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Abstract

THE PALAEONTOLOGY OF BERING SEA FORAMINIFERA FROM THE LATE
QUATERNARY

Aturamu Adeyinka O

ABSTRACT

The taxonomy of benthic foraminifera recovered from 160 core samples over depth
20.59 m and representing the past ~597 Kyr (sedimentary deposit of the Tarantian and
Ionian stages) at Bowers Ridge, Bering Sea IODP site U1342, includes some 52 species
from 41 genera and 22 families: these species are given formal taxonomic treatment
with detailed illustration. A further 16 species are discussed in open nomenclature.
Foraminifer assemblages are dominated by species of Takayanagia delicata, Uvigerina
bifurcata, Islandiella norcrossi and Alabaminella weddellensis accounting for more
than 58 % of all specimens recovered. In addition to their taxonomic identification, this
study interrogates the relationship between benthic foraminifera and interpreted changes
in oxygen concentration and productivity during a series of late Quaternary glacial—
interglacial cycles at site U1342. In particular, the species Bolivina spissa (Cushman) —
thought to record changes in seabed oxygen level, shows no correlation between test
pore density and interpreted bottom water oxygen level (BW-0,), suggesting that
oxygen is not the sole driver influencing the distribution and morphology of this
species. Further assessment of the total foraminiferal assemblages at site U1342 - using
the sedimentological context and the proportion of deep infaunal species as a proxy for
low oxygen conditions at the seabed, and shallow infaunal species as a proxy for a well-
oxygenated seabed, identify eight broadly defined temporally successive benthic
foraminiferal intervals through the sampled core. Three of these intervals, between
depths 0 - ~5.40, ~ 6.50 - 9.00 and ~16.90 - 18.67 m-CCSF, signal a well-oxygenated
sea bed, whilst the other five intervals suggest increased phytodetritus flux to the
seabed, coupled with variations in seabed oxygen level. In general, there is no clear
connexion between these intervals and the glacial-interglacial oscillation at the site
during the past ~597 ka, suggesting that ecological influences on foraminiferal
distribution at Bowers are complex.

i|Page



Acknowledgements

Acknowledgements

I am grateful to God Almighty for the successful completion of this research.

I will like to express my profound gratitude to my supervisors, Prof. Mark Williams, Dr
Sev Kender and Prof. Jan Zalasiewicz whose keen interest, through thorough
supervision, valuable advice, true devotion to research, understanding and patience saw
me through the duration of this study. Thanks for providing ideas and discussions
throughout. Mark and Sev have always been available as a great source of information
and for helpful discussions, and as such, have greatly added to the quality of this
project.

Sponsorship for this study was provided by the Tertiary Education Trust Fund
(TetFund: Federal Ministry of Education, Nigeria) through the Ekiti State University,
Ado-Ekiti; I am eternally grateful to the sponsors. I wish to place on record the financial
assistance given me by Rear Admiral and Mrs Komolafe, Bashir Adamu, Prof. Mark
Williams, and also Dr Olu Aturamu; thank you so much.

Sev Kender facilitated the release of Integrated Ocean Drilling Programme (IODP)
Expedition 323 core samples for this research. The samples used for this research were
processed in Prof. Christina Ravelo’s laboratory at the University of California, Santa
Cruz; this is also appreciated. I am grateful to Christina Ravelo and Karla Knudson for
the release of some of their unpublished data for this research.

I wish to thank all the academic, technical and administrative staff of the Department of
Geology, University of Leicester who assisted me throughout my PhD. I would like to
thank Rob Wilson for his help during imaging of microfossils. I thank Dr Mohib
Mohibullah, Dr Vincent Perrier and Alison Tasker for the training they gave on how to
use Photoshop and CorelDraw, and for other assistance rendered.

I also thank all my Postgraduate colleagues for their support and guidance whenever
needed: Dr Nicola Clark, Dr Dinah Smith, Rawand Noori, Ghazanfar Khattak, Zardasht
Taha and my flat mates: Annika, Rowan and Tom. Dr Sarah Gabbott (my land lady) is
also appreciated.

I wish to thank Prof. Dipo Kolawole (former Vice-Chancellor, Ekiti State University,
Ado-Ekiti), Hon. Odunayo Ategbero, Prof. S.S Asaolu, Prof. J. Kayode, Dr A.O Ojo,
Prof. E.I Adeyeye, Prof. O. Oyinloye, Dr Jola Awosusi, Dr O. Ademilua (HoD
Geology), Dr O. F. Adebayo, Dr Deji Fasuyi, Dr A.O Talabi, Dr S.A Akinyemi, Dr S.

ii|Page



Acknowledgements

Adekola, Engr. Kunle Kolade, Kayode Adebanji, Siji Ayodele, Ronke Oguntuase and
other colleagues at Ekiti State University, Ado-Ekiti for their encouragement.

Special thanks to my parents Chief and Dcns. E.A Aturamu, my parents in-law Chief
and Mrs A. Oyebode for their support and help over the last four years, and all my
pastors for their prayers. Also thanks to all my brothers and sisters: Dr Deji Aturamu,
Dr Olu Aturamu, Folakemi, Otunba Bolude and Tolulope, Adeniyi, Folasade and their
families. Special thanks to my wife Olayinka Olufunke for your love, prayers and being
there to take good care of the children while i was away. To my children
DiekololaOluwa and AnjolaOluwa - I am so glad I did not disappoint you; thanks for
your love, understanding and for being there when I needed you. Finally, thanks to the
staff of Rhema Montessori Schools, Ado-Ekiti, you are all appreciated.

iii|Page



List of contents

CONTENT

Title Page
A B ST R A C T e i
ACKNOWLED GEMEN T S . ettt e e e e e e e e e ii
TABLE OF CONTENTS. ... e e e e e e e e e eV
LISTOF TABLES. ..ottt e e e e e ne e a2V
L ST OF PLA T ES . . e e e e e e IX
LIST OF FIGURES. ...ttt e e e e e e e e e e e e aaraes iX
LISTOF SPECIES. ... i e e e X

CHAPTER 1: INTRODUCTION. ...ttt s e e e e e e e 1
R 011 o [T o oY
1.1. Bering Sea ge0QIaPNY ... .. it et e e e e 2
1.2. Bering Sea 0CeaN0GIaPNY ... ... cu ittt et e e e 3
1.3. Bering Sea foraminifera..........c.oovvii it e e e D
1.4. Sedimentological record at Site U1342..........cccvviiiiiiiiiie i iiiieiienenn.0 B
1.5. Materials and Methods. .. ... ..o 7
1.6. Overarching aims of thiS StUY...........coiiri e 8
I O = o] (= ST T4 U [ 9
O 0 O O 3= o) 2 9
O O 4= o g 9
173 CAPTEE 4. e e e e e 9
S = o) g P |

CHAPTER 2: SYSTEMATIC PALAEONTOLOGY OF LATE

QUATERNARY BERING SEA BENTHIC FORAMINIFERA............ccooii. 10
N 0 1 T PP
/28 1011 0o [ o P
2.1. Geological SEttiNg.......co e i e e e e 13
2.2. Materials and methods. .. .......o. i e s 14
2.3. Foraminiferal assemblages. .. .......oooi i 14



List of contents

2.4. Systematic Palaeontology.........cooei it it ——— 15

2.5. Plates, interpretations and sample NUMDErS...........ccccoveiiiie i e 127

CHAPTER 3: PORE DENSITY IN THE BENTHIC FORAMINIFER
BOLIVINA SPISSA (CUSHMAN) FROM THE BERING SEA: A
REALISTIC TEST OF SEABED OXYGEN CONDITIONS........cccccovvriiiiienn 172
N 0L =T PPN 43
K TR 1011 0o [ o1 1 o o P I 4 |
3.1. Infaunal foraminifer preference for low oxygen conditions........................... 176
3.2. Materials and MethodS. .. ......ouuuirie e e 178
3.2.1. Source of materials..........cocveviiiiiiiii e 2 178
3.2.2. Sampling ProCedure. .. .......ouuieiieie it e ie e e e 222, 183
3.2.3. SPECIMEN Preparation..........ovveevveeeveneeineeenenne e eeneneneennnenn 187
3.2.4. Statistical apProach..........ocoe it i 188
R T TR o (ST U ] | 3PP Ko 1°
KRR I T 1ol L1 o 194
3.4.1. Oxygen-levels may have been above the threshold level
to INFluence PD ValUES...... oo e, 194
3.4.2. Transportation of fossil assemblages.............coooviiiiiiiiiiiii i, 195
3.4.3. Intra-niche MOVEMENL. ... .o e e 197
3.4.4. Nitrate respiration and other alternate modes of survival................... 200
3.5, CoNCIUSIONS. .. ...t e e e 2. 200

CHAPTER 4: BENTHIC FORAMINIFERA FROM THE

UPPER ~20.60 M OF IODP SITE U1342, BOWERS RIDGE,

BERING SEA: ASSEMBLAGE STRUCTURE AND

POSSIBLE ENVIRONMENTAL SIGNATURE.......c.cooiii i, 202

ADSIIACE. .. e e ene e 2020 203

O 1011 0o 0 od 1 o] o4 0

4.1. Materials and methods............ocoeeiii i . 200
4.1.1. Sample analysis of foraminifera......................c. oo, 206



List of contents

4.1.2. Foraminiferal Palaeoecology..........c.ccoviiiiiiiiiiiiiiiii i el 206
4.1.2.1. Deep infauna SPECIES......uvuuirieriieee it e e e e e ee e 209

4.1.2.2. Intermediate infauna species............ccoevviiiiiii e inn e 209

4.1.2.3. Shallow infauna Species...........cccoveeviiieieiiene i iennn..210

4.1.2.4. Epifauna SPeCIeS.......cvevvveiieiieiie e e vinieiieienienneennenn 210

4.1.2.5. Phytodetritivores..........ooeeviviiiiiiieiiee e e e e 211

4.2. Analytical criteria for foraminifera...........ccoooii i 211
4.3. Analysis of ice rafted debris (IRD).......ccuoeii i e 214
4.4. Reconstructing the time interval of the sampled core.....................chl0 . 216
4.5. Sedimentological analysiS..........coovirii 217
4.6. RESUIS. .. .ovi i e e 220
4.6.1. Changes in benthic foraminiferal abundances down core................... 227
4.6.1.1. Uvigerina bifurcata dominated interval............c.ccoevvniennnn. 227

4.6.1.2. Cassidulina laevigata dominated interval............................ 228

4.6.1.3 Uvigerina bifurcata / Takayanagia delicata

dominated INErval..........ooonoeine i e e, 228
4.6.1.4. I1slandiella norcrossi dominated-interval...............ccoooeit . 229
4.6.1.5. Second Uvigerina bifurcata dominated-interval.................... 229

