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Primary productivity and water mass reconstructions based on planktic Foraminifera reveal distinct 
interglacial/glacial variations for the past 208 ka in a mid-latitude Northeast Atlantic piston core. 
Average total planktic foraminiferal absolute frequencies and accumulation rates, which are interpret-
ed to reflect primary productivity, are higher in interglacial than in glacial sediments. Low total 
planktic foraminiferal absolute frequencies and accumulation rates in 'Heinrich layers' are likewise 
interpreted to show low production of Foraminifera due to low surface ocean fertility. 
'Heinrich layers' are enriched in ice-rafted debris, recording periods of massive iceberg production 
and rapid melting in the Northeast Atlantic. The dominance of Neogloboquadrina pachyderma (sinistral) 
in these layers reflects an extension of cold low salinity polar waters. The fresh water along with tur-
bidity caused by melting icebergs may account for the low productivity during these events. 
In contrast, the dominance of Globigerina bulloides, Neogloboquadrina incompta, Globorotalia scitula, Globi-
gerinita glutinata, and Globorotalia inflata group in interglacial sediments is interpreted to reflect condi-
tions comparable with the present day North Atlantic Current (NAC) waters in the area. In the mod-
ern ocean, the Gulf Stream and its extension, the N A C , are driven by seasonally strong westerly 
winds which induce mixing, supplying nutrients from deep to surface waters. Enough food and suffi-
cient light combine to provide for pulses of algal blooms which support large populations of Forami-
nifera. 
The important planktic foraminiferal test contributors in glacial sediments are not only Turborotalita 
quinqueloba, a subpolar species, but also polar and N A C indicator species. Primary productivity is 
inferred to be extremely seasonal, with low productivity during winter when there was little sunlight 
and partial ice cover. 
Planktic Foraminifera are good primary productivity indicators in this carbonate-dominated, open-
ocean Northeast Atlantic site. In contrast, organic carbon, which is directly linked to primary produc-
tivity and is extensively used as a proxy in upwelling areas, is unsuitable in this site because of the 
very low organic carbon content of the sediments and the contamination by terrigenous organic mat-
ter. 
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I n t r o d u c t i o n 

The observed var iab i l i ty i n atmospheric C 0 2 concentrations d u r i n g the Late Q u a 
ternary (Delmas et a l . , 1980; Barnola et a l . , 1987; Nef te l et a l . , 1988) is attr ibuted, at 
least i n part, to changes i n surface water p r o d u c t i v i t y a n d ocean c i rculat ion (Broeck-
er, 1992). P r i m a r y producers , such as coccol i thophorids , can act as a 'b io logica l 
p u m p ' (Berger et a l . , 1987) b y d r a w i n g d o w n both surface water a n d atmospheric 
C 0 2 . Since b io logica l p r o d u c t i v i t y a n d ocean c irculat ion are important i n redistr ibut
i n g carbon i n the ocean, palaeo p r i m a r y p r o d u c t i v i t y a n d surface water mass chang
es are reconstructed d u r i n g the last glacial cycle i n a mid- la t i tude open-ocean site. 
A l t h o u g h p r o d u c t i v i t y is l o w e r than i n coastal u p w e l l i n g areas, the large areal cover
age of the open-ocean makes it a n important factor i n the g lobal carbon budget ( M i l -
l i m a n , 1993). These reconstructions are valuable i n constraining g lobal carbon cycle 
models . 

T h i s paper a ims to reconstruct glacial to interglacial palaeo p r i m a r y p r o d u c t i v i t y 
a n d surface water mass variat ions i n mid- la t i tude Northeast A t l a n t i c u s i n g p lankt i c 
foramini fera l accumulat ion rates a n d relative frequencies, respectively. For this p u r 
pose, I s t u d i e d p i s t o n core T88-9P because it has a 208 ka sediment record a n d w a s 
unaffected b y d isso lut ion as it w a s recovered w a y above the lysocl ine. Moreover , this 
core is idea l for this s t u d y because it was recovered i n mid-ocean where extensive 
cocco l i thophor id b looms presently occur ( B r o w n & Yoder, 1994a), outside the i n f l u 
ence of t u r b i d i t y currents a n d at a n o p t i m u m pos i t ion for receiving debris d i s 
charged d u r i n g iceberg mel t ing . 

P lankt i c Foramini fera can be used to reconstruct palaeo p r i m a r y p r o d u c t i v i t y 
variat ions f r o m deep-sea cores because their fluxes are strongly correlated w i t h sur
face ocean p r o d u c t i v i t y (Thunel l & Reynolds , 1984). A d d i t i o n a l l y , foramini fera l 
assemblages characterise dist inct biogeographic zones w h i c h are int imately l i n k e d to 
part icular water masses (Boltovskoy, 1959, 1962; Bé & T o l d e r l u n d , 1971; Vincent & 
Berger, 1981; Ottens, 1991), a n d as the tests of foramini fera l species are preserved i n 
the sediments , they can be used to reconstruct past water mass changes. These were 
reconstructed b y g r o u p i n g the relative frequencies of the plankt ic foramini fera l spe
cies u s i n g cluster a n d correspondence analyses a n d then c o m p a r i n g these groups to 
present d a y p l a n k t o n d i s t r ibut ion a n d their associated water masses. D i v e r s i t y i n d i 
ces were also calculated to a i d i n water mass reconstructions. 
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A s i d e f r o m plankt ic Foramini fera , the organic carbon content of the sediments, 
w h i c h is p r i m a r i l y d e r i v e d f r o m bio logica l p r o d u c t i o n i n surface waters, has also 
been extensively used as a p r i m a r y p r o d u c t i v i t y indicator (Müller & Suess, 1979; Bet-
zer et a l . , 1984; Stein & Stax, 1991; T h u n e l l et a l . , 1992; Sarnthein et a l . , 1992). In this 
paper, the usefulness of organic carbon as a fert i l i ty p r o x y i n a n open-ocean, mid- la t 
i tude Northeast A t l a n t i c site is assessed. 

P lankt i c foramini fera l assemblages preserved i n deep-sea sediments have been 
extensively used to reconstruct (ecologie) water mass movements ( C L I M A P , 1976, 
1984). T h e y were also used as a p r i m a r y p r o d u c t i v i t y proxy. For example, h i g h fre
quency of Globigerina bulloides was ut i l i sed as a n index for h i g h p r o d u c t i v i t y (Prell , 
1984a) w h i l s t the ratio of Neogloboquadrina dutertrei to Pulleniatina obliquiloculata w a s 
used as a quali tat ive fert i l i ty indicator (Berger & K i l l i n g l e y , 1977). M i x (1989) a n d 
Sarnthein et a l . (1992) extended the one species based index to a l l the p lankt ic 
Foramini fera b y u s i n g transfer functions to arr ive at quantitative estimates of p r i 
m a r y p r o d u c t i o n . The above proxies o n l y use relative frequencies of p lankt ic F o r a m i 
nifera. This s tudy is a m o n g the few p r o v i d i n g data o n plankt ic foramini fera l accu
mula t ions rates w h i c h can direct ly be compared w i t h sediment trap f lux data. 

Other organisms, i n c l u d i n g benthic Foramini fera (Thomas et a l . , 1995; H e r g u e r a 
& Berger, 1991; H e r g u e r a , 1992, 1994; Berger et a l . , 1994), coccol i thophorids (Pujos, 
1992; G i r a u d e a u & Rogers, 1994), diatoms (Sancetta, 1992; Schräder, 1992; Abrantes 
et a l . , 1994; Takahashi , 1994), a n d dinoflagellates (Lourens et a l . , 1992; Dale & Fjellsa, 
1994; Versteegh, 1995), also serve as p r i m a r y p r o d u c t i v i t y proxies. A s i d e f r o m m i c r o -
fossils, chemical tracers, such as carbonate (Brummer & v a n Ei jden, 1992; v a n K r e 
v e l d et a l . , 1996), o p a l (Mort lock et a l . , 1991), b a r i u m ( D y m o n d et a l . , 1992), a n d o x y 
gen a n d carbon isotopes i n p lankt ic Foramini fera (Steens et a l . , 1992) have been also 
ut i l i sed as indicators of past surface water product iv i ty . 

H y d r o g r a p h y 

The present d a y c i rculat ion of the N o r t h A t l a n t i c is characterised b y the south
w a r d f l o w of the c o l d East Greenland Current a n d the L a b r a d o r C u r r e n t a n d the 
northeastern f l o w of the G u l f Stream (Fig. 1). The c o l d , l o w saline L a b r a d o r C u r r e n t 
joins the w a r m saline extension of the G u l f Stream off N e w f o u n d l a n d to f o r m the 
N o r t h A t l a n t i c C u r r e n t ( N A C ) (Dietr ich et a l . , 1975; Krauss , 1986). The nor thern 
N A C component crosses the M i d - A t l a n t i c R i d g e at 52°N into the Northeast A t l a n t i c 
(Krauss, 1986) (Fig. 1). The southern branch of the N A C heads towards the A z o r e s 
a n d continues to M a d e i r a ( M a n n , 1967; Käse & Siedler, 1984; Siedler et a l . , 1985). A 
transi t ional zone separates the anticyclonic (clockwise) gyre of subtropical waters to 
the south f r o m the cyclonic (counterclockwise) gyre i n the nor th (Krauss, 1986). 

The surface water c i rculat ion is associated w i t h polar, subpolar, N A C , transit ion
a l , a n d subtropical water masses (Fig. 1) (Krauss, 1986). The southern l i m i t of the 
East G r e e n l a n d C u r r e n t approximate ly marks the present d a y polar front. The n o r t h 
ern l i m i t of the N A C approximates the subpolar front w h i l e its southern l i m i t is asso
ciated w i t h a transi t ion zone, separating the subtropical waters to the south f r o m the 
nor thern water mass (Krauss, 1986). 

In contrast to m o d e r n times, oceanic surface water reconstructions for the last 
glacial m a x i m u m ( R u d d i m a n & M c l n t y r e , 1976; C L I M A P , 1981), s h o w that ice-bear-
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Fig. 1. Océanographie map of the Northeast Atlantic Ocean depicting present day surface currents 
(Krauss, 1986) and their associated water masses. Filled circle shows the position of piston core T88-
9P (48°23'2" N , 25°05'6" W; water depth = 3193 m; core length = 7.90 m). N A C stands for North Atlan
tic Current. 

i n g po lar water covered the N o r t h A t l a n t i c above lat i tude 45°N i n a c o l d counter
c lockwise gyre (Fig. 2). A west-east oriented subpolar front deve loped at this lat i tude 
para l le l to the eastern p a t h of the G u l f Stream (equivalent to N A C ) w h i c h w a s c o m 
pressed to a n a r r o w b a n d between the c lockwise subtropical gyre a n d the counter
c lockwise po lar gyre (Fig. 2). 

Material and methods 

P i s t o n core T88-9P (48°23 ,2M N , 25°05 , 6 M W ; recovery 790 cm) (Fig. 1) p r o v i d e s a 
g o o d p lankt ic foramini fera l record for the last 208 k a since i t is w e l l - preserved, con
t inuous , a n d recovered w e l l above the lysocl ine at 3193 m water depth . This core has 
undergone m i n i m a l carbonate d isso lut ion as s h o w n b y the presence of aragonit ic 
p t e r o p o d shells as w e l l as fragile a n d juveni le p lankt ic Foramini fera specimens w i t h 
spines occasional ly preserved, even d u r i n g isotopic stage 2 w h e n carbonate d i s s o l u -
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Fig. 2. Palaeoceanographic map of the Northeast Atlantic ocean showing inferred surface currents and 
water masses during the last glacial maximum (redrawn from Ruddiman & Mclntyre, 1976 and CLI
MAP, 1981). Bold lines show the ice extent. 

t ion w a s h i g h (Crowley, 1981). 
The core w a s collected i n A p r i l , 1988 d u r i n g the 'Ac tuomicropa laeonto logy 

Palaeoceanography N o r t h At lant i c Project' ( A P N A P - II) R / V Tyro cruise. It w a s sam 
p l e d every 5 c m i n the u p p e r 50 c m a n d then at about 10 c m intervals . These 10 c m 3 , 
1 c m thick samples, total l ing 83, were s ieved through 125 urn m e s h screens a n d the 
fractions were w e i g h e d . The >125 urn fract ion w a s repeatedly spl i t to obta in a n a l i 
quot of c. 300 specimens of p lankt ic Foramini fera . There were 16 species f o u n d a n d 
the most c o m m o n species are i l lustrated i n plates 1-12. O n e sample (238 cm) d i d not 
conta in any plankt ic Foramini fera . 

