holosenca . Scale bars represent 100 µm. 

6.1 .3 Decline in Extinction Group 

Detai led census studies at South Atlantic Sites I 082 and I 088 record a pattern of 

progressive change in abundance and diversity over the late early and middle 

Pleistocene ( 1200 - 500 ka). The time period prior to the MPT was characterised by a 

constantly high abundance, diversity, and AR o f EG benthic foramini fcra until ~ I 000 

ka. After this time the group declined until the final Stilostomella Extinction datum at 

~ 700 ka for Myllostomella matanzana and Siphonodosaria sagrinesis, in S itc I 082, and 
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~600 ka for Myllostomella matanzana and Pleurostomella alternans, in Site I 088. The 

decline towards the MPT is pulsed (ti mings o ften diachronous between sites), with 

major declines in abundance and AR associated with the onset of cold glacial periods 

(Figs. 5.7 and 5.9). Both sites exhibit two notable sharp declines in AR o f EG 

specimens, the shallower Site 1082 having a sharp drop from 560 to 140 

spccimcns/cm2/kyr between I 075 and I 060 ka, and a second sharp decl ine from 600 to 

75 spccimcns/cm2/kyr between I 020 and I 000 ka. Deeper Site I 088 shows a similar 2-

pulscd decline, from a peak AR of EG of 15 specimcns/cm2/ka at I 035 ka to 3 

spccimcns/cm2/kyr at I 000 ka, and another more gradual decline between 940 and 870 

ka, from 14 to 2 spccimcns/cm2/kyr. Throughout the overa ll decline, partial recoveries 

of EG species arc visible at both sites, genera lly occurring in the intervening warm 

interglac ial period, such as MIS 29,23,2 1 and 19 at Site I 082 (Fig. 5.7) and at MIS 29, 

25, 21 and 19 at Site I 088 (Fig. 5.9). Given that the EG favour li ving in lower oxygen 

environments (predominantly dysoxic indicators), sharp declines were observed during 

the cool, high oxygen, and vigorous circulation glac ial periods of the middle 

Pleistocene. A similar pattern o f decline is fo und in the record of the uniscrial SG at 

both Sites 1082 and 1088, although these taxa arc infrequent and exhib it only a slight 

decline in absolute abundance over the same time interval (Figs. 5. 14 and 5. 15). 

Correlation coefficients between bcnthic foramini feral records and vanous 

environmental proxies were calculated to determine the important factors influencing 

the decline and extinction of EG species (Tables 5.2 - 5.5). In accordance with a recent 

North Atlantic study by Kawagata et al. (in press), there is a strong positive correlation 

(r = +0.60, +0.66, Site I 082 and I 088, respective ly) between the abundance and AR of 

the EG and the LOTG, in the South Atlantic study area. This verifies that it is likely 

that the EG fa voured living in lower oxygen bcnthic environments. Furthermore, 

LOTG species arc not only tolerant of low oxygen, but they arc a lso indicators o f high 

food supply (particularl y at Site I 082 where AR and absolute abundance o f LOTG is 

very high). At Site 1082 prominent peaks in the AR of several dominant EG species: 

Chrysalogonium gomph[formis, Myllostomella matanzana, and Parafrondicularia 

laevigata, coincided with peaks in AR of the LOTG, particularly between I 070 and 

1020 ka and 960 to 940 ka (F igs. 5. 11 and 5.16). Correlation coeffic ients showed 

strongly significant and signi ficant relationships between these dominant EG species 

and the LOTG (C. gomph[/ormis/AR of the LOTG: r = +0.77; M. matanzana/AR of the 
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LOTG : r = +0.36; and P. laevigata/AR of LOTG : r = +0.31) (Table 5.3, Appendix 3), 

further reinforc ing that several key EG species may have occupied the same niche as the 

LOTG. Similar trends arc shown between peaks in AR of dominant Site I 088 species, 

such as M. costai, M. matanzana , P.alternans and S. sagrinensis, and the AR of the 

LOTG (M. costai/AR of the LOTG : r = +0.58; M. matanzana/AR of the LOTG: r = 

+0.64; P. alternans/AR of the LOTG: r = +0.50; and S. sagrinensis/AR of the LOTG: r 

= +0.52) (Table 5.5 , Appendix 3) Unlike the EG species the LOTG did not show a 

progressive decline and extinction over the MPT, and on the contrary, sharp declines 

and often complete recoveries were evident in both Sites I 082 and I 088 (Figs . 5.16 and 

5.17). This may indicate that the LOTG were able to adapt more readily to the strong 

seasonality in surface productivity assoc iated with the establishment of I 00 kyr 

glacial/interglacial cycles. In contrast the Stilostomella Extinction Group may have 

been unable to tolerate the competition associated with highly variable changes in 

productivity (as suggested by Hess and Kuhnt, 2005). [t is likely that the changes in 

food supply and physical characteristics of the bottom waters impacted on the eating 

habits and metabolic rates of EG spec ies, possibly opening a niche-gap for more 

suitable, readil y adaptable LOTG species or possibly subo xic/oxic bcnthic foraminifcra. 

At Site 1082 , declines in EG taxa were generally contemporaneous with lowest (more 

negative) 8 13C values (Fig. 5.7). Dec lines in the AR of EG species at 121 , 112, 105, 88, 

79 and 69 med ( I 060, I 000, 940, 835, 775 and 705 ka) , all coincided with periods of 

lowest 8 13C value. However, the significance of this observation is questionable 

because Site 1082 8 13C values were obtained from the planktic foraminifcra 

Globorotalia in:fla ta, and arc not representative of bottom water changes, rather, giving 

an indication of water character fluctuations in the water column shallower than Site 

1082. 

There was a less consistent relationship between 8 13C values and the declining EG taxa 

at lower productivity Site I 088 . This inconsistency may by caused by the 8 13C values 

being obtained from the cpifaunal bcnthic foraminifcra Cibicidoides sp., and may not be 

representative of the dwelling environment of the infauna! EG species (EG/8 13C 

(Cibicidoides) r = +0.15) (Table 5.5). Most major declines in AR of EG species at Site 

1088 coincided with highest 813C values (such as during MIS 30 and 28 (14.0 and 13.l 

med; 1070 and 1025 ka), however some declines coincided with the low 8 13C values 

(MIS 22 and 16 ( 11.0 and 7.9 med; 880 and 660 ka))(Fig. 5.9). 
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6.1.4 Highest Occurrences and the Final Stilostomella Extinction Datum in the 

South Atlantic 

This research confirms the general patterns of previous Stilostomella Extinction studies, 

placing the final Stilostomella Extinction Datum between 900 and 600 ka. The yo ungest 

extinction is dated at ~ 700 ka for Myllostomella matanzana and Siphonodosaria 

sagrinensis in S itc I 082 and at ~600 ka for Myllostomella matanzana and 

Pfeurostomella a!ternans in Site I 088 (F igs. 5.5 and 5.6). Figure 6 . 1 summarises the 

timings of HOs in the South Atlantic. The majo rity of the HOs of the EG taxa were 

diachronous between Site I 082 and I 088 , although two species, Awhea tosta ( ~ 860 

ka) , and Chrysalogonium stimuleum ( ~ 940 ka), were synchronous between s ites (Fig. 

