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D ow ncore  ana ly ses  o f  v a ria tio n s  in  p lan k to n ic  and  b en th ic  fo ram in ifcra l d is tr ib u tio n , sed im en to logy  and  
s tab le  iso to p es  in co re s  from  th e  d ee p  ocean  basin and  the co n tin en ta l slope o f  the sou th easte rn  
N orw egian  S ea  show  th a t th e  last glacial to  postg lacia l tran sition  o cc u rre d  in tw o d istinc t s tep s . P rio r to  
13,000 B P  th e  a rc a  w as cha ra c te rized  by a  y ea r-ro u n d  iceberg  and  pack-ice  e n v iro n m en t, low surface 
p roductiv ity  a n d  h o m o g en o u s, low  productiv ity  d e e p  w ate r cond itions . A fte r  ca. 13,000 B P  the ocean  
becam e seasonally  ice free  w ith  high productiv ity  and  low -scale vertica l c ircu la tion . T h e  su rface  rem ained  
cold un til a f te r  10,000 B P , in  co n tras t to  the w arm  N o rth  A tla n tic  du rin g  th e  p erio d  13,000-11,000 B P . In 
th is  p e r io d  b en th ic  fo ram in ife ra  ind icate  presence  o f  stra tif ied  d eep -w ate rs  d issim ilar to  th e  p re sen t. T w o  
possib le  p a t te rn s  o f  d e e p  w 'ater exchange are p re sen ted . D uring  th e  Y o u n g er D ryas ch ro n o zo n e  the 
N o rw eg ian  S ea  rem a in ed  o p en . C o n s tan t, s trong  b o tto m  cu rren ts  w ere  in tro d u ced  on th e  u p p e r  c o n tin en ­
ta l s lo p e , a n d  large sca le  b o tto m  w ate r fo rm a tio n  and  overflow s to  th e  N o rth  A tla n tic  possibly s ta rted  
du rin g  th e  Y . D ryas. T h e  final w arm ing  o f  th e  N orw egian  Sea s ta r te d  a ro u n d  10,000 B P  as a  rap id  
in tro d u c tio n  o f  w arm , te m p e ra te  su rface w ate r in  th e  ea ste rn  p a r t , w hile  th e  w arm ing  o f  cen tra l and  
w estern  p a r ts  occu rred  in th e  ea rly  H olocene.
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A  large num ber o f publications dealing  w ith the 
changing surface ocean circulation th rough  the 
Q uaternary  have been published during  th e  last 
decade, especially through th e  C L IM A P project. 
Inform ation on  th e  deep circulation  is, how ever, 
m uch m ore sparse than  fo r th e  surface circula­
tion. O ne explanation  fo r this m ight be th a t there  
does not exist precise know ledge of th e  ecologi­
cal p references of deep-sea ben th ic  foram inifera, 
thus prohibiting th e  use of transfer functions for 
paleoecological in te rp re ta tions. Since som e of 
th e  m odels which have been  p roposed  fo r ex­
plaining th e  cause of P leistocene glaciations in ­
volve theories fo r changing bo ttom  w ater circula­
tion and fo rm ation  (W eyl 1968, N ewell 1974, 
Lam b & W oodruffe 1979), it is im portan t to 
obtain  m ore inform ation  on  th e  deep-sea envi­
ronm ental changes.

S treeter e t al. (1982) show ed th a t ben th ic  and 
planktonic records from  the  N orw egian Sea dis­
play a covariance, but th e  exact rela tionsh ip  be­
tw een surface changes and deep-w ater circula­

tion is no t yet clearly understood . Further p rog­
ress seem s to depend on m ore  detailed  studies of 
cores w ith high stra tig raph ie  resolution  within 
intervals showing large clim atic fluctuation . O ur 
strategy has been to  study  in  detail benthic and 
planktonic env ironm ental signals during  the d é ­
glaciation period. This p ap e r presents models on 
the surface and deep-w ater circulation based on 
investigations of cores from  th e  continental slope 
off N orw ay. We are  able to  detec t events at 
d ifferent depths and to  corre la te  a high resolu­
tion  late-glacial deep-sea reco rd  w ith th e  climatic 
evolution of th e  shelf a reas outside Norway.

Bathym etry and present 
hydrography
T he N orw ay Basin (m ax dep th  3900 m ) is situa t­
ed in the sou theastern  p a rt o f th e  N orw egian Sea 
(Fig. 1), and covers th e  a rea  betw een Iceland 
and W estern N orw ay. A  deep , irregular sill
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Fig. 1. M ap  show ing co re  locations in th e  so u th ea ste rn  N orw egian  S ea . D ep th  c o n to u rs  in m etres.

along the Jan M ayen F racture  Z one  separates 
this basin from  th e  L ofo ten  Basin in the north. 
T he southern  rim  of th e  basin is form ed by the 
Iceland-Scotland R idge with a m axim um  depth 
o f 800 m in the  Faeroe/S hetland  C hannel. Parts 
of the a rea  west o f S toregga (63°-64°N) have 
very steep  and rugged topography (Fig. 1). 
A coustic profiling indicates th a t th e  area has 
been exposed to  a t least one  large subm arine 
slide (H oltedahl 1971, Bugge et al. 1978, H ald 
1980). C ores from  dep ths dow n to  m ore than 
2000 m contain p reconso lida ted  m ateria l (Lpvlie 
& H oltedah l 1980). W ith the exception of core 
25 -9 , we did no t use cores from  this area for 
stratigraphical studies.

T he sou theastern  N orw egian Sea is today the 
main entrance o f w arm , saline w aters from  the 
N orth  A tlantic C u rren t which form s the 
northw ards flowing N orw egian C urren t (NC) 
along the N orw egian C on tinen ta l M argin. T he

N C  w ater covers th e  shelf and upper continen­
tal slope (dow n to  600-700 m) along th e  N orw e­
gian coast (Fig. 8). N earshore , th e  C oastal C ur­
ren t form s a low salinity layer above the NC 
w ater. T he deep  w ater o f th e  N orw egian Sea 
(N SD W ) is form ed as saline A tlan tic  w ater is 
cooled and sinks during w inter and  au tum n in the 
no rthern  N orw egian and G reen land  Seas. 
N SD W  being recently  fo rm ed , is well oxygenat­
ed and hom ogenous. T he w ater below  800 m is 
hom ohaline, w hile the w ater below  1200 m is 
both  hom ohaline and hom otherm al (M osby 
1959). T he p resen t deep-w ater form ation in the 
N orw egian-G reenland Seas leads to  substantial 
overflow s of dense, cold w ater southw ards across 
th e  G reenland-S cotland  ridge in to  the N orth  A t­
lantic w here it form s a  m ajo r p a rt o f the  N orth 
A tlan tic  D eep  W ater (N A D W ). E stim ates based 
on tritium  and 14C-profiles indicate th a t N SDW  
is renew ed w ithin 100 yrs, in con trast to  30 yrs
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Table 1. C o re  selection  a n d  c o re  locations

C ore L a titu d e L ong itude D ep th
(m )

G  =  G ravity  
core
P =  Piston 
core

359 64 2 3 'N 09°11 'E 270 G
361 64°23,5 'N 06'J3 8 'E 365 G
365 64 ;28 ’N 07 M S'E 190 G
25-8 62°59'N 04°58 'E 300 G +  P
25 -9 63°03'N 04°47'E 600 G  +  P
25-10 63°05'N 04o4 1 'E 790 G  +  P
25-11 63°09'N 04°31'E 1000 G  +  P
25-12 63°49'N 02°50'E 1500 G  +  P
25-13 64°04,5'N 02°19 'E 2000 G  +  P
25-14 64°26'N 02 1 9 'E 2400 G  +  P
25-15 64°13,5 'N 04°14 'E 1690 G  +  P
25-16 64°15,7 'N 04°43 'E 1400 G  + P
25-17 64° 17,5 N 05°23 'E 1000 G  +  P
25-18 64°20'N 05°40 'E 650 G  +  P
25-19 64°21’N 05°50 'E 450 C. +  P
25-20 64°21'N 06°01 'E 365 G  +  P
28-13 62°56'N 04°06 ,5 'E 800 G  +  P
28-15 63-17'N 03°58 .3 'E 1200 G  +  P
28-16 63°25'N 02°28’E 1200 G
28-17 63°09'N 02°32 'E 1000 G
28-18 62°56'N 02°44 'E 770 G
28-19 62°44'N 02°50 ,5 'E 570 G
28-20 62°29,5 'N 02°58’E 375 G
28-27 62°48'N 00°06 'E 1190 G
31-28 62°44,9 'N 03°21 ,5 'E 510 G
31-29 6 2 '5 8 ,0 'N 03°17 ,0 'E 800 G
31-31 63°37'N 03°10 'E 1146 P
31-33 63°38,2 'N 01 4 6 'E 1580 P
31-34 64°02'N 01°32’E 2200 P
31-35 64 '3 2 'N 01°14’E 2750 P
31-36 64°15'N 00°31 'E 2620 P
31-37 63°46,7N 00°00 'E 2285 P
31-38 63°25'N 00°23 'E 1880 P
31-39 63°02'N 00°44 ,6 'E 1309 P

V 28-60 64°05'N 04°02’W 3244 P

fo r th a t o f th e  G reen land  Sea, and th a t the  over­
flow w ater is younger than  N SD W  and probably 
originates from  w ater lying above the  pycnocline 
a t 1200 m (Peterson & R oo th  1976).

M aterial and m ethods
T he core selection consists of 24 p iston  and 26 
gravity cores (Fig. 1, T ab le  1). A ll cores have 
been studied for grain size d is tribu tion , and most 
cores for fo ram iniferal con ten t. C a C 0 3-determ i- 
nations have been  carried  ou t on  m ost cores. 
Piston cores w ere collected  w ith a system  th a t did 
not include ‘trigger w eight co rer’ (except V 28- 
60). T he reco rd  in core 31-35 and stratigraphie 
studies of trigger w eight cores from  the L am ont-

D oherty  core collection indicate th a t som e of the 
top  sedim ents a re  lost during coring in m ost pis­
ton  cores, and th a t th e  reco rded  thicknesses of 
H olocene sedim ents generally are  too  small. 
H ow ever, th e  b iostratigraphical investigations 
strongly indicate th a t H olocene faunas are p re ­
sent in the  top  sam ples o f th e  cores.