The w e i g h t % carbonate of the b u l k sediment w a s analysed w i t h a ± 2 % prec is ion 
b y a m o d i f i e d Scheibler-type gasometric technique (Bruin, 1937). 

G r a y reflectance profi les were obtained b y d i g i t a l l y scanning a n d m e a s u r i n g the 
relative reflectivity of the coloured core photograph (courtesy of L . Labeyr ie a n d E . 
Cort i jo , Centre des Faibles Radioactivités, Laboratoire mixte C N R S - C E A , G i f sur 
Yvette Cedex , France). 
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D r y b u l k densi ty w a s determined b y w e i g h i n g 5 c m 3 of sediment after d r y i n g at 
50°C. 

Three samples w e i g h i n g c. 15 m g of >250 urn sized m i x e d planktic Foraminifera 
were dated b y radiocarbon measurements using accelerator mass spectrometry ( A M S ) . 

Forty-s ix b u l k samples were analysed i n duplicate for organic carbon content 
u s i n g a C a r l o Erba N A - 1 5 0 0 elemental analyser according to the m e t h o d descr ibed 
b y N i e u w e h u i z e et a l . ( in press). These samples were o v e n - d r i e d at 60 °C, then 
homogenised b y thorough g r o u n d i n g i n a n agate mortar m i l l to reduce var iab i l i ty 
between duplicates. The organic carbon content w a s measured after r e m o v a l of the 
inorganic carbon b y acidi f icat ion u s i n g 25% H C l i n s i lver sample cups. Dupl i ca te 
measurements were w i t h i n ± 0.06%. 

The accumula t ion rates of p lankt ic Foramini fera were calculated u s i n g the f o l 
l o w i n g formulas : 
(1) p f T A R = S * D B D * p f / g 
(2) p f S A R = S * D B D * p f species/g 

whereby: 
pf/g=plankt ic Foramini fera per g r a m d r y weight (no./g); 
p fTAR=tota l p lankt ic foramini feral accumulat ion rate (no./cm 2 ka); 
p f S A R = p l a n k t i c foramini feral species accumulat ion rate (no./cm 2 ka); 
S=sedimentation rate (cm/ka); 
D B D = d r y b u l k density; d r y weight per wet v o l u m e (g/cm 3 ) ; 
C lus ter a n d correspondence analyses were used o n the plankt ic Foramini fera re l 

ative frequency data matr ix to determine systematic faunal changes t h r o u g h time. 
Both samples a n d species relative frequency were clustered separately u s i n g a 
w e i g h t e d pa i r group cluster method o n a correlation matr ix (Davis , 1986). 

Correspondence analysis ( H i l l , 1974; Davis , 1986; Bénzecri, 1992) is one of several 
ord inat ion methods w h i c h reduces the dimens ional i ty of large data matrices. It 
extracts eigenvectors f r o m a chi-square weighted distance matr ix calculated f r o m the 
relative frequencies of the plankt ic foramini feral species a n d the samples w h i c h are 
taken f r o m different depth intervals i n the core. Correspondence analysis has the 
advantage that samples a n d species scores are scaled so that bo th can be plot ted i n 
one g r a p h , thus faci l i tat ing interpretation. 

D i v e r s i t y indices were calculated to document d ivers i ty trends t h r o u g h t ime. 
S i m p l e d ivers i ty gives the n u m b e r of species i n a sample, the S h a n n o n d ivers i ty 
index expressed as (H'=-£p*\npù takes into account the relative p r o p o r t i o n of each 
species (pi) i n a sample (Shannon, 1949), a n d equitabi l i ty (E'=eH '/s i n w h i c h s is the 
n u m b e r of species i n a sample) measures the evenness of the species d i s t r ibut ion i n a 
sample (Buzas & G i b s o n , 1969). W h e n one species dominates the foramini fera l 
assemblage, equitabi l i ty approaches zero, w h i l e it is one w h e n a l l species are present 
i n equal proport ions . 

Resul ts 

Strat igraphy 

The interglacial sediments of p i s ton core T88-9P are coccol i th a n d foramini fera l 
oozes w h i l s t the glacial sediments are most ly calcareous sand, silt a n d clay (Fig. 3 A ) . 
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Fig. 3. Core T88-9P (A) lithologie column based on visual core description, (B) weight % carbonate 
content of the bulk sample and (C) gray reflectance profile plotted against depth. Light-coloured sedi
ments have higher gray reflectances than dark-coloured ones, as shown by the higher numbers. Rec
tangles h i - hi3 are intervals interpreted as Heinrich layers. 
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Thus , the former general ly have a higher w e i g h t % b u l k carbonate (up to 87%) w h i l e 
it can be as l o w as 7% i n the latter (Fig. 3B). A s a result of the v a r y i n g carbonate con
tent, the interglacial layers are cream to b r o w n coloured a n d u s u a l l y have higher 
gray reflectances than glacial layers w h i c h are o l ive gray to gray (Fig. 3C). 

' H e i n r i c h layers ' are considered to record massive inf luxes of icebergs into the 
N o r t h A t l a n t i c (Heinr ich , 1988; Broecker et a l . , 1992; B o n d et a l . , 1992; Grousset et a l . , 
1993). V a n K r e v e l d et a l . (1996) ident i f ied thirteen intervals i n the core w h i c h were 
interpreted as H e i n r i c h layers based m a i n l y o n the h i g h ice-rafted debris content a n d 
the presence of detrital carbonate. These layers also have v e r y l o w plankt i c f o r a m i 
ni feral accumula t ion rates (>125 urn) w i t h N. pachyderma s inistral (s) d o m i n a t i n g the 
foramini fera l assemblage (van K r e v e l d et a l , 1996). M o s t of these layers conta in 
dropstones a n d have h i g h d r y b u l k densities. 

The H e i n r i c h layers i n core T88-9P were successively n u m b e r e d f r o m top to bot
t o m a n d designated w i t h a s m a l l letter h . The u p p e r six correspond to those ident i 
f ied b y H e i n r i c h (1988). H o w e v e r , the l o w e r seven ident i f ied i n isotopic stages 6-7 
are different f r o m those of H e i n r i c h (1988) w h i c h are i n stage 5. V a n K r e v e l d et a l . 
(1996) discuss the differences i n the t i m i n g of the H e i n r i c h layers ident i f ied i n nearby 
cores. 

H e i n r i c h layers h i , h2, h4 a n d h5 have higher gray reflectances than h3 (Fig. 3C) , 
due to their higher detrital carbonate content. The detrital carbonate originates f r o m 
l imestone a n d dolomi te bedrocks i n eastern C a n a d a ( A n d r e w s & Tedesco, 1992; 
Grousset et a l . , 1993). 

A g e m o d e l 

The ages are based o n three radiocarbon dates, o n t w o ash layers a n d o n the cor
relat ion of the oxygen isotope curves of Globigerina bulloides a n d Globorotalia inflata 
w i t h the chronostrat igraphy of M a r t i n s o n et a l . (1987) (Fig. 4 A - C ) (van K r e v e l d et a l . , 
1996). The radiocarbon age of the surface sample was cal ibrated to a calendar date 
u s i n g the p r o g r a m C a l i b 3.0 (Stuiver & Reimer, 1993) w h i c h is based o n the mar ine 
b idecadal data set of Stuiver & Braziunas (1993) w h i l e those of samples 128 c m (21 
100 ± 300 years BP) a n d 148 c m (23 900 ± 300 years BP) were calibrated u s i n g T h - U 
ages obtained b y mass spectrometry o n corals (Bard et a l . , 1990,1993) after subtract
i n g 400 1 4 C years for reservoir correction (Bard, 1988). 

The chronology of the core was supplemented b y the carbonate content percent
age, N. pachyderma (s) frequency, coccolith abundance a n d gray scale records to i d e n 
t i fy isotopic stage boundaries 5/4 a n d 4/3.1 also used the strong gradient i n the car
b o n isotope curves of both Globigerina bulloides a n d Globorotalia inflata to ident i fy the 
5/4 b o u n d a r y (Fig. 5A) . 

The d e p t h to age convers ion was m o d e l l e d b y l inear ly interpolat ing between the 
age control points b y assuming u n i f o r m sedimentat ion rates to obtain the date for 
each sample (Fig. 5B). The sedimentat ion rates, w h i c h are general ly higher for glacia l 
than for interglacial sediments, v a r y f r o m 2.2 c m / k a to 7.5 c m / k a . I assume that the 
H e i n r i c h layers have the same sedimentat ion rate as the s u r r o u n d i n g glac ia l sedi 
ments, therefore the plankt ic foramini feral accumulat ion rate i n H e i n r i c h layers is a 
m i n i m u m estimate w h i l e it is a m a x i m u m estimate for glacial sediments. This 
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Fig. 4. (A) Globigerina bulloides, Globorotalia inflata and Neogloboquadrina pachyderma (s) oxygen isotope 
ratios. (B) Control points for depth to age transformation are mainly based on calendar-calibrated 
radiocarbon ages, ash layers and isotope stratigraphy. (C) Orbitally-based chronostratigraphy of Mar
tinson et al. (1987), with the events and boundaries used for the age model. Stippled lines mark the 
isotopic stage boundaries. 
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Fig. 5. (A) Carbon isotope ratios of Globigerina bulloides and Globorotalia inflata versus depth. Depth to 
age plot showing the sedimentation rate (cm/ka) between age control points. 
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a s s u m p t i o n is suppor ted b y more detai led dat ing i n nearby cores (Bond et a l . , 1992; 
Francois & Bacon, 1994) of the upper three H e i n r i c h layers, w h i c h s h o w s i m i l a r or 
o n l y s l ight ly higher sedimentat ion rates. 

The n o n - H e i n r i c h layers of isotopic stages 7, 5 a n d 1 w i l l subsequently be 
referred to as interglacial , a n d that of isotopic stages 6 a n d 4-2 as glacial . 

>125 urn p lankt ic foramini feral frequencies a n d accumulat ion rates 

The total p lankt ic foramini feral absolute frequencies (number of p lankt ic f o r a m i 
ni feral specimens per g r a m b u l k sediment) are general ly higher i n interglacial than 
i n glacial sediments, averaging 36 800 a n d 21 200 specimens/g, respectively (Table 1; 
F i g . 6 A ) . A n interval i n h4 was even d e v o i d of Foramini fera . The highest absolute 
frequency is f o u n d i n isotopic stage 5. 

The total p lankt ic foramini fera l accumulat ion rates s h o w a s imi lar pattern, w h i c h 
is h igher i n interglacial than glacial sediments, w i t h a m e a n of 105 700 a n d 84 500 
specimens/cm2ka, respectively (Table 1; Figs. 6B a n d 7B). 

The p lankt i c foramini fera l assemblage i n p is ton core T88-9P sediments is d o m i 
nated b y seven species, v i z . N. pachyderma (s), Turborotalita quinqueloba, Globigerina 
bulloides, Neogloboquadrina incompta, Globorotalia scitula, Globigerinita glutinata, a n d 
Globorotalia inflata (Figs. 6C a n d 8). Interglacial deposits have a l o w average relative 
frequency of Neogloboquadrina pachyderma (s) a n d generally h i g h to moderate per
centages of the other species. G l a c i a l sediments have h i g h relative frequencies of N. 
pachyderma (s) a n d T. quinqueloba, a n d moderate to l o w percentages of the other spe
cies w h i l e H e i n r i c h layers are dominated b y N. pachyderma (s). 