4.6.1.6. Takayanagia delicata / Alabaminella
weddellensis dominated interval................oo i, 230
4.6.1.7. Second Uvigerina bifurcata / Takayanagia delicata-

dominated interval...........coooii i, 230

4.6.1.8. Takayanagia delicata-dominated interval............................ 231

4.6.2. Ice rafted debris (IRD) distribution patterns..............ccoeeviveiininennn 234

O I3 1o B £S5 o] 237

4.7.1. Possible environmental significance of the eight foraminifera
INtErvalS. .. ..o e 00, 237
4.7.1.1 Interval 1, Uvigerina bifurcata dominated............................238
4.7.1.2. Interval 2, Cassidulina laevigata dominated......................... 239
4.7.1.3. Interval 3, Uvigerina bifurcata / Takayanagia

delicata dominNated. .. .......oovv oo e, 240



List of contents

4.7.1.4. Interval 4, Islandiella norcrossi dominated...........................240
4.7.1.5. Interval 5, Second Uvigerina bifurcata dominated.................. 241
4.7.1.6. Interval 6, Takayanagia delicata / Alabaminella
weddellensis dominated.............c.oco i el 242
4.7.1.7. Interval 7, Second Uvigerina bifurcata / Takayanagia
delicata dominated...........c.couvve it iiniiii e e 242
4.7.1.8. Interval 8, Takayanagia delicata dominated......................... 243
4.8. Relationship of IRD, laminated intervals and foraminiferal
SPECIES QIVEISITY ... vttt et et e e e e e e e e e ee e eneeneee a0 243
e O] o 115 T 0 Y2 £

CHAPTER 5: CONCLUSIONS. ... . 246

REFERENCES. ... e e 253

vii|Page



List of Tables

LIST OF TABLES

Table 3.1 Core U1342 benthic foraminifer microhabitat preference and

characteristics in accordance with consistent groupings in some

selected StUdIES. .. ....vu et ie e e e een a2, 180
Table 3.2 Sample depths and composite intervals with the associated

number of benthic foraminifera..............c.ooi i 187

Table 3.3 Sampled intervals from Core U1342; pore counts and percentile

distribution of pore density..........couveiii i, 192
Table 3.4 Sampled intervals from Core U1342; pore counts and percentile

distribution of pore density in this study..............cccooeveiiiiii i, 193
Table 3.5 Percentages of foraminifer fragmentation through the

B INEEIVALS. .. e 197
Table 4.1 Benthic foraminifer microhabitat preference................coooiiiiiiiin.. 212
Table 4.2 Age model for Site U1342 top ~21.26 m (Knudson,

and Ravelo: personal communication, 2013)...........c.oovviiiiiiiiiiieee 216

viii|Page



List of figures

LIST OF PLATES

Plate 2. Systematic Palaeontology Plates (2.1 - 2.22); interpretations

and sample numbers (from Core U1342).........c.oviviiiiiiiiiiiii e, 127

Plate 3.1 Plate showing pore density and general morphology

OF BOIIVING SPISSA....c.veiieceieeie e een e, 188
Plate 4.1 The six key species of benthic foraminifera from Core 1342.................. 226

LIST OF FIGURES

Figure 1.1 Location of Site U1342 on the Bowers Ridge, Southern

BeriNg SBa.. et e 3
Figure 1.2 Bering Sea Circulations.............ccccoviie e ee e en b
Figure 1.3 Cross-section through the Bering Sea water column OMZ...................... 5

Figure 2.1 Bathymetric map of the Bering Sea showing the location

0] ST O 7 13
Figure 2.2 B. spissa number of chambers plotted against

lengths of test from laminated and non-laminated intervals................... 48
Figure 2.3 Correlation between Bolivina spissa test

lengths from laminated and non-laminated intervals...........................49
Figure 2.4 Box plot of Bolivina spissa pore density distribution from

laminated and non-laminated intervals..............cco o 49
Figure 2.5 Length of specimens of Uvigerina bifurcata

from laminated and non-laminated intervals................ccoooovieiinann .. 83
Figure 2.6 Number of chambers of Uvigerina bifurcata

increases with increase inlength............ccoo i 83
Figure 2.7 Number of chambers on Uvigerina hispida specimens

from laminated intervals and non-laminated intervals.........................86
Figure 2.8 Dimensions of specimens of Uvigerina hispida from laminated

intervals and specimens from non-laminated intervals........................86
Figure 2.9 Number of chambers against length for Uvigerina peregrina,

across both laminated and non-laminated intervals.............cccovvein. .. 92



List of figures

Figure 2.10 Plot of length against width for Uvigerina peregrina

across both laminated and non-laminated intervals........................

Figure 2.11 Plot of number of chambers against width for

Uvigerina peregrina across both laminated and

NoN-laminated INTEIValS. ... ..o

Figure 2.12 Plot of length against oxygen for Uvigerina peregrina

across laminated and non-laminated intervals.............coooveiiiii i,

Figure 3.1 Bathymetric map of the Bering Sea, with the marked

location of Site U1342 on the Bowers Ridge.............covvvviiiiiicienn,
Figure 3.2 TROX (Trophic Oxygen)-model............ccooiiiiiiiiiii e,

Figure 3.3 Simplified sedimentary log showing intervals where

B. spissa specimens for Pore density analysis were taken...................

Figure 3.4 Representative laminated versus bioturbated intervals from

the upper 11.13 m of the core at IODP Site U1342.............ccovevevvenennn

Figure 3.5 Plot of pore density on the test of Bolivina spissa specimens

from laminated and non-laminated intervalS..........ccooeiioiiiii e ...

Figure 3.6 Box and whisker plots for pore density variation in Bolivina spissa

from laminated intervals and non-laminated interval..........................

Figure 3.7 Range of dissolved oxygen for intervals 1 to 6 interpreted

Figure 3.8A and B Idealized schematic of intra-niche movement in response to

different environmental conditions.............ccccoiviiiiiiiiiiii e
Figure 4.1 Geography of the Bering Sea...........c.cooiiiiiiiiiii i i
Figure 4.2 Sedimentation rate downcore at Site U1342.............c.cooviiiiiinnnn,
Figure 4.3 Simplified sedimentary log of Site U1342, Bowers Ridge................

Figure 4.4 Polynomial plot showing species abundance

of fauna versus Species diVErSity..........ovvvieiiiiieiiii i e

Figure 4.5 Downcore abundance plots showing the 14 most

COMMON SPECIES ... et ettt ettt et ee e e e et e e e e et e e e e e een s

Figure 4.6 Benthic foraminifer abundance and its diversities plotted

alongside 6 numerically most abundant species.............ccocevvvvveennn.

93

179

182

185

186

190

190

224

x|Page



List of figures

Figure 4.7 Percentage plots of the 6 numerically most abundant

] 01T =1 225
Figure 4.8 Benthic foraminifer species abundance, diversities,

benthic oxygen isotope, global composite LR04 and

IRD value plotted downcore against the sedimentary log....................232
Figure 4.9 Benthic foraminiferal abundances, diversities,

sedimentary log and benthic foraminiferal oxygen isotope

plotted against average IRD ValUES...........ccovieiiiiiiiii i 233
Figure 4.10 Polynomial plot of average dimensions of ice rafted

debris (IRD) versus benthic foraminifera abundance........................234
Figure 4.11 Polynomial plot of average dimensions of ice rafted

debris (IRD) versus benthic foraminifera diversity........................... 235
Figure 4.12 Polynomial plot of average dimensions of ice rafted

debris (IRD) versus percentage deep infauna..................................235
Figure 4.13 Box and whisker plot showing the relationship

between the average dimensions of IRD at laminated

and non-laminated intervals.............ooiiiiiiiii i 236
Figure 4.14 Box and whisker plot showing the relationship between

percentage deep infauna, average dimensions of IRD

at laminated and non-laminated intervals......... ..o oo, 237

xi|Page



List of species

LIST OF SPECIES

Alabaminella Weddellensis. ........oooii i e e e e 99
ANQUIOGEINA ANGUIOSA. .. ... . iieeee et et et e e e e et e e e e e e nns 94
BOlIVING SP. L.t e 50
BOlIVING SP. 2.t e 51
BOlIVING SP. 3. e 52
BOlIVINGA SPISSA. .. ettt et e e et e e e e e e e 46
Brizalinaalata...........o.oeiii i e e DA
Brizalina earlandi..........cooi i 53
BUIIMING XITIS. .. .ee et e e e e e e e 74
BUlIMING MEXICANA. .. ...\ e et e e e e e et e e e e eieeeneeen O
Cassidulina laevigata..........c.ueuvie it it i aen D8
Cassiduling reNIfOrME. ... .u e e e e 60
L@ TS1S] o 1] 1T F= 0 (=] =] €PN o o
Cassidulinoides ParkErianUS. . ........cu e e e et et et e e e e e e ae e e n e e, 62
O o] 1o To (0] o 1S o 101
Cushmanina StriatOPUNCEALA ............ccvviiiiii et e e e e eaeas 38
DENtaliNg THHAL. .. ..eene it e e e e e e e 22
EQOerella Sp. ... 15
T 0] 1= 01 = ] o PP 1)
Elphidium sp. L. a0 124
ElphIdiUm SP. 2 et e 125
Bl NIdIUM SP. 3 125
Elphidium ustulatum ... ..o e e a0 122
Epistominella exigua..........ccooeiii i iii i e a2 103
Epistominella pulchella... ... 105
FISSUNINA Crebra. .. ... e e e e L
FISSUNTNA MINIMA. .. ettt e e e e et e e e e e e 42

Fursenkoina aff. teXtUrata. .. ....oo oot e e e e e e 96

xii|Page



List of species

Globobulimina auriculata.............ooooe i e (8
Globobulimina PacifiCa.........co vt i 79
Globocassidulina subgloboSa. .. .......c.eie it 64
€0 0= T T PP 24
GYFOIAINA SP. 2. .. et et e e e e e e e e e e e a1 2]
Hoeglundina elegans. .. ......cc.vviirie i i e e e e A
ISIanNdiella NOFCIOSSI ... .. ettt e e e et et ee e eeeneeen e, 00
Lagena NiSPIda. .. .....ooui i e e 28
LageNa NEDUIOSA. .. ... ee ettt e et e e e e e e e 31
1062 10 T - U5 0 32
02 10 T T U5 33
=T [=] 0 F= T o R PP PIPRPPRRR. 1
LAgENA SUICALA. .. ..o ce ettt e e e e e e e e 29
Lenticulina gibba. .. ... ..o 26
Lenticulina rotulata...........c.oouie i e e 24
Lotostomoides CalomMOrPRUS. ... e e e e e e 23
Martinottiella COMMUNIS. .. ... e e e e e e e e e e e 17
MeloNiS DArIERANUS. ...t e 114
Moncharmontzeiana petaloskeltsa.............ccccoveiiii i 43
Nonionella digitata. ..........cooue i e e ea 2. 112
Nonionellina labradorica............ccoovii i e e a2, 110
(@ 0] [T F= W 4= To ] 1 - U 39
Oridorsalis UmboNatUS. ........vieie i e e e a2, 118
Planulina ariminensis. .. ... ....o.uveiie it i e ie e e e e e eaeeeeeen e eene .. 106
Planulina WUBHEISIOITi. ... v et e e e e e e 108
Procerolagena graciliS..........ccuieieis it e e e e 34
Procerolagena gracillima.............c.oii i e e 35
PUIENIA SIMPIEX... .. et e e e e e e e e e 116
PYrgo MUITRING. .. .. e e e e 19

QUINQUEIOCUIING SP ... e et e e e e e e e e e e e e e e e e e 18

xiiifPage



List of species

Reusso0ling @apiCUlata. .. ... ...c.uie i 37
Stainforthia fusSiformis..........c.oooe i el (L
Takayanagia deliCata ...........ooeiiiii i e e e e 68
Triloculinafrigida ..o e .20
Uvigerina bifurcata..........cooviniii i 81
UVIgerina Nispida. .. ......oeu i e e e e e e e B4
(O Y0 1= g F= 0T =T | - POt < 12
(@Yo T g F= =T ) (o001 PP - 1 4
L 1Yo T g = o O 93
ValVUIINEIIA @raUCANA. .. ...ttt et et e e e e e et e et e e e e e e et e aeens 98

xiv|Page



Chapter 1

An introduction to the Bering Sea and its benthic
foraminifera

1|Page



An introduction to the Bering Sea and its benthic foraminifera | Chapter 1

Chapter 1: An introduction to the Bering Sea and its benthic foraminifera

1 Introduction

This thesis examines the foraminiferal signature of a sedimentary core at Integrated
Ocean Dirilling Program (IODP) site U1342 on Bowers Ridge in the Bering Sea (Fig.
1.1), focussing on the upper 20.59 m of the core that equates to the past ~597,000 years
(age calibration based on oxygen isotope stratigraphy from Knudson and Ravelo: in
review). The core contains a diverse assemblage of benthic foraminifera whose
taxonomic signature is given detailed appraisal (Chapter 2). The thesis also examines
the environmental signature of the species Bolivina spissa (Chapter 3) vis-a-vis its
distribution and morphology, and also the overall down core pattern of the 68
foraminiferal species identified, relative to interpreted palacoenvironmental conditions
(Chapter 4). This opening chapter provides the geographic and oceanographic context
of the Bering Sea, the description of the methods utilised for studying its seabed

microfauna, and presents summaries of the chapters as they appear in the thesis.