M ost cores w ere x-ray pho tog raphed  before 
opening in o rd e r to  detec t possible ‘flow -in’ and 
disturbed sequences. Sections w here these fea­
tu res w ere suspected w ere no t analyzed. X-ray 
photographs w ere also used as a prelim inary  s tra ­
tigraphie too l in the  selection o f cores and sam ­
pling intervals. G rain-size analyses w ere p e r­
form ed using the sieving/pipette technique d e ­
scribed in M angerud (1977). C a C 0 3 conten t re ­
fers to  bulk sam ple. T he results w ere obtained 
using a gas-volum etric m ethod . Foram iniferal 
sam ples w ere p rep a red  according to  the  m ethod 
given by Feyling-H anssen (1958). Sam ples rich in 
terrigenous sand w ere separa ted  w ith CC14, d en ­
sity 1.6 g/cm3. Foram iniferal counts w ere p e r­
form ed on the 150-1000 m icron fractions in cores 
28-27 and V 28-60. In  all o th e r cores the 125- 
1000 m icron fraction  was used. C ores 31-33, 3 1 - 
36 and V 28-60 w ere chosen fo r stable isotope 
analysis. Left-coiling specim ens o f th e  p lanktonic 
foram inifer G loboquadrina pachyderm a  w ere 
analyzed. T he ch ronostratig raphic  term inology 
and division follow  th e  suggestions o f M angerud 
e t al. (1974) w ith a ltera tions p roposed  by M an­
gerud & B erglund (1978).

Lithostratigraphy
Stratigraphie units

Lithostratig raphic  investigations o f th e  cores 
yield 4 distinguishable units (Fig. 2) which, ac­
cording to their regional d istribu tion  (H edberg 
1976), are  defined as form al stra tig raphie  units. 
T he nam es o f th e  units are  p icked from  geo­
graphical nam es in o r close to  th e  study area 
(Fig- 1).

M pre D iam icton: T he d iam icton is found in the 
low er part of th e  cores a t all dep ths in th e  investi­
gated a rea , and as no  cores p en e tra te  it, only a 
minim um  thickness o f 5 m can be  given (Fig. 3). 
It is hom ogenous, very poorly so rted  and con­
tains all grain sizes from  clay to  gravel (Fig. 2). 
A verage grain-size d istribu tion  is.: 5 5 %  clay, 
29 %  silt, 15 %  sand , 1 % gravel. T he fossil con-
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CORE 3 1 - 3 7  DEPTH 2 2 8 5 m  63°46 .7 / N 0 0 °0 0 'E  SEDIMENTOLO G Y
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Fig. 2 . D o w n co re  sed im en to log ica l p ro p e r tie s  and li thostra tig raph ica l subdiv ision  o f  co res 31-37 (2 a), 31—33 (2 b ), 2 8 -1 7 G  (2c), 
and  25 -09P  (2d ). M ean  grain  size  (M z), S o rting  (S o) and  S kew ness (S k ) as defin ed  in Folk  &  W ard  (1957). C o lo u r co d e  from  
M unsell Soil C o lo r  C h a r t  (1975).
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ten t is very low, usually less th an  10 foram inifera 
per gram  sed im en t, except in the upper sections 
w here th e  fossil co n ten t increases. C arbonate  
con ten t averages betw een 10%  and 1 5 % , but 
sam ples contain ing up to  30 % are found in some 
cores. Sand lenses and m ore sandy o r clayey 
parts are found w ith in  M pre D iam icton in som e 
cores from  the upper slope (Fig. 2d). C ore 31—33 
(Fig. 2b) is chosen as stra to type  fo r th e  unit.

T he  very even distribu tion  toge ther w ith the 
poorly so rted  ch arac te r strongly indicate a glacial 
origin fo r this sed im en t. For cores on  the conti­
nental slope and in the  deep basin, the only 
plausible genesis is th a t caused by ice-rafting and 
sedim entation  by suspended  m atter. Som e sand 
lenses may occasionally  occur, bu t outside the 
subm arine slide a rea  no  structures indicating tu r­
bidity cu rren t deposition  have been recognized. 
Investigations o f regional trends give no clear 
indications with respect to  depth  or geographical 
position except a sm all tendency tow ards higher 
clay co n ten t a t ab o u t 1000 m dep th . T he regional 
stratigraphie d is tribu tion  of M pre D iam icton is

show n in Fig. 3. A t dep ths less th an  600-800 m 
M pre D iam icton is overlain by A ktivneset Sand 
(Fig. 2d), betw een  600-800 and 1600 m by Stor- 
egga M ud (Fig. 2b & 2c), and a t dep ths g reater 
than  1600 m it is succeeded by N orw ay Basin 
O oze (Fig. 2a).

Storegga M ud . -  T he un it is found in cores be­
tw een 800 and 1600 m dep th . It is overlain by 
N orw ay B asin O oze betw een 1200 and 1600 m 
(Fig. 2b), w hereas the unit form s th e  surface 
sed im ent w ithin the dep th  in terval 600-800 m to 
1200 m. T h e  un it is characterized by high pelitic 
con ten t (average 9 2 % ), low sand con ten t (aver­
age 8 % ) , and contains no gravel (Fig. 2). The 
sed im ent is poorly  sorted  and has relatively low 
carbona te  co n ten t (average 10 % ) which in some 
cores increases upw ards. Fossil con ten t is low to 
m odera te  and tends to  increase upw ards. The 
thickness o f th e  unit is variab le; the thickest 
found  is 4 m  (Fig. 3) at abou t 1000 m depth . Core 
28-18G  is chosen as a stra to type  fo r the  unit 
(Fig. 2c).
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Storegga M ud shows a d istinct tren d  o f higher 
clay con ten t at increasing dep ths, indicating rap ­
id sed im entation  in  a re latively  quiet hydraulic 
regim e. T hese  observations ind icate  tha t the 
sedim ents m ainly accum ulated  by redeposition  of 
m aterial b rough t in to  suspension by th e  action of 
strong  cu rren ts on  the  upper slope. T he fact th a t 
S toregga M ud is overlain by N orw ay B asin O oze 
a t depths betw een  1200 and 1600 m im plies tha t 
the unit p reviously  was deposited  a t g reater 
depths th an  today . This shallow ing o f sed im enta­
tion province m ay have been  caused by de­

creased supply o f m ateria l exposed to  current 
erosion on th e  upper slope through th e  form a­
tion o f a lag deposit on  to p  o f glacigenic diamic- 
tons, and also by th e  postglacial sea level rise.

N orw ay Basin O oze. -  This unit form s the sur­
face sedim ents a t dep ths g rea te r than  1200 m. 
T he thickness found is usually 5 -10  cm, but 
thickness up to  30-40 cm has been recorded 
(Fig. 3). T he sedim ents o f th e  unit are  fine 
grained , w ith a coarse fraction com posed mainly 
of foram iniferal shells. C a C 0 3 con ten t (> 30  % )
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Fig. 3 . R eg ional li th o s tra tig rap h y  in  study a rea . S ec  tex t fo r defin itions  o f  lith o stra tig rap h ic  units.

and foram in iferal con ten t (> 1 .500  tests/g dry 
sedim ent) are  high (Fig. 2). C ore 31-33 is chosen 
as a stra to type  fo r the  unit (Fig. 2b). Kellogg 
(1975, 1976) dem onstra ted  th a t th ere  is a clear 
re lation  betw een  high carbonate  con ten t o f the  
surface sedim ents o f th e  N orw egian Sea and the 
presence o f w arm , saline A tlantic surface w ater. 
T h e  deposition  o f N orw ay Basin O oze is thus 
closely re la ted  to the  postglacial w arm ing and 
increased productiv ity  o f th e  N orw egian Sea.

A ktivneset Sand. -  T his sand unit form s a clear 
lag-deposit on  top  o f  M pre D iam icton on the 
u p p er slope and on th e  shelf. T he sedim ents are 
well to m odera te ly  so rted , have an average sand 
con ten t o f 70 %  and contain  in m any cases con­
siderab le  am ounts o f gravel. C ore 25-09P is cho­
sen as stra to type . (Fig. 2d). Its close relation  to 
the  p resence  o f th e  N orw egian C urren t along the

bo ttom  indicates th a t it is form ed by winnowing 
of glacial sedim ents by cu rren t action , a conclu­
sion also reached  by H oltedah l (1981) and H olte­
dahl & B jerk li (1982).

Carbonate stratigraphy

G enerally  th e re  is a high carbona te  conten t w ith­
in N orway B asin O oze and low con ten t within 
m ost o f S toregga M ud and M 0 re D iam icton (Fig. 
2). In  th e  la tte r  un it the con ten t is variable and 
values as high as 30 %  are  m easured  in sedim ents 
tha t con tain  less than  10 foram inifera p e r gram 
sedim ent. M ost parts of M 0 re  D iam icton contain 
chalk fragm ents o f sand and gravel size, and 
C retaceous coccoliths and foram inifera o f the 
genera H eterohelix  are  com m on in the un it. We 
thus conclude th a t large quantities o f M esozoic 
lim estone, glacially e roded  from  the continental
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shelf, have b een  included in M 0 re D iam icton. 
E lverh 0 i (1979) reached  th e  sam e conclusion in a 
study o f  glacial diam ictons off W est Norway. 
‘Peak to p eak ’ correlation  o f carbonate  curves 
has been  used  to  corre la te  stra tig raphie  levels in 
N orw egian Sea cores (Kellogg 1973, 1975, 1976, 
1977, 1980). B ased on b iostratigraphical com ­
parison w ith th e  results of K ellogg e t al. (1978) 
and S tree te r e t al. (1982), it is evident th a t none 
o f the cores in the p resen t study p ene tra te  iso­
to p e  stage 4. T he high carbona te  sam ples found 
in M 0 re  D iam icton  are  thus from  som ew here in 
stages 2 , 3 o r 4. T h is result and also a carbonate  
m inim um  caused by early  diagenetic processes 
(Jansen 1981) bear lim itations on  th e  use of bulk 
carbonate  m axim a and  m inim a as a tool for co r­
relation . E specially  in  areas close to  the shelf one 
should be careful to  test carbonate  fluctuations 
against foram in iferal con ten t to  establish w heth­
e r these a re  true  productivity  events or are 
caused by o th e r processes.