N i n e other species w h i c h do not exceed 4% of the total, inc lude Globorotalia hirsu-
ta, Globigerinella aequilateralis, Globigerinoides ruber, Orbulina universa, Globorotalia 
truncatulinoides, Globigerina rubescens, Globigerinoides tenellus, Turborotalita humilis a n d 
Globigerinita uvula (Figs. 6 C a n d 8). These species are general ly f o u n d i n interglacial 
sediments a n d are rarely present i n glacial deposits a n d H e i n r i c h layers. 

Neogloboquadrina pachyderma (s) averages 8.7% of the total p lankt ic foramini fera l 
assemblage i n interglacial , 44.6% i n glacial , a n d 57.7% i n H e i n r i c h layers, corre
s p o n d i n g to m e a n absolute frequencies of 3300, 9000, a n d 4400 specimens/g, respec
t ive ly (Table 1; Figs. 6 A a n d C) . A l t h o u g h N. pachyderma (s) dominates i n H e i n r i c h 
layers, its absolute frequency is general ly lower than i n glacial sediments. It does not 
exceed 2500 specimens/g i n the upper f ive H e i n r i c h layers (hl-h5) t h o u g h it m a y 
comprise u p to 95% of the total foraminiferal fauna (compare Figs . 8 a n d 9). The 
absolute frequency of N. pachyderma (s) is general ly h i g h i m m e d i a t e l y before a n d 
after a H e i n r i c h layer. The accumulat ion rate of N. pachyderma (s) is at least three 
times l o w e r i n interglacial than i n glacial sediments (Fig. 10). 

A l t h o u g h the average absolute frequency a n d accumulat ion rate of T. quinqueloba 
are h igher i n interglacial than i n glacial sediments, its average relative frequency is 
s l ight ly higher i n the latter (Table 1; compare Figs. 6 A a n d C) . The average frequen
cies of this species are l o w i n H e i n r i c h layers (Figs. 8 a n d 9). 

The average relative frequencies of G . bulloides are h i g h (16.7%), moderate 
(13.4%), a n d l o w (7.3%) i n interglacial , glacial a n d H e i n r i c h layers corresponding to 
m e a n absolute frequencies of 5900, 2900 a n d 900 specimens/g, respectively (Table 1; 
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Fig. 6. (A) Absolute frequency (no.*1000/gram), (B) accumulation rate (no.*1000 /cm2ka) and (C) rela
tive frequency (%) averages of the >125 urn planktic foraminifera in interglacial, glacial and Heinrich 
layers. 

Figs . 6 A a n d C ) . This species does not exceed 100 specimens/g i n H e i n r i c h layers h l -
h5, even t h o u g h it m a y comprise u p to 20% of the plankt ic foramini fera l assemblage 
(Figs. 8 a n d 9). G. bulloides has a higher interglacial than glacial a c c u m u l a t i o n rate 
(Fig. 10). 

O f a l l the plankt ic Foraminifera , N. incompta has the highest average frequencies 
a n d accumulat ion rate i n interglacial sediments. Its average accumulat ion rate is more 
than t w o times higher i n interglacial than i n glacial layers (Table 1; Figs. 6B a n d 10). 

A m o n g the seven d o m i n a n t species, G. scitula has the lowest average frequencies 
of o n l y 5 % a n d 1800 specimens/g i n interglacial layers (Table 1, Figs. 6 A a n d C ) . It is 
less frequent i n glacial a n d H e i n r i c h layers. The average accumulat ion rate of G. sci-
tula is at least three times higher i n interglacial than i n glacial sediments (Figs. 6B 
a n d 10). 

B o t h average relative a n d absolute frequencies of G. glutinata are moderate, l o w 
a n d v e r y l o w i n interglacial , g lacial a n d H e i n r i c h deposits, respectively (Table 1; 
Figs . 6 A a n d C ) . The average accumulat ion rate of this species is about three t imes 
h igher i n interglacial than i n glacial sediments (Figs. 6B a n d 10). 
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Globorotalia inflata shows decreasing average relative a n d absolute frequencies 
f r o m interglacial , g lac ia l to H e i n r i c h layers of 9.7%, 2.9%, 1.8% a n d 3400, 600, 200 
specimens/g, respectively (Table 1; Figs . 6 A a n d C ) . The average a c c u m u l a t i o n rate 
of this species is about a factor four higher i n interglacial than i n glacia l sediments. 

Organic carbon 

The total organic carbon content of the b u l k sediment is v e r y low, v a r y i n g o n l y 
f r o m 0.06 to 0.22 % (Fig. 11). It is general ly h igher d u r i n g isotopic stages 4 to 2 than 
i n the other stages. A c r o s s Terminations I a n d II, a n d i n most of the H e i n r i c h layers 
the total organic carbon is low, except for H e i n r i c h layers 3 a n d 6 w h i c h s h o w peak 
m a x i m a . 

Cluster a n d correspondence analyses 

Clus ter analysis of the relative frequency data matr ix s h o w s f ive species clusters, 
I: N. pachyderma (s); II: T. quinqueloba; III: G. bulloides, N. incompta, G. scitula, G. glutin-
ata, a n d G. inflata;YV: G. ruber, G. aequilateralis, a n d G . hirsuta; V : G. truncatulinoides, G. 
rubescens, G. tenellus, a n d O. universa (Fig. 12). Species w i t h frequencies l o w e r than 
0.2% a n d the sample at 238 c m , w h i c h d i d not conta in p lankt ic Foramini fera , were 
exc luded f r o m a l l the analyses. 
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Sample c luster ing also s h o w e d f ive groups (Figs. 13 a n d 14A-B) . C lus ter A c o n 
sists m o s t l y of H e i n r i c h a n d isotopic stages 2 a n d 6, w i t h some stage 3 samples. C l u s 
ter B m o s t l y combines samples f r o m isotopic stages 3 a n d 6, w i t h some f r o m 4 a n d 
H e i n r i c h layers. Clusters C a n d E generally consist of samples f r o m isotopic stages 5 
a n d 7 w h i l e cluster D is d o m i n a n t l y made u p of isotopic stage 1 samples. These f ive 
sample clusters, represent 34 ,11 ,19 , 8, a n d 10 of the total 82 samples corresponding 
to 42,13, 23,10, a n d 12%, respectively. 

To relate species to sample clustering, the s u m of the relative frequency of the 
species clusters i n a sample (Fig. 14A) a n d the sample cluster des ignat ion (Fig. 14B) 
were plot ted against t ime. In glacial intervals, cluster A is general ly succeeded b y 
cluster B a n d vice versa w h i l e d u r i n g interglacial intervals, cluster C m a y either be 
succeeded b y clusters D or E. Across Terminat ion II, there is a drastic change f r o m 
cluster I to V. 

F igure 14A also shows that the s u m of the relative frequency of the species c lus
ters I V a n d V i n a sample is o n l y <10%. Therefore, clusters I V a n d V are of less 
importance a n d the interpretations are concentrated o n clusters I to III. 

The correspondence analysis more or less conf irms the results of the cluster anal 
ysis t h o u g h it is more di f f icul t to interpret. The first correspondence analysis axis 
w h i c h is m a i n l y control led b y N. pachyderma (s), explains 69% of the total v a r i a t i o n 
(Figs. 15A a n d 16A). A l l other axes have o n l y m i n o r contributions (Figs. 15 B - C a n d 
16A-B) a l t h o u g h they d i s t inguish groups that are s imi lar to the clusters. 
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Table 1. Average relative frequency in %, absolute frequency in no./g and accumulation rate in 
no./cm 2ka of the dominant planktic foramiferal species in interglacial, glacial and Heinrich layers. 
Average frequencies and accumulation rates of the dominant >125 urn planktic foraminiferal species. 

Average relative frequency (%) 

interglacial glacial Heinrich layers 

N. pachyderma (s) 8.7 44.6 57.7 
T. quinqueloba 18.6 19.2 12.6 
G. bulloides 16.7 13.4 7.3 
N. incompta 24.5 12.9 10.4 
G. scitula 5.0 1.7 1.5 
G. glutinata 13.7 4.9 3.8 
G. inflata 9.7 2.9 1.8 

Average absolute frequency (nc »-/g) 

interglacial glacial Heinrich layers 

Total planktic foraminifera 36 800 21 200 9 200 
N. pachyderma (s) 3 300 9 000 4 400 
T. quinqueloba 7 400 4 300 1600 
G. bulloides 5 900 2 900 900 
N. incompta 9 300 2 800 1300 
G. scitula 1800 400 200 
G. glutinata 4 800 1000 400 
G. inflata 3 400 600 200 

Average accumulation rate (no./cm2ka) 

interglacial glacial Heinrich layers 

Total planktic foraminifera 105 700 84 500 34 000 
N. pachyderma (s) 10 000 35 600 16 100 
T. quinqueloba 21 200 17400 5 900 
G. bulloides 16 200 11 800 3 500 
N. incompta 26 400 11000 4 800 
G. scitula 5 500 1500 1000 

G. glutinata 13 600 4 300 1600 

G. inflata 9 900 2 600 1000 

Figures 16 A - B s h o w the plots of the first three m a i n factors that control the data 

set. The coordinates of the i n d i v i d u a l species or samples are indicat ive of their con

t r ibut ion to the var ia t ion of the part icular axis. Correspondence axes 1 vs 2 a n d axes 

1 vs 3 s h o w f ive dist inct groups corresponding to the species cluster (compare Figs . 

16 A - B a n d 12). F i g . 16B a n d 15C s h o w h i g h posi t ive a n d negative loadings o n axis 3 

of the species be long ing to clusters V a n d IV, respectively (compare w i t h F i g . 12). 

H o w e v e r , because no samples fal l w i t h i n these species range, I V a n d V are o n l y of 

m i n o r importance. 
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Fig. 7. (A) >125 urn total planktic foraminifera per gram bulk sediment and (B) accumulation rate in 
no.*1000/cm2ka plotted against age. 
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Fig. 8. >125 urn planktic foraminiferal species relative frequency in %, with the frequencies adding up 
to 100%. The water mass designation is based on clusters I-V of Fig. 12) with I-polar, Il-subpolar, Ill-
North Atlantic Current, IV- transitional, and V-subtropical. 1-7 are isotopic stages. 
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Fig. 9. >125 urn planktic foraminiferal species absolute frequency in no.*1000/g. 1-7 are isotopic stages. 
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Fig. 10. >125 urn planktic foraminiferal species accumulation rate in no.*1000/cm2ka. 1-7 are isotopic 
stages. 
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Fig. 11. Average weight percent organic carbon of the bulk sediment. Bars show duplicate measure
ments. 
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Fig. 12. Dendogram of the weighted pair group cluster analysis of the planktic foraminiferal species 
based on the correlation matrix of relative frequencies, excluding species lower than 0.2%. The five 
major clusters are interpreted to reflect water masses. 
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Fig. 13. Dendogram of the weighted pair group cluster analysis of the counted planktic foraminiferal 
samples from piston core T88-9P based on the correlation matrix of relative frequencies, excluding 
sample number 238, which did not contain planktic foraminifera. Sample numbers give depth below 
the mudline in cm. Asterisks (*) mark Heinrich intervals. 
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Fig. 14. (A) Sum of the relative frequency of the species clusters in a sample and (B) the sample cluster 
designation plotted against time. 
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Fig. 15. Loadings of the different species on the first (A), second (B) and third (C) correspondence 
axes. 

D i v e r s i t y indices 

In the past 208 ka , d ivers i ty was generally h i g h except i n H e i n r i c h layers w h e n 
s i m p l e diversi ty, Shannon a n d equitabi l i ty indices have l o w values (Fig. 17). B o t h 
s i m p l e a n d S h a n n o n divers i ty indices are general ly s l ight ly higher i n interglacial 
than i n glacia l sediments. This trend is not reflected i n the equitability. 

F igure 18 shows the inverse relationship between % N. pachyderma (s) a n d the 
S h a n n o n divers i ty index. It also shows that the Shannon index is l o w to v e r y l o w for 
species cluster I, moderate for cluster II a n d h i g h for clusters III-V. 