6.1 ). There was !early a steady increase in the rate of South Atlantic HOs through the 

MPT (early MPT (1200 - 1000 ka) = 2-3 HOs/1 00 kyr ; la te MPT (post ~ 1000 ka) = 4-

7HOs/l00 kyr) (Fig . 5 . 13) . The maximum number of HOs occurred between I 000 and 

700 ka at both sites, with a peak (7 HOs/ l00 kyr) between 900 and 800 ka for Site 1082 

and 5HOs/ I 00 kyr between I 000 and 900 ka, and 800 and 700 ka for Site I 088 (Fig. 

5.13). Site I 082 peaks in the number of HOs per I 00 kyr approximately I 00 kyr earlier 

than Site 1088. Diachroncity of HOs between s ites may be related to differences in 

bottom water circulation at intermediate and deep water depths and the relative 

productivity of the sites. This pattern of the fin a l extinction datum for the study area 

occurring earlier in the sha llower Site I 082 docs not fit the pattern of Schonfeld's 

( 1996) summation of (then) known reco rds, or Hayward 's (2002) SW Pacific study, in 

which loca l disappearances commonly begin earliest in deeper waters (and shallow 

ODP 1119). This difference is likely to be attributed to the proximity of Site I 082 to 

the Bengucla Current Upwelling System. In the case of Site 1082, located on the 

margin of the Namibian upwelling cell, variations in upwe lling strength in glacial 

versus interglac ial periods, and consequently, high seasonality of food supply may be 

the over-riding factor in the timing of highest occurrences. 
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6: DISCUSSIO 

6.1.5 Paleoceanographic Change and Possible Explanations 

The South Atlantic Ocean plays an important role in global thcrmohaline circulation. 

Historically, the switching on and off of the Atlantic heat conveyor with glacial­

interglacial cyclicity, has greatly modified conditions in the deep ocean and the bcnthic 

communities livi g there. Schmied I et al. ( 1997) have identified food supply and 

corresponding dissolved oxygen contents in the pore and bottom waters as the most 

important factors contro lling the distribution pattern of Recent bcnthic foraminifcra in 

the eastern South Atlantic. The major implications of glacial-interglacial changes to 

thcrmohalinc circulation, and the possible impacts on the Extinction Group bcnthic 

foraminifcra is now discussed . 

Today circulation in the intermediate and deep South Atlantic is dominated by the 

interactions between North Atlantic Deep Water (NADW-high 813C, oxygen-rich, 

nutrient-depicted) flowing toward the south (between ~ 1500 and 4000 m water depth), 

and Circum Polar Deep Water (CPDW) flowing to the north (below ~4000 m water 

depth) (Bickcrt and Mackcnscn, 2003) . The density characteristics of these water 

masses arc such that at about 45°S the ADW divides the southern water mass into an 

upper (uppcr-CPDW- 13C-dcplctcd, low-oxygenated, nutrient-rich) and a lower (lowcr­

CPDW- 13C-depleted, low-oxygenated, nutrient-rich) branch (Bickert and Mackensen, 

2003). Thus, above the NADW (at ~ 1500 m water depth) is the upper-CPDW mass, 

which in places mixes with the overlying Antarctic Intermediate Water (AAIW), w hich 

is characterised by re lative ly low salinity values (Figs. I .2 and 1.7). 

The carbon isotopic gradients (8 13C) between bcnthic foraminifcra from different 

locations have been used to infer past changes in deep water circulation, particularly, 

fluctuations in deep water production, and the changing influence and mixing ratios of 

Northern Component Water (NCW, such as NADW) and Southern Component Water 

(SCW, such as CPDW) over glacial-interglacia l cycles (Hodell and Yenz, 2002). This 

method is likely to be best suited to areas of lower primary productivity. Previous 

studies at higher productivity sites exposed to seasonally high fluxes of organic carbon 

have shown substant ial ly lower 813C values compared with surrounding lower 

productivity cores (Bickcrt and Mackcnscn, 2003). For example, in the core 

IOW226920 from the central Namibia upwelling zone (isotopes by Mollenhauer et al. 

2002) , epibcnthic 813C values were shown to deviate from the local intermediate- to-
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6: DISCUSSIO 

deep 8 13C gradient (DIC) values by up to 0.4 % 0 (Bickcrt and Wcfcr, 1999; Mackcnscn 

et al., 200 I). This apparent deviation associated with high-productivity areas in glacia l 

times can be exp lained by the phytodctritus-cffcct (for a summary sec Mackcnsen and 

Bickcrt, 1999), and to overcome this problem a constant value of0.4 % 0 is added to 8 13C 

va lues derived from cpibcnthic foraminifcra (such as Cibicidoides sp.) in upwelling 

areas (Bickcrt and Mackcnscn, 2003). 

Significant changes to the intermediate- and deep-water South Atlantic and Southern 

Ocean thcrmohal inc circulation arc assumed to have accompanied the enhanced severity 

of glacial and interglacial cycles associated with the MPT (Yenz and Hodell, 2002; 

Bickcrt and Mackcnscn, 2003 ; Hodell et al. , 2003) . Last Glacial Maximum (LGM) 

reconstructions of At lantic circulation by Bickcrt and Mackenscn (2003) show that most 

cores in the South At lantic had a typical glacial-to interglacial 8 13C shift of 1.4 to 2.1 %0 , 

a large part of which is related to ice volume changes, with the additional effect of deep 

water temperature and salinity changes (Bickcrt and Mackcnscn, 2003). Reductions in 

NCW formation and thinning (decreased vertical extension) , the presence of well­

ventilated Glacial North Atlantic Intermediate Water (GNA[W) , as well as increased 

northerly extent and advcction of SCW during glacial periods and the possible impacts 

on the Extinction Group bcnthic foraminifcra at each site arc now discussed below. 

6. 1.5. 1 Site 1082 

Below the coastal upwelling areas high organic matter fluxes favour the occurrence of 

high productivity faunas along the continental margin that arc adapted to low oxygen 

conditions in the ambient bottom water mass (LOTG faunas) . Modern day inhabitants 

of such areas arc characteristically highly adaptive, opportunistic species, forming low 

diversity communities with extraordinary high standing stocks, reflecting the complex 

relationship between organic matter flux rates and dissolved oxygen concentrations in 

the bottom and pore waters (Schmied! et al. , 1997). Modern day upwelling off the 

Namibian coast is such that small seasonal fluctuations in upwelling intensity and 

subsequently food supply arc commonplace, and Recent highly adapted assemblages in 

this high productivity site arc able to flourish amidst seasonal changes in food supply. 