Benthic foram iniferal assemblage 
zones
Systematics

Sejrup et al. (1981) studied th e  recent distribu­
tion o f ben th ic  foram in ifera  in the  investigated 
area. We re fe r to  th is publication fo r taxonom ic 
references. B elanger &  S tree te r (1980) and 
S tree te r e t al. (1982) practise a d ifferent nom en­
cla tu re  fo r tw o im portan t species: Cassidulina 
teretis and  Oridorsalis tener. B ased on the similar 
recen t d istribu tion  and on th e  descriptions we 
believe th a t these  m ust be  the sam e species as we 
have called Cassidulina laevigata and  Eponides 
um bonatus. H ow ever, dissim ilarities exist be­
tw een ou r C. laevigata and  the  C. laevigata of 
som e H o locene coastal deposits. C. laevigata 
from  th e  investigated  a rea  often have shorter 
cham bers no t always extending across the um bili­
cal a rea , in  con trast to  those  described from  the 
O slofjord  a rea  w hich tend  to  have m ore elongat­
ed cham bers (Feyling-H anssen 1964). We thus 
feei th a t m ore taxonom ic studies o f the species 
should be  u n d e rtak en  until a  defin ite nom encla­
tu re  can be estab lished , and th a t both  C.laevigata 
and C.teretis a re  possib le a lternatives. Cibicides 
wuellerstorfi displays som e varian t form s. T he 
typical large, flat type w ith bended  su tures is the 
m ost freq u en t, b u t a  sm aller, hyaline variant is

also p resen t, especially in th e  low er part of the 
zone characterized  by C. wuellerstorfi.

Zone division

T he benthic fo ram iniferal assem blages have been 
divided in to  7 zones. T hese  are  defined by the 
dom inant and /o r characteristic species.

Zone A :  Elphidium excavatum zone

E lphidium  excavatum  dom inates the  faunas w ith­
in M 0 re D iam icton , the  low er parts of Storegga 
M ud and also in a  few  sam ples higher up in this 
un it. In m ost cases zone A  does no t contain taxa 
know n to  dom inate  th e  p resen t fauna o f the core 
location. C haracteristic  E lphid ium  fauna (Figs. 
4—7) is: 5 0 -8 0 %  E lphid ium  excavatum, signifi­
cant abundances of Cassidulina reniform e, B uli­
m ina marginata, Islandiella sp p ., d ifferent Elphi- 
diids and species know n from  recent shallow wa­
te r  faunas of the continental shelf. T he zone is 
p oo r in specim ens, o ften  less th an  10 per gram 
sedim ent. T he num ber increases tow ards the top 
w here the E lphid ium  dom inance is w eakened 
and species know n from  recen t faunas in the area 
(iCassidulina laevigata, E ponides um bonatus, and 
Cibicides wuellerstorfi) begin to  constitu te signifi­
cant parts of the fauna. Very few planktonic 
foram inifera are  found in association w ith zone 
A . T hey are  m ainly left-coiling G .pachyderm a.

W hether th e  E lpidium  fauna  represents au ­
tochthonous o r allochthonous faunas will govern 
th e  in terp re ta tion  of th e  glacial bo ttom  environ­
m en t in the area. T he com m on view is th a t Elpi- 
diids are shallow  w ater indicators and th a t w hen­
ever they are found in deep-sea sedim ents this is 
caused by resed im en ta tion  (e.g . Phleger et al. 
1953, S tree ter e t al. 1982). T his assum ption is 
based on  th e  g en era ’s com m on occurrence in 
shallow  w ater environm ents, bu t this is not a 
straightforw ard conclusion. M atoba (1976) re ­
p o rted  observations o f sta ined  (i.e.living) Elphi- 
diids from depths up  to  2000 m off Japan. Culver 
& Buzas (1980) n o te  th a t E. excavatum  is not 
associated w ith A m m o n ia  beccarii in recent 
deep-sea sam ples off N E  A m erica, w hereas the 
tw o species a re  com m only associated in samples 
from  the shelf, which could be an argum ent 
against E. excavatum  in te rp re ted  as an alloch­
thonous species. O ne o f th e  au thors of the p re­
sen t paper has also argued th e  E lphid ium  excava­
tum  is an au toch thonous e lem en t in th e  glacial 
deepsea sedim ents o f th e  N orw egian Sea (Skarb0
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1980). H ow ever, the argum ent of C ulver & B u­
zas m ay no t be  relevant if the resed im entation  
along N E  A m erica m ainly included pre-H olo- 
cene sedim ents tha t do no t contain A . beccarii, 
such as those rep o rted  by Vilks & R ashid (1976) 
and V ilks & M udie (1978) from  th e  shelf off 
L ab rado r and N ova Scotia.

We have no indications th a t E. excavatum  lives 
in th e  sou theastern  N orw egian Sea today . T he 
species occurs very sparsely and is only found in

recen t sam ples in areas with p resen t erosion and 
redeposition  (Sejrup  e t al. 1981). N either have 
we found any m odern  analogue to  th e  zone A 
assem blage. T he zone displays g rea te r diversity 
than  overlying zones and definitely contains dis­
p laced elem ents such as therm ophilic shelf spe­
cies ( Trifarina angulosa and Bulim ina marginata) 
and p re-Q uaternary  species. C onsequently  it is 
difficult to distinguish possible autoch thonous 
elem ents from  the rest o f th e  assem blage. Gla-
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ciom arine sedim ents from  shelf areas bordering  
th e  investigated a rea  contain E lphid ium  assem ­
blages very sim ilar to  o u r findings (M orvik 1979, 
N orvik  1980, G odvik  1981). T he shelf thus serves 
as a po ten tia l source area fo r re tran spo rted  E l­
ph id ium  assem blages in the deeper N orw egian 
Sea. T he very even distribution over th e  w hole 
N orw ay B asin o f zone A  faunas (H o ltedah l 1959, 
S tree te r e t al. 1982) and th e  distinct “ thinning 
o u t” tendency tow ards g reater dep th  are  p ro b ­

ably best explained by ice rafting  o f shelf faunas.
T he sedim ents o f zone A  indicate heavy ice 

rafting , high sedim entation  ra tes and only w eak 
bo ttom  curren ts. Sed im entation  ra tes w ere defi­
n itely  higher than  the average W eichselian sed i­
m en ta tion  ra te  of 3 cm /kyr estim ated  by Kellogg 
e t al. (1978) in cores from  th e  cen tral N orw egian 
Sea. We have estim ated  glacial sedim entation  
ra te s  in co re  31-33 to be  larger than  10 cm /kyr. 
H igh input o f ice rafted  detritu s docum ents a 
surface ocean favourable for iceberg  drifting; thus 
th e  surface cannot have been tightly frozen 
th rough  the year, as such conditions im pede ice­
berg  m ovem ent. L ikew ise th e  high sed im enta­
tion  ra te  points against the  existence of a contin- 
ous ice-shelf covering the  en tire  N orw egian Sea 
as p roposed  by H ughes e t al. (1979) and D en ton  
& H ughes (1981). Low sed im entation  rates ra th ­
e r than  high should be expected  under large ice 
shelves (O rheim  & E lverhpi 1981). Z one A  sed i­
m ents are  alm ost barren  o f all p lanktonic organ­
isms, indicating suppression o f surface productiv ­
ity by a low saline upper w ater layer produced  by 
glacial m eltw ater. T otal dom inance of sinistral 
G .pachyderm a  indicates surface tem pera tu res 
below  5-6°C , and no p ronounced  exchange with 
w arm er, subpolar surface w ate r from  the  A t­
lantic.

B ottom  environm ents o f zone A  are  difficult 
to  in te rp re t due  to lack o f reliable ben th ic  au ­
toch thonous fauna. T he absence o f com m on 
deep-sea foram inifera m ay have been caused by 
reduced supply o f oxygen due to  im peded b o t­
tom  w ater form ation. T here  a re , how ever, no 
indications th a t the N orw egian Sea becam e 
azoic, a conclusion also reached by S tree ter et 
a l. (1982). A no ther possibility is th a t the low 
surface productivity  com bined w ith strong  dilu­
tion  of nutrien ts by rapid sedim entation  o f te rri­
genous m atte r could have reduced  nu trien t levels 
a t th e  bo ttom , below  th a t requ ired  fo r benthic 
foram iniferal reproduction . A  th ird  possible fac­
to r  is the tem pera tu re . G lacial bottom -w ater 
tem pera tu res could definitely no t have been 
m uch below  th e  p resen t -1°C. O n th e  contrary , 
cessation o f deep-w ater form ation  could have led 
to  significantly higher tem pera tu res , as suggested 
by D uplessy et al. (1975) and D uplessy e t al. 
(1980), based on  iso tope ratios o f deep-sea 
benthic foram inifera. Increased  tem pera tu re  
should no t be expected to  restra in  bo ttom  life.

In  conclusion we will argue th a t zone A  indi­
cates a po lar environm ent w ith extensive ice- 
rafting, stratified  upper w ater colum n, low sur-
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face productivity  and only lim ited w ater ex ­
change with the  A tlantic. T he bo ttom  w ater was 
poorly renew ed , low in nu trien ts and possibly 
also oxygen. Only twice in th e  zone is there  
evidence o f m ore favourable conditions (ind icat­
ed on Figs. 8, 10 & 11). T hese w ere small 
changes, bu t indicate increased surface productiv ­
ity  and som e im provem ent o f bo ttom  conditions.