Discussion and interpretation 

Palaeo P r i m a r y P r o d u c t i v i t y 

P lankt i c Foramini fera 
A l t h o u g h the sedimentary record of p lankt ic foramini feral assemblages repre

sents a composite mixture of different seasons over m a n y years, it is s t i l l possible to 
l i n k it to general p r i m a r y p r o d u c t i v i t y patterns i n the surface ocean. F o o d s u p p l y is 
cruc ia l to foramini fera l abundance, therefore, variat ions i n frequencies a n d a c c u m u -
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Fig. 16. Plot of samples and species on the (A) first vs second and (B) first vs third correspondence 
analysis axes. The first three axes explain 69,10 and 6% of the total variation in the data set. Samples 
belonging to the same cluster (also see Fig. 12) are given an identical symbol. 
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Fig. 17. Diversity indices (A) simple, (B) Shannon and (C) equitability of planktic foraminifera, after 
(Buzas & Gibson, 1969). Diversity is generally very low in Heinrich layers. One sample at about 43 ka 
is devoid of foraminifera, thus the diversity indices are indeterminate. 
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la t ion rates of p lankt ic Foramini fera can be interpreted to reflect var iat ions i n p r i 
m a r y product iv i ty . This reasoning is suppor ted b y experimental data w h i c h s h o w e d 
increased f o o d avai lab i l i ty to enhance foramini feral p o p u l a t i o n g r o w t h (Bradshaw, 
1955; L i p p s & Valentine, 1970; A n d e r s o n et a l . , 1979; Bé et a l . , 1981; C a r o n et a l , 1981, 
1987). A d d i t i o n a l l y , p lankt ic Foramini fera are p lent i fu l i n m o d e r n surface oceans 
where nutrients a n d biomass concentrations are h i g h (compare Bé & T o l d e r l u n d , 
1971 w i t h K o b l e n t s - M i s h k e et a l . , 1970 a n d Berger et a l . , 1987 p r o d u c t i v i t y maps ; 
compare Bradshaw, 1959 w i t h the p r o d u c t i v i t y maps of R e i d , 1962). The same phe
n o m e n o n is observed i n u p w e l l i n g areas of the northern I n d i a n Ocean (Kleijne et a l . , 
1989). Sediment trap data also s h o w that the fluxes of p lankt ic Foramini fera are often 
s trongly correlated w i t h surface ocean p r o d u c t i v i t y (Thunel l et a l . , 1983; T h u n e l l & 
R e y n o l d s , 1984; R e y n o l d s & T h u n e l l , 1985; T h u n e l l & Honjo , 1987). 

In this study, the general ly higher total p lankt ic foramini fera l absolute frequen
cies a n d accumula t ion rates d u r i n g interglacial than d u r i n g glacial per iods are inter
preted to reflect h igher p r o d u c t i o n of plankt ic Foramini fera i n the surface waters d u e 
to increased p r i m a r y product iv i ty . Indeed, the estimate for the top sediment (60 000 
specimens of plankt ic Foramini fera >125 u m / c m 2 k a ) compares w e l l w i t h f lux data 
for one year (40 000 specimens of plankt ic Foramini fera >150 u m / c m 2 k a ) f r o m a sed
iment trap near the s tudied site (Wolfteich, 1994). These t w o estimates are compar
able despite the 20 000 difference because the n u m b e r of p lankt ic Foramini fera i n the 
125-150 urn fract ion constitutes o n average one t h i r d of the total p lankt ic Foramini fe 
ra larger than 125 urn (see Peeters et a l . , i n prep.). In the trap, the fluxes of p lankt ic 
Foramini fe ra exhibit sharp increases d u r i n g the s p r i n g b l o o m p e r i o d w i t h G. bulloides 
be ing the most d o m i n a n t p lankt ic foramini feral species (Wolfteich, 1994). 

The coccol i th carbonate accumulat ion rate is higher d u r i n g interglacial than d u r 
i n g glacia l per iods , w h i c h is s imi lar to the pattern s h o w n b y the plankt ic Foramini fe 
ra (van K r e v e l d et a l . , 1996). These coccoliths are f o r m e d b y coccol i thophorids , w h i c h 
a b o u n d d u r i n g p h y t o p l a n k t o n b looms presently occurr ing i n surface waters over ly
i n g the site i n response to seasonal development a n d decay of the thermocline, a n d 
local u p w e l l i n g w i t h i n cyclonic eddies generated f r o m meander ing current systems 
of the N o r t h A t l a n t i c C u r r e n t (Wolfteich, 1994). 

The general ly l o w total p lankt ic foraminiferal absolute frequencies a n d l o w accu
m u l a t i o n rates i n H e i n r i c h layers are interpreted to reflect depressed plankt ic f o r a m i 
ni feral p r o d u c t i v i t y as a consequence of l i m i t e d food s u p p l y i n the phot ic zone. This 
interpretat ion is suppor ted b y the v e r y l o w coccol i th carbonate accumula t ion rate i n 
the H e i n r i c h layers, par t i cular ly i n h i to h5 w h i c h are almost d e v o i d of coccoliths 
(van K r e v e l d et a l . , 1996). D u r i n g these events, the iceberg-laden waters probably 
b l o c k e d sunl ight , s l o w i n g d o w n algal a n d hence plankt ic foramini fera l p r o d u c t i o n . 
A d d i t i o n a l l y , the l o w e r e d sal ini ty due to the meltwater i n f l u x (Bond et a l . , 1992) a n d 
the c o o l in g ( M a s l i n et a l , 1995; M a d u r e i r a et a l . , i n press) m a y have been u n f a v o u r 
able for the g r o w t h of coccol i thophorids a n d Foramini fera . Thomas et a l . (1995) also 
s h o w e d H e i n r i c h events as per iods of l o w p r i m a r y p r o d u c t i v i t y based o n the v e r y 
l o w benthic foramini fera l accumulat ion rates, a n d absolute a n d relative frequencies 
of the phytodetr i tus feeding species of benthic Foramini fera . Broecker et a l . (1992) 
a n d B o n d et a l . (1992) also interpret H e i n r i c h events to be per iods of l o w p r i m a r y 
product iv i ty . 
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A s i d e f r o m depressed p r i m a r y product iv i ty , they also g ive ice-rafted debris d i l u 
t ion as a possible alternative explanat ion for the l o w e r e d abundance of p lankt i c 
Foramini fe ra i n H e i n r i c h layers. If so, then the sedimentat ion rate s h o u l d at least be 
a n order of magni tude higher than m y estimates of between 5.7 to 7.5 c m / k a for the 
intense H e i n r i c h events 1-3. H o w e v e r , detai led T h / U (Francois & Bacon, 1994) a n d 
radiocarbon d a t i n g (Bond et a l . , 1992) of cores recovered i n the v i c i n i t y g ive s i m i l a r 
values or just about 2 times higher, therefore d i l u t i o n is u n l i k e l y to be the sole cause 
for p lankt ic foramini fera l sparseness i n these layers a n d decreased surface water p r o 
d u c t i v i t y must have p l a y e d a role. Moreover , the lateral extent of the area l o w i n 
p lankt i c Foramini fera exceeds that of the path of the C a n a d a - d e r i v e d debris (Broeck-
er et a l . , 1992; B o n d et a l . , 1992), s u p p o r t i n g this contention. 

H i g h e r interglacial than glacial p r i m a r y p r o d u c t i v i t y was also observed i n the 
m i d - to h igh- la t i tude N o r t h At lant i c us ing benthic Foramini fera (Thomas et a l . , 
1995), carbonate mass accumulat ion rates (van K r e v e l d et a l , 1996), a n d organic car
b o n content (Stein & Stax, 1991; v a n Weer ing & de Ri jk, 1991) proxies. A t h i g h la t i 
tudes i n the Southern Oceans p r o d u c t i v i t y was also higher d u r i n g interglacials (Ber
ger & Wefer, 1991; Char les et a l . , 1991; M o r t l o c k et a l . , 1991; K u m a r et a l . , 1993; F r a n 
cois et a l . , 1993; Shemesh et a l . , 1993). To the contrary, p r i m a r y p r o d u c t i v i t y was 
higher d u r i n g glacial than interglacial per iods i n l o w lat i tude regions a n d u p w e l l i n g 
areas of the A t l a n t i c (Müller et a l . , 1983; Pokras , 1987; Sarnthein et a l . , 1992) a n d the 
Pacif ic (Pederson, 1983; Pederson et a l , 1988; H e r g u e r a & Berger, 1991; H e r g u e r a , 
1992;1994; T h u n e l l et a l . , 1992; Berger et a l . , 1994). In the more complex m o n s o o n -
inf luenced, u p w e l l i n g area of the N o r t h e r n I n d i a n Ocean, p r i m a r y p r o d u c t i v i t y was 
higher d u r i n g interglacial than glacial per iods of isotopic stages 11 u n t i l 2 b u t the s ig 
n a l w a s reversed d u r i n g isotopic stages 13 a n d 12 (Steens et a l . , 1992). W i t h these 
geographic differences i n glacial/interglacial p r i m a r y p r o d u c t i v i t y estimates, i t is 
important to have a g lobal ocean coverage to come u p w i t h a p r i m a r y p r o d u c t i v i t y 
s ignal to be used i n global carbon models . 

Organic carbon 
A l t h o u g h organic carbon is extensively used as a p r i m a r y p r o d u c t i v i t y p r o x y i n 

u p w e l l i n g areas, it is unrel iable i n the s tudied open-ocean area because of the v e r y 
l o w organic carbon content of the sediments a n d the contaminat ion b y terrigenous 
organic carbon. 

The v e r y l o w organic carbon, i n a d d i t i o n to the h i g h carbonate content of the 
sediments resulted to the poor reproducib i l i ty of the data (Fig. 11) even t h o u g h the 
m e t h o d adapted for this s t u d y ( N i e u w e n h u i z e et a l , i n press), el iminates r e w e i g h i n g 
a n d therefore min imises losses of organic c o m p o u n d s . 

A s i d e f r o m be ing low, the total organic carbon is contaminated b y terrestrial 
organic material . The h i g h weight percent total organic carbon i n stages 4-2 coincides 
w i t h h i g h abundances of l a n d - d e r i v e d biomarkers consist ing of n-alkanes ( C 2 7 , C 2 9 

a n d C 3 1 ) , n-alkanoic acids ( C 2 4 , C 2 6 a n d C 2 8 ) a n d n-alkanols ( C 2 4 , C 2 6 a n d C 2 8 ) analysed 
i n the same core ( M a d u r e i r a et a l . , i n press). There is also a m a x i m u m i n terrestrial 
b i o m a r k e r abundances i n h3 a n d h6, corresponding to h i g h organic carbon content. 
Th is reflects increased i n p u t of terrigenous organic matter p a r t l y b y icebergs w h i c h 
are k n o w n to have brought i n material f r o m C a n a d a d u r i n g H e i n r i c h events h i , h2, 
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h4, a n d h5 (Grousset et a l . , 1993). D u r i n g h3, the l a n d - d e r i v e d organic matter m a y 
have been transported b y icebergs or ig inat ing f r o m E u r o p e (Grousset et a l . , 1993). 
A s i d e f r o m icebergs, the stronger w i n d s d u r i n g glacial per iods (Fuhrer et a l . , 1993, 
G R I P M e m b e r s , 1993) m a y have also brought i n l a n d - d e r i v e d organic matter to the 
area ( M a d u r e i r a et a l . , i n press). 

The h i g h w e i g h t percent organic carbon i n stages 4-2 m a y also reflect better pres
ervat ion rather than p r o d u c t i v i t y var iat ion. Organic carbon is severely affected b y 
heterotrophic act ivi ty such that o n l y a very s m a l l p o r t i o n of the p r i m a r y p r o d u c t i o n 
i n the euphot ic zone is eventual ly preserved i n the sediments. The l o w e r e d concen
trat ion of b o t t o m water oxygen d u r i n g the last glacial p e r i o d (Boyle & K e i g w i n , 
1982; C u r r y & L o h m a n n , 1983), l ikewise lowered heterotrophic act ivi ty o n the sea-
f loor a n d poss ib ly enhanced organic carbon preservation (Emerson, 1985). Better 
preservat ion b y r a p i d b u r i a l m a y also account for the higher glacial organic carbon 
content (Müller & Suess, 1979), as the sedimentat ion rate for this core is about 2 to 3 
times h igher i n isotopic stages 4-2 than the other stages. 