These Recent bcnthic communities prefer a shallow to deep infauna! lifestyle, but, 

certain Nonionella and Bolivina species arc ab le to live cpi- or infaunally and change 

their microhabitat in response to organic matter fluxes and oxygen concentrations in the 
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bottom and pore waters (Jorisscn et al.. 1992). Furthermore, these highly adaptive 

Recent faunas comprising the genera Bolivina, Bulimina. and Clobobulimina, as 

examples, have advantageous morphological adaptations, such as thin wal led tests and 

numerous pores to fac ilitate gas exchange, making them better suited for the 

environmental stresses o f high productivity environments. 

At Site I 082 declines in EG taxa arc contemporaneous with the lower peak values of 

planktic foramin iferal (C. in.flata) 813C (correlation coefficient of +0.30) and higher 

peak va lues o f 8180 (r = +0.55) (Figs. 5.7 and Table 5.3), particularly during glac ial 

MIS 30, 26, 24, and MIS 20. However, the significance of this observation is 

questionable as Site 1082 813C and 8180 va lues were obtained from the planktic 

foraminifcra Cloborotalia in.flata, and arc not representative of bottom water changes, 

rather, giving an indication of water character fluctuations in the water column 

shallower than Site 1082. Without appropriate bcnthic 813C data it is difficult to 

determine changes in thermo ha line circulation to the region o f Site I 082, however 

studies by Hay and Brock ( 1992) and Hodell et al. (2003) infer GNAIW influence 

during cold periods. They suggest that during glacials, when the production of NADW 

is reduced, as too is the production o f AAI W, and nutrient-poor, we ll ventilated 

GNAIW extends into the Southern Ocean (as later indicated at Site 1088) to become the 

dominant water mass in the South Atlantic (Hay and Brock, 1992; Hodell et al. 2003). 

However, in high productivity areas, such as the Bengucla Upwelling System and Site 

I 082 (with modem day primary productivity rates of more than 125- 180 g C/m2/yr) 

(Schmied! et al., 1997), changes in the organic carbon flu x arc also like ly to have had a 

major e ffect on the structure o f bcnthic communities (Mackcnscn et al. , 1985; Corliss 

and Chen, 1988; Loubcre, 1991 ), particularly infaunally-dwelling EG species. Durham 

et al. (2002) studied changes in productivity over glacial -interglacial cycles at nearby 

Site I 08 1. Through the use of palcoproductivity proxies (chlorin mass accumulation 

rates (MAR) and Total organic carbon (TOC) MAR records) the authors fo und evidence 

for increased productivity during MPT glacial periods as the Bcnguela Current 

intensified with subsequent upwelling. They attributed the increased productivity 

between 800 to 500 ka to global cooling, increased aridity on the African continent 

(with increased terrigenous inputs by strengthened SE trade winds, possible iron 

fertilisation), and rapid sea-level drop, bringing nutrient-enriched bottom waters to the 
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surface. Enhanced upwelling and subsequently increased carbon flux caused increased 

Fl and a corresponding decrease in % PF; both indicate increased dissolution of plank:tic 

foraminifcra at Site 1082 during MPT g lacial intervals (correlation coefficient r values: 

8 18O/FI = +0.32; 818O/¾ PF = -0.53, Tab le 5.3). Durham et al. (2002) also concluded 

that the resultant productivity peak, associated with enhanced upwelling and increased 

carbon flux during glacial periods, was only short-lived, because enhanced productivity 

removed nutrients faster than they could be replaced, hence productivity subsequently 

declined at c.500 ka . ln an overview on the use of bcnthic foraminifcrs as 

palcocnvironmcntal proxies, Van dcr Zwaan et al. ( 1999) commented that in all cases 

there is a direct proportional increase in abundance and biomass in response to 

increased supply of organic matter. However, in high productivity upwelling 

environments it has been suggested that reproduction potential (the effic icncy with 

which offspring arc generated) is the underlying control of species diversity, because 

competition for casonally fluctuating food and space resources is likely to be high. Ct 

can therefore be inferred that "blooms" and the occurrences of dominant species in Site 

1082 (and also Site I 088) may be due to reproductive superiority over competing EG, 

SG and LOTG species. Accumulation rate comparisons between individual EG species 

at Site I 082 indicate that some EG and LOTG species (such as Chrysa logonium 

gomphi/ormis, Myllostomella matanzana , and Para/rondicularia laevigata) clearly 

profit from an organic matter pulse (Fig. 5.11) , with AR reaching a high peak, before 

rates of accumulation decline again as nutrients arc remo ved faster than they arc 

replaced, or increasing oxygen demand leads to lower oxygen contents (Van dcr Zwaan 

et al. , 1999). Such dominant spec ies possess the ability to reproduce rapidly and even 

immaturely, so that they can reach high numbers in a short period of time (the so-called 

opportunistic model) , making best use of the short- lived fluctuations in food supply 

associated with high productivity sites during the MPT. 

It is my interpretation that the glacial declines and eventual extinction of EG bcnthic 

foraminifcra at high productivity Site I 082 were primarily driven by highly fluctuating 

food supply associated with increased productivity with intensified upwelling during 

MPT glacial periods. Second to thi s, the glacial replacement of nutrient-rich AAIW 

with nutrient-poor, 8 13C-cnrichcd, GNAlW may also have been a major influencing 

factor; the phytodctritus-cffcct masking the high-8 13C signal of the GNAIW watcrmass. 

lt is likely that this highly fluctuating food supply, competition for food resources with 
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highly adept LOTG spee1es, and changes in ventilation, created a high level of 

environmental stress and was detrimental to the survival of the EG benthic foraminifera, 

who were unable to adapt to the rapidly changing environmental conditions of the MPT. 