Zone B: Cassidulina laevigata zone

From  depths around 1600 m and to the upper 
slope zone A  is succeeded by a fauna m arked  by 
a strong increase in C.laevigata  con ten t. C.laevi­
gata  and E .excavatum  dom inate , bu t the two 
species seem  to  occur in opposite  phase to each

o ther. If  E .excavatum  is excluded, C.laevigata 
shows a  m ore hom ogenous appearance . M esozo­
ic foram inifera are also found in zone B , but 
appear m ore sporadically than  in zone A . The 
con ten t o f p lanktonic foram inifera increases 
drastically w ith the  transition  from  zone A  to B, 
and is in the o rder of 10 to  100 tim es higher in 
the la tte r zone. T he p lanktonic fauna is totally 
dom inated  by sinistral G .pachyderm a  (> 95  % ) 
(Figs. 4 -7  and 10-12). Z one  B is m ainly found 
w ithin the upper parts of M pre D iam icton , but 
may also be p resen t in low er parts of Storegga 
M ud. A lso in som e shelf a reas th e  transition 
from  E lphid ium  assem blages is characterized  by 
im m igration o f C. laevigata: outside T rpndelag 
(Lpfaldli &  R okoengen 1980) and in th e  N orw e­
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gian C hannel (G odvik 1981). T he appearance of 
C. laevigata is thus a p ronounced  faunal signal 
w ith regional significance.

A  fining upw ards in the sedim ents o f zone B 
indicates reduced  ice-rafting frequency. T he in­
crease in p lanktonic  foram iniferal con ten t is a 
c lear indication of increased surface productivity  
and thus reduced  influence o f glacial m eltw ater. 
A lthough  ice-rafting persists th rough  the  zone, 
th e  increased surface productivity  indicates a t 
least seasonally ice-free w aters and possible sur­
face w ater exchange w ith the subpolar gyre sys­
tem  o f th e  N orth  A tlantic. Surface tem pera tu res 
w ere low, deduced from  th e  to ta l dom inance of 
sinistral G .pachyderm a, and influence of w arm  
A tlan tic  surface w ater m ust have been negligible. 
T he p lanktonic  increase is less m arked  in cores 
from  above 1000 m , which indicates th a t glacial 
m eltw ater still dom inated  th e  eastern  parts. T he 
im m igration o f C.laevigata m arks an environ­
m ental event th a t affected dep ths less th an  1600 
m on  the continen tal slope and also parts  o f the 
neighbouring shelf areas. This species is found  to 
dom inate  th e  p resen t ben th ic  foram iniferal fauna 
in the transitional w ater m asses betw een the 
w arm  N orw egian C urren t w ater and the  cold, 
hom ogenous deep-w ater on  th e  con tinen ta l slope 
off N orw ay. Its p resen t deepest occurrence also 
fits well w ith th e  d istribution  o f zone B (B elanger 
& S tree te r 1980, Sejrup  e t al. 1981). T he im m i­
gration  of th e  species may thus im ply th e  onset of 
a dep th  stratified  w ater colum n in th e  deeper 
parts  of the  N orw egian Sea, renew al o f bo ttom  
w ater on the  slope, increased nu trien t availability 
a t th e  bo ttom  and it m arks the s ta rt o f th e  transi­
tion  from  glacial to  m odern  conditions along the 
N orw egian C ontinen tal M argin. In th e  B eaufort 
Sea, C.laevigata  dom inates th e  recen t fauna re ­
la ted  to p resence  of the A tlan tic  U ndercu rren t 
W ater (T: 0 -2 ° C )  (Vilks e t al. 1979). Z one B m ay 
thus also be in te rp re ted  as an indication o f an 
u n d ercu rren t circulation sim ilar to  the  p resen t 
pa tte rn  in th e  A rctic  O cean.

Z o n e  C: Eponides umbonatus zone

This assem blage is found in cores deeper than  
1200 m. T he zone denotes th e  first shift to a 
fauna w ith significant elem ents o f the p resen t 
deep-w ater fauna. E .excavatum  m ay still dom i­
n a te , bu t to  a sm aller ex ten t than  in zone A , and 
th e  dom inance decreases w ithin zone C. E .u m ­
bonatus con tribu tes significantly to  th e  fauna 
w ith th e  h ighest co n ten t o f the  species found in

2 8 - 1 8 G  7 7 0 m G L A S S  S H A R D S

I I TRANSPARENT 
C U  GREEN/BROWN

2 -

Fig. 9. C o re  28 -1 8 G : N u m b er o f  vo lcanic glass shards p e r g ram  
dry  sed im en t and  position  o f  ash -layer (d a rk  a rea  in lithology 
colum n).

th e  deepest cores. A t dep ths betw een  1200 and 
1600 m , zone B and C overlap  and cover mostly 
the sam e lithostratig raphic  sections (Figs. 8 &
11). C ore 28-27 (1200 m ) is an exception. A t this 
dep th  E. um bonatus  seem s to  im m igrate later 
than  C.laevigata (Fig. 9). Z o n e  C  is found in the 
upper part o f M 0re D iam icton bu t the sam e 
fauna is also p resen t in tw o deeper intervals in 
core V 28-60 (Fig. 8). T he con ten t o f M esozoic 
foram inifera is p ronounced , bu t low er than in 
zone A . C oncurren t w ith th e  transition  from 
zone A  to  C , the con ten t o f p lank ton ic  foram ini­
fera (sinistral G .pachyderm a  > 9 5  % ) increases 
by several o rders o f m agnitude, com parable to 
th e  increase a t the zone A /B  transition . T he 
im m igration of E .um bona tus  thu s coincides with 
increased surface productiv ity  and the sam e sur­
face environm ent th a t was deduced  for zone B 
also applies to  zone C . E. um bonatus  is the m ost 
com m on deep-sea ben th ic  foram inifera in the 
p resen t N orw egian /G reenland  Sea and A rctic 
O cean and does no t seem  to  be  connected with 
any specific w ater m ass o r env ironm ental p aram ­
e te r  (Lagoe 1977, L ohm ann  1978, B elanger & 
S treeter 1980, Sejrup  e t al. 1981). T he species is 
com m on up  to  1200 m in recen t sedim ents, which 
is th e  sam e shallow  boundary  as th e  boundary  of 
zone C. In  ou r m aterial E. um bonatus  shows 
positive correlation  w ith p lank ton ic  foram iniferal 
abundance. H ow ever, it responds earlier to  the 
late-glacial changes than  does C.wuellerstorfi. 
This could im ply th a t E. um bonatus is m ore 
adaptab le  to  conditions w ith significant, bu t re ­
duced surface productiv ity , and th a t C.wueller-
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storfi requires surface conditions w ith longer 
open , productive seasons tha t allow  m ore n u tri­
en t transfer to th e  bo ttom  and possibly also re­
quires conditions with m ore rap id  bo ttom  w ater 
renew al.

In conclusion we will no te  th a t bo th  zone B 
and C  w ere form ed under definitely glacial con­
ditions w ith extensive ice-rafting, bu t d ifferent 
from  zone A  in the existence o f seasonally  open 
w ater and high surface productivity. T he bottom  
environm ent experienced a drastic env ironm en­
tal change th a t affected both  deep w aters (zone 
C) and shallow er areas (zone B ). This even t was 
probably  caused by the in troduction  o f w ater 
m asses m ore sim ilar to  the p resen t w ith respect 
to  nu trien ts and oxygen conten t. T his period  also 
produced  a benthic faunal boundary  on the 
slope, reflecting a possible transition  betw een 
deep  w aters and slope w aters.

Z one D: Cibicides wuellerstorfi zone

This assem blage is found in cores d eep er than 
1000 m. I t  is defined by high con ten t o f C. wuel­
lerstorfi and also contains the arenaceous and 
porcellaneous species Sigm oilopsis schlumbergeri 
and Eggerella bradyi, which are  very rare  in sur­
face sedim ents from  the a rea  (Sejrup  e t al. 1981). 
A t depths less than  1300 m E pistom inella nip­
ponica  is a significant m em ber o f th e  fauna. 
E .excavatum  norm ally shows a d rastic  decrease 
and is often no t p resen t in th e  zone. T h e  content 
o f E. um bonatus and  C.laevigata also generally 
decreases in zone D .M esozoic fo ram in ifera  are 
rare . T he conten t of p lank ton ic  foram inifera is 
high and the p lanktonic fauna is strongly  dom i­
na ted  by left-coiling G .pachyderm a  (Figs. 4-7 
and 10-12). Z one D  covers the upperm ost part 
of M 0 re D iam icton and/or the low erm ost p a rt of 
S toregga M ud. T h e  sedim ents reflect decreasing 
ice-rafting in tensities and the onset o f  down-
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slope m ud tran spo rt produced by cu rren t erosion 
on th e  upper slope. T he p lankton ic  foram iniferal 
assem blage was strictly po la r th roughou t th e  fo r­
m ation o f zone D . H ow ever, surface productivity  
reaches a m axim um , and the coincidence of 
C. wuellerstorfi w ith this productivity  p eak  and 
thus w ith high nu trien t supply to  the bo ttom  may 
ind icate  th a t feeding conditions are  im portan t 
regulators fo r the d istribution  of this species. 
P rolonged ice-free seasons reflect less m eltw ater 
influx, which may have enabled  som e bottom  
w ater fo rm ation . T he deep-sea fauna is, how ev­
e r, no t identical to that living under the  p resen t 
deep-w ater form ation  and overflow  conditions. 
Several of th e  characteristic  H olocene species are 
n o t p resen t, and E .bradyi and  S.schlum bergeri

are  recorded. T hese species, being ra re  in th e  
p resen t N orw egian Sea, are very com m on in the 
deep  N orth  A tlan tic  (Phleger e t al. 1953, Caralp 
e t al. 1970, Pujos-Lam y 1972). T he deep  w ater of 
th e  N orth  A tlan tic  is abou t 3° w arm er than the 
N SD W , and th e  presence o f the two species in 
zone D  may indicate a possible w arm er water- 
m ass which m ay have orig inated  from  the  N orth  
A tlan tic . T h e  boundary  betw een C. wuellerstorfi 
(zone D) and C.laevigata  (zone B) was situated  
a t abou t 1000 m (Fig. 9), som ew hat shallow er 
th an  th e  p resen t faunal boundary  at 1200 m  (Sej­
rup  e t al. 1981), suggesting th a t th e  transition 
betw een slope w aters and deep w aters was shal­
low er during the form ation  of zone D  than  at 
presen t.
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Zone E: Nonion barleeanum zone

T he assem blage is dom inated by N. barleeanum  
and C. laevigata and is found in cores betw een 
800 and 1600 m. Faunal diversity is low er than  in 
th e  o ther zones. A t depths g rea te r th an  1300 m, 
th e  zone also includes E. um bonatus. Z one E 
succeeds zone B and D depending on depth  (Fig. 
8). B etw een 1200 and 1600 m th e  zone is overlain 
by zone F , while it constitutes th e  to p  assem blage 
at depths betw een 800 and 1200 m. This distribu­
tion  coincides w ith th e  p resent and past distribu­
tion  of Storegga M ud, and zone E  seem s to  be 
closely related  to  the deposition o f this sedim ent. 
M esozoic foram inifera occur very seldom  in zone
E . T he con ten t of p lanktonic foram inifera associ­
ated  with the zone is lower th an  in zone D (see 
core 31-33, Figs. 5 & 11). In  cores from  800 to 
1200 m there  are  tendencies tow ards increasing 
am ounts near the  top  o f the zone. A t the sam e 
dep th  interval there  is a  change from  dom inance 
o f left-coiling to  dom inance o f right-coiling G .pa­
chyderm a  w ithin zone E . In cores situated  deep­
e r only p lanktonic assem blages dom inated  by 
left-coiling G .pachyderm a  a re  associated with 
zone E . H igh con ten t of G .pachyderm a  (right) is 
associated with the species: (5 %  to  30 %  abun ­
dance) Globigerina bulloides, G. quinqueloba, 
Globigerinita glutinata, Globigerina falconensis 
and G loborotalia inflata.