Organic carbon preservation is h i g h l y complex a n d has the potential for contami
nat ion b y terrestrial organic matter m a k i n g interpretations di f f icul t , par t i cu lar ly i n 
this open-ocean site. 

Water masses 

Since water masses have characteristic assemblages of biota , it is possible to rec
ognise water mass variat ions based o n changes i n these organisms (Boltovskoy, 1959, 
1962). Bé & T o l d e r l u n d (1971) a n d Bradshaw (1959), w h o s tudied the d i s t r ibut ion of 
p lankt ic Foramini fera i n more than 700 p l a n k t o n tows i n the A t l a n t i c a n d Pacif ic 
oceans s h o w e d that assemblages of plankt ic Foramini fera i n d e e d characterise ocean 
water masses as def ined b y temperature a n d salinity. Ottens (1991) used cluster anal 
yses a n d divers i ty indices to relate foraminiferal assemblages to h y d r o g r a p h i c a l l y 
def ined water masses. 

The d i s t r ibut ion a n d abundance of plankt ic Foramini fera i n sediment core top 
samples b y analogy w i t h m o d e r n distr ibutions, also reflect water masses (Imbrie & 
K i p p , 1971; K i p p , 1976), therefore, p lankt ic Foramini fera were used to trace water 
mass movements i n the Quaternary ( R u d d i m a n & M c l n t y r e , 1976; M c l n t y r e et a l . , 
1972). P lankt ic Foramini fera species are used to trace water mass changes d u r i n g the 
past 208 k a b y g r o u p i n g the species u s i n g cluster a n d correspondence analyses, then 
c o m p a r i n g these groups to l i v i n g p l a n k t o n distr ibutions. A l t h o u g h there are some 
detai led diss imilar i t ies , the observed groups are s imi lar to the d i s t r ibut ion of l i v i n g 
p l a n k t o n reported b y Bé & T o l d e r l u n d (1971), Bé (1977) a n d Ottens (1991). Clusters I 
to III are interpreted to reflect polar, subpolar, a n d N o r t h A t l a n t i c C u r r e n t ( N A C ) 
water masses, respectively. Species of clusters I V a n d V, w h i c h constitute <4% of the 
total foramini fera l assemblage, m a y reflect transit ional a n d subtropical water mass
es. 

Neogloboquadrina pachyderma (s), w h i c h is interpreted to indicate polar water 
masses, dominates present d a y polar waters of the A r c t i c a n d the Antarc t ic oceans. 
This species can l ive i n sea ice i n both the northern (Carsola, 1953) a n d the southern 
(Spindler & D i e c k m a n n , 1986; D i e c k m a n n et a l . , 1991) hemispheres, a n d can tolerate 
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temperatures of -1.4 °C t h o u g h it favours temperatures between 0-9 °C (Bé & Tolder
l u n d , 1971). It dominates , reaching between 95-100 % of the foramini fera l assem
blage, i n net t o w samples f r o m the N a n s e n Basin (Carstens & Wefer, 1992) a n d sedi 
ment samples f r o m Greenland Sea (Bauch, 1993), F r a m Strait a n d C e n t r a l A r c t i c 
O c e a n (Ericson, 1959). 

Turborotalita quinqueloba, w h i c h is designated as a subpolar species, has the h i g h 
est absolute a n d relative frequencies i n present d a y subpolar waters (Bé & H a m l i n , 
1967; Bé & T o l d e r l u n d , 1971; Ottens, 1991). It also dominates sediment trap samples 
(Reynolds & T h u n e l l , 1985) a n d surface sediments i n subarctic regions ( K i p p , 1976). 
This species prefers surface temperatures between 12° a n d 15°C (Bé & H a m l i n , 1967). 

Clus ter III species are interpreted to indicate the N A C water mass (s imilar to 
' t rans i t ional ' of Bé & H a m l i n , 1967), w h i c h can be further s u b d i v i d e d into t w o sub-
clusters; (1) G. bulloides, N. incompta a n d G. scitula a n d (2) G. glutinata a n d G. inflata. 
Present d a y N A C water is a mixture of co ld a n d w a r m waters w h i c h is reflected i n 
the fauna. A s i d e f r o m be ing prol i f i c i n N A C , cool water species G. bulloides, N. 
incompta a n d G. scitula also a b o u n d i n subpolar waters w h i l e G. glutinata is quite 
c o m m o n i n subtropical waters (Bé & H a m l i n , 1967; Bé & T o l d e r l u n d , 1971). 

Globorotalia inflata is also interpreted as a N A C indicator, agreeing w i t h its l i v i n g 
d is t r ibut ion , be ing abundant i n the b o u n d a r y region between L a b r a d o r C u r r e n t a n d 
the G u l f S t ream-Nor th At lant i c Current , a n d c o m m o n i n northern east A t l a n t i c (Bé & 
H a m l i n , 1967; Bé & T o l d e r l u n d , 1971). 

Species of clusters I V a n d V are f o u n d i n present day transit ional to subtropical 
water masses. 

Discrepancies between m y Foraminifera-based water mass designations, a n d the 
l i v i n g a n d sea-bed p l a n k t o n distr ibut ions can be expla ined b y differences i n sieve 
size a n d d e p t h habitats sampled . I analysed the >125 urn fract ion w h i l e Bé & Tolder
l u n d (1971), a n d Bé & H a m l i n (1967), examined the >200 urn fraction, therefore 
underest imat ing the contr ibut ion of smaller Foramini fera s u c h as G. scitula a n d T. 
quinqueloba w h i l e overest imating larger ones. K i p p (1976) analysed the >150 urn 
w h i l e Barash (1971) counted the >100 urn fraction of sediment samples. 

Since Foramini fera l ive at different depths i n the water c o l u m n (Vincent & Ber
ger, 1981), species distr ibutions based o n surface p l a n k t o n o n l y (e.g. Bé & Tolder
l u n d , 1971; Ottens, 1991) underrepresents d e e p - l i v i n g species such as G. scitula 
w h i c h is w e l l represented i n sediment samples ( K i p p , 1976). 

Moreover , data o n l i v i n g p l a n k t o n represent o n l y several hours to days w h i l e 
sediment data record a n average s ignal over at least hundre ds or even thousands of 
years incorpora t ing both seasonal a n d interannual variat ions. Th is is i l lustrated i n 
the transit ional boundaries between the designated water masses (Fig. 16A-B) . 

A l t h o u g h p l a n k t o n t o w a n d sediment data are not direct ly comparable , the 
b r o a d patterns are very similar . Therefore, Foramini fera i n the sediments can s t i l l be 
used to reconstruct past water mass changes. 

D i v e r s i t y indices are also used to characterise present d a y water masses (Ottens, 
1991). The S h a n n o n divers i ty index for polar samples is l o w to v e r y low, for subpolar 
samples moderate, a n d h i g h for N A C to subtropical samples (Fig. 18). The overa l l 
pattern is comparable to box-core top data w h i c h s h o w a decrease i n p lankt i c f o r a m i 
niferal d ivers i ty f r o m l o w to h i g h latitudes i n the A t l a n t i c Ocean, general ly agreeing 
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w i t h m o d e r n sea-surface temperature a n d c irculat ion (Balsam et a l . , 1980). 
A l l three d ivers i ty indices, s imple , Shannon, a n d equitability, are dis t inct ly l o w 

d u r i n g H e i n r i c h events c o i n c i d i n g w i t h the dominance of polar waters. The l o w 
equitabi l i ty values are due to the almost monospeci f ic p lankt ic foramini fera l assem
blage of N. pachyderma (s). 

The foramini fera l assemblages characteristic of part icular water masses have 
shi f ted t h r o u g h t ime i n relat ion to the locat ion of the p i s ton core (Figs. 14A-B) . The 
area is interpreted to be d o m i n a n t l y bathed b y N A C w i t h m i n o r incursions of transi
t ional a n d subtropical waters i n interglacial per iods a n d b y polar waters d u r i n g 
H e i n r i c h events. D u r i n g glacial per iods , the area w a s covered b y polar waters suc
ceeded b y subpolar waters a n d vice-versa. 

The water mass reconstructions agree w e l l w i t h those of M c l n t y r e et a l . (1972), 
R u d d i m a n & M c l n t y r e (1976), C L I M A P (1981), a n d C r o w l e y (1981). 

P r o d u c t i v i t y a n d water masses 

The reconstructions generally s h o w moderate to h i g h p r i m a r y p r o d u c t i v i t y d u r 
i n g interglacial per iods w h e n N A C water p r e d o m i n a n t l y covered the area (compare 
Figs . 7 a n d 14A-B). A t present, this site is most ly bathed b y the N A C , the wester ly 
w i n d - d r i v e n G u l f Stream extension. W h e n the westerlies are strong d u r i n g the c o l d 
season, they induce vert ical m i x i n g , b r i n g i n g nutrients to surface waters. E n o u g h 
nutrients a n d o p t i m a l l ight support a lgal s p r i n g b looms ( H o l l i g a n et a l . , 1983; B r o w n 
& Yoder, 1994a, b) a n d h i g h concentrations of p lankt ic Foramini fera (Bé & H a m l i n , 
1967) current ly observed i n this area. 

M o d e r n polar waters i n the A r c t i c as w e l l as Antarct ic general ly have l o w pro
duct ivi t ies (Piatt & Subba Rao, 1975; Subba Rao & Piatt, 1984) w h i c h are comparable 
to those d u r i n g H e i n r i c h events. Icebergs probably b locked sunl ight a n d caused a 
strong sa l in i ty stratif ication i n the surface water suppress ing admixture of nutrients 
a n d p l a n k t o n product iv i ty . 

The moderate p r o d u c t i v i t y d u r i n g glacial per iods m a y be due to local ised 
b l o o m s w h e n the ice thawed, s imi lar to present d a y ice-edge environments (Hebbe ln 
&Wefer ,1991) . 

Conclusions 

P i s t o n core T88-9P was recovered f r o m the Northeast A t l a n t i c at 48°23 '2"N, 
2 5 ° 0 5 , 6 " W a n d provides a cont inuous pelagic record unaffected either b y carbonate 
d i s s o l u t i o n or b y turb id i ty currents because the core site lies w e l l above the lysocl ine 
at 3193 m water d e p t h a n d o n the east f lank of the m i d - A t l a n t i c r idge, far f r o m cont i 
nental slopes where turb id i ty currents are c o m m o n . 

The age m o d e l for this core reveals a 208 k a stratigraphie record back to the 
b e g i n n i n g of isotopic stage 7, based o n dates assigned to isotopic stage boundar ies 
a n d events, calendar-calibrated radiocarbon ages, a n d tephrochonology. 

The average total p lankt ic Foramini fera are general ly higher i n interglacial (36 
800 spec imens/g a n d 105 700 specimens/emzka) than i n glacial sediments (21 200 
spec imens/g a n d 84 500 specimens/cmzka, m a x i m u m estimate), a n d l o w (9200 spec-
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Fig. 18. Scatter plot of % Neogloboquadrina pachyderma (s) against Shannon diversity index, with species 
clusters (I-V). N A C stands for North Atlantic Current. 

i m e n s / g a n d 34 000 spec imens/cm 2 ka , m i n i m u m estimate) i n H e i n r i c h layers. This 
pattern is interpreted to reflect variat ions i n foramini fera l p r o d u c t i v i t y as a conse
quence of changes i n surface water p r i m a r y product ivi ty . In general, p r i m a r y p r o 
d u c t i v i t y variat ions d u r i n g the past 208 k a coincide w i t h water mass changes. A s i n 
the m o d e r n oceans, p r i m a r y p r o d u c t i v i t y is general ly higher i n N A C a n d subpolar 
than i n polar waters. 