6.1.5.2 Site 1088 

The 8180 benthic (Cibicidoides sp.) record from Site 1088 (from Hodell et al. , 2003) 

captures the full glacial-interglacial signal of the MPT. During the MPT the 8 13C 

benthic (Cibicidoides sp.) signal is consistent with other mid-depth South Atlantic 813C 

records, although it is of a smaller magnitude, compared with deeper sites (such as 

nearby Site 1090 (Hodell et af. ,2003)). As a means of recreating changes in South 

Atlantic thermohaline circulation over the MPT, Hodell et al. (2003) reconstructed the 

vertical 813C gradient between middle-depth Site 1088 (2082 m) and deep Site 1090 

(3702 m) waters by subtracting 813C (Cibicidoides sp.) values at Site 1088 from those at 

Site I 090. They revealed that the benthic carbon isotope gradient between deep and 

intermediate sites (DIC) approached zero during most interglacial stages and increased 

to - I to -1.5 %0 during glacial stages of the last ~ 11 00 ka (Fig. 6.2). 
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Figure 6.2: Vertica l fractionation of intermediate (Site 1088) and deep (Site 1090) watcrmasscs within 
the Southern Ocean during the last 1000 ka . Bcnthic oxygen isotope stratigraphy at Site 1090 (bottom 
line with glacial MIS stages given), and bcnthic carbon isotope gradient data based on Cibicidoides 
wuellerst()Jfi (from Hodell et al., 2003). 
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Figure 6.2 shows that the largest amplitudes of change in both bcnthic 813C and 8180 

occurred during the MPT, particularly between 900 and 700 ka (MIS 22-18), a time of 

the greatest number of HOs of EG taxa per 100 kyr (4-5 HOs/kyr)(Fig. 5.13). These 

variations in bcnthic 813C can be caused by changes in nutrient distribution, air-sea 

exchange, or possibly the "phytodctritus effect". However, given that these two sites 

arc separated by less than 2° latitude, it is unlikely that they experienced dramatically 

different changes in productivity or organic rain rates (Hodell et al., 2003), and so, this 

observed increase- in DIC over the MPT supports a change in the vertical fractionation 

ofwatcrmasscs and is suggestive of the mid-depth waters(< 2 100 m, Site 1088) 

evolving differently from the deep-depth waters(> 2700 m, Site 1090) over this time. 

This 813C gradient indicates the presence of a pronounced chcmoc linc between 2100 

and 2700 m, signalling the mixing zone between GNAIW and CPDW. 

Hodell et al. (2003) further suggested that although the production of ADW was 

reduced during glacials, GNAIW was enhanced (Oppo and Lehman, 1993), and this 

well-ventilated water extended the depth of the South Atlantic Ocean to at least 2 100 m, 

encompassing Site I 088 . Furthermore, during MPT glacial periods, G AIW was 

locally thinned in the water column, as a result of the enhanced advcction of low­

oxygenated and nutrient enriched CPDW. ft s decreased vertical extension, led to the 

well-oxygenated and nutrient depicted water mass sitting higher in the water column 

compared to today and MPT interglacia l times (Hodell et al. , 2003). A reconstruction 

of the glacial-interglacial reorganisation of the South Atlantic thermohalinc circulation 

across the MPT is shown in figure 6.3 
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Prior to ~1200 ka MPT (1200 - 600 ka) 
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Figure 6.3: Schematic representation of glacial-to-interglacial changes in thcnnohalinc circulation in the 
South Atlantic prior to the MPT and during the MPT. Positions of water masses arc inferred from bcnthic 
o" C records and intcnnediate to deep water 11e gradients from Sites 982, 607, 925,929, and I 090 Ji·mn 
Yenz and Hodell (2002). NCW = 1 orthem Component Water; sew = Southern Component Water; 
GNAIW = Glacial Northern Atlantic Intermediate Water; PF = Antarctic Polar Front (which shifted north 
during MPT glacial periods). • • • • • • • • Mixing zone between NCW and SCW 

MPT declines in the AR and abundance of EG species at Site I 088 were 

contemporaneous with highest values o f 8180 and more-often-than-not with highest 

813C values, particularly at MIS 30, 28, 26, 20, 18, and MIS 14 (Fig. 5.9). However, 

there is conflicting evidence that some EG declines at Site I 088 may have occurred 

during periods of encroachment by colder, lower dissolved oxygen (DO), higher 

nutrient (lower 613C) waters (such as during glacial MIS 24, 22 and 16) (Fig. 5.9). 

Lower DO and lower 813C values may indicate mixing of glacial expanded lower­

CPDW with GNAIW in the region o f Site 1088 during some (but not all) mid­

Pleistocene glac ial periods. 
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It is therefore likely that during most glacial periods o f the MPT, Site I 088, currently 

positioned at the interface o f the NADW and upper CPDW (Fig. 1.7), was rapidly 

encroached on by cool, high-dis o lvcd oxygen (wcll-vcntilatcd), nutrient-depicted 

GNAIW. There may have also been instances, particularly during colder glac ial MlS 

22 and I 6, when lower DO (compared with GNA[W), lowcr-CPDW expanded into the 

intermediate depths towards Site I 088 and mixed with the overlying GNAIW. During 

both of these instances Site 1088 was bathed in higher dissolved oxygen waters which 

may have been highly detrimental to the surviva l o f the EG species. 

Exactly how these infauna! EG species reacted to the invading well-ventilated 

watcrmass is unknown, although a change in microhabitat position can be speculated, as 

illustrated in figure 6.4. 

Microhabitat changes during South Atlantic glacial periods 
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Figure 6.4 shows that with increasing environmental stress associated with increasing 

dissolved oxygen concentrations in the bottom and pore waters, infaunally dwelling EG 

species may have migrated with the moving redox fi-ont, further fi-om the 

water/sediment interface (deeper into the sediment). However, associated with this 

change in microhabitat position may have been a decrease in readily ava ilable food 

supply or more specifica lly, their favoured source, possibly governed by their specific 

apcrtural modifications, which may have eventually proven critical for the survival of 

the group. 

In contrast to the coastal upwelling region of high productivity, the oceanic region of 

Site I 088 is an area characterised by comparatively low and short-lived small seasonal 

fluctuations in biological productivity, with modern day primary productivity rates of 

approximately 30-70 g C/m2/yr (Schmied! et al .. I 997). Dickmann and Kuhn (2002) 

found evidence o f slightly increased productivity (MAR o f organic carbon) during MPT 

glacial intervals (particularly after ~900 ka) at nearby Site I 090. Organic carbon records 

at Site I 090 fluctuated between 0.8 and 0.05 wt.%, with 6- 10 fold increases during 

some g lacial intervals. lt is assumed that changes in biological productivity were 

mostly triggered by frontal movements, such as northward advances o f the Antarctic 

Polar Front during extremely cold phases o f glacia l stages; however, Site I 088 is well 

northward of the influence of the glacially migrating Antarctic Polar Front (Yenz and 

Hodell, 1992). 

Winnowing o f fine particles by strong glacial bottom currents may have impacted on 

the food supply of the infaunally living EG species. During glacial interva ls sediments 

on the crest o f the Agulhas Ridge arc likely to have been removed by strong currents 

(Dickmann and Kuhn, 2002) and may have prevented the accumulation of a 

phytodetritus layer, thus reducing food supply. In low productivity areas, such as Site 

I 088, strong glacia l currents may have amplified an already adverse environment, with 

bcnthic communities struggling to adapt to the rapidly changing watermass ventilation. 