1.1 Bering Sea geography

The Bering Sea is a semi-enclosed, high-latitude sea in the Arctic that is bounded to the
north and west by Russia and the Kamchatka Peninsula, to the east by Alaska (Fig. 1.1),
and to the south by the Aleutian Islands (Stabeno et al. 1999). The Bering Sea is the
third largest marginal Sea in the world after the Mediterranean and South China seas
with a surface area of 2.29 x 10° km® and a volume of 3.75 x 10° km® (Hood, 1983;
Takahashi 2005). It has shallow water connections to the Arctic Ocean and deep water
connections to the North Pacific Ocean. It is divided almost equally between a deep
basin (maximum depth 4,000 m) and continental shelves (<200 m); the broad shelf
(width greater than 500 km) in the east contrasts with the narrow shelf (less than 100
km) in the west (Stabeno et al. 1999). The depth of the Bering Strait on the continental
shelf is ~50 m; this region was aerially exposed and the marine passage was completely
closed during the last glacial maximum (LGM). Okada et al. (2005) considers that
global ocean circulation patterns and/or intensity are influenced by variation of the

Bering Strait water depth.
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Figure 1.1 Location
of Site U1342 (red
dot) on the Bowers
Ridge, Southern
Bering Sea (figure
adapted from
Expedition 323
Scientists, 2011).
The northern
continental shelf,
including the area
between the Bering
Sea Shelf and the
Aleutian arc, are
covered seasonally
by sea ice (i.e. north
of black dashed
line); only a little ice is presently being formed over the deep southwest areas of the
Bering Sea (Niebauer et al. 1999; Kender and Kaminski, in press).

1.2 Bering Sea oceanography

Surface water circulation in the Bering Sea is dominated by an anti-clockwise gyre (the
Bering Sea Gyre) partly along the Bering Sea Slope, contributing to the main flow of
the Bering Slope Current (Stabeno et al. 1999). Most Bering Sea deep water is sourced
from the low-oxygen North Pacific Deep Water (NPDW), while a very minor
component of deep water is formed within the Bering Sea itself, probably from sea ice
brine rejection (Warner and Roden 1995). The Bering Sea is one of the most highly
biologically productive regions in the world, exporting about 687,000 tons of carbon per
year (Sambrotto et al. 1984; Stabeno et al. 1999). Deep-water connections to the Bering
Sea are limited to the Aleutian Island passes (Fig. 1.2), with water depth <4000 m
(Hood 1983; Stabeno et al. 1999). Water from the North Pacific extends to form the
Bering slope current, flows into the Bering Sea through the Amtchitka Pass, the Buldir
Pass and the Near Strait; whilst North Pacific water flows out through the Kamchatka
Strait (Kinney and Maslowski 2012).

Relatively warm (6-7°C), high salinity (>33%o) Alaskan Stream surface water
(Fig. 1.2) affects the southern Bering Sea and the Bowers Ridge. Nutrient-rich

intermediate water up wells over Bowers Ridge, producing high primary productivity

3|Page



An introduction to the Bering Sea and its benthic foraminifera | Chapter 1

and this is associated with a strong organic carbon flux to the sea floor (Stabeno et al.
1999; Takahashi 2005); there is also significant slope-shelf water exchange along the
Pacific side of the ridge bringing nutrients from the slope (Stabeno et al. 1999).

At present, seasonally sea-ice covered areas of the Bering Sea (Fig. 1.1) are found
mostly over the northern continental shelf (Niebauer et al. 1999; Kender and Kaminski,
in press). The inception and culmination of summer stratification, from solar warming
of surface water, causes blooms of spring and autumn primary productivity (Niebauer et
al. 1995) and also accompanying high phytodetrital flux to the sea floor. In the southern
Bering Sea, the presence of seasonal stratification disrupting winter mixing causes
seasonal blooms and high productivity (Niebauer et al. 1995). This high productivity,
combined with the low oxygen North Pacific Deep Water (NPDW), which forms the
majority of the Bering Sea deep water flowing over Bowers Ridge (Stabeno et al. 1999),

causes low-oxygen

conditions at ~818 m

water depth.

Figure 1.2 Bering

Sea circulation: the

Alaskan Stream
surface water
current (red

arrows), and deep-

water connections
‘W

s (black arrows)

restricted to the Aleutian Island passes (<4000 m water depth; Hood 1983). Locus

of cross-section (line A-B: yellow line) through the Bering Sea water column is

shown in Figure 1.3

Because of its oceanography, the Bering Sea is thought to be one of the best regions to
study environmental controls on benthic foraminifer distribution patterns, especially

with relation to productivity and oxygenation.
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Site U1342 is located on the north-western part of Bowers Ridge; an extinct arc system
extending 300 km north from the Aleutian Island arc, within the modern oxygen
minimum zone (OMZ) of ~0.6 ml/l (Conkright et al. 2002). This site is the shallowest
site cored (see Fig. 1.3) during IODP Expedition 323 (Expedition 323 Scientists 2011).

Figure 1.3 Cross-
A Oxygen (mi/l) B .

O e —————C 8 ; section through the
= 1 I'v s — M I 6 S water column of the
< ° U1339 U: " % modern Bering Sea,
a - with 10DP
(M) 3 2 ©
- ! e | g Expedition 323 sites

: 7 ' 0 tar = Site U1342:

50 N 55°N  60°N (star = Site
this study) showing

the position of the
oxygen minimum zone. Site U1342 is the shallowest seabed site cored during IODP
Expedition 323. Image adapted from the Electronic atlas of World Ocean

Circulation Experiment (WOCE) data: www.ewoce.org.

1.3 Bering Sea foraminifera

Relatively little has been published on the Late Quaternary foraminifera of the Bering
Sea, (Anderson 1963; Gorbarenko et al. 2005; Okazaki et al. 2005; Kaminski et al.
2013; Setoyama and Kaminski (in press); Kender and Kaminski (in press)). The
distribution of foraminifera along the North Pacific continental margins was compiled
by Culver and Buzas (1985, 1987). Nevertheless, deep-sea benthic foraminifera are
known to respond to changes in organic carbon flux and oxygen availability in modern
settings (e.g. Corliss 1985; Kaiho 1994; Thomas and Gooday 1996; Jorissen et al.
2007), and have been shown to respond to environmental variability in the Bering Sea
during the last glacial cycle (Gorbarenko et al. 2005; Okazaki et al. 2005). Anderson
(1963) studied the distribution of foraminifera within the Bering Sea and concluded that
water mass was of prime importance to the distribution of the assemblages. Site U1342

on the Bowers Ridge provides an important constraint on the influences of the oxygen
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minimum zone (OMZ) within the Bering Sea (Expedition 323 Scientists 2011), and
primary productivity and organic carbon flux perhaps linked to changes in surface
productivity and the extent of sea ice cover. Thus, Late Pleistocene benthic
foraminiferal records from a relatively high resolution sampling (~3 ka time steps) at
this site, may reflect fluctuations in seabed oxygen conditions and surface water

productivity at the Bowers Ridge for the past ~597 Kyr.

1.4 Sedimentological records at Site U1342

Mean sedimentation rates determined from a previous survey of the diatom-rich piston
cores collected in the eastern Bering Sea range from 10 to 20 cm kyr (Katsuki and
Takahashi 2005). In contrast, the mean sedimentation rate of core BOW-8A (Fig. 1.1; in
close proximity to Site U1342), from the western edge of the Bowers Ridge, is only 3
cm kyr' (Okada et al. 2005): a Pliocene age was reported for sedimentary deposits at
the bottom of this sedimentary succession (Takahashi 2005). Core-sediments retrieved
from Site U1342 display a relatively low sedimentation rate of an average 4.5 cm kyr’'
(Expedition 323 Scientists 2011). Sedimentary deposits comprise of: biogenic (diatom
frustules with varying proportions of calcareous nannofossils, foraminifera,
silicoflagellates and radiolarians), siliciclastic (mainly silt and very fine sand, and also
isolated clasts of pebble to cobble size), and volcaniclastic materials (fine ash;
Expedition 323 Scientists 2011). Grain size analysis shows that sediment at Bowers
Ridge is generally coarser when compared with sediments from other Bering Sea slope
sites; the average mean size being fine silt and sand-size particles: diatom ooze has been
considered as the dominant lithology at the two other sites on the Bowers Ridge (Aiello
and Ravelo 2012). Some of the siliciclastics on the ridge were likely derived from sea
ice. Other accessory minerals include authigenic carbonates (dolomite and aragonite)
and sulphide (Expedition 323 Scientists 2011).

The most prominent sedimentary features in the core from Site U1342 are
decimetre to metre scale alternations of sediments that are parallel laminated,
occasionally cross-laminated (Expedition 323 Scientists 2009). The sediments are also
bioturbated at some intervals between 3.60 and 3.70 m; 5.00 and 5.20 m; 5.80 and 5.96
m; 8.90 and 9.20 m; 10.14 and 10.28 m.
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1.5 Materials and methods
Benthic foraminiferal assemblages have been examined from 158 samples spaced at
~13 cm intervals from 20.59 m-CCSF (m-core composite below sea floor), being a
subset of data from a core 41.35 m-CCSF recovered from Site U1342 (Fig. 1.1). This
study analyses the benthic foraminifer through the past ~597 ka as calibrated by means
of the oxygen isotope stratigraphy (Knudson and Ravelo: personal communication).