The h i g h average p r i m a r y p r o d u c t i v i t y d u r i n g interglacials coincides w i t h times 
w h e n N A C water most ly covered the area as s h o w n b y the dominance of G. bulloides, 
N. incompta, G. scitula, G. glutinata, a n d G. inflata g roup i n the sediments, w h i l e the 
phot ic zone h a d a l o w ferti l i ty d u r i n g H e i n r i c h events, w h e n polar waters penetrated 
the area as reflected b y the l o w divers i ty indices a n d the predominance of N. pachy-
derma (s). P r o d u c t i v i t y w a s moderate d u r i n g glacia l per iods w h e n polar, subpolar 
a n d N A C waters, probably i n seasonal alternation, covered the area as reflected b y 
the abundance of subpolar species T. quinqueloba as w e l l as polar a n d N A C indicator 
species i n the sediments. 

The v e r y l o w weight percent total organic carbon a n d the contaminat ion b y l a n d -
d e r i v e d organic matter l i m i t the use of organic carbon as a p r i m a r y p r o d u c t i v i t y 
p r o x y i n the s t u d y area. In contrast, p lankt ic Foramini fera are useful tracers for past 
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p r i m a r y p r o d u c t i v i t y a n d water mass changes i n the carbonate-dominated, open-

ocean, m i d - l a t i t u d e Northeast A t l a n t i c site. 
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Appendix 1 

A n n o t a t e d alphabetical species list 

Plates 1-12 represent Scanning Electron M i c r o g r a p h s of foramini fera specimens 
f r o m the Northeast At lant i c p i s ton core T88-9P. R G M stands for the N a t i o n a l 
M u s e u m of N a t u r a l His tory , Palaeontology Department , former ly R i j k s m u s e u m v a n 
Geologie en M i n e r a l o g i e , L e i d e n . 

I f o l l o w the taxonomy of Bé & T o l d e r l u n d (1971) w i t h some modif icat ions b y 
Saito et a l . (1981). 

Globigerina bulloides d 'Orbigny, 1826 
PI. 1, figs. 1-7. 

In the N o r t h A t l a n t i c , G. bulloides is a d o m i n a n t species i n N A C waters (Ottens, 
1991,1992) a n d abounds i n subpolar waters as w e l l , f r o m N e w York to P o r t u g a l a n d 
f r o m the L a b r a d o r to the N o r w e g i a n Sea (Bé & H a m l i n , 1967; Bé & T o l d e r l u n d , 1971). 
It has a s i m i l a r d i s t r ibut ion i n surface sediment samples ( K i p p , 1976). G. bulloides is 
also a characteristic species i n u p w e l l i n g regions (Prell & C u r r y , 1981; P r e l l , 1984a,b). 
It occurs over a surface temperature range of 0°C to 27°C (Bé & T o l d e r l u n d , 1971). 

G. bulloides has h i g h (up to 29%), moderate a n d l o w accumulat ion rates, relative 
a n d absolute frequencies i n interglacial , glacial a n d H e i n r i c h layers, respectively. The 
species is about twice as frequent i n interglacial as i n glacial sediments. 

Globigerina rubescens Hofker , 1956 
P l . 1, figs. 8-13. 

M o s t specimens were whi te a l though some h a d a p ink/orange p igmentat ion . 
This species is d is t inguished f r o m G. tenellus b y its p igmentat ion a n d b y the absence 
of a secondary aperture(s). 

This species m a y comprise u p to 2.3% i n interglacial , is s e l d o m present i n glacial 
a n d absent i n H e i n r i c h layers. In the 208 ka record, the m a x i m u m relative a n d abso
lute frequencies a n d accumulat ion rate of Globigerina rubescens are noted immedia te 
l y after Terminat ion II, just l ike those of the other w a r m - w a t e r species such as Globi-
gerinoides tenellus a n d Orbulina universa. 

Globigerinella aequilateralis (Brady, 1879) 
PI. 2, figs. 1-7. 

G. aequilateralis is o n l y present i n l o w frequencies not exceeding 2.3% i n intergla-
c ia l , s e l d o m present i n glacial a n d generally absent i n H e i n r i c h sediments. There are 
t w o forms, the loosely-coi led be ing more c o m m o n than the involute a n d t ight ly-
co i led tests. Peak absolute frequency of 490 specimens/g is noted i n isotopic stage 7. 
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Globigerinita glutinata (Egger, 1893) 
PL 3, figs. 1-18. 

The supplementary features l ike bul lae a n d secondary apertures give G. glutinata 
m a n y m o r p h o l o g i c variat ions even w i t h i n a single sample. 

The relative frequency of this species is h i g h (reaching 20%) i n interglacial , m o d 
erate i n glacial a n d very l o w i n H e i n r i c h layers. The m e a n absolute frequency is 
4800, 1000 a n d 400 specimens/g, respectively. The interglacial accumulat ion rate is 
general ly higher than the glacial . 

Globigerinita uvula (Ehrenberg, 1861) 

This v e r y s m a l l microperforate species w i t h a h i g h trochospiral a n d translucent, 
s m o o t h test is ident i f ied o n l y i n sample 50 at about 12.5 ka . The accumula t ion rate, 
relative a n d absolute frequencies are 3090 spec imens/cm 2 ka, <1%, a n d 780 speci
mens/g, respectively. 

Globigerinoides ruber (d 'Orbigny, 1839) 
PL 4, figs. 1-14. 

There are three G. ruber forms: (1) a s m a l l , compact, l o w - s p i r e d , thick- w a l l e d 
f o r m ; (2) a bigger, moderate ly h igh-spired a n d lobular variant ; a n d (3) a h igh-sp i red 
a n d t h i n - w a l l e d form. G. ruber also exhibits t w o colour varieties, p i n k a n d whi te . The 
p i n k f o r m is general ly larger than the whi te one a n d usua l ly occurs i n w a r m e r 
waters i n the At lant i c , whereas the w h i t e f o r m prefers l o w e r temperatures (Hemle
ben et a l . , 1989). M o s t specimens are whi te except for a few p i n k ones i n isotopic sub-
stage 5.5. 

This species is absent f r o m isotopic stages 2 a n d 3, a n d does not exceed 3 % of the 
total p lankt i c foramini fera l assemblage i n the other isotopic stages. Both the average 
absolute frequency a n d the accumulat ion rate are higher i n interglacial than i n gla
c ial per iods . 

Globigerinoides tenellus Parker, 1958 
PL 5, figs. 1-4. 

G. tenellus was dis t inguished f r o m G. rubescens b y the presence of dorsa l supple 
mentary aperture(s) a n d f r o m G. ruber b y its more lobulate periphery. 

This species m a y comprise u p to 3.7% of the plankt ic foramini fera l assemblage i n 
interglacial sediments. It is absent f r o m H e i n r i c h a n d most glacial sediments. 

Globorotalia hirsuta (d 'Orbigny, 1839) 
PL 6, figs. 1-4. 

G. hirsuta is a cool subtropical species ( R u d d i m a n & M c l n t y r e , 1976). L i k e Globor-
otalia truncatulinoides it reproduces at the surface a n d then s inks to deeper waters 
where it prefers to l ive (Hemleben et al . , 1989). 
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This species can be b i g w i t h a relatively h i g h spire, pustulate surface a n d a weak
l y lobulate p e r i p h e r y i n interglacial sediments w h i l e glacial specimens are s m a l l w i t h 
a relat ively l o w e r spire. G. hirsuta is absent f r o m H e i n r i c h layers a n d isotopic stages 2 
a n d 4, a n d occurs i n relatively l o w amounts (not exceeding 3%) i n the other stages. 
Its average absolute frequency a n d accumulat ion rate are about four times h igher i n 
interglacial than i n glacial sediments. 

Globorotalia inflata (d 'Orbigny, 1839) 
PI. 7, figs. 1-11. 

G. inflata abounds i n the G u l f Stream a n d the N o r t h At lant i c C u r r e n t (Bé & H a m 
l i n , 1967; Bé & T o l d e r l u n d , 1971) but inhabits subpolar waters as w e l l . It is a deep-
d w e l l e r preferr ing depths between 100-150 m (Bé, 1977). 

M o s t specimens i n the core have a smooth a n d sh iny outer layer w i t h a convex 
sp i ra l s ide a n d r o u n d e d periphery. H o w e v e r , some specimens have a granular tex
ture a n d subangular periphery. 

This species has h i g h , moderate a n d l o w frequencies a n d accumula t ion rates i n 
interglacial , glacial a n d i n H e i n r i c h layers, respectively. G. inflata m a y comprise u p to 
16.0 % of the foramini fera l assemblage w i t h a m a x i m u m absolute frequency of 4170 
spec imens/g i n interglacial sediments. 

Globorotalia scitula (Brady, 1882) 
PI. 2, figs. 8-13. 

G. scitula is f o u n d i n subpolar waters i n rather h i g h frequencies (Rea et a l . , 1991; 
R e y n o l d s & T h u n e l l , 1985) a n d i n subtropical waters (Bé & H a m l i n , 1967). 

The relative frequency of G. scitula is higher (reaching 8.5%) i n interglacial than 
i n g lac ia l sediments. Both absolute frequency a n d accumulat ion rate are also general
l y higher i n the former than i n the latter. It occurs i n very l o w frequencies or m a y be 
absent i n H e i n r i c h layers. 

Globorotalia truncatulinoides (d 'Orbigny, 1839) 
PI. 6, figs. 5-8. 

G. truncatulinoides is a subtropical species (Bé & T o l d e r l u n d , 1971). It is c o m m o n 
i n the Sargasso Sea where it reaches a m a x i m u m abundance d u r i n g winter (Bé, 1959; 
Bé & T o l d e r l u n d , 1971). 

T h i s species occurs i n l o w accumulat ion rates, absolute a n d relative frequencies 
(not exceeding 3.7%) i n interglacial layers. Its peak absolute frequency is at 126 ka , 
i m m e d i a t e l y after Terminat ion II. It is absent f r o m isotopic stage 2 a n d i n most of 
stages 6 ,4 a n d 3. 

Neogloboquadrina incompta (Ci fe l l i , 1961) 
PI. 8, figs. 1-12. 

N. incompta has been regarded as a dextral ecophenotype of N. pachyderma or a 
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dextra l -co i l ing subspecies thereof (Parker, 1962; R e y n o l d s & T h u n e l l , 1986). I f o l 
l o w e d the classif ication of C i f f e l i (1961, 1973) a n d dis t inguished N. incompta b y its 
dextral c o i l i n g , more pustulate surface a n d more lobulate f o r m compared to N. pach-
yderma. 

The relative frequency of N. incompta is h i g h (reaching 33% i n isotopic stage 5), 
moderate (up to 23 %) a n d v e r y l o w i n interglacial , glacial a n d H e i n r i c h layers, 
respectively. Both absolute frequency a n d accumulat ion rate are higher i n interglacial 
than i n glacial sediments. 

Neogloboquadrina pachyderma (Ehrenberg, 1861) 
P l . 9, figs. 1-15. 

This species inhabits polar as w e l l as subpolar waters (Bé & H a m l i n , 1967), can 
l ive w i t h i n sea ice a n d tolerates salinities of u p to 82%o (Hemleben et a l . , 1989). 

N. pachyderma was in i t ia l ly separated into t w o groups A a n d B, w i t h g r o u p A 
consist ing of crystal l ine forms w h i c h results f r o m a secondary calcif icat ion process 
over a p r i m a r y reticulate surface texture, a n d group B h a v i n g reticulate textures (Sri-
n i v a s a n & Kennett , 1974). Reynolds & T h u n e l l (1986) adapted the same classif ication 
a n d a d d e d that group A is p r e d o m i n a n t l y sinistral w h i l e g r o u p B is p r e d o m i n a n t l y 
dextral . For this study, R e y n o l d s & Thunel l ' s (1986) group A was ident i f ied as N. 
pachyderma. 