It is my interpretation that the glacial declines and eventual extinction of EG bcnthic 

foraminifcra at low productivity Site I 088 were primarily driven by the MPT 

reorganisation o f the glacial-interglacial modes of NADW production in the North 

Atlantic, and subsequent glacial encroachment of the well-ventilated, high-dissolved 
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oxygen, nutrient depicted GNAfW, or an admixture of glacial , expanded lowcr-CPDW 

and GNAIW. Fluctuations in food supply, caused by the winnowing effect of strong 

bottom currents during glacial periods may have also contributed to the overall decline. 
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6. 2 The Stilostomel/a Extinction 

Cenozoic bottom water temperature fluctuations arc mainly driven by climatic changes 

in the high latitudes. Deep-sea bcnthic foraminifcral oxygen isotope ratios thus reflect 

not only these deep water temperature changes, but also changes in high latitude 

climates, and their Pleistocene ice sheet growth and decline. 

Earlier and more severe extinctions of deep-sea bcnthic foraminifcra occurred during 

the late Paleocene thermal maximum (LPTM : ~55 Ma), resulting from the influence of 

oxygen-poor, warm, corrosive bottom water. In contrast the youngest episode of 

bcnthic foraminifcral extinctions has been attributed to global cooling during the 

Pleistocene ice ages (Hayward, 2002) . It is thought that during the middle Pleistocene, 

high latitude oxygen-rich cold waters drove global deep water circu lation. Although 

decreases in foraminifcral abundance and diversity began at the onset of the Northern 

Hemisphere glaciations in the late Pliocene, the major extinctions coincided with the 

MPT. This was a time in which increases in the amplitude, severity and longevity of 

climatic fluctuations (based on 813C and 8180 values) , coupled with changes in the 

chemical and physical properties of intermediate and deep watermasscs, and a highly 

seasonal food influx, appear to have been detrimental to Extinction Group taxa. 

6.2.1 Local Extinction Patterns 

This South Atlantic study reveals that the extinction of particular elongate deep-sea 

foraminifcra belonging to the families Stilostomellidae, Plcurostomellidae, and part of 

Nodosariidae, shows a pulsed pattern of decline during the mid-Pleistocene Climat ic 

Transition (MPT, ~ I 200 - 600 ka), and final extinction at ~ 705 ka at Site I 082 , and ~ 

600 ka at Site I 088 (Fig.6.1 ). This progressive pulsed decline, together with the final 

extinction ages confirms the general patterns observed by previous Stilostomelfa 

Extinction workers, placing the final Stilostomella Extinction Datum between 900 and 

600 ka ( e.g. Schonfeld, 1996; Hayward, 200 I, 2002 ; Kawagata et al. in press) . 

A major decrease in accumulation rates (AR) of the EG occurs between ~ 1070 and 1000 

ka at both core sites (Figs. 5.7 and 5.9). The AR of the EG never recovered after ~ 1000 

ka at Site I 082, whereas the EG shows a last peak centred at ~ 950 ka at Site I 088. 
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This variat ion was probably caused by a difference 111 palcoccanographic cha nges 

between the two South Atlantic sites. 

Globally, the timing o f dec lines in EG taxa and their respect ive HOs is highly variable 

and more o ftcn tha n no t d iachronous even over very short geographic d istances. 

Wc inho lz and Lutze ( 1989) were first to recognise this diac hroncity in HOs over short 

spatial distances during their study, DSDP Sites 658 and 659 o ff northwest A fr ica. lt 

was at this t ime that the extinction of the genus Siphonodosaria (= the ir Stilostomella) 

in deeper water Site 659 was thought to have a lead time of ~ 166 kyr over shallower 

water Site 658. Schonfe ld ( 1996) confirmed this discovery, w ith a 155 kyr difference 

for the local extinction datum o f Siphonodosaria sagrinensis in DS DP S ites 548 and 

549 in the North Atlantic. Following th is observation, Schonfeld proposed that declines 

and extinctions o f the "Stilostomella" Extinctio n Group took place earlier in deeper 

water (particularly > 3000 m), at farther distances from shore, and at mid- to low 

southern latitudes (Schonfeld, 1996). A S W Pacific study by Hayward (2002) 

co nfirmed the inferences of early workers, with the earliest HO o f Siphonodosaria 

sagrinensis occurring in CPDW-bathed, upper abyssa l site O DP Site 11 23 (3290 m 

depth) a t ~ 1050 ka, and latest loca l d isappearance in shallow, AAIW-bathed, lower 

bathya l O DP Site 11 25 ( 1365 m depth) at ~570 ka. Hayward (2002) inferred that EG 

taxa had progressive ly w ithdrawn from abyssal and upper bathyal (ODP S ite 1119) 

depths to survive longest a t AAIW (lower bathyal) depths. Furthermore, the highest 

number o f HOs per I 00 kyr at Site 11 23 occurred some 150 kyr prio r to Site 11 25 (F ig. 

6.5). Both sites arc in c lose proximity, north o f the ST F, and would be expected to have 

similar histo ries o f phytoplankton food production (Hayward, 2002), thus indicating 

vertica l fractionation and differing chemical evolution of watermasscs was the driving 

fo rce over g lacia l- interg lac ia l intervals. 

However, this relationship between depth and timing of the d isappearance o f EG taxa is 

no t as s imple as first thought. This South Atla ntic study shows a ~ I 00 kyr d ifference in 

the peak number of HOs in the shal lower Site I 082 (7HOs/ l 00 kyr, between 900 and 

800 ka) than in the deeper (and further offsho re) Site I 088 (5HOs/ l 00 kyr, between 800 

and 700 ka) (Fig. 5. 13). This is concordant with the resu lt reported from a similar North 

Atlantic study of Site 980 (2 168 m depth, lowcr-NADW) and Site 982 ( 11 45 m depth, 

uppcr-NADW) (Kawagata et al. . in press), whic h a lso differs from Schonfc ld 's 
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'normal' relationship between water depth and peak number of HOs (Schonfeld, 1996). 

A similar relationship exists when comparing final Stilostomelfa extinction datums 

between sites. For example, the youngest extinction species in the North Atlantic study 

is Pleurostomelfa alternans, with a HO datum of ~695 ka in shallower Site 982, and 

~680 ka in deeper Site 980 (Kawagata et a l. , in press). Similarly, in the South Atlantic 

the youngest extinction is dated at ~ 705 ka for Mylfostomelfa matanzana in shallower 

Site I 082 and at ~ 600 ka in deeper Site I 088 (Fig. 6. 1 ). 