Samples were collected from the Kochi Core Centre, Japan, in 2010; freeze-
dried and processed (wet-sieved to 62 um fraction to liberate the microfossils) in Prof.
Ravelo’s laboratory at the University of California, Santa Cruz. Processed samples were
stored in labelled vials. A total of 160 samples at ~13 cm intervals were picked for
benthic foraminifera; there are no available samples for 2 horizons (7.44 m and 9.97 m-
CCSF) out of the 160 horizon analysed, and these might have been missed during the
original sample collection (by Kochi sampling staff). All foraminifera >62 pm were
picked from each of the 158 samples or fraction and stored in cardboard reference
slides. A micro hand-splitter was used to split samples where abundances were
significantly higher than 300 specimens until a desired fraction was achieved. The
samples were split into as many fractions as necessary (i.e. half, quarter, one-eighth
sizes) to obtain an aliquot containing a population with a reasonable specimen density
for benthic foraminiferal analysis. However, the final fraction of the sample (i.e. half,
quarter, one-eighth sizes) represented by the aliquot was noted, and used for the Ice
Rafted Debris (IRD) analysis. Specimens were sorted by species in
micropalaeontological reference slides; all benthic foraminifer specimens picked into
each slide were later identified and counted. The numbers of specimens of each benthic
species were recorded as a percentage of the total benthic foraminiferal assemblage in
the 158 samples; these data are presented in Appendix 1. A Hitachi S-3600N scanning
electron microscope (SEM) in the Geology Department at Leicester University was
used for imaging the benthic foraminifera. Selected foraminifera (typical of each
species) were placed on aluminium stubs and coated with gold using an Emitech K500X
sputter coater. Figured specimens are deposited in the collections of the British
Geological Survey, Keyworth, Nottingham, for reference purposes.

For taxonomic analyses, species of benthic foraminifera identified were

arranged in taxonomic order following the suprageneric classification of Loeblich and
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Tappan (1987) for calcareous-walled taxa, with the aim of providing self-contained
useful references for benthic foraminiferal faunas from the Bering Sea. Species
identification has been based mainly on the taxonomic works of Kohl (1985), Van
Morkhoven et al. (1986), Jones (1994), Gooday and Hughes (2002), Holbourn et al.
(2013) and other authors whose work had focussed mainly on the Pacific Ocean. The
classification is based mainly on test morphological characters, as well as additional
information on evolutionary relationships. The features considered important are wall
composition and microstructure of the test, mode of chamber and septal addition/coiling
(including size) and apertural modification. Where applicable, the Ellis and Messina

(1940) catalogue was consulted for the original description of type species.

1.6 Overarching aims of this study

This study aims to provide a detailed taxonomic and palacoenvironmental analysis of
the benthic foraminifera from Site U1342 on the western Bowers Ridge, Bering Sea,
North Pacific, through the past ~597 kyr (early Holocene to middle Pleistocene:
Tarantian and Ionian Stages; note that much of the Holocene was not recovered). The
fauna are studied bearing in mind sedimentary and taphonomic processes that may have

altered the primary structure of assemblages.

Key deliverables of this project are:

1. A detailed taxonomic appraisal of the late Quaternary benthic foraminifera from
the Site U1342, Bowers Ridge, Bering Sea.

2. Assessment of the down core changes in morphology (especially test pore
density) of Bolivina spissa. The dataset is used to test some existing models that
this species can be used to track a relationship between foraminifer test
morphology and seabed oxygen level (Kaiho 1994), and the relationship
between seabed oxygen content and test pore density (Glock et al. 2011; Kuhnt
et al. 2013).

3. Down core assessment of the total benthic foraminiferal faunal abundance and
species diversity vis-a-vis the sedimentological (i.e. in conjunction with an
examination of laminated/non-laminated intervals and the ice rafted debris)
context of the foraminiferal assemblage structure, and to examine any possible

links with productivity or seabed oxygen-level.
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1.7 Chapter summaries
The thesis has 3 core science chapters, chapter 2 being taxonomic, whilst chapters 3 and

4 examine the possible environmental significance of benthic foraminifera.

1.7.1 Chapter 2 is a detailed taxonomic appraisal of the late Quaternary benthic
foraminifera from the Bering Sea. For the systematic palacontology, the synonymy lists
are not exhaustive, most entries being based on comparison firstly with the original
description of the type species and on key papers where such taxa are well illustrated, or
are of direct comparative importance with the Bering Sea material. The fauna appraised
includes 68 species, assigned to 41 genera from 22 families (of these, 52 species were

identified to species level, while 16 species are discussed in open nomenclature).

1.7.2 Chapter 3 is a detailed assessment of changes in morphology (especially pore
density, PD) in the species Bolivina spissa (Cushman). The dataset is used to test a
model that equates species test morphology with seabed oxygen level (i.e. Kaiho 1994)
and to test the relationship between pore density in B. spissa and seabed oxygen content
(Glock et al. 2011; Kuhnt et al. 2013). However, there is no clear correlation between
Bolivina spissa PD and interpreted bottom water oxygen level (BW-0,) suggesting that
oxygen may not be a primary or sole driver influencing the distribution and morphology

of B. spissa.

1.7.3. Chapter 4 examines the down core structure of foraminiferal assemblages and
evaluates their possible environmental signature. Assessment of the benthic
foraminifera also utilises the sedimentological context of the fossils. Down core
changes in the percentage abundance of key benthic foraminiferal species identify eight
temporally discrete intervals from the ~20.59 m long core; these intervals appear to
reflect broad changes in seabed oxygen levels and phytodetritus influx through time. No
clear relationship with the glacial — interglacial oscillation at the site over the past

~597,000 years is identified.

1.7.4. Chapter 5 presents the overall conclusions from this thesis.
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Chapter 2: Systematic palaeontology of late Quaternary Bering Sea benthic

foraminifera

Abstract

This chapter provides a detailed taxonomic appraisal of benthic foraminiferal
assemblages from 160 samples, analysed at ~13 cm intervals from a 20.59 m long
sediment core. The core was recovered from Site U1342 (Bowers Ridge) in the Bering
Sea, during Integrated Ocean Drilling Program (IODP) Expedition 323. This interval
represents the past ~597 Kyr calibrated by means of the oxygen isotope stratigraphy
spanning middle Pleistocene to Holocene (better part of Holocene were not covered). At
Site U1342 (~818 m water depth), sedimentation rates are relatively low, with an
average of ~4.5 cm/ka. Some 68 foraminiferal species (almost all being calcareous with
the exception of Eggerella sp. and Martinotiella communis) were identified and
described from 41 genera and 22 families. Of these, 52 species are identified to species
level, while 16 were identified only to generic level. In total, 52 of the 160 samples
contained counts that have greater than 300 benthic foraminifera from the > 62um
fraction. The abundance of the foraminifer downhole varies, with species such as
Takayanagia delicata accounting for ~21% of the total abundance, while only 1
specimen each of Moncharmontzeiana petaloskelts and Cushmanina striatopunctata
was recorded. In all, most of the species recorded in the Bering Sea are dominated by
infaunal cosmopolitan species that are typical of water depths in the range from bathyal

to abyssal.

2 Introduction

The Bering Sea is a semi-closed marginal back-arc basin of the North Pacific, whose
water circulation is controlled by the Bering Sea Gyre (Nagata et al. 1992: see chapter
1). It is the third largest marginal Sea in the world (Takahashi 2005), bounded by
Alaska to the east and by Russia and the Kamchatka Peninsula on the western side, and
has shallow water connections to both the North Pacific Ocean and Arctic Ocean (Fig.
2.1). Presently, Pacific waters with a relatively low salinity flow northwards via the
Bering Sea, through the Bering Strait into the Arctic Ocean (Takahashi 2005). The
depth of the Bering Strait on the continental shelf is approximately 50 m (Fig. 2.1) and

this expanse was aerially exposed and the marine passageway was completely closed

I11|Page



Systematic palacontology of late Quaternary Bering Sea benthic | Chapter 2
foraminifera

during much of the last glacial including the last glacial maximum (LGM). Repeated
opening and closing of the Strait has been caused by sea-level changes during the
glacial-interglacial cycles of the Quaternary, and this caused significant changes in
water-mass circulation in this region (Hopkins 1973).

Site U1342 (cored sediments from this site are used for this study; Fig. 2.1) is
located on Bowers Ridge, an ancient volcanic arc extending 300 km northwards from
the Aleutian Island arc, and is the shallowest material recovered during IODP
Expedition 323 at a water depth of ~818 m (Expedition 323 Scientists 2011). The total
composite core length extends through 41.35 m, spanning approximately the last ~1.2
Ma (middle Pleistocene to Holocene), although the majority of the Holocene was not
recovered (Expedition 323 Scientists 2011). In this study, benthic foraminiferal
assemblages from the top 20.59 m of the core were examined.

Benthic foraminifera have previously been reported from Pliocene to Recent
deposits in the Bering Sea (Anderson 1963; Khusid et al. 2006; Expedition 323
Scientists 2011; Kender and Kaminski in press; Setoyama and Kaminski, in press).
However, none has provided detailed taxonomic notes and illustrations of the benthic
foraminifera from the late Quaternary (last 0.5 Myrs) succession in this area. This
chapter therefore provides the first detailed taxonomic appraisal of late Quarternary

benthic foraminifera from the Bering Sea.
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Figure 2.1 Bathymetric map of the Bering Sea showing the location of Site U1342
(red dot) on Bowers Ridge, southern Bering Sea (adapted from Expedition 323
Scientists, 2011)

2.1 Geological setting

Site U1342 is located within the modern Oxygen Minimum Zone (~0.6 ml/l, Conkright
et al. 2002), and has the lowest sedimentation rates (4.5 cm/ka: Expedition 323
Scientists, 2009) out of the three drill sites explored in the Bowers Ridge region during
IODP Expedition 323. Site U1342 comprises of a mixture of biogenic (mainly diatom
frustules and foraminifera, with minor amounts of nannofossils, silicoflagellates, sponge
spicules, and radiolarians), intermittent laminated intervals, volcaniclastic intervals (fine
to coarse ash), and rare siliciclastic sediments that range from clay, to pebble-sized
clasts (Expedition 323 Scientists 2011). The sediments are bioturbated at some intervals
between 3.60 and 3.70 m; 5.00 and 5.13 m; 5.80 and 5.96 m; 8.90 and 9.20 m.
Bioturbation is less obvious at other intervals. In general, the colour of the sediment
ranges from very dark greenish grey and dark grey, to biogenic-rich olive grey to olive.
Intermittent volcaniclastic ash layers are fine to coarse, dark grey to black or shades of

light grey to white in colour.
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2.2 Materials and methods

Samples were freeze-dried, washed through a 62 um mesh screen to liberate the
microfossils, and stored in labelled vials (in Christina Ravelo’s laboratory at the
University of California, Santa Cruz) before picking. This study focuses on the top
20.59 m (composite depth scale; m-CCSF). A total of 160 samples at ~13 cm intervals,
were picked for benthic foraminifera; there are no available samples for 2 horizons
(7.44 m and 9.97 m ccsf) out of the 160 horizon analysed, and this may have been
missed during the original sample collection (by Kochi sampling staff), while 3 other
samples (5.13, 15.29 and 15.44 m-CCSF) were barren of foraminifera. A minimum of
300 picked individuals of benthic foraminifera was targeted from each sample, although
there were commonly fewer numbers available. In total, 52 of the 160 samples
contained counts that have greater than 300 specimens from the > 62 um fraction
studied. A Hitachi S-3600N scanning electron microscope at the University of Leicester
was used for imaging the fossils. Magnifications of up to 700 times have been used to
image the test ultra-structure, for example in species of Bolivina. The SEM was also
used to gauge the relative preservation condition of specimens, especially to determine
incidences of abrasion. Foraminiferal specimens collected are deposited in the

collections of the British Geological Survey, Keyworth-Nottingham.

2.3 Foraminiferal assemblages
A total of 35,465 benthic foraminiferal specimens were recovered from the sampled
interval. In all, 68 benthic foraminiferal species, all calcareous with the exception of
Eggerella sp. and Martinotiella communis which have agglutinated tests, were recorded
from the top 20.59 m of Site U1342. 41 genera were identified; 52 species were
identified to species level, while 16 species were identified only to generic level
(Appendix 1). The diversity and abundance of the foraminiferal assemblages varied
greatly throughout this interval. Most of the species are cosmopolitan, and are known
mainly from the Pacific Ocean and its environs.