Bé & H a m l i n (1967) demonstrated that the d is t r ibut ion b o u n d a r y between dex
tral a n d sinistral forms (according to m y classification, N. incompta a n d N. pachyder-
ma, respectively) is associated w i t h the 7.2 °C surface isotherm. A s i d e f r o m tempera
ture changes, c o i l i n g patterns c o u l d also reflect avai labi l i ty of nutrients w i t h dextral 
forms abundant w h e n nutrient concentration is l o w a n d sinistral forms b e i n g a b u n 
dant w h e n nutr ient concentration is h i g h (Reynolds & T h u n e l l , 1986). H o w e v e r , 
B r u m m e r & K r o o n (1988) s h o w e d that changes i n co i l ing patterns reflect the d y n a m 
ics of central water masses a n d polar fronts rather than the displacements of par t i cu
lar isotherms. 

There are t w o major N. pachyderma forms i n the core. O n e has a s m a l l compact 
test w i t h a r o u n d e d outl ine, a n d has thick w a l l s w h i c h tend to obscure the sutures 
a n d the aperture. The other has a large lobulate test a n d 4 to 5 discrete chambers sep
arated b y sutures, w i t h the last chamber reduced or bullate, sometimes par t ia l ly cov
er ing the aperture. Both forms are abundant i n H e i n r i c h a n d glacial layers w h i l e the 
former is more c o m m o n i n interglacial sediments. 

The relative frequency of N. pachyderma is l o w (not exceeding 20%), moderate 
a n d v e r y h i g h (up to 95%) i n interglacial , glacial a n d H e i n r i c h layers, respectively. 
Despite its dominance i n H e i n r i c h layers, its absolute frequency is general ly lower 
compared to glacial sediments. Its m a x i m u m absolute frequency a n d a c c u m u l a t i o n 
rate is i n isotopic stage 6. 

Orbulina universa d 'Orbigny , 1830 
PI. 5, figs. 5-7. 

The size of this species is correlated w i t h the avai labi l i ty of f o o d supply , the more 
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f o o d , the larger the spherical shel l a n d overfeeding results i n a double sphere, a so-
cal led 'Biorbulina' (Hemleben et a l . , 1989). There are some large tests i n interglacial 
sediments. 

Th is species m a y comprise u p to 2% of the total p lankt ic foramini fera l assem
blage i n interglacial sediments. It is absent f r o m glacial sediments except i n isotopic 
stage 6 where it is occasionally present. 

Turborotalita humilis (Brady, 1884) 
P L 5, figs. 8-11. 

T. humilis is f o u n d o n l y i n sample n u m b e r 715 c m , at 192 k a . It has a v e r y l o w fre
quency of 0.2 %, corresponding to 360 spec imens/cm 2 ka. This species differs f r o m T. 
quinqueloba b y its smaller size a n d more numerous chambers. 

Turborotalita quinqueloba (Nat land , 1938) 
PL 10, figs. 1-14; P L 11, figs. 1-18; PL 12, figs. 1-11. 

This typ ica l ly subpolar species (Bé & H a m l i n , 1967; Bé & T o l d e r l u n d , 1971) 
shows considerable var ia t ion i n the core. N u m e r o u s specimens have a bu l la - l ike 
e longat ion of the f ina l chamber w h i c h can par t ia l ly or complete ly cover the aperture, 
others have a n aperture w i t h o u t a l i p , w h i l e some have a thickened r i m - l i k e basal 
h p . 

The relative frequency of T. quinqueloba is h i g h i n interglacial (reaching 31.9%) 
a n d i n glacial (reaching 38.8%) sediments w h i l e it is l o w i n H e i n r i c h layers. The aver
age absolute frequency a n d accumulat ion rate of this species are higher i n intergla-
c ia l than i n glacial sediments. 
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Plate 1 

The 100 urn bar scale below fig. 2 applies to figs. 1-6; the scale on the lower left corner is for figs. 8-12; 
and the 10 urn bar is for figs. 7 and 13. 

Figs. 1-7. Globigerina bulloides d'Orbigny, 1826 
1-4. Umbilical views. Specimens of figs. 1, 5, and 6 are from sample 0, of figs. 2-4 and 7 are from sam
ple 450. 
1. Typical specimen with lobulated periphery and four spherical to subspherical chambers in the final 
whorl; R G M 360 200. 
2. Common morphotype with wide apertural opening; R G M 360 201. 
3. Thinner-shelled, smoother-surfaced specimen with chambers rapidly increasing in size; R G M 360 
202. 
4. Specimen with diminutive ultimate chamber in the final whorl; R G M 360 203. 
5. Spiral view; R G M 360 204. 
6. Side view; R G M 360 205. 
7. Detail of surface wall structure showing large irregularly-spaced pores. Elevated areas are spine 
bases, disappearance of spine shafts reveal circular holes in the centre; R G M 360 206. 

Figs. 8-12. Globigerina rubescens Hofker, 1956 from sample 500. 
8. Spiral view; note absence of secondary aperture; RGM 360 207. 
9. Side view; R G M 360 208. 
10. Umbilical view of same specimen in fig. 8 showing wide highly-arched aperture. 
11. Umbilical view of specimen with thick-wall, compact test and small aperture with distinct lip; 
R G M 360 209. 
12. Spiral view; R G M 360 209. 
13. Same specimen as in fig. 8 showing last chamber to have shallow depression leading to roughly 
equidistant pores. Pores are small and interpore areas are wide. 
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Plate 2 

The 100 urn scale bar applies to figs. 1-9 and figs. 10-11, the 10 urn bar to figs. 7 and 12, and the 1 urn 
bar to fig. 13. 

Figs. 1-7. Globigerinella aequilateralis (Brady, 1879). Specimens of figs. 1-3 and figs. 5-7 are from samples 
0 and 500, respectively. 
1. Umbilical view of large, loosely-coiled specimen; note smooth surface of last chamber compared to 
rest of test; R G M 360 210. 
2. Spiral view showing partial separation of last two chambers; R G M 360 211. 3. Asymmetrically-
coiled specimen with crescent-shaped aperture; R G M 360 212. 
4. Umbilical view of small, tightly-coiled specimen; R G M 360 213. 
5-6. Spiral and side views of small specimens displaying asymmetrical coiling; R G M 360 214-215. 
7. Enlargement of last chamber of specimen in fig. 4 shows spine bases as upraised circular to triangu
lar mounds with round holes. Living specimens have triradiate spines. 

Figs. 8-13. Globorotalia scitula (Brady, 1882) specimens from sample 450. 
8. Spiral view; note large pores with wide pore pits within and around the proloculus, decreasing in 

size in older chambers; R G M 360 216. 
9. Side view showing irregularly-shaped lip; R G M 360 217. 
10. Spiral view of specimen with slowly increasing chamber size giving a nearly circular peripheral 
outline; R G M 360 218. 
11. Umbilical view of a specimen that is heavily pustulate near the apertural area; R G M 360 219. 
12. Enlargement showing smooth finely perforate last chamber of specimen in fig. 8. 
13. Further enlargement of a single pore of fig. 12 illustrates that widening of pore size as the wall 
thickens with age, results to a well-layered conical pit. 
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Plate 3 

This plate illustrates the extreme variability in Globigerinita glutinata (Egger, 1893) test morphology. 
The 100 um scale bar applies to figs. 1-15. Figs. 5, 11 and 15 are specimens from sample 0 while the 
rest are from sample 500. 

Figs. 1-7. Umbilical views. 
1. Simple primary aperture with thin lip; RGM 360 220. 
2. Specimen with inflated last chamber and flap covering aperture; R G M 360 221. 
3. Circular bulla covers aperture; R G M 360 222. 
4. Specimen with dumbbell-shaped bulla; R G M 360 223. 
5. Large inflated bulla with four infralaminal apertures; R G M 360 224. 
6. Complex bulla with apertures at sutures of older chambers; R G M 360 225. 
7. Intricate bulla with multiple apertures covering considerable part of test; R G M 360 226. 

Figs. 8-12. Spiral views. 
8. Specimen without secondary aperture; R G M 360 227. 
9. Specimen with one secondary aperture. I consider this form to be synonymous to Globigerinoides 
parkerae Bermudez; RGM 360 228. 
10. Specimen with large secondary aperture almost divided into two parts; R G M 360 229. 
11. Infralaminal aperture of specimen extends to spiral side; R G M 360 230. 
12. Part of bulla and two infralaminal apertures reach spiral side RGM 360 231. 

Figs. 13-15. Side views. 
13. Slit-like opening on the side; RGM 360 232. 
14. Specimen with secondary aperture; R G M 360 233. 
15. Smooth and thin-walled specimen with irregularly defined bulla that has multiple infralaminal 
apertures; R G M 360 234. 

Figs. 16-18. Detailed views. 
16. Specimen in fig. 13 showing bulla with smaller pustules than the remainder of the test. 
17. Bulla of specimen in fig. 7 displaying conical pustules and small, dense but irregularly-spaced 
pores on their bases. 
18. The two infralaminal apertures of fig. 12 specimen open beneath the bulla. 
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Plate 4 

Test morphology and microstructure of Globigerinoides ruber (d'Orbigny, 1839). The 100 urn bar scale 
applies to figs. 1-10. Figs. 10 and 14 specimens are from sample 500 and the rest are from sample 15. 

Figs. 1-3. Small, compact and thick-walled form. 
1. Apertural view; R G M 360 235. 
2. Spiral view showing one accessory aperture; RGM 360 236. 
3. Side view; R G M 360 237. 

Figs. 4-8. Larger, more lobulate form. 
4-5. Umbilical views of specimens having circular apertures with and without a lip, respectively; 
R G M 360 238-239. 
6-7. Specimens with one and two apertures on the spiral side, respectively; R G M 360 240-241. 
8. Side view showing an accessory aperture; RGM 360 242. 

Figs. 9-10. Large and high trochospiral form. Side views. 
9. Specimen with small last chamber; RGM 360 243. 
10. Thin-walled with inflated chambers rapidly increasing in size. Note same magnification as other 
G. ruber variants; R G M 360 244. 

Fig. 11-14. Detailed views. 
11. Penultimate chamber of fig. 1 specimen showing pores between mostly isolated and few intercon
nected spine bases with circular spine holes. 
12. Last chamber of fig. 6 specimen illustrating big, inequidistant pores and spine bases. 
13. Ultimate chamber of fig. 9 specimen shows large cone-shaped pores. 
14. Last chamber of fig. 10 specimen showing rounded spine bases with circular holes. 
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Plate 5 

The 100 urn scale bar on the upper left applies to figs. 1-3 and 6-7 while the lower left one is for figs. 8-
10. The 10 urn scale bar applies to figs. 4,5 and 11. 

Figs. 1-4. Globigerinoides tenellus Parker, 1958 specimen from sample 500. 
1. Umbilical view of specimen with four spherical chambers in the final whorl and circular, highly-
arched primary aperture with faint rim-like lip; R G M 360 245. 
2. Spiral view of fig. 1, showing two accessory apertures, big and small. 
3. The big accessory aperture is still visible from the side; R G M 360 246. 
4. Detail of last chamber of fig. 1, illustrating coarsely perforated wall structure with large pores set in 
shallow depressions. Pore depressions are bounded by weakly developed polygonal ridges and spine 
bases are located at the junction between these ridges. Disappearance of the spine shafts show round 
spine holes. 

Figs. 5-7. Orbulina universa d'Orbigny, 1830 specimens from sample 0. 
5. Wall structure of fig. 6 specimen shows big and small pore openings of about 15 and 5 urn, respec
tively. The small pores of living specimens possess an inner organic lining and pore plates (Bé, et a l , 
1980) while the large pores lack these structures, and are therefore defined as apertures. 
6. Big specimen with irregularly-spaced areal apertures; RGM 360 247. 
7. Small specimen showing same feature; R G M 360 248. 

Figs. 8-11. Turborotalita humilis (Brady, 1884) specimen from sample 715. 
8. Umbilical view showing 6 1/2 chambers in the last whorl, with ultimate chamber extending basally 
to cover aperture; R G M 360 249. 
9. Spiral view of fig. 8; note deeply-incised sutures. 
10. Side view of fig. 8. 
11. Enlargement of part of ultimate and penultimate chambers showing intergrowth of angular, euhe-
dral calcite crystals to conceal some pores; same specimen. 
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Plate 6 

The 10 urn bar scale applies to figs. 4 and 5 while the 100 urn bar to the rest. 