Reasons for this observed deviation from the ' deep leading the shallow' when 

comparing intrabasin South Atlantic Sites I 082 and I 088 , and North Atlantic Sites 980 

and 982 arc likely to be related to both progressive (sequential) changes in the character 

of different dccpwatcr masses - impacting shallowest and deepest watcrmasscs first and 

intermediate watcrmass last (Hayward, 2002); and local differences in primary 

productivity. Low productivity sites, such as a central gyrc, should not be directly 

compared with high productivity s ites, such as an upwelling region, as the timings of 

HOs in these contrasting bcnthic enviro nments arc much more complex than depth and 

distance from the continental landmass a lone. In such cases, palcoproductivity, carbon 

flux (i.e. potential for rapidly fluctu ating food supply and subsequent oxygen content in 

sediment) , proximity to frontal systems (migrating with g lac ial-interglacia l cyclicity), 

topographical location (i.e. potential for winnowing by vigo rous glacial bottom 

currents), as well as parameters suc h as depth and distance from shore (suggestive of 

watcrmass chemical and phys ica l properties), should be carefully examined before 

conclusions arc made. 
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Figure 6 5: Global comparisons of the number of h19hesl occurrences (HOs) of Ext inction Group taxa per 100 kyr. 
AAIW = Antarctic Intermediate Water. CPDW = Circum-Polar Deep water; SAMW = Subantarctic Mode Water; 
u-NADW = upper-North Atlantic Deep Water. L-NADW = lower-North Atlantic Deep Water; NADW = North Atlantic 
Deep Water SW Pacific data from Hayward (2002); North Atlantic data from Kawagata et al (in press) 
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6.2.2 Global Extinction Patterns 

Globally, the timing of declines and HOs of EG taxa reflect the complex nature of the 

thermohaline circu lation system. Simplistically, Broecker ' s ( 1989) thermohalinc 

' conveyor belt' is composed of northward transports of warm surface- and intermediate­

layer waters, outhward transport of CW (such as NADW) , and at the bottom, 

northward flowing sew (such as ePDW). Accompanying the increased amplitude and 

severity of glacial-interglacial climate cycles in the MPT, were changes in global 

thermohaline circulation. These were mainly the relative contributions (mixing ratios) 

of sew and New to a region (governed by thinning, advection, and reductions in 

formation) and the chemical parameters of these watermasses. 

The middle Pl istocene Stilostomelfa Extinction event has now been recorded globally 

(Schonfeld, 1996; Hayward, 2002 ; Kawagata et al. , in press) ; this study documents the 

first records from the South Atlantic. Table 6.3 summarises the global biogeographic 

affinity of the South Atlantic EG during the MPT (data from North Atlantic studies by 

Kawagata et al. (in press) (ODP Sites 980 and 982) with SW Pacific studies by 

Hayward (2002) (ODP Sites 1119, 1120, 1123 and 1125 , and DSDP Sites 593 and 594) . 

The location, water depth, bottom water, number of EG species and the approximate age 

of the youngest extinction at each of these sites is summarised in table 6.4. 
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Extinction Group - South Atlanti c Biogeog. ODP 1082 ODP 1088 ODP 980 ODP 982 DSDP 593 DSDP 594 ODP 1119 ODP 1120 ODP 1123 ODP 1125 
affinity 1280 m 2082 m 2168 m 1145 m 1050 m 1204 m 395 m 545 m 3290 m 1365 m 

Awhea losta cos y y y y y y y y y y 
Chr:,'salagoniurn calomorphum cos y n y n y y y n n y 
Chrysa/agonium crasslfestum cos y n y n n n n n n y 
Chrysa/agontum decep /011um sa, na 11 y y y n n n 11 n n 
Chrysalogonrum gomph1torm1s cos y n y n n n n n n y 
Chrysalogonrum ,ntertenuawm cos y y n y y y y y n y 
Chr:1salogonrum stimuleum cos y y y y y n y n y y 
Crrbronodosarra sp A swp.sa y n n n n n n n n y 
El/1psoglandulma labia/a cos n y y y y y n y y y 
M)lflostomella ad1ena cos y n n y n n n n n y 
M)lf/ostomella costai cos y y y y y y y y '/ y 
M)lflostomella Japonica sa, na n y y y n n n n n n 
M)lflostomella ma/anzana cos y y y y y y n y y y 
Orthomorphma a'TJb1gt1a cos y n y y y n n n n y 
Orthomorphma g!andrgena sa, na y n y y n n n n n n 
Orthomorphma laev1s sa, na y y y y n n n n n n 
Orthomorphma perverse cos y y y y y y n y 'I y 
Orthomoiph1i1a tnnchcra!Jen sis cos y y V y y n n n n y 

Pa1aflond1cular1a anlonrna "WP. sa y n n n n n n y n y 
Parafrondrculana laev,gata cos y y y n y y y y n y 

Plewostomella acummata cos n y n n y y y y y y 

Pleurostor.1ella a:rernans cos n y y y y y y y 'I y 
Pleurostomella brev1s cos n y y y n n n n y y 
Pteurostor.1ella sapperi cos n y y y y n n n n y 
Pro;,.drons rnaequa /1s cos y y y n y y y y n y 

S1phono dosaria bradyi sa , na y n n y n n n n n n 
S1phonodosaria h1sp1dula cos y y y n n n n n n y 
S1phonodosana recra cos y y y y y y n y n y 
S1phonodosaria segrinens,s cos y y y y y y n y 'I y 

S1phonodosa11a sprnea CO>, n y n n n n n n n n 
S1phonodosaria pomuligera cos n y y y y y y y y y 
St1/ostomel/a frs tuca cos y y y y y y n n y y 

St1/ostomella holosenca cos y n y n y n n n n y 

°' 
Total number of specie s 24 23 26 22 2C 15 10 16 12 27 0 

ui 
(") 

•cos= cosmopolitan , swp = SW Pacific , na = North Atlantic , sa = South Atlantic . C 
Vl 
Vl 

VI i5 
00 

Table 6.3: Global biogeographic affinity of the South Atlantic Extinction Group during the MPT. 
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Site Region Latitude Longitude Water depth Bottom water EG Youngest extinction 