The species of benthic foraminifera in this study have been arranged in taxonomic
order following the suprageneric classification of Loeblich and Tappan (1987) for

calcareous-walled taxa. Species identification is based mainly on the taxonomic works
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of McCulloch (1977); Kohl (1985); Van Morkhoven et al. (1986); Jones (1994);
Gooday and Hughes (2002) and Holbourn et al. (2013), with reference made to other
works where these are relevant. The classification is based mainly on test characters, as
well as additional information on evolutionary relationships. Features considered of
taxonomic importance include test composition and microstructure, mode of chamber
and septal addition/coiling (including size), and apertural modification. Where
applicable, the Ellis and Messina (1940) catalogue was consulted for the original
description of type species. All photomicrographs (Plates 2.1-2.22) are based on

specimens recovered from Site U1342 on Bowers Ridge, Bering Sea.

2.4 Systematic Palaeontology

The order of species presented below follows the suprageneric classification (Appendix
2) of Loeblich and Tappan (1988). Synonymy lists are not exhaustive, with most entries
in the lists being selective, based on well illustrated material from the Pacific region
(e.g, McCulloch 1977; Jones 1994; Kaiho 1992; Holbourn et al. 2013) or material
considered to be of direct comparative importance (e.g. Finger 1990 and Abu-Zied

2008).

Family EGGERELLIDAE Cushman, 1937

Subfamily EGGERELLINAE Cushman, 1937

Genus Eggerella Cushman, 1935

Type species Verneuilina bradyi Cushman, 1911; designated by Cushman (1911), p. 54

Eggerella sp.
Plate 2.1, Figures 1-5

Eggerella sp. 1 - KAMINSKI et al., 2013, p. 338, figs. 2A, Ha - Hb

Distribution in core: 10 specimens from 9 samples; highest occurrence at 0.63 m; then

at 2.38, 8.72 m and intermittently down the core.

Description: Test trochospiral, conical or ovoid, slightly elongate, rapidly becoming

triserial after a short biserial stage; overall shape is pyramidal. Wall finely agglutinated;
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wall surface rough, containing ~ 40% cement. Test chambers compact, strongly
overlapping. Chambers inflated and increasing in size as added; average number of
chambers ranges from 9 to 13; sutures thin and slightly depressed. Length of the test
ranges between 0.40 and 0.67 mm and the width between 0.26 and 0.32 mm; average
width of the last chamber is 0.25 mm. The average length to width ratio is 1.7
(0.42/0.25). Aperture morphology varies; ranges from a simple slit-like to rounded
opening, positioned centrally on a very short neck at the base of the final chamber;

aperture surrounded by a thickened but narrow lip.

Remarks: This species is very similar to Eggerella sp. 1 described from the Bering Sea
by Kaminski et al. (2013). Eggerella sp. possesses numerous pores thought to be an
adaptation to survive low-oxygen conditions present in the deep Bering Sea. The type
species was originally described from the Atlantic and Pacific Oceans (see Phleger et al.
1953 and the references therein). Brandy’s (1884) material referred to Verneuilina
pvgmea (Egger) was recognised as Eggerella bradyi by Cushman (1937).

Eggerella sp. differs from E. bradyi which has a short biserial stage that might be
confused with immature specimens of Karreriella bradyi (Phleger et al. 1953).
However, Karreriella bradyi is biserial in its final chambers, and has a rounded
aperture, clearly distinguishing mature specimens from E. bradyi. The specimens of E.
bradyi from the Bering Sea differ from the type species of E. bradyi (Cushman) in
being smaller, but in other aspects, are identical. In 7 out of the 10 specimens of
Eggerella sp. from the Bering Sea, the aperture is narrow and slit-like, while in the
other 3, it is round. However, there is no discernible trend in aperture type of specimens
through the samples studied. In all cases the aperture is situated on a very short neck on

the terminal chamber (Plate 2.1, Figs. 1-5).

Distribution: Eggerella sp. has only be recorded from the Bering Sea. E. bradyi, a
morphologically close species is a cosmopolitan species, being typically recorded from
the Arctic (Cushman 1937), Atlantic (Phleger et al. 1953; Belanger and Berggren 1986;
Schmiedl et al. 1997; Austin and Evans 2000: Kender et al. 2008), Indian (Corliss 1979;
Boltovskoy 1980; Sen Gupta 1994; Kurbjeweit et al. 2000; Schumacher et al. 2007),
and Pacific Oceans (Brady 1884; Cushman 1911, 1922; Phleger et al. 1953; Keller
1980; Butt 1980; Schroder et al. 1988) and bordering seas (Fillon 1974; Wright 1978;
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Keller 1980; Kaiho 1992; Sen Gupta et al. 2009; Wilson and Costelloe 2011; Kaminski
et al. 2013). E. bradyi has a water depth range from 236 m in the ‘Challenger stations’
SW of Juan Fernandez Island (Jones 1994) to 5600 m in the Atlantic Ocean and China
Sea (Corliss 1979; Belanger and Berggren 1986; Jian et al. 1999; Sen Gupta 1994;
Kuhnt et al. 1999; Austin and Evans 2000; Sen Gupta et al. 2009). The stratigraphical
range of E. bradyi is from the Late Eocene to Recent (Holbourn et al. 2013).

Genus Martinottiella Cushman, 1933
Martinottiella communis (d’Orbigny, 1846)

Type species Clavulina communis d’Orbigny 1826
Plate 2.1, Figures 6-9

Clavulina communis d’Orbigny 1826, p. 196, pl. 12, figs.1, 2

Martinottiella communis (d’Orbigny) - ASANO 1950, p. 3, figs. 16, 17; - BARKER,
1960, p.98, pl. 48, figs. 2, 3; - INGLE et al., 1980, p. 139, pl. 4, figs 14, 15; - KELLER,
1980, p. 855, pl. 1, fig. 12; - KOHL, 1985 p.33, pl. 4 fig. 2; - KATO 1992, p.389, pl. 1,
fig. 5; - KAHIO 1992, p. 303, pl. 1, fig. 17; - JONES 1994, p. 52, pl. 48, figs. 1-2, 4-8,
3; - HANAGATA, 2006, pl. 2, figs. 5, 6; - KENDER et al., 2008, p. 546, pl. 12, figs. 8-
10; - SZAREK, 2001, p. 189, pl. 8, figs. 9-10; - SEN GUPTA et al., 2009, p. A-10, pl.
14, figs.1-2; - HOLBOURN et al., 2013, p. 350.

Occurrence: 9 specimens, from depths 1.28, 9.40, 12.98, 13.99, 15.10 and 19.22 m

Emended diagnosis: (Modified from Asano 1950) Test early portion trochospiral,
triserial, later becoming biserial and uniserial abruptly; aperture is circular, produced on
a short tubular neck sometimes with a slight lip, and situated at the centre of the

terminal chamber.

Description: Test is trochospiral; initially triserial, later reducing to biserial and
uniserial, uniserial portion making up about % of the test; test tends to be elongate,
average dimensions is 1.35 mm in length and 0.15 mm in width; wall arenaceous, finely
agglutinated with rough surface; chambers indistinct in the early portion; increasing

gradually in size as added, sutures indistinct, slightly depressed; aperture is circular
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(~0.05 mm diameter) and produced on a short tube-like neck, at the centre of the

terminal chamber.

Remarks: D’Orbigny (1826) originally assigned his material to Clavulina, but this
taxon is distinct from Clavulina by its initial trochospiral coiling, rather than triserial

chamber arrangement. Some of the specimens are probably incomplete (broken).

Distribution: M. communis is cosmopolitan being recorded from the Miocene
(Badenian) of the Vienna Basin (d’Orbigny 1846), Pacific coast of Japan (Kaiho and
Hasegawa 1986), the Atlantic Ocean (Belanger and Berggren 1986; Charnork and Jones
1990), and other seas (Jian et al. 1999; Kender et al. 2008; Sen Gupta et al. 2009;
Wilson and Costelloe 2011). M. communis has a water depth range from 385 m in the
Pacific (Jones 1994) extending down to 714 m in the West Indies (Sen Gupta 2009),
and to a deeper depth of 3477 m in the Atlantic Ocean (Jian et al. 1999). M. communis

has a stratigraphical range from the Oligocene to Recent (Jones 1994).

Family HAUERINIDAE Schwager, 1876

Subfamily HAUERININAE Schwager, 1876

Genus Quinqueloculina d’Orbigny, 1826

Type species Serpula seminulum Linné, 1758; designated by Parker and Jones (1859),
p. 480

Quingqueloculina sp.

Plate 2.1, Figures 10-12

Distribution in core: 7 specimens from 7 samples; intermittently at depths 0.63, 2.64,

6.20, 13.46, 14.88, 16.21 and 19.61 m respectively.

Description: Test ovate in outline, twice as long as broad, average dimensions: length
0.75 mm, width 0.32 mm and thickness 0.30 mm. Wall calcareous, slightly imperforate.
The chamber arrangement is “quinqueloculine”: four chambers are visible from one side

and three from the other side, chamber margins are curved; aperture is not clearly seen,
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but is located on a very short neck. Test surface is rough, ornamented with minute

microstriae.

Remarks: These Bering Sea specimens are morphologically similar to Quinqueloculina
parvula Schlumberger recorded by Milker and Schmiedl (2012) from the Holocene
shelf of the western Mediterranean Sea, but differ by the morphology of the aperture,
which is relatively wide and round in Q. parvula (Milker and Schmiedl 2012: fig. 15: 26
and 27). Though not clearly visible in the specimens of Quinqueloculina sp. from the
Bering Sea, the aperture doesn’t appear to be either wide or rounded, and is more

triangular in outline.

Subfamily MILIOLINELLINAE Vella, 1957
Genus Pyrgo Defrance, 1824
Type species Pyrgo laevis Defrance, 1824

Pyrgo murrhina (Schwager, 1866)
Plate 2.1, Figures 13-16

Biloculina murrhina SCHWAGER, 1866, p. 203, pl. 4, figs. 15 a-c

Pyrgo murrhina CUSHMAN, 1929, p. 71, pl. 19, figs. 6, 7

Pyrgo murrhina (Schwager); - CUSHMAN, 1930, p. 357, pl. 32, figs. 7a, b

Biloculina depressa, var. murrhyna Schwager.- BRADY, 1884, p. 146, pl. 2, figs. 10,
11,15

Pyrgo murrhina (Schwager) — PHLEGER et al, 1953, p. 28-29, pl. 5, figs. 22-24; -
BARKER, 1960, p. 4, pl. 2, figs. 10, 11, 15; - Le ROY, 1974, p. 439, pl. 7, figs. 4, 5; -
SEJRUP et al., 1981, pl. 2, fig. 9; - MULLINEAUX and LOHMANN, 1981, p. 38, pl.
1, fig. 13 ; KAIHO and NISHIMURA, 1992, p. 312, pl. 3, fig. 2; - SEN GUPTA, 1994,
p. 357, pl. 1, fig. 14; - DOWSETT and ISHMAN, 1995, p. 154, pl. 1, fig. 2; -
OHKUSHI et al., 2000, p. 138, pl. 1, figs. Sa-c; - ABU-ZIED et al., 2008, p. 51, pl. 1,
figs. 16-17; - HOLBOURN et al., 2013, p. 458.