Z o ne E  is strongly re la ted  to  its sedim entary 
h ab ita t, and follows the re trea t o f S toregga M ud 
deposition upslope. A ll o f th e  zone below  1200 m 
and the low er part betw een 1200 and 600-800 m 
w ere form ed while p o la r surface conditions still 
prevailed. We record  a reduced  p lanktonic  con­
ten t, but ascribe this to  dilution by increased 
terrigenous deposition. A t dep ths shallow er than 
1200 m the zone continued to  form  after the 
surface w arm ed (change to  right-coiling G .pa­
chyderm a) and the zone here  constitu tes the sur­
face sedim ent assem blage. B oth  N .barleeanum  
and C. laevigata seem to  adap t well to  conditions 
w ith rapid pelitic sedim entation , and to  a sm aller 
ex ten t this also applies to  E .um bona tus. O n the 
o ther hand C. wuellerstorfi d isappeared  during 
zone E  form ation, and did n o t re im m igrate  until 
th e  rapid m ud deposition  had ceased. Z one E is 
thus in terp re ted  as a faunal response  to  the in tro ­
duction of a constant cu rren t regim e on  the up­
p e r slope with the capacity o f erod ing  glaciomar- 
ine sedim ents and causing dow n-slope fine­
grained transport. T he onset o f this regim e was 
befo re  the surface w ater w arm ed to  the  present 
level.

Zone F: Epistominella exigua zone

T he zone is characterized by E. exigua  and forms 
th e  top assem blage in cores deeper than  1200 m. 
O ther diagnostic species are : Pullenia bulloides 
(depths betw een 1200 and 1600 m ), Gyroidina  
lamarckiana, Triloculina frig ida, A lveo lophrag­
m ium  subglobosum  and Pyrgo m urrhina. T he 
zone contains significant am ounts o f C. laevigata 
(depths less than  1600 m ), E .um bona tus  and 
C. wuellerstorfi. T he E. exigua  co n ten t is variable 
and increases w ith increasing dep th . T here  is also 
an increase in conten t in th e  upper part o f the 
zone (core 31-35, Fig. 10). In  th e  deepest core 
(V 28-60) E . exigua  arrives la te r th an  th e  o ther 
characteristic species o f th e  assem blage. In  the 
o th e r cores the  im m igration o f the d ifferen t spe­
cies seem s to be sim ultaneous. We have not 
found M esozoic foram inifera in this zone. The 
con ten t of p lank ton ic  foram in ifera  is very high in 
sam ples from  the zone. T he p lank tonic  assem ­
blage is dom inated  by right-coiling G .pachy­
derma  and the  additional species m en tioned  un ­
der zone E . O n th e  con tinen tal slope and in the 
E astern  N orw ay Basin, th e  shift from  left- to 
right-coiling G .pachyderm a  occurs sim ultaneous­
ly w ith th e  ben th ic  transition  from  zone D o r E  to
F. In  core V 28-60, how ever, th e  shift occurs 
within  zone  F.

Z one F  is identical to th e  H olocene deep-sea 
assem blage in th e  N orw egian Sea and is only 
found w ithin N orway B asin O oze. P lanktonic 
foram inifera indicate w arm , productive surface 
w aters during the form ation o f the  zone on  the 
low er slope and in the easte rn  deep  basin. In 
m ore w estern  parts of th e  N orw egian S ea  the 
form ation o f zone F  s ta rted  w hile p o la r surface 
conditions still prevailed. T he im m igration of 
E. exigua occurred  in a step-w ise m anner w ith an 
increase in con ten t w ithin th e  zone (a t about 
3000 B P, Fig. 10). This m ay ind icate  th a t E .ex i­
gua  requires very stable bo ttom  conditions and 
th a t the bo ttom  environm ent did no t stabilize 
before well in to  the H olocene. In  th e  A tlantic 
th ere  seem s to  be som e re la tion  betw een  this 
species and presence of the oxygen-rich N A D W  
(L ohm ann 1978, Schnitker 1979, S tree te r & 
Shackleton 1979), bu t results from  th e  Indian 
O cean do no t relate it to  specific oxygen-rich 
w ater m asses (Corliss 1979). I t  is tem pting  to 
in te rp re t occurence of E. exigua  as indicative of 
bottom -w ater form ation and overflow  conditions, 
b u t this is not w ithout problem s. B oth  Kellogg 
(1980) and S tee ter e t al. (1982) regard  th e  circu-
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la tion  p a tte rn  of stage 5e and H olocene as sim i­
lar. H ow ever, E.exigua  was no t p resen t in sig­
nificant am ounts during stage 5e, although 
S tree te r e t al. (1982) describe th e  ben th ic  faunas 
o f stage 5e and th e  H olocene as sim ilar. T he 
bo ttom  w ater of th e  A rctic O cean and the  N o r­
w egian Sea is identical w ith respect to  tem p era ­
tu re  and salinity (C oachm an & A agaard  1974), 
yet E. exigua  is no t found  in A rctic O cean  surface 
sam ples (G reen  1960, L agoe 1977). T his should, 
toge ther w ith th e  variable occurrence o f th e  spe­
cies w ith d ep th , im ply th a t E.exigua  responds to 
a  com plex set o f environm ental conditions ra ther 
th an  ju s t to  presence o f  newly form ed bottom  
w ater. Z one  F  is indicative of H olocene condi­
tions w ith w arm , productive surface w ater in the 
east, bu t th e  exact environm ental p a tte rn s th a t

govern the form ation  o f th e  assem blage are not 
well understood.

Z one G : Trifarina angulosa zone

This assem blage constitu tes th e  top  fauna at 
depths less than  800 m. It is characterized by 
T. angulosa  and contains in addition  the com m on 
species Cibicides lobatulus, Cassidulina obtusa, 
Uvigerina peregrina, and C.laevigata. T he  assem ­
blage is only found in A k tivneset Sand. M esozoic 
foram inifera are  norm ally absen t. T he p lank­
tonic foram iniferal con ten t associated with zone 
G  is very high. T he p lanktonic  assem blage is 
dom inated  by right-coiling G .pachyderm a  and 
the  transition from  left- to  right-coiling G .pachy­
derma  occurs sim ultaneously w ith the transition
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Table 2. S e lec ted  14C -dates

NORSK G EO LO G ISK  TID SSK R IFT 2-3  (1983)

4C  ag e  B P  M  =  M olluscs L ocation  B en th ic  fo rarn . R efe ren ce
F  =  F o ram in ife ra  fauna
O  =  O oze

2a: 2740 ±  130 (T -3693) O C o re  31-35 E. exigua E
D ate s  from 6940 ±  210 (T -3694) O C o re  31-35 E. exigua E
study a rea 2270 ±  170 (T -2383) F C o re  25-11 N .barleeanum B

5010 ±  260 (T -2382) F C o re  25-11 N . barleeanum B
10040 ± 7 3 0  (T-2381) F C o re  25-11 N . barleeanum B

2b: 9450 ± 3 4 0  (T-2488) M O ff T rom s
D ate s  from N -N orw ay T. angulosa A
shelf areas 9810 ±  180 (T -2859) M O ff N o rd fjo rd

W -N orw ay T. angulosa C
9920 ± 1 1 0  (T -3236) M O ff T rd n d e lag

M idd le N orw ay T. angulosa D
11060 ± 2 1 0  (T -2860) M O ff N o rd fjo rd N .labradoricum C
11230 ± 1 0 0  (T -2929) M O ff T ronde lag C. lobatulus D

C.laevigata
11770 ± 1 1 0  (T -3237) M O ff T r0 ndelag C . lobatulus D

C. laevigata
12390 ±  (T -2928) M O ff T r0 ndelag C . lobatulus D

C. laevigata
12570 ± 2 6 0 M O ff N o rd fjo rd N . labradoricum C
13350 ±  340 (T -2708) M O ff N o rd fjo rd E . excavatum C

C .ren iform e

* References:
A : V orren  e t al. (1978)
B: B jd rk lund  e t a l. (1979)
C : H o lted ah l &  B je rk li (1981)
D : Ldfaldli &  R o k o en g en  (1980) 
E : T h is p ap e r

from  underlying ben th ic  zones to  zone G  (Figs. 
7 , 8 & 12). T he d istribu tion  o f zone G  coincides 
w ith the areal extent o f the N orw egian C urren t 
along the  bottom . P lanktonic  fo ram in ifera  ind i­
cate relatively w arm , postglacial conditions and 
th e  benthic assem blage, being boreal-lusitanean , 
also indicates relatively w arm  conditions. We 
thus reach the  sam e conclusion as S ejrup  e t al.
(1980) th a t this ben th ic  assem blage deno tes the 
latest w arm ing of th e  shallow -w ater areas outside 
W estern N orw ay produced by th e  w arm  N orw e­
gian C urren t.