Figs. 1-4. Globorotalia hirsuta (d'Orbigny, 1839) from sample 15. 

1. Umbilical view displaying intergrowth of nodelike pustules forming botryoidal surface near aper-
tural area. Most pores in earlier chambers are obliterated by abundant interlocking pustules except in 
ultimate chamber; R G M 360 250. 
2. Spiral view showing angular, platelike structures thickening prolocular area instead of knoblike 
pustules seen on spiral side; RGM 360 251. 
3. Side view; R G M 360 252. 
4. Close-up of last chamber of fig. 1 specimen showing only few isolated pustules. Note uneven sur
face texture due to partial calcite layer cover. 

Figs. 5-8. Globorotalia truncatulinoides (d'Orbigny, 1839) from sample 0. 
5. Enlargement of last chamber displaying medium-sized, dense pores and nodelike pustules in flat 
surface; R G M 360 253. 
6. Umbilical view. As in G. hirsuta, test is very thick near aperture and thins in direction of growth, 
with little thickening in last chamber; R G M 360 254. 
7. Spiral view; note big dense pustules in prolocular area and at keel junction; R G M 360 255. 8. Side 
view showing triangular peripheral outline and aperture with lip; R G M 360 256. 
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Plate 7 

Test morphology and wall microstructure of Globorotalia inflata (d'Orbigny, 1839). The 10 urn bar scale 
applies to figs. 10 and 11 while the 100 urn bar to the rest. Figs. 1-3 are specimens from sample 0 while 
figs. 4-13 are from sample 450. 

Figs. 1-3. Large thick-walled form. 
1. Umbilical view of typical specimen which is coarsely granular in umbilicus and smooth in last 
chamber; R G M 360 257. 
2. Spiral side has smooth wall structure; R G M 360 258. 
3. Side view shows flatter spiral side of specimen compared to more convex ones of specimens in figs. 
6 and 9; R G M 360 259. 

Figs. 4-6. Large, thick-walled form with diminutive last chamber. 
4. Umbilical view; note smooth diminutive and penultimate last chamber; R G M 360 260. 
5. Spiral view showing almost rounded peripheral outline; R G M 360 261. 
6. Side view displays large pustules around umbilicus; RGM 360 262. 

Figs. 7-9. Small, thin-walled forms. 
7. Umbilical view; R G M 360 263. 
8. Spiral view illustrates rougher wall texture compared to specimens in figs. 2 and 5; R G M 360 264. 
9. Side view shows more angular outline due to protrusion of last chamber; R G M 360 265. 

Fig. 10-11. Enlarged views. 
10. Penultimate chamber of specimen in fig. 5 has smooth, hummocky wall structure with constricted 
or obliterated pores. Most pores are on top of hummocks but few are located in depressions in 
between. 
11. Last chamber of specimen in fig. 8 has porous surface with discrete nodelike pustules; note bigger 
irregularly-spaced pores compared to specimen with veneer of calcite crust (fig. 10). 
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Plate 8 

Morphological variants of Neogloboquadrina incompta (Cifelli, 1961) from samples 0 (fig. 2), 702 (figs. 1, 
6 and 10) and 450 (figs. 3-5, 7-9 and 11-12). The 100 urn scale bar applies to all figures except for fig. 5. 

Figs. 1-4. Umbilical views. 
1. Lobulate specimen with 5 chambers in last whorl separated by distinct sutures. Chambers rapidly 
increase in size as added with last chamber partially covering aperture; R G M 360 266. 
2. Less lobulate specimen with bean-shaped last chamber totally covering aperture; R G M 360 267. 
3. Specimen has deep umbilicus and almost circular peripheral outline with the chambers slowly 
increasing in size as added (compare to fig. 1); R G M 360 268. 4. Specimen with four chambers in last 
whorl; ultimate chamber has flap with lip partially covering aperture; R G M 360 269. 

Fig. 5. Enlarged view of penultimate chamber of specimen in fig. 7 showing large pores with calcite 
ridges surrounding individual pore pits. The sharp, uneven crystals of these ridges give an overall 
rough texture (compare with wall structure of N. pachyderma in PI. 9, figs. 13-15). 

Figs. 6-8. Spiral views. 
6. Note the thickened prolocular area; RGM 360 271. 
7. Specimen with quadrate peripheral outline and smaller ultimate than penultimate chamber; R G M 
360 270. 

8. Note large last chamber; RGM 360 272. 

Figs. 9-12. Side views. 

9. Note aperture with thick lip; RGM 360 273. 
10. Specimen with wide apertural opening only partially covered by a lip; R G M 360 274. 
11. Aperture without a lip; R G M 360 275. 
12. Last chamber covers most of aperture; R G M 360 276. 
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Plate 9 

Neogloboquadrina pachyderma (Ehrenberg, 1861) specimens from samples 500 (figs. 1-3), 70 (figs. 4-6 
and 13) 100 (figs. 7-12 and 14-15). The 100 urn scale bar applies to figs. 1-12 while the 10 urn bar to figs. 
13-15. 

Figs. 1-3. Small, very thick-walled, typical interglacial form. 
1. Specimen with compactly arranged chambers. This is classified as N. pachyderma, group A by 
Reynolds & Thunell (1986); RGM 360 277. 
2. Spiral view shows rounded test outline; R G M 360 278. 
3. Side view. Note aperture is covered by last chamber; R G M 360 279. 

Figs. 4-6. Large and very thick-walled specimens from a Heinrich layer. 
4. Umbilical view. Although this form is similar to fig. 1, Heinrich layer and glacial specimens can 
attain big sizes. Note wide umbilicus surrounded by distinct calcite rhombs; R G M 360 280. 
5. Spiral view showing sutures obliterated by heavy calcification; R G M 360 281. 6. Part of aperture 
still visible on side view; RGM 360 282. 

Figs. 7-9. Quadrate morphotype typical of glacial sediments. 
7. Umbilical view showing wide aperture covered by unornamented thin lip. A less encrusted speci
men with similar form is classified by Reynolds & Thunell (1986) as N. pachyderma, group B; R G M 360 
283. 
8. Spiral view. Note sutures obliterated by calcite crust; R G M 360 284. 
9. Side view showing wide apertural opening; RGM 360 285. 

Figs. 10-12. Ovate morphotype common in glacial sediments. 
10. Umbilical view of 4 1/2-chambered specimen with diminutive last chamber covering part of aper
ture; R G M 360 286. 
11. Spiral view showing faint sutures; R G M 360 287. 
12. Side view; note small last chamber; R G M 360 288. 

Figs. 13-15. Enlarged views. 
13. Last chamber of fig. 4 specimen showing calcite crust to obliterate some pores. 
14. Wall structure and topography of penultimate chamber of fig. 8 specimen illustrating rugged ridg
es surrounding pores. 
15. Penultimate chamber of fig. 11 specimen showing smoothened surface texture with most pores 
closed-off. 
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Plate 10 

Extreme variability in Turborotalita quinqueloba (Natland, 1938) morphotypes due to differences in test 
thickening, shape of the chambers and aperture. All specimens are from interglacial sample 450 and 
are dextrally-coiled, except for those shown in figs. 5 and 13. The 100 urn bar scale applies to all fig
ures. 

Figs. 1-14. Umbilical views. 
1. Typical specimen with five chambers in the last whorl and an umbilical aperture bordered by small 
lip; R G M 360 289. 
2. More lobulate form with big aperture and no lip. This specimen has spine bases and holes distin
guishing it from small specimens of N. incompta; R G M 360 290. 
3. Umbilical aperture with small unornamented lip; R G M 360 291. 
4. Flap partially covers aperture. Note less thickened, deeply-incised apertural area; R G M 360 292. 
5. Slightly compressed specimen; RGM 360 293. 
6. Flap-like extension of last chamber is partially fused to an earlier chamber in apertural area; R G M 
360 294. 
7. Large lobular variant; R G M 360 295. 
8. Terminal chamber has two flap-like extensions; R G M 360 296. 
9. Tear drop-shaped last chamber with irregular flap; R G M 360 297. 
10. Tear drop-shaped last chamber with projecting lip covering aperture; R G M 360 298. 
11. Six chambers in last whorl with diminutive ultimate chamber; R G M 360 299. 
12. Aberrant terminal chamber is smaller than penultimate chamber; R G M 360 300. 
13. Large specimen with bullate last chamber totally covering the aperture and parts of earlier cham
bers; R G M 360 301. 
14. Huge and rare T. quinqueloba variant with exceptionally big last chamber and thick crescent-
shaped ornamented lip; R G M 360 302. 
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Plate 11 

Turborotalita quinqueloba (Natland, 1938) morphotypes from glacial and Heinrich layers except for figs. 
13 and 14 which are specimens from interglacial sediments (sample 450). Figs. 1-4 and 15; figs. 5-8,11, 
16 and 17; and figs. 9-10, 12 and 18 are specimens from samples 100, 70 and 702, respectively. Speci
mens shown in figs. 1-6, 9 13-15 and 17 are dextrally-coiled while the others are sinistrally-coiled. The 
100 urn bar scale applies to all figures. 

Figs. 1-12. Umbilical views. 
1. Note triangular lip partially covering aperture; R G M 360 303. 
2. Terminal chamber with flap-like extension; R G M 360 304. 
3. Coalescence of some spine bases to form ridges gives this specimen a rough surface wall texture; 
R G M 360 305. 
4. Large and lobular with intricate bulla; R G M 360 306. 
5. Small compressed specimen with semi-circular aperture and thin lip; R G M 360 307. 
6. Small with faint sutures due to calcite encrustation on surface; RGM 360 308. 
7. Note wide aperture and irregularly-shaped unornamented lip; R G M 360 309. 
8. Umbilical-interiomarginal aperture partially covered by an unornamented lip; R G M 360 310. 
9. Small, lobulate with spherical chambers and circular umbilical aperture; R G M 360 311. 
10. Note deeply-incised sutures particularly near the aperture; R G M 360 312. 
11. Small specimen with big last chamber; R G M 360 313. 
12. Note smooth surface compared to other specimens; R G M 360 314. 

Figs. 13-18. Spiral views. 
13. Large specimen with spherical chambers rapidly increasing in size as added; R G M 360 315. 
14. Ultimate is smaller than penultimate chamber (compare with fig. 13); R G M 360 316. 
15. Note distinctly smoother last chamber compared to other chambers; R G M 360 317. 
16. Small specimen with smoother wall structure than those of figs. 13-15; R G M 360 318. 
17. Small, compact specimen with large pores; R G M 360 319. 
18. Note thickened prolocular area; R G M 360 320. 
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Plate 12 

Turborotalita quinqueloba (Natland, 1938). Figs. 1-2, 3, 4 and 5 are specimens from sample 450,100, 702 
and 70, respectively. The 100 urn scale bar applies to figs. 1-5 while the 10 urn bar to figs. 6-14. 

Figs. 1-5. Side views. 
1. Large specimen with lip projecting away from aperture; R G M 360 321. 
2. Part of lip is attached to an earlier chamber; R G M 360 322. 
3. Lip projects inward partially closing aperture; RGM 360 323. 
4. More oblong and less inflated specimen than those in figs. 1-3; R G M 360 324. 
5. Small, compact with smooth texture; R G M 360 325. 

Figs. 6-11. Enlarged views. 
6. Penultimate chamber of specimen in PI. 10, fig. 6 showing medium-sized, irregularly-spaced pores 

and spine bases. 
7. Terminal chamber of specimen in PI. 11, fig. 2; note pore doublets (a). 
8. Less dense pores and spine bases in last chamber of specimen in PI. 11, fig. 4; note uneven coating 
of calcite. 
9. Penultimate chamber of specimen in PI. 11, fig. 13 showing dense, medium- sized pores and round
ed to subrounded spine bases with circular holes. 
10. Ultimate and penultimate chambers of specimen in PL 11, fig. 5 shows calcite encrustation covered 
most spine holes and pores. Uncovered pores of this small specimen are big. 
11. This small specimen (same as in PL 11, fig. 17; detail of penultimate chamber) has bigger and less 
dense pores than larger specimens of figs. 6 and 9. 
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