Distribution in core: 8 specimens from 7 samples, at depths 1.03,4.97, 5.26, 5.41, 5.74,
5.96 and 19.92 m respectively.
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Diagnosis: (After Barker 1960) Test ovate, extended with carinate periphery, aperture

nearly circular, tubular neck, with a bifid tooth attached to the apertural opening.

Description: Test ovate in outline, biconvex: one side more convex than the other; wall
calcareous and smooth, imperforate and porcelaneous; two chambers making up the
exterior, extended with a carinate periphery, somewhat longer than broad; maximum
diameter of the test is 1.05 mm, thickness is up to 0.75 mm. Aperture nearly circular, at
the end of a produced tubular neck, a small bifid tooth is attached to the apertural

opening.

Remarks: Schwager (1866) originally assigned his material to Biloculina. Pyrgo
murrhina from the Bering Sea is morphologically similar to specimens illustrated by
Abu-Zied et al. (2008: pl. 1, fig. 16 and 17) from the Mediterranean Sea, and differs
from specimens illustrated from the Choctawhatchee Formation of Florida by Cushman
(1930) which have a larger bifid tooth associated with the aperture, partially filling the

nearly circular apertural opening.

Distribution: Pyrgo murrhina is cosmopolitan in deeper waters, it has a geographical
distribution in the Pacific (Kaiho and Nishimura 1992; Ohkushi et al. 2000;
Bubenshchikova et al., 2010), and Indian Oceans (Corliss 1979; Sen Gupta 1994), the
Gulf of Mexico (Le-Roy 1974; Sen Gupta et al. 2009), the Red Sea (Sen Gupta 1994)
and other seas (Le-Roy 1974; Abu-Zied et al. 2008; Sen Gupta et al. 2009; Wilson and
Costelloe 2011). Pyrgo murrhina has a water depth range extending from 181 to 839 m
in the Okhotsk Sea (Bubenshchikova et al. 2010), down to 4600 m in the southeast
Indian Ocean (Corliss 1979). P. murrhina was considered an indicator of oxic seabed
conditions by Kaiho (1994) and Matul et al. (2013). Bubenshchikova et al. (2010)
classified P. murrhina as a suboxic and epifaunal species. Its stratigraphical range is

from the Miocene to Recent (Jones 1994).

Genus Triloculina d’Orbigny, 1826
Type species Miliolites trigonula Lamarck, 1804, designated by Cushman (1917), p. 65
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Triloculina frigida Lagoe, 1977
Plate 2.2, Figures 1-3

Triloculina frigida Lagoe, 1977, p. 120, pl.1, figs 12, 17, 18; - SEJRUP et al., 1981, p.
292, pl. 2, fig. 11; MURRAY, 1983, pl. 3, figs. 12-14; - MACKENSEN, et al., 1990, p.
254, pl. 1, fig. 6; - ISHMAN and FOLEY, 1996, p. pl. 2, fig. 8; - WOLLENBURG and
MACKENSEN, 1998, p. 179, pl. 3, figs. 2, 3; - OHKUSHI et al., 2000; - GOODAY
and HUGHES, 2002, p. 97, pl. 1, fig. g

Distribution in core: 22 specimens in 14 samples; the highest occurrence is at 2.78 m,

other intermittent occurrences down core from this level.

Emended diagnosis: (Based on the illustrations of Lagoe 1977; Murray 1983; Gooday
and Hughes 2002 and the material from the Bering Sea) Test quinqueloculine, triangular
in cross-section, three chambers visible from the exterior; aperture sub-rounded with a

distinct tooth.

Description: Test with early chambers quinqueloculine, test triangular in cross-section,
ovate in lateral outline, somewhat tubular; test has an equilateral triangular shape from
apertural view, twice as long as broad, average dimensions being 0.37 mm in length and
0.12 mm in width. Wall calcareous, porcelaneous, imperforate; chambers added in the
plane of the last preceding, covering it so that the exterior of the test is composed of
about three visible chambers; aperture sub-rounded with a tiny tooth (on the flat side of

the aperture) on a short but distinct neck at the end of the final chamber.

Remarks: T. frigida differs from the similar Quinqueloculina lamarckiana d'Orbigny,
which has 5 visible chambers and an ovate aperture. The material from the Bering Sea
compares well with the illustrations of 7. frigida in Mackensen et al. (1990: pl. 2, fig. 6)
from the Weddell Sea. The apertural tooth in 7. frigida from the Bering Sea is tiny, and
it is similar to specimens illustrated from the NE Atlantic by Gooday and Hughes
(2002; pl. 1, fig. g). T. frigida has been described as being associated with
phytodetritus-rich samples from the NE Atlantic (Gooday and Hughes 2002), and this
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may signal this species to be opportunistic in nature, responding to seasonally high

influx of organic detritus.

Distribution: T. frigida has a geographical distribution in the Atlantic and Arctic
Oceans (Wollenburg and Mackensen 1998; Gross 2001; Gooday and Hughes 2002), and
from bordering seas (Sejrup et al. 1981; Mackensen et al. 1995). Its water depth ranges
from 1388 m to 1920 m in the north Atlantic (Gooday and Hughes 2002), extending to
between 2500 and 3600 m in the Weddell Sea (Mackensen et al. 1990) and deeper to
4427 m in the Arctic Ocean (Wollenburg and Mackensen 1998). T. frigida has a
stratigraphical range from the Eocene to Recent (Murray 1983).

Family NODOSARIIDAE Ehrenberg, 1838
Subfamily NODOSARIINAE Ehrenberg, 1838
Genus Dentalina Risso, 1826

Type species Nodosaria cuvieri d’Orbigny, 1826, designated by Risso (1826), p. 255

Dentalina ittai Loeblich and Tappan, 1953
Plate 2.2, Figures 4-9

Nodosaria calomorpha Reuss - EARLAND, 1933, p. 117, pl. 4, fig. 19

Dentalina cf. calomorpha (Reuss). - CUSHMAN and BRONNIMANN, 1948, p. 44, pl.
5, figs. 4, 5.

Dentalina ittai LOEBLICH and TAPPAN, 1953, p. 56, pl. 10, figs. 10-12; FEYLING-
HANSSEN, 1964, p. 273, pl. 9, figs. 1, 2; - DABBOUS and SCOTT, 2012, pg. 199,
figs. 26, 3.

Distribution in core: 5 specimens in 5 samples; few occurrences between intervals

1.28,2.38 and 2.54 m.

Description: Test elongate, uniserial, tubular, circular in cross-section, 2 mm in length;
test wall calcareous, smooth. Chambers gradually increasing in size slightly inflated and
curved, average chamber width is 0.20 mm, while length is 0.51 mm. There are 8 to 9

chambers, with the last chamber being largest; first chamber (proloculus) has a spine at
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the end. The size of the last chamber reduces towards the aperture, forming a conical

shape; sutures slightly depressed; aperture rounded and terminal at the conical end.

Remarks: D. ittai specimens examined comprised of broken specimens, but nonetheless
can be differentiated from Dentalina cuvieri (d’Orbigny) which has longitudinal costae
on its test and a radiate aperture (see Loeblich and Tappan, 1986 pl. 439, fig. 19). The
Bering Sea material may be conspecific with Dentalina sp. 1 illustrated by Sen Gupta et

al. (2009) from the Gulf of Mexico.

Distribution: D. ittai has been recorded from 21 - 50 m water depth at the Northern
Melville Peninsula, Canadian Arctic; Quaternary deposits in Southwestern Sweden
(Klingberg 1997); Lake Uppsalstjinet and Lake Osten, Southwestern Varmland, in
southwestern Sweden (Wastegird 1995), between 50 - 100 m at Tail of the Grand
Banks, western North Atlantic (Sen Gupta 1971) and from the Barents Sea, Arctic
Ocean (Tarasov and Pogodina 2001).

Genus Lotostomoides Hayward and Kawagata in Hayward et al. 2012

Type species Nodosaria asperula Neugeboren, 1852

Lotostomoides calomorphus (Reuss, 1866)

Plate 2.2, Figures 10-11

Nodosaria (Nodosaria) calomorpha REUSS 1866, p. 129, pl. 1, figs. 15-19
Glandulonodosaria calomorpha (Reuss) - JONES 1994, p. 72, pl. 61, figs. 23-26?, 27,
supplementary plate 1, figs 10-11

Lotostomoides calomorphus (Reuss) — HAYWARD et al., 2012, p. 125, pl. 6, figs 24-
29; - SETOYAMA and KAMINSKI (in press) fig. 8, 22.

Distribution in core: 8 specimens in 8 samples, first occurrence at 0.10 m and other

occurrences intermittently down the core to depth 20.59 m.
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Emended diagnosis: (After Hayward et al. 2012) Test elongate, uniserial, each chamber
weakly inflated, unornamented; aperture coarsely reticulate, slightly domed to conical

mesh, usually on a neck and often divided into pillars or tubes

Description: Test elongate, uniserial with up to three chambers that are tubular and
weakly inflated, test divided into pillars or tubes; wall calcareous, unornamented;

depressed sutures, aperture not clearly seen, probably terminal on a short neck.

Remarks: All specimens are fragmentary, consisting mostly of two chambers; only one
specimen out of the eight examined has three chambers. Setoyama and Kaminski (in
press: figs. 8, 22) referred to a morphologically close specimen from the Bering Sea as
Lotostomoides calomorphus. Some of the fragments described here are similar to the
specimens illustrated as ‘Nodosaria sp.” from surface sediments of the Weddell Sea in
the Antarctica by Anderson (1975: pl. 4, fig. 11), which has two tubular and weakly
inflated chambers, with depressed sutures and an aperture which is terminal. Another
morphologically similar specimen illustrated from Northern Gulf of Mexico by Sen

Gupta et al. (2009: pg. A-168) was referred to as Siphonodosaria calomorpha (Reuss).

Distribution: Lotostomoides calomorphus has been reported by Setoyama and
Kaminski (in review) from the Bering Sea at a water depth of ~2140 m. A similar
specimen illustrated by Jones (1994) as G. calomorpha was recorded at a depth range

between 11 and 4026 m in the South Atlantic.

Family VAGINULINIDAE Reuss, 1860

Subfamily LENTICULININAE Chapman, Parr, and Collins, 1934

Genus Lenticulina Lamarck 1804 (=Lenticulites Lamarck, 1804, objective synonym)
Type species: Lenticulites rotulata Lamarck, 1804, designated by Children (1823), p.
153

Lenticulina rotulata Lamarck, 1804

Plate 2.2, Figures 12-16

Lenticulites rotulatus LAMARCK, 1804, p. 188, pl. 62, fig. 11
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Lenticulina rotulata CHILDREN, 1823, p. 153

Cristellaria rotulata (Lamarck) - CUSHMAN, 1926, p. 599, pl. 19, fig. 4; -
PLUMMER, 1926, p. 91, pl. 7, fig. 8.

Lenticulina rotulata (Lamarck) — CUSHMAN, 1931, p. 37, pl. 5, fig. 1 - CUSHMAN
1946, p. 56, pl. 18, fig. 19; pl. 19, figs. 1-7.

Lenticulina comptoni (Sowerby) — HOFKER, 1956, p. 114, text-figs. 117, 118
Lenticulina rotulata (Lamarck) - DONDI and BARBIERI, 1982, pl. 10, figs. 6; -
KAHIO, 1992, p. 304, pl. 2, figs. 14a, 14b; - PERYT and LAMOLDA, 1996, fig. 7, no.
7; - ORTIZ and THOMAS, 2006, p. 139 pl. 8, fig. 5; - FRENZEL 2000, pl. 14, fig. 1.
Lenticulina sp. - SETOYAMA and KAMINSKI (in press) figs. 7, 9a, b

Distribution in core: 32 specimens from 11 samples intermittently between depths 0.10

and 20.06 m; highest abundance between intervals 1.28 and 2.24 m.