Time control
T he chronostratigraphic fram ew ork  is based  on 
several param eters. A vailable 14C -dates are com ­
pared w ith biozones and iso tope stragigraphy. 
A n ash layer serves as a tim e m arker. A  sum ­
mary of th e  p roposed ages for the faunal zones is 
p resen ted  in T able 4.

14C-dates. -  T he strong terrigenous dilution gives 
in m ost cases insufficient carbonate  fo r dating 
bulk sam ples. C ontam ination  by old carbonate  in 
M pre D iam icton also invalidates possible S e ­
dates in this un it. T he m ost useful ,4C -dates are 
those perform ed on molluscs. U nfo rtunate ly , sig­
nificant am ounts o f da teab le  m olluscan carbon­
a te  are only found in cores from  the shelf area 
(Table 2). O nly 5 14C -dates are  available from 
th e  continental slope and th e  deep basin. T hree  
dates w ere published by B jprk lund  e t al. (1979) 
from  core 25-11 (L ocation  on Fig. 1), all w ithin 
zone E.

T he oldest da ted  sam ple (10,040 ± 7 4 0  BP) is 
taken  close to  th e  shift from  left- to  right-coiling
G .pachyderm a. D ue to  th e  large stan d ard  devi­
ation  and a  possible h iatus in this co re , th e  date 
only roughly places th e  p lanktonic  shift to  about
10,000 BP. Two dates w ere ob tained  from  N or­
way Basin O oze (2740 ±  130 BP & 6940 ± 2 1 0  
B P). C alculated  from  sed im entation  ra te  ex­
trapo lation  these  dates appear to  be  a t least 1000
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years too  young, possibly due to  b io turbation  
processes. If  we ex trapo late  to  th e  bo ttom  o f the 
core, and include a possible e rro r of 1000 years, 
we date  this to m inim um  9300 B P. A s the core 
does n o t p ene tra te  the po lar/subpolar p lanktonic 
transition , this should be considered as being the 
m in im um  age for this even t in co re  31-35 (Fig. 
10). T he coarse fraction o f a  sam ple from  zone E  
in S toregga M ud was da ted  to  14,900 ± 2 7 0  
(F jæ ran 1980), which is considered  too old com ­
pared  w ith o ther m eans o f dating  (ash-layer and 
isotope stratigraphy).

Faunal correlation  to  shelf cores which contain 
dateab le  m olluscan shell provides a m eans for 
dating th e  faunal zones in th e  investigated  area. 
T he low er boundary  o f T. angulosa  fauna  (co rre­
sponding w ith zone G ) has been  da ted  to  9920 
BP and 9810 BP outside M iddle N orw ay and 
9450 BP outside Trom s, N -N orw ay (Table 2B). 
D ated  m olluscs in E lphid ium  fauna outside W est 
N orw ay gave an age o f 13,350 ±  340 BP (Table 
2b). In  nearshore and bank  cores E lphid ium  as­
sem blages are succeeded by N. labradoricum  
dom inated  assem blages, w hile C.laevigata and 
Cibicides lobatulus dom inate  the assem blages 
th a t succeed E lphidium  excavatum  in deeper 
parts of th e  shelf. D ates from  N. labradoricum  
assem blages have given ages betw een 11,060 BP 
and 12,570 B P, and dates from  sedim ents con­
taining C. laevigata and C .lobatulus  give ages be­
tw een 11,230 BP and 12,390 BP (Table 2b). 
T hese ages indicate th a t the  E lphid ium  fauna 
was rep laced  outside W estern and M iddle N or­
way about 13,000 BP.

Ash-layer. -  A  very distinct horizon  of volcanic 
ash is observed in m any cores (Figs. 8, 10, 11,
12). T he ash-layer is usually a few  cm thick and is 
little d isturbed by b io tu rbation . G lass shards are 
very conspicuous in the layer and consist o f tw o 
different types: O ne which constitu tes about 
75 % of the to ta l is platy, th in  and tran sparen t; 
and an o th e r less frequent bubbly , green-brow n 
v arian t (Fig. 9). C ounts in core 31-33 gave 1450 
shards per gram  sedim ent in th e  fraction  >125 
p m .  Sim ilar ash-layers have been  rep o rted  from  
th e  N orw egian C hannel (G odvik  1981), the ou te r 
part of th e  Sognefjord (Seland 1981, S tensland 
1982) and in a  large num ber o f lacustrine and 
raised  m arine sedim ents from  M pre , W est N o r­
way (M angerud e t al. in p ress). T he la tte r  au ­
tho rs nam e their ash V edde A sh B ed , and have 
da ted  it to 10,600 B P. This age corresponds well 
to  th e  age indicated  from  shelf cores, as th e  layer

here  is situated  slightly beneath  the  faunal 
boundary  dated  to 9900 BP. A sh from  core 31-33 
has a geochem ical com position identical to  the 
V edde A sh , and origins from  Iceland (M angerud 
e t al. in press). M angerud e t al. also dem onstrate 
th a t th e  N orth  A tlantic A sh Z one 1 da ted  to  ca. 
9800 BP (D uplessy e t al. 1981) contains shards 
from  two erup tions, and th a t one is sim ilar to  the 
V edde A sh.

T he p lanktonic transition  from  polar to  subpo­
lar assem blages always occurs above the ash- 
layer (Figs. 8, 10, 11, 12). O n the  slope and in 
the eastern  basin there  seem s to  be a  short 
du ration  betw een these events, w hereas there  
appears to  have been a significant tim e lag be­
tw een ash deposition and p lanktonic change at 
the m ore w esterly location o f co re  V28-60 (Fig. 
10). T he ash-layer also precedes zone F , but not 
m uch. T ogether w ith th e  ex trapo la ted  age in 
core 31-35, th e  ash-layer p in-points the concur­
ren t transition  to  ben th ic  zone F  and a subpolar 
p lanktonic assem blage on  th e  low er slope to 
abou t 10,000 BP. Z one E  is found both  below 
and above th e  ash, and th e  form ation  o f this zone 
and hence also of, S toregga M ud sta rted  before 
m iddle Y ounger D ryas. O n the deeper slope, the 
deposition  of S toregga M ud had ceased by the 
tim e of ash deposition. B oth  zone B and C oc­
curred  before the ash deposition , w hile zone D 
started  to form  below  the ash, and th e  ash-layer 
is often found n ear the to p  o f this zone. A lso ice 
rafting over th e  a rea  had ceased a t th e  tim e of 
ash deposition.

Isotope stratigraphy. -  O xygen-isotope values in 
Ô-notation related  to PD B  fo r left-coiling G .pa­
chyderm a  are m easured  in th ree  cores (Table 3 
and Figs. 10 & 11). T he transition  from  glacial 
(heavy) values to  H olocene (light) values occurs 
in a step-w ise m anner: F irst a decrease in ô 180  
(T erm ination la , varying betw een 0.8 and 1.8 per 
m il.). This is follow ed by a sm aller increase in 
ô 180 .  In cores 31-33 and 31-36 the isotopic val­
ues then  rem ain qu ite  constan t befo re  th e  final 
decrease to H olocene values (T erm ination lb ). 
H ow ever, the  relatively constan t p lateau  is about 
l% c heav ier in core 31-36 than  in 31-33. This 
may indicate m ore deglacial m eltw ater influence 
affecting th e  u p p er w ater colum n at th e  position 
o f core 31.-33 which is s itua ted  closer to the 
coast. A  sim ilar tw o step  transition  is recorded 
and 14C -dated in core C H  73139C, collected west 
o f Ire land . This record  indicates th a t T erm ina­
tion  la  s ta rted  a t abou t 16,000 BP and finished at

10 -  G e o lo g i sk  T id s skr .  2-3 .83
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Table 3. O xygen-iso tope ra tio s  from  G. P achyderm a  (left- 
coiling)

C ore  D ep th  (cm ) ö lsO  vs. P D B

0-2 +  1.64
3-5 +  2.89

10-13 +  2.90
20-23 +  3.13
30-33 + 3.14
40-43 +  2.61
50-53 +  3.23
60-63 +  3.26
70-73 +  2.66
80-83 +  3.64
90-93 +  4.09

100-104 +  4.08
110-114 +  4.44
120-124 +  3.18
130-134 +  2.62
140-144 +  3.56
150-154 +  3.42
160-164 +  3.80
170-174 +  3.60
180-184 +  3.59
190-194 +  3.55
200-204 +  3.80
210-214 +  4.33
220-224 +  3.24
230-234 +  2.82
240-244 +  3.68
260-264 +  3.87
270-274 +  3.77
280-284 +  3.80
290-294 +  3.83
310-314 +  4.09
320-324 +  3.87
350-360 +  3.26
360-364 +  3.94

C ore D ep th  (cm ) 0 ,80  vs. P D B

31-36 0 -2 +  3.32
3 -4 +  4.00
8-10 +  3.97

13-15 + 3.90
17-19 +  3.54
29-31 + 4.88
34-35 +  4.62
65-67 +  3.99
95-96 +  3.51

135-138 +  3.94
155-159 +  3.79
175-179 +  4.16

C ore D e p th  (cm ) 0 180  P D B

V  28-60 60 + 2.84
70 +  3.43
80 +  4.21
90 +  3.92

100 +  4.69
130 +  140 + 3.59
280 +  3.15
500 + 3.39

N ORSK G EO L O G ISK  TID SSK R IFT 2-3  (1983)

T able 4. E s tim a ted  ag e  fo r ben th ic  zones a n d  p lan k to n ic  faunal 
even ts

A ge M ethod*

Z o n e  A : > ~  13,000 BP B , D
Z o n e  B: -  13— 11,000 BP B , C , D
Z o n e  C: -  13—  12,000 BP B , D
Z o n e  D: -1 2 -1 0 ,0 0 0  BP C , D , E
Z o n e  E : -  11,000 BP -  P resen t A , C , D
Z o n e  F: 10,000 B P  -  P resen t A , B , C , D
Z o n e  G: 10,000 B P  -  P resen t

P lank ton ic p roductiv ity  increase:
-  13,000 BP B. D

C hange from  left- to  right-coiling A , C , D
G .pachyderm a: 10,000 B P  (eas te rn  a rea )

‘ M ethod  u sed  fo r age d e te rm in a tio n :
A : l4C -dated .
B: F aunal co rre la tio n  to  14C -d a ted  co res  o u ts id e  study  area . 
C: A sh  layer.
D : O xygen-iso tope  curve.
E : In te rp o la tio n .