ODP 1082 South Atlantic 21 05.64'S 11 49 .24'E 1290 m AAIW 24 700 ka 

ODP 1088 South At lantic 41 08. 02'S 13 33. 08'E 2082 m uCPDW/NADW 22 600 ka 

ODP 980 North Atlantic 55 29.10'N 14 42.10'W 2168 m INADW 49 680 ka 

ODP 982 North Atlanti c 57 31.00'N 15 52.00'W 1145 m uNADW 43 690 ka 

DSDP 593 SW Pacific 40 30.47'S 167 40.47'E 1050 m AAIW 23 650 ka 

DSDP 594 SW Pacific 45 31.41 'S 174 56.88 'E ·1204 m AAIVV 21 580 ka 

ODP 1119 SW Pacific 44 45.33'S 172 23.60'E 395 m SASW 13 650 ka 

ODP 1123 SW Pacific 41 47.17'S 171 29.94'W 3290 m CPDW 17 650 ka 

ODP 1125 SW Pacific 42 32.98'S 178 09.99'W 1365 m AAIW 47 570 ka 

Table 6.4. Global comparisori core site data, with number of Extinction Group species and time of youngest extinction. 
AAIW = Antarctic Intermediate Water , LCPDW = upper-Circu11 Polar Deep Water; NADW = North Atlantic Deep Water, INADW = 
lower-North Atlantic Deep Water; SASW = Subantarct1c Surface Water; CPDW = Circum Polar Deep Water. 
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Recent research has shown that the major declines in abundance and diversity of EG 

taxa occurred during cold periods in the MPT (e.g. Hayward, 200 I, 2002 ; Kawagata et 

al., in press) . These coincided with highest values of 8 13C in North Atlantic 

intermediate depths, which is thought to indicate the encroachment of high dissolvcd­

oxygcn, nutrient-depicted Glacial North Atlantic Intermediate Water (GNAIW) 

(Kawagata et al., in press) . Colder, higher oxygenated (better ventilated) watcrmasscs 

might have been transported to intermediate and deep-water depths in the glacial North 

Atlantic, and similar well-ventilated glac ial equivalents in other oceans, such as the 

glacial Antarctic fntcrmcdiatc Water (AAIW) or Circum Polar Deep Water (CPDW) in 

the SW Pac ific (Hayward, 2002) . Such glacial- interglacial replacement of intermediate 

and deep water can be caused by variatio s in the strength of the global thcrmohalinc 

' conveyor belt' . 

Early in the MPT (between ~ 1200 and 900 ka) , deep water circulation changes were 

centred in the North Atlantic (Yenz and Hodell, 2002) , however, it is inferred that the 

eastern South Atlantic and Southern Ocean sector did not experience significant change 

in surface and deep water isotopic changes until ~ 900 ka (Yenz and Hodell , 2002; 

Hodell et al. , 2003) . Given that bas in-to-basin travel for these deep water masses is in 

the order of hundreds of years, an intra bas in and interbasin lag period between regional 

declines and HOs in ocean basins farthest from the source of deep water formation is 

expected. However, this docs not explain diachronous HOs in the order of I O' s or l 00's 

of kyr. Figure 6 .6 summarises the global timings of HOs of the studied South Atlantic 

EG taxa . This figure illustrates that earliest HOs commonly occurred in the North 

Atlantic, followed by the South Atlantic, and latest HOs commonly occurred in the SW 

Pacific ; diachroncity (particularly between North and South Atlantic sites) may reflect 

the distance from source the well-ventilated GNAIW (or other well-ventilated glacial 

equivalent, such as the glacial-AA[W in the SW Pacific) had to travel around the 

world's ocean basins. One such example is the HO datum of My llostomella 

matanazana, whose earliest regional HO took place at ~ 725 ka in the North Atlantic 

(ODP Site 980) (Kawagata et al. , in press), followed by ~ 600 ka in the South Atlantic 

(ODP Site I 088) (this study) . This diachroncity possibly reflects the distance well-

ventilated GN Al W had to travel to impact the sites. Another example is 

Siphonodosaria sagrinensis (=lepidula) , whose ear liest regional HO again occurred in 

the northern North Atlantic (ODP Sites 980/982) at ~ 780 ka (Kawagata et al., in press) , 
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followed by ~ 700 ka at Site 1082 in the South Atlantic (this study), ~ 730 ka in the 

Indian Ocean (Gupta, 1993), and at ~ 570 ka (Site 1125) in the SW Pacific (Hayward, 

2002). It should be noted that researchers have not suggested that GNAIW penetrated 

into the SW Pacific during MPT glacial times, so in this case, latest HOs occurring in 

this region cannot be linked to GNAIW basin-to-basin travel times . Rather, the 

influence of the glacial-AAIW is likely to have contributed to the timings of HOs in the 

SW Pacific Ocean. 

A similar pattern can be interpreted between the peak number of HOs per I 00 kyr and 

distance from source of deep water formation (Fig. 6.5) . By comparing similar depth 

sites: orth Atlantic Site 982 (1145 m, uppcr-NADW), South Atlantic Site 1082 (1290 

m, AAIW), and SW Pacific Site 593 ( 1050 m, AAIW), the earliest peak number of HOs 

occurred in the North Atlantic (between I 000 and 900 ka), followed by the South 

Atlantic (900 - 800 ka), and SW Pacific (900 - 800 ka). 

It seems that the distance and time taken for well-ventilated glacial waters to travel from 

source areas is likely to be an important factor in the timing of HOs in global ocean 

basins. In terms of the GNAIW, North Atlantic sites arc impacted first, with earliest 

H Os occurring at S itcs 980 and 982, fo I lowed by a lag of approximately 80 - I 00 kyr 

before which HOs occur at South Atlantic: Sites I 082 and I 088 (Fig. 6.6). This lag is 

possibly the result of deep waters progressively losing oxygen as they travel (i.e. 

oxygen is consumed), and consequently it may have taken hundreds of kyr for high 

dissolved oxygen waters to reach levels that could be carried all the way to distant 

p laces and influence EG taxa (Hayward , pcrs. com.). 
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6: DlSCUSSION 

6.2.3 Extinction Orderings and EG Morphology 

With our current limited understanding of the complex ecological and biological nature 

of Recent benthic foraminifcra (let alone the extinct genera belonging to the EG), the 

question of whether specific morphologic characteristics common to the Sti/ostomella 

Extinction Group, such as highly specialised apertural structures, predisposed the EG 

taxa to decline and eventual extinction remains a difficult question to answer. As yet, 

no factual information as to the precise functional role of the apertural modifications 

characteristic of the EG is available. It has been observed that the pseudopodia! 

network protruding from the aperture is likely to facilitate motion (in response to 

moving redox fronts and food resources). However, the exact role of cribrate, hooded­

toothed, or secondary toothed apcrtural structures in these feeding and automotive 

processes is unclear. 

Local South Atlantic and global HO studies reveal that despite the final demise of the 

EG species, not all species were impacted equally. Rather certain genera, possibly due 

to their associated apertural structures, were more resilient than others to the rapidly 

fluctuating environmental conditions. Figure 6.6 shows that both locally (South 

Atlantic Sites 1082 and 1088) and globally there is a common ordering of HOs. The 

earliest HOs are commonly represented by species from the Chrysalogonium and 

Cribronodosaria genera ( cribrate aperture) , fo II owed by the genus Orthomorphina 

(terminal round aperture) , and the youngest global HOs are commonly represented by 

the Myllostomella, Siphonodosaria, and Pleurostomella genera (round, secondary 

toothed, and hooded, secondary toothed apertures, respectively) (Table 6.2, Plate 6.1 ). 