Emended diagnosis: Based on Ortiz and Thomas (2006) and the Bering Sea material
documented herein. Sub-circular in outline, weakly carinate with umbonal boss, last two

chambers tend to flare, closed regular spire; aperture radiate and terminal.

Description: Sub-circular in outline, closely coiled and compressed chambers,
periphery weakly carinate, test with umbonal boss. Test wall calcareous, hyaline,
smooth except on the sutures; broad chambers increasing slowly in size as added,
forming a closed spire in overall morphology. Specimens are relatively large, average
dimension of the longer diameter is 1.50 mm, 1.40 mm at the shorter diameter and
thickness of 0.62 mm. About 9 to 12 chambers are visible in the final whorl (~90% of
the specimens have 10 chambers), the last two chambers tend to flare; sutures distinct,
non-depressed, radial to oblique, straight to curved, gently tangential to the slightly

elevated umbo; aperture radiate and terminal.

Remarks: Frenzel (2000) considered Lenticulina comptoni (Sowerby, 1817) to be a
junior subjective synonym of L. rotulata. L. rotulata possess an umbonal boss, which is
absent from L. gibba (d’Orbigny): for other differences see ‘remarks’ for L. gibba
below. The presence of the umbonal boss in L. rotulata makes this species similar to L.

convergens (Bornemann) and L. iota (Cushman); however, there are more chambers in
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L. iota than in L. rotulata, while L. convergens has oblique sutures fusing into a
relatively large umbilical boss. L. muensteri (Roemer) recorded from the Oxford Clay in
England by Holbourn et al. (2013; p. 338, figs. 1 and 2) is morphologically similar to L.
rotulata, but is differentiated by its wide apertural form. Holbourn et al. (2013)
described the test as radiate and terminal: this species is also older than the youngest
(Eocene) occurrence of L. rotulata. L. rotulata recorded from the Bering Sea is
morphologically similar to Lenticulina sp. recorded from the same area by Setoyama
and Kaminski (in press).

Bartenstein and Bolli (1986) highlighted difficulties in separating L. rotulata
(Lamarck), L. muensteri (Roemer), L. roemeri (Reuss), L. macrodisca (Reuss) and L.
subalata (Reuss) due to transitional forms. However, L. rotulata specimens examined
show intraspecific variation in the test outline down core: about 60% of the specimens
have their test outline almost circular, while others are slightly angled. There appears to

be no stratigraphical pattern in the distribution of these morphologies.

Distribution: Lenticulina rotulata is a cosmopolitan species that has a geographical
distribution in the North American Atlantic Coast (Culver and Buzas 1980); Japan Sea
(Kaiho 1992), Tyrrhenian Sea (Panieri et al. 2005), and the Caribbean Sea (Wilson and
Costelloe 2011), also from the Betic Cordillera, southeastern Spain (Ortiz and Thomas
20006). L. rotulata has been recorded at water depths extending from ~60 to ~300 m in
the Tyrrhenian Sea (Panieri et al. 2005), between 7 - 1,054 m at the Bay of Biscay and
Celtic Sea, down to a depth of 2300 m in the Pacific (Kaiho 1992). Lenticulina spp. was
classified as indicators of sub-oxic conditions by Kaiho (1994). It is present in
dissolved oxygen range between 0.16 - 4.59 ml/l (Hayward 2014). The stratigraphical

range of L. rotulata is from Eocene to Recent (Kaiho 1992).

Lenticulina gibba (d’Orbigny 1826)
Plate 2.2, Figures 17-18; Plate 2.3, Figures 1-7

Cristellaria gibba d’Orbigny, 1826, p. 292, no. 17; - BRADY, 1884, p. 546, pl. 69, figs.
8,9; - CUSHMAN, 1923, p. 105-106, pl. 25, fig. 4

Robulus oblongata - CORYELL and RIVERO, 1940, p. 332, pl. 43, figs. 7, 12

Robulus gibba (d’Orbigny) - BERMUDEZ, 1949, p. 126, p. 7, figs. 53, 54

26 |Page



Systematic palacontology of late Quaternary Bering Sea benthic | Chapter 2
foraminifera

Lenticulina gibba (d’Orbigny) - BARKER, 1960, p. 144, pl. 69, figs. 8-9; - DENNE,
1990, pl. 8, fig. 6; - JONES, 1994, p. 81, pl. 69, figs. 8-9; - ROBERTSON, 1998, p. 66.
pl. 22, fig. 4; - KAMINSKI et al, 2002, p. 172, pl. 2, fig. 6; - SEN GUPTA et al., 2009,
p. A-100, pl. 98, figs. 1- 2; - CHENDES et al., 2004, p. 77, pl. 1, fig. 13; - HOLBOURN
etal., 2013, p. 334, figs. 1, 2.

Distribution in core: 7 specimens in 6 samples at 0.88, 3.09 and between depths 15.95-

16.65 m and 18.55-18.65 m.

Emended Diagnosis: (Based on Holbourn et al. 2013 and Jones 1994) Later chambers
are narrower, uncoiled and involute; suture flush with chambers; aperture is radiate and

terminal.

Description: Test planispiral, elongate in outline, involute, weakly biconvex in cross
section, with keeled, sub-acute periphery; wall calcareous, smooth, and finely perforate;
the later chambers are narrower, approximately twice as wide as long. Some six to nine
chambers in the final whorl, tending to uncoil as added; average dimension of the test is
0.45 mm in length, 0.25 mm in width at the widest diameter and 0.12 mm in thickness;
sutures flush with chambers; primary aperture in form of radial slits, terminal on the

narrow later chamber.

Remarks: D’Orbigny (1826) first described his material as Cristellaria gibba; this was
later accepted as a synonym of Lenticulina gibba (d’Orbigny 1826): see Gross (2001).
L. gibba is differentiated from L. rotulata (Lamarck), L. convergens (Bornemann), L.
iota (Cushman) and L. muensteri (Roemer) by its more elongated outline, and by its
keel becoming narrower in later uncoiled chambers. L. iofa has more chambers (13 to
15) in its final whorl. L. convergens (Bornemann) has numerous inflated chambers,
increasing gradually in size, and these are separated by flush, oblique sutures that fuse
into a large umbilical boss. L. anaglypta (Loeblich and Tappan) differs from L. gibba by
having depressed sutures with ornamented, numerous and prominent raised costae.
However, the primary apertures of these species are similar to that of L. gibba, being
radiate and terminal. L. gibba from Site U1342 is morphologically similar to the
specimen illustrated from the Mediterranean Sea by Kaminski et al. (2002: p. 2, fig. 6)
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as L. gibba, having its aperture as radial slits. Specimens illustrated by Chendes et al.
(2004: pl. 1, fig. 13) from the southern shelf of the Marmara Sea as L. gibba d’Orbigny
differ from the studied specimens in that the aperture is somewhat oval in shape.
Whether this represents intraspecific variation, or this material represents a different

species, is unclear.

Distribution: L. gibba is cosmopolitan, being typically recorded from the Gulf of
Mexico (Sen Gupta et al. 2009; Sen Gupta and Smith 2010), Caribbean Sea (Wilson and
Costelloe, 2011) and at the ‘Challenger’ stations in the West Indies (Jones, 1994). L.
gibba has a depth range from 15 to 350 m in the shelf of Marmara Sea (Chendes et al.
2004) to 714 m in the West Indies (Jones 1994) and 2918 m in the Gulf of Mexico (Sen
Gupta et al. 2009; Gupta and Smith 2010). Jones (1994) classified Lenticulina spp. as
indicators of sub-oxic seabed conditions. The stratigraphical range of L. gibba is Early

Miocene to Recent (Holbourn et al. 2013).

Family LAGENIDAE Reuss, 1862

Subfamily LAGENINAE Brady, 1881

Genus Lagena Walker and Jacob, 1798

Type species Serpula (Lagena) sulcata Walker and Jacob, 1798; designated by Parker
and Jones (1859), p. 337

Lagena hispida Reuss, 1858
Plate 2.3, Figures 8-15.

Lagena hispida Reuss, 1858, p. 335, pl. 6, figs. 77-79

Lagena hispida Reuss - BRADY, 1884, p. 459, pl. 57, figs. 1, 2; - CUSHMAN, 1923, p.
26-27, pl. 4, figs. 7, 8; - CUSHMAN, 1946, pl. 39, fig. 13; - BARKER, 1960, p. 116, pl.
57, figs. 1, 2; - JONES, 1994, p. 63, pl. 57, figs. 1, 2; - SEN GUPTA et al., 2009, p. A-
9, pl. 89, fig. 1.

Distribution in core: 12 specimens in 8 samples at depths 2.38, 2.60, 8.60, 9.00, 9.25,
16.88, 15.69 and 17.09 m.
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Emended Diagnosis: (Modified slightly from Barker 1960) Test is unilocular, flask
shaped to globular, elongated apertural neck; hispids are distributed over the test and the

neck, aperture rounded, terminal on a thin, elongate neck with a lip.

Description: Test is unilocular, ovate in outline, flask shaped to globular, circular in
cross section. Wall calcareous, hispids are distributed over the test, longer and greater
number of hispids around the base of an elongated apertural neck; average dimension of
the test is between 0.40 mm and 0.50 mm in length; and between 0.25 mm and 0.33 mm
in width/thickness (at the widest diameter). Aperture rounded, terminal at the end of the
apertural neck, margin of the aperture possesses a lip; neck varies in length from 0.05 to

0.01 mm.

Remarks: Some of the L. hispida recorded in the samples differ from those illustrated
by Jones (1994: pl. 57, figs. 1 and 2) in being more elongate (flask-shaped) than
globular. This variation in shape is considered intraspecific in accordance with the
observation of Cushman (1946) that “under Lagena hispida, are included a wide range
of forms with somewhat differing shapes”; all the Bering Sea specimens have finely
spinose surfaces. Setoyama and Kaminski (in press: fig. 8; 29) illustrated a similar
specimen with less densely distributed hispids as Lagena hispidula Cushman from the
Bering Sea; this is slightly different from our material which has more hispids that are
densely distributed on the test, and more at the base of the neck. L. hispida is uniquely
different from other species of Lagena because of the hispids distributed uniformly on
its test. In the Bering Sea material, 8 of the specimens have elongated chambers that are
flask shaped, ovate in outline, while the rest are globular. Variation in the length of the
apertural neck is likely to be related to maturity; smaller specimens have shorter

apertural necks.

Distribution: L. hispida is recorded from the South Atlantic and North Pacific Oceans
(Jones 1994), the Gulf of Mexico (Sen Gupta et al. 2009), and the Caribbean Sea
(Wilson and Costelloe 2011). Its water depth ranges from 632 m in the North Pacific to
between 1061 and 2918 m in the Gulf of Mexico (Sen Gupta et al. 2009; Sen Gupta and
Smith 2010; Wilson and Costelloe 2011) to 3477 m in the South Atlantic (Jones 1994).
The stratigraphical age of L. hispida is not known beyond the Recent (Hesemann 2013).
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Lagena sulcata Walker and Jacob, 1798
Plate 2.3, Figures 16-18

Lagena sulcata Walker and Jacob, 1798 - BAGG, 1912, p. 122, pl. X1V, figs. 10, 11, 12
a, b; - MICHEAL, 1967, p. 76, pl. 4, fig. 36; - NEAGU, 1975, pl. 69, figs. 18-19; -
LEOBLICH and TAPPAN, 1988, p. 415, pl. 455, figs 12-13; - WEIDICH, 1990, p. 122,
pl. 40, figs. 25-26; pl. 45, figs. 6, 14; - JONES, 1994, p. 64, pl. 57, figs. 23, 25-27, 33-
34; p. 65, pl. 58, figs. 5-6, 18.