13,300 ± 7 0 0  B P, and tha t T erm ination  lb  started  
ca. 10,000 BP and ended  abou t 6300 BP (D u­
plessy e t al. 1981). This co re  is situated  close to 
the en trance  to  th e  N orw egian sea , and the d a t­
ing o f this isotopic record  should thus give an 
approxim ate age fo r the sim ilar fea tu res in the 
southern  N orw egian Sea.

T erm ination  la  roughly coincides w ith the 
com m encem ent o f  ben th ic  zones B and C (Figs. 
10 & 11). T he change from  zone A  to  B and C, 
and the corresponding  p lankton ic  productivity  
increase can thus be tim ed to  around  13,000 BP 
o r  shortly b e fo re , and seem s to have occurred 
sim ultaneously on bo th  th e  slope and  in the deep 
basin. T erm ination  lb  is situated  slightly above 
th e  ash-layer, indicating th a t the age p roposed  by 
D uplessy e t al. (1981) for T erm ination  lb  agrees 
well with th e  age o f 10,600 B P  ob ta ined  for the 
ash-layer. Z one D  was established befo re  both 
T erm ination  lb  and the ash-layer, suggesting tha t 
th e  zone m ay have been in itia ted  a t ab o u t Al- 
lerpd tim e. H ow ever, som e tim e-transgressive 
m ovem ent involved w ith th e  form ation  o f the 
zone canno t be ou tru led . In core  31-33 w here 
both  zone E  and S toregga M ud is p resen t, we 
no te  tha t th e  p lateau  of isotopic values betw een 
T erm ination  la  and lb  is ex tended . This supports 
ou r in te rp re ta tion  th a t th e  deposition  o f Storegga 
M ud took place rapidly  (Fig. 11), p robably  a t the 
beginning o f Y . D ryas C hronozone. T he isotope 
results also indicate th a t the  transition  to  dom i­
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nance o f right-coiling G .pachyderm a  occurred  
shortly  afte r 10,000 B P  on the  slope and in the 
eastern  deep  basin, and significantly la te r in core 
V 28-60 in the central deep-basin .

T h e  isotopic record  o f core 31-33 indicates 
tha t the core does no t p en e tra te  th e  isotopic 
stage 4/5 boundary  (ca. 73,000 B P). T w o peaks 
o f m oderately  light values can be distinguished 
(130 cm and 240 cm levels), b u t th e  foram inifera 
in these sam ples do no t correspond  w ith the 
ben th ic  and p lanktonic assem blages recorded  
from  stage 5 by K ellogg e t al. (1978) and S tree ter 
e t al. (1982). T he values reco rded  in the deeper 
p a rt o f our cores are o n  th e  average lighter than  
those ob tained  from  stages 2, 3 and 4 by Kellogg 
et al. (1978). D ue to th e  very few foram inifera 
available for analysis in m any sam ples from  the 
d eep er parts of th e  co res , a  variable n um ber of 
juvenile specim ens had to  be included. A s juve­
nile p lanktonic foram inifera norm ally  crystallize 
the ir carbonate  nea re r th e  surface th an  adult 
specim ens (B é & T olderlund  1971), this could 
lead  to  m ore m eltw ater influenced isotopic com ­
position. A lso re tran spo rta tion  o f foram inifera 
from  shelf areas could co n tribu te  w ith low ô 180  
values to  th e  sam ples.

D iatom  peaks
Sam ples containing abnorm ally  high num bers of 
d iatom s have been  reco rded  in cores from  1300 
m to  770 m dep th . T he d iatom  peaks are very 
p ronounced  and usually appear in short depth  
intervals (2-40 cm ). T he b roadest zone was ob­
served in core 28-18G  (Fig. 12), which is be­
lieved to  have experienced  very high sed im en ta­
tion  rates. D iatom  abundance is as high as 3800/g 
sed im ent, while d iatom  abundances in o ther sec­
tions o f th e  cores are usually low er than  100/g 
sedim ent. T he d iatom  flora is identical in all 
cores. Thalassiosira gravida  (70-80 %  o f to tal) 
and Thalassiotrix longissim a  a re  the m ost p rom i­
nent m em bers o f th e  flora. T he d iatom  peaks are 
found  in S toregga M ud, ben th ic  zone E  and both  
below  (28-27 & 31-39) and above (28-18G ) the 
ash-layer (Figs. 11 and 12). T his m ay indicate a 
tim e transgressive m ovem ent o f high d iatom  p ro ­
duction , o r it m ay ind icate  m ore th an  one  event 
o f high prim ary productiv ity  over th e  investigat­
ed area.

A  sim ilar peak was described  by B jp rk lund  e t

al. (1979) from  core 25-11 (1000 m ) (Location on 
Fig. 1). B iostratigraphical investigations indicate 
coherency with the peak in co re  28-18G . A lso 
d iatom  peaks slightly above the  ash-layer in N or­
wegian C hannel cores (G odvik  1981) indicate 
presence o f high-productive w aters off w estern 
N orway about 10,600 BP (age of ash-layer). T he 
d iatom  flora indicates cold-w ater environm ents 
sim ilar to  those of the p resen t L abrador Sea, 
close to  the po lar front (S chrader, p e rs .com m ., 
B jprk lund  et al. 1979). It is thus likely tha t the 
d ia tom  peak denotes th e  boundary  betw een p o ­
lar surface w aters o f the  N orw egian Sea, and 
strong  in trusion of subpolar A tlan tic  surface wa­
ter.

Correlation
North A tlantic record

D uring the period 20,000 to  13,000 B P  the oce­
anic polar fron t, as defined by po lar/subpolar 
p lanktonic foram in ifera , was located  far south in 
th e  N orth  A tlan tic . A t abou t 13,000 B P  the po lar 
fron t abruptly  re trea ted  northw estw ards, and 
w arm er, tem pera te  surface w aters en tered  the 
no rtheast N orth  A tlan tic . B etw een  13,000 and
11,000 BP th e  po lar fron t was s itua ted  southw est 
o f Iceland and th e  N ortheast A tlan tic  surface 
w aters becam e nearly  as w arm  as today (R uddi- 
m an & M cIntyre 1981, D uplessy e t al. 1981). 
This configuration could have allow ed relatively 
w arm  surface w aters to  e n te r th e  sou theastern  
N orw egian Sea through th e  Iceland/Scotland 
passages. Such early deglacial w arm ing of the 
sou theastern  N orw egian Sea has been  proposed 
by R uddim an & M cIntyre, based on th e  conclu­
sions of M angerud (1977) th a t litto ra l and sublit­
to ral faunas from  th e  B0lling and A llerpd  C hron- 
ozones in w estern  N orw ay ind icate  presence of 
w arm  A tlantic w ater along the N orw egian coast. 
H ow ever, by using the sam e criteria  as those 
used fo r the  N orth  A tlan tic  w hen  defining the 
po lar fron t (left- to  right-coiling G .pachyderm a ), 
w e can clearly dem onstra te  th a t th e  oceanic po ­
lar fron t was no t s ituated  in th e  N orw egian Sea 
until after 10,000 B P, which indicates a lag of 
abou t 3000 yrs betw een the initial w arm ing o f th e  
N E -A tlantic and th e  N orw egian Sea.

T he warm  N orth  A tlan tic  surface prevailed 
until 11,000 B P  w hen a substan tia l readvance of 
th e  po lar fron t is recorded  by D uplessy et al.
(1981) and R uddim an & M cIn tyre  (1981). N ot 
until a fter 10,000 BP did w arm  surface w aters
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invade the N ortheast A tlan tic  again. This severe 
and rapid cooling corresponds to  th e  Y. Dryas 
cooling know n from  N W  E u ro p ean  continental 
records. In the N orw egian Sea we are not able to 
define this cooling by p lank ton ic  foram inifera, as 
polar assem blages dom inated  both th e  Y. D ryas 
and previous periods.

B enthic foram iniferal faunas both  in the  N orw e­
gian Sea and th e  N orth  A tlan tic  show  m arked 
changes in response to  th e  last glacial cycle 
(S treeter & Shackleton 1979, S tree ter e t al. 
1982). B oth th e  p resen t study and Schnitker 
(1979) dem onstra te  extensive and rapid faunal 
changes in th e  late glacial deep-sea environm ent 
of the two ocean basins. I t  seem s evident that the 
N orth  A tlantic did no t receive deep  w ater from 
the N orw egian Sea during th e  period  24,000 to 
12,500 BP (Schnitker 1979). L arge parts of the 
N orth  A tlan tic  sea  floor w ere inhabited  by a 
fauna indicating presence of A n tarc tic  D eep  Wa­
ter (A A D W ), and som e bo ttom  w ater could 
have been form ed w ithin th e  N orth  A tlan tic  it­
self (Schnitker 1979, D uplessy  e t al. 1980). B e­
tween 12,500 and 9000 BP th e  w estern  N orth 
A tlantic sta rted  to  receive larger quantities of 
newly form ed deep  w ater as reco rded  by a possi­
ble initiation o f th e  W estern B oundary  U nder­
curren t off N orth  A m erica. H ow ever, the m od­
ern extent and strength  of this cu rren t was not 
reached until a fte r 9000 BP (Schnitker 1979, Bal­
sam 1981). W ith th e  problem s o f interpreting  
benthic deep-sea records and th e  problem  of d a t­
ing deep-sea sedim ents in m ind, we no te  a  con­
siderable consistency betw een th e  N orw egian sea 
and the N orth  A tlan tic  record : O nly  after warm  
surface w aters o f th e  N orth  A tlan tic  D rift had 
invaded th e  N orw egian Sea (10,000 B P) is there 
evidence o f large scale overflow s in th e  N orth 
A tlantic (W estern B oundary  U ndercu rren t). The 
transitional period  o f th e  W estern  B oundary  U n­
dercurren t betw een 12,500 and 9000 BP agrees 
w ith the transitional period  betw een  13,000 and
10,000 BP in th e  N orw egian Sea and  may reflect 
bottom  w ater fo rm ation  and overflow  on a sm all­
e r scale, o r deep -w ater fo rm ation  in th e  N orth 
A tlantic itself. A t the  p resen t we are  no t able 
to  distinguish betw een  these tw o deep-w ater 
sources, and one m ust seriously consider the pos­
sibility of deep- and in te rm ed ia te  w aters entering 
the N orw egian Sea fr o m  the  N orth  A tlan tic  d u r­
ing this period , i.e . a c irculation  opposite  to  the 
present. T he onset o f  extensive overflow s from 
th e  N orw egian Sea is also reflec ted  by increased 
bo ttom  transpo rt and sed im en ta tion  on  the

R eykjanes R idge (R uddim an & Bowles 1976). 
T hey date  this event to 11,000 BP by ex trapo la­
tion from  14C -dates. We feei th a t this is only an 
approx im ate  age, the tru e  age possibly being 
younger d u e  to  incorporation  o f old carbonate  
from  re transpo rted  glacigenic m aterial (D urazzi 
e t al. 1980).