This ordering of HOs is similar within the world's oceans and may be indicative of the 

most tolerant genera and species remaining present for the longest time as EG diversity 

decreases with the increasing environmental stress associated with the MPT. The 

question remains as to why 'round, secondary toothed and hooded, secondary toothed' 

aperture Myllostomella, Siphonodosaria and Pleurostomella were able to resist the 

deteriorating MPT conditions for longer than 'cribrate' aperture Chrysa/ogonium and 

Cribronodosaria EG genera. 

This observation of a set extinction ordering with a possible link to the specific 

apertural characteristics of the foraminifera, further highlights the need for future 
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research on the functional role of these apertural structures, and how they may have 

contributed to the targeted extinction of their possessor. 
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7. CONCLUSIONS 

This South Atlantic study reveals that the extinctions of 33 species of elongate benthic 

foraminifera belonging to the families Stilostomellidae, Pleurostomellidae, and part of 

Nodosariidae, show a pulsed pattern of decline during the mid-Pleistocene Climatic 

Transition (MPT, ~ 1200 - 600 ka) , to become finally extinct at ~705 ka at Site 1082, 

and ~600 ka at Site l 088. 

• The foraminiferal abundances during the MPT and the accumulation rate 

(AR) of Extinction Group (EG) taxa were pulsed, with major declines 

associated with the onset of cold glacial periods, and partial recoveries 

during intervening warm periods. 

• The abundance and AR of EG taxa began to decline between ~ 1070 and 

I 000 ka at both core sites; the AR of the EG never recovered after ~ I 000 ka 

at Site 1082, whereas at Site I 088 the EG shows a last peak centred at ~950 

ka before a progressive decline to extinction. 

• The timing of highest occurrences (HOs) of each species is diachronous 

between Sites 1082 and 1088, excluding the HO of the two species, Awhea 

tosta and Chrysalogonium stimuleum, which are synchronous. 

• The maximum number of HOs of EG species occurred between 1000 and 

700 ka at both sites. However, the number of HOs per l 00 kyr peaks in the 

shallower Site 1082 approximately 100 kyr earlier than deeper Site 1088. 

• The final Stilostomella extinction datum in the South Atlantic is marked by 

the uppermost occurrence of Myllostomella matanzana and Siphonodosaria 

sagrinensis at ~ 705 ka in Site l 082, and Myllostomella matanzana and 

Pleurostomella alternans at ~600 ka in Site 1088. This corresponds with the 

global Stilostomella extinction datum being between 700 and 570 ka 

(Schonfeld, 1996; Hayward, 2002; Kawagata et al. in press) . 

• All EG taxa that were identified in the South Atlantic have been previously 

recorded in studies around the world 's oceans. An anomaly is 

Chrysalogonium intertenuatum, which is not part of the EG in Site l 088 and 

appears to have survived through the MPT in the Southern Ocean sector of 

the South Atlantic Ocean. 
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• The AR of EG species at both sites show a strong positive correlation with 

the AR of low-oxygen tolerant (LOTG) benthic species (Site 1082: r = 

+0.60, Site 1088: r = +0.66), verifying that the EG favoured living in lower 

oxygen conditions. These conditions may have been caused by high organic 

carbon flux to sediments in high productivity upwelling regions such as Site 

1082, or by the ventilation characteristics of the surrounding watermass 

causing stagnation of the bottom water such as at Site 1088. 

• Declines and extinctions at high productivity Site l 082 were primarily 

driven by highly fluctuating food supply associated with increased 

productivity caused by intensified upwelling during MPT glacial periods. 

Consequent competition for food resources with prolific high productivity 

faunas (such as the LOTG) is likely. Subsidiary to this, changes in the 

chemical ventilation of the South Atlantic intermediate waters as a result of 

encroachment by Glacial North Atlantic Intermediate Water (GNAIW) (high 

dissolved oxygen) may have also been a factor in the final demise of the EG 

benthic foraminifera. 

• Away from the influence of the Benguela Upwelling System, extinctions at 

Site 1088 were primarily driven by the MPT reorganisation of the glacial­

interglacial modes of the global deep-water 'conveyor belt' (Broecker and 

Denton, 1989). 813C gradients reveal nutrient-depleted, high dissolved 

oxygen GNAIW or an admixture of expanded lower-Circum Polar Deep 

Water (CPDW) and GNAIW during some cool periods. 

• Sites 1082 and 1088 are located on topographical highs on the seafloor. As a 

consequence, fluctuations in food supply, caused by the winnowing effect of 

strong bottom currents during glacial periods may have also contributed to 

the overall declines. 

• Detailed comparisons with North Atlantic and Southwest Pacific studies 

reveal the highly diachronous nature of HOs of EG species. The distance 

and time required for well-ventilated glacial waters to reach the study site is 

likely to be important in the timing of HOs in global ocean basins. During 

glacial times North Atlantic sites were impacted first by GNAIW, with 

earliest HOs occurring at Sites 980 and 982, followed by a lag period of~ 80 

- 100 kyr before HOs occurred at South Atlantic Sites 1082 and 1088. 
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• EG taxa were not impacted equally by the environmental stresses associated 

with the MPT. A common ordering of HOs exists both locally and globally, 

with earliest HOs represented by species from the Chrysalogonium and 

Cribronodosaria genera (cribrate aperture), followed by the genus 

Orthomorphina (terminal round aperture), with youngest global HOs 

represented by the Myllostomella, Siphonodosaria, and Pleurostomella 

genera (round secondary toothed, and hooded secondary toothed, apertures, 

respectively). This observation of a set extinction ordering with a possible 

link to the specific apertural characteristics of the foraminifera, further 

highlights the need for future research on the functional role of these 

apertural structures, and how they may have contributed to the targeted 

extinction of their possessor. 

It is evident that foraminiferal population declines are not necessarily a simple 

response to change in a single parameter. Rather, numerous factors seem to 

have interacted to influence the decline, partial recovery, and eventual extinction 

of the EG taxa. Furthermore, it is likely that certain apertural characteristics and 

morphology predisposed the EG taxa to decline and extinction, yet currently no 

factual information exists as to the exact functional role of these apertural 

structures. Such studies arc a reminder of the gaps in our current understanding 

of the biology and ecology of foraminifera . The results of this study 

demonstrate the complexity of the Earth's interacting atmosphere, hydrosphere, 

biosphere and lithosphere. [t emphasises the fine tuning benthic communities 

are required to make in response to critical environmental thresholds being 

breached, to ensure their survival in rapidly changing oceanographic conditions. 
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