Distribution in core: 35 specimens in 20 samples; highest occurrence at depth 1.38 m,

low but consistent occurrence from 18.55 to 19.44 m.

Diagnosis: Test with prominent longitudinal costae on the chambers; aperture terminal,

rounded, at the end of a thin elongate neck which has hexagonal ornament.

Description: Test is unilocular, globular, ovate in outline, circular in cross-section; wall
is calcareous, prominent and with longitudinal costae which run from the apertural neck
to the bottom of the chamber. Test is 0.63 mm in length, 0.33 mm diameter (at its
widest diameter); aperture terminal, rounded, at the end of a thin, elongate neck which

may be long or short, with hexagonal ornament on the neck.

Remarks: About 60% of the L. sulcata examined here are ovate in outline, while the
others are rounder. Lagena sulcata from the Bering Sea is more elongate than the
specimens of this species illustrated in Jones (1994: pl. 54, figs. 1, 2) from the North
and Central Pacific and Southern Japan Sea. L. sulcata is differentiated from Lagena
striata (d’Orbigny) by the hexagonal ornament on the elongate neck of the aperture (see
Jones 1994, pl. 57, figs. 23, 25-27 and 33-34): both of these species have longitudinal
costae as ornamentation on their tests (Jones 1994: pl. 57, figs. 23; 25-27, 33-34 and
figs. 22, 24), but the costae are more prominent, delicate (Bagg 1912) and fewer on L.
sulcata than on L. striata (d’Orbigny).

L. acuticosta (Reuss) differs from L. sulcata by having only a few sharp costae,

extending over the entire chamber; the species is usually stout and larger. L. striata
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(d’Orbigny) illustrated by Setoyama and Kaminski (in press) from the Bering Sea is
morphologically similar to L. sulcata from core U1342 (also from Bering Sea) by
possessing a neck that is ornamented, and by having costae that run from the apertural

neck to the bottom of the chamber.

Distribution: Lagena sulcata is a cosmopolitan species with a geographical distribution
in the Pacific and Indian Oceans (Jones 1994; Holbourn and Kaminski 1997). L. sulcata
has a bathymetric range from neritic to bathyal. Its water depth ranges from 37 to 4300
m at the ‘Challenger’ stations in the Pacific Ocean (Jones 1994). L. sulcata is an
indicator of sub-oxic conditions (Jones 1994; Bubenshchikova et al. 2010) and a
shallow infaunal species (~ 0-2 cm; Bubenshchikova et al. 2010). The stratigraphical
range of L. sulcata is recorded as Early Cretaceous to Recent (Neagu 1975; Weidich
1990; Holbourn and Kaminski 1997); however, a stratigraphical range of Miocene to

Recent was assigned by Jones (1994).

Lagena nebulosa Cushman, 1923

Plate 2.3, Figure 19

Lagena leavis (Montagu 1803) var. nebulosa - CUSHMAN 1923, p. 29, pl. 5, figs. 4, 5.

Lagena nebulosa Cushman, 1923; - BARKER, 1960, pl. 56, fig. 12; - JARKE, 1960,
pl. 5, fig. 6; VILKS, 1969, p. 55, pl. 2, fig. 21; - FAGERLIN, 1971, p. 54, pl. 3, fig. 16.

- ANDERSON, 1975, p. 83, pl. 5, fig. 12; - BOLTOVSKOY and KAHN, 1983, p. 305,
pl. 1, figs. 16-17; - JONES, 1994, pl. 56, fig. 12

Distribution in core: 4 specimens in 3 samples at depths 0.51, 9.11 and 15.95 m

Emended Diagnosis: (Based on material from Anderson 1975; O’Niell 1981;
Boltovskoy and Kahn 1983, and the Bering Sea specimens) Test globular to rounded,
finely perforate, aperture terminal, produced on a long or short tubular neck; aperture

may have a phialine lip.

Description: Test unilocular, globular to rounded, circular in cross section, widest at the

middle of the chamber, average dimension of 0.70 mm in length (including the neck),
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0.53 mm diameter. Wall calcareous, finely perforate and smooth; aperture is rounded,

diameter is ~0.05 mm, terminal, produced on a long neck.

Remarks: Based on published illustrations, this species is variable in shape from
elongate to round, globular to cylindrical (Boltovskoy and Kahn 1983). The 4 Bering

Sea specimens are more rounded and globular.

Distribution: Lagena nebulosa has a geographical range in the Atlantic, Pacific and
Arctic Oceans (Boltovskoy and Kahn 1983; Jones 1994; Gross 2001) and the
‘Challenger’ Station 279C French Polynesia off the French territories (Jones 1994;
Vilks 1969). Its water depth ranges from 1133 m at the aforementioned the ‘Challenger’
Station (Jones 1994) to 5014 m in the Pacific (Jones 1994). Lagena may be an indicator
of sub-oxic conditions and has been designated an infaunal species (Kahio 1994;
Bubenshchikova et al. 2008). The stratigraphical range is not known beyond the Recent
(Jones 1994).

Lagena sp. 1
Plate 2.3, Figures 20-22; Plate 2.4, Figures 1-4

Distribution in core: 4 specimens at depths 13.30, 13.71, 14.28 and 14.88 m.

Description: Test unilocular, globular to ovate in outline, circular in cross-section; walls
calcareous, ornamented with about 16-18 longitudinal costae in the form of concentric
ridges (with 6-7 prominent longer costae), with alternation of long and short prominent
longitudinal costae on the test (about 8 each); the longer costae reach to the apertural
end, while the shorter costae terminate before getting to the base of the neck. Test size
is twice as long as broad, average dimension of 0.58 mm in length, 0.26 mm in diameter
at the widest part of the chamber. Aperture is terminal, rounded at the end of a produced

neck.

Remarks: Lagena sp. 1 differs from Lagena strumosa Reuss illustrated by Milker and
Schmiedl (2012; figs. 18, 34) from the Western Mediterranean Sea, which has a crown-

like aperture on a long neck that is covered by concentric ridges. L. multicostata
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Copeland (reproduced in Ellis and Messina 1940) from the Eocene and Miocene of
North Carolina is differentiated from Lagena sp.1 by its smaller size and the slightly
tapering neck with horizontal annulations. Jones (1994) illustrated Cushmanina
desmophora (Jones 1872) as a morphologically similar species from the ‘Challenger’
Station in the North Pacific and the Atlantic Oceans, but this differs from Lagena sp. 1

by the hollow that is present on the pronounced longitudinal costae.

Lagena sp. 2
Plate 2.4, Figures 5, 6

Distribution in core: 1 specimen at depth 15.23 m

Description: Test unilocular, globular, ovate in outline, circular in cross-section; wall is
calcareous, ornamented with 6-7 high longitudinal costae which later bifurcate towards
the base of the neck about one-fourth the distance along the chamber, and then merge
again, forming raised polygonal ridges arranged in a honey-comb pattern around the
base of the apertural neck in the form of a collar. This species is 0.50 mm in length,
0.25 mm in diameter at the widest part of the chamber. Aperture is terminal, round, at

the end of a short, well-differentiated, smooth neck.

Remarks: Lagena sp. 2 resembles QOolina acuticosta (Ruess) recorded from the
Champlain Sea, New York, Quebec (Cronin 1977; pl. 2, fig. 15) and Oolina emaciata
(Reuss 1862), but differs by having raised polygonal ridges in the form of a honey-
comb pattern around the base of the neck. Oolina emaciata (Reuss 1862) has a more
broad apertural neck, which is not pitted. Lagena sp. 2 is similar to Lagena bifurcata
LeRoy illustrated in Ellis and Messina (1940), which has a smaller test and is more
globose. Lagena recticulocervix Poag recorded from the Lower Miocene of Alabama
and Mississippi reproduced in the Ellis and Messina Catalogue (1940) differs from this
species by having a neck that is ornamented by a reticulate network to which the

longitudinal costae are attached, with no distinct aperture.

Lagena sp. 3
Plate 2.4, Figures 7-11
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Distribution in core: 1 specimen at depth 16.21 m

Description: Test unilocular, globular, ovate in outline, circular in cross-section; wall is
calcareous, ornamented with 7-8 prominent (thick) longitudinal costate, about 8 less
pronounced horizontal short costae lie in a row separating the longitudinal costae, but
do not dissect the longitudinal costae themselves, forming a sort of ‘square’ structure
with a conspicuous pore at the centre of each of the ‘square’ structures. The test of this
species is 0.50 mm in length, 0.25 mm in diameter at the widest part of the chamber.

Primary aperture is terminal, rounded at the end of a non-distinct, relatively short neck.

Remarks: Lagena sp. 3 is similar in size and shape to Lagena sp. 2, but differs by
having thin horizontal costae in between the pronounced longitudinal costae with pores,

and by lacking bifurcate ornament on the apertural neck.

Genus Procerolagena Puri, 1954

Type species Lagena gracilis Williamson, 1848; designated by Puri (1954), p. 104

Procerolagena gracilis (Williamson, 1848)

Plate 2.4, Figures 12-13

Lagena gracilis WILLIAMSON, - 1848, p. 13, pl. 1, fig. 5 ; - BRADY, 1884, p. 464, pl.
58, figs. 19, 22-24; - p. 24, pl. 8, figs. 5, 6; - VILKS, 1969, p. 55, pl. 2, fig. 17; -
ANDERSON, 1975, p. 86, pl. 5, fig. 7, - BOLTOVSKOY and de KAHN, 1983, pl. 1,
figs. 12-13.

Procerolagena gracilis (Williamson, 1848); - CLARK and PATTERSON, 1993, figs. 2,
4; - JONES, 1994, p. 65, pl. 58, figs. 92, 11-15; - PATTERSON et al., 1998, p. 9, pl. 6,
fig. 1

Procerolagena distoma (Parker and Jones) - [IGARASHI et al., 2001, pl. 7, fig. 12
Procerolagena gracilis (Williamson, 1848) - RIVEIROS and PATTERSON, 2007, figs.
6, 7.
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Distribution in core: 6 specimens in 5 samples at depths 0.63, 6.37, 9.40, 16.21 and
19.22 m.

Emended Diagnosis: Test hyaline, unilocular and elongated into narrow ‘neck-like’
extensions at both test extremities, some 16 to 20 longitudinal costae extend from the

base of one neck to the other; aperture terminal at the two ends.

Description: Test unilocular, elongated into neck-like extensions at both ends of the
chambers, average length of test is 0. 85 mm and diameter of 0.16 mm, circular in
cross-section, widest near middle of the chambers; wall calcareous, hyaline; 16 to 20
longitudinal costae extend from the base of one neck to the other, in some specimens
the costae unite to form an elongate process in the terminal regions; small and circular

aperture at the termination of both necks.

Remarks: There is intraspecific variation in the thickness of the longitudinal costae on
the chambers among the few specimens studied: 3 out of the 5 specimens have more
pronounced costae. Procerolag