Coastal and  sh e lf areas

T he m argin o f the Scandinavian lee Sheet was 
possibly situated  on th e  shelf b reak  outside 
w estern N orw ay a t about 13,000 BP (R okoeng- 
en 1980). A fte r this tim e the ice m argin re trea ted  
rapidly tow ards the coast, coincidently w ith the 
seasonal open ing  o f N orw egian Sea surface wa­
ters. T he o u te r  coastline o f the M pre area  was 
deglaciated  n o t la ter than  12,400 BP (M angerud 
e t al. 1981). O nce the ice m argin had re trea ted  to 
the coast, th e  density  difference betw een glacial 
m eltw ater and m arine w aters could have p ro ­
duced a northw ard  flowing coastal cu rren t of 
low -salinity w aters which en tra in ed  icebergs in a 
coastal no rth e rn  d rift rou te  and dim inished ice- 
rafting over th e  deep  N orw ay B asin. T he glacial 
re trea t was follow ed by a succession o f benthic 
fo ram iniferal faunas on the  shelf and in coastal 
areas; near-glacial E .excavatum  and  C .reniform e  
faunas w ere follow ed by N. labradoricum  and 
C.laevigata (M orvik 1978, N orvik  1980, G odvik 
1981, Seland 1981), reflecting increased influ­
ence o f m arine w aters in coastal areas during  the 
period 13,000-11,000 BP. B enth ic  foram iniferal 
assem blages do  no t indicate env ironm ents simi­
lar to  th e  p resen t boreal/lusitanean  conditions; 
they  consist o f relatively diverse faunas w ith arc­
tic and cosm opolitan elem ents. T his agrees with 
the oceanic record.

B ased on littoral and sub litto ra l mollusc-fau- 
nas from  ra ised  m arine sedim ents at Â gotnes and 
o ther localities outside B ergen , M angerud (1977) 
concluded th a t th e  oceanic po lar fron t was situa t­
ed north  in  th e  N orw egian Sea and th a t w arm , 
A tlan tic  w ate r was p resen t outside W estern N or­
way during th e  B plling/A llerpd chronozones. We 
have earlie r dem onstra ted  th a t th e  conventional 
way o f defining th e  oceanic po la r fron t (i.e . p o ­
lar/subpolar p lank tonic  foram in ifera) indicates a 
po lar fron t position south of th e  N orw egian Sea 
and surface tem pera tu res of th e  N orw egian Sea 
no t in excess of 6°C during th is period. It is 
difficult to  re la te  coastal littoral faunas directly 
to  open  ocean  tem pera tu res and circulation due 
to  possible influence of m ore local factors, i.e.
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sea-ice influence and feeding conditions. Y et, the 
Â gotnes section contains m olluscs th a t indicate 
less sea-ice than found on  S valbard  today (Feyl- 
ing-H anssen 1955) and possibly also higher tem ­
peratures. T he ben th ic  foram in iferal assem ­
blages o f th e  section are qu ite  sim ilar to  those 
found on the nearshore sea-bo ttom  from  the 
sam e period (G odvik 1981, Seland 1981) and 
indicate cold, but no t high-arctic conditions. This 
taken  together should im ply th a t the coastal 
areas w ere exposed to co ld , norm al m arine w a­
ters at least during sum m er seasons as indicated 
by reduced  sea-ice influence. T he m ost plausible 
cause for this is an increased flux o f w ater masses 
from  the A tlantic into th e  N orw egian Sea. T he 
coastal record is thus in ag reem ent w ith th e  cold 
bu t seasonally h igh-productive surface w aters 
prevailing in the sou thern  N orw egian Sea during 
the B 0 lling/A ller0 d chronozones. Judging from  
both  m ollusc and foram iniferal d a ta  we suggest 
th a t the coastal env ironm ent m ay have been 
quite sim ilar to  th a t found no rth  o f B j0 rn 0 ya 
(74°N) today. T he coastal reco rd  from  northern  
N orway also agrees with ou r oceanic record. 
V orren et al. (1983) concludes th a t the ice m ar­
gin was situated  on the con tinen ta l shelf outside 
T rom s in L ate  W eichselian tim e, and a second, 
less extensive ice advance occurred  shortly  be­
fore 13,000 BP. T he period  13,000 to  10,000 BP 
was characterized by icebergs, m ore open and 
possibly m ore tem pera te  w aters and stronger 
bottom  currents than  the  previous period. T he 
final w arm ing of th e  coastal a reas o f  T rom s did 
not occur until a fte r 10,000 B P. T his age also 
seem s to  apply to  th e  G lom fjord  a rea  in the m ore 
sou thern  part of N orth-N orw ay (R asm ussen
1981).

T he late glacial record  of th e  A tlan tic  coasts of 
th e  British Isles is dissim ilar to  tha t of West- 
N orw ay. B enthic foram in ifera , m olluscs and fos­
sil Coleoptera  show  a clear response to  the warm  
surface of the ad jacen t N orth  A tlan tic  during the 
period 13,000 to  11,000 BP (C oope 1975, C oope 
& Joachim  1980, H aynes e t al. 1977, Peacock et 
al. 1978). Peacock (1983) show s evidence for a 
considerable tem pera tu re  g rad ien t across the 
shelf w est and northw est o f Scotland , which is in 
agreem ent w ith a w in ter p o la r fron t position in 
the vicinity o f th e  Scotland/Iceland  ridge 13,000 
to  11,000 B P. T his is su ppo rted  by th e  large 
tem peratu re  g rad ien t betw een th e  still cold su r­
face of the N orw egian Sea and th e  surface w aters 
w est o f Ire land , which a t least fo r parts  o f the
13,000 to  11,000 BP period reach ed  tem pera tu res

close to  th e  p resen t (D uplessy  e t al. 1981, R udd i­
m an & M cIntyre 1981).

The Arctic Ocean record

M ost deep-sea cores from  th e  A rctic O cean con­
tain a foram inifera-rich top  sed im ent w ith a gla- 
cigenic fossil-poor zone beneath . This lower zone 
is rich in E lphidium  w hile th e  upper part is rich 
in both  benthic deep-sea species and planktonic 
foram inifera (H erm an 1974). T he A rctic O cean 
stratigraphy is in this respect sim ilar to tha t 
found in th e  p resen t study. H ow ever, based on 
paleom agnetic studies, m ost investigators o f A rc­
tic  O cean cores conclude th a t sedim entation  
rates have been extrem ely slow (1-2  mm /kyr) 
and tha t the cores o ften  p en e tra te  th e  whole 
Q uaternary  (H unkins e t al. 1971, H erm an 1974, 
C lark e t al. 1980, H erm an  & H opkins 1980). 
M agnetic m easurem ents have also been p e r­
form ed on m any o f th e  cores from  this paper and 
they show a very confusing p ictu re  bo th  in incli­
nation  and declination (L pvlie, p e rs .com m .). 
O ne should expect som e sim ilarity betw een A rc­
tic O cean and N orw egian Sea cores due to the 
open  interchange o f w ater betw een th e  two ba­
sins. Prelim inarily we will thus suggest tha t the 
A rctic O cean cores m ay cover sho rte r tim espans 
than  h itherto  proposed.

Conclusions: a circulation m odel for 
the  Late W eichselian Norwegian Sea
Based on the previous discussions we propose a 
m odel fo r the circulation p a tte rn s of the N orw e­
gian Sea during th e  L ate  W eichselian / H olocene 
transition (Figs. 13-16).

Phase I: Prior to 13,000 B P

D uring this period a perm anen t pack-ice and 
iceberg env ironm ent was p resen t over the N or­
wegian Sea. A  stab le , stratified  w ater colum n 
inhibited bo ttom  w ater fo rm ation . T he deep w a­
ters seem  to  have been  very hom ogenous. D eep 
w ater exchange w ith th e  N orth  A tlan tic  was 
probably  negligible, leaving the N orw egian Sea 
w ith a slowly renew ed deep w ater body w ith low 
oxygen and nu trien t con ten t. T em peratu res w ere 
probably  above 0°C in th e  d eep  w ater. A s there 
are  no physical barriers betw een  th e  N orw egian/ 
G reenland  Sea and th e  deep basins o f th e  A rctic 
O cean, this type of deep  w ate r was probably  also
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Fig. 13. P roposed  c ircu la tion  p a t te rn , b o tto m  w ate r p ro p e rtie s  and dep o s itio n a l en v iro n m en t in th e  S E -N orw cg ian  Sea p r io r  to  
13,000 BP. P o la r f ro n t position  from  R u d d im an  &  M cIn ty re  (1981).

P H A S E  II 1 3 - 1  1 0 0 0 B P

Fig. 14. P ro p o se d  P o lar F ro n t position , su m m e r sea  ice lim it, c ircu la tion  p a tte rn  w ith  tw o  d iffe ren t a lte rn a tiv es  (A  och  B ), bo ttom  
and  su rface  w a te r  p ro p e r tie s  a n d  dep o s itio n a l en v iro n m en t in th e  S E -N orw egian  S ea  13,000 to  11,000 B P . P o lar F ro n t position  SW 
o f  Iceland fro m  R u d d im an  &  M cIn ty re  (1981).

present in th e  A rctic  O cean. C onsiderable 
am ounts of m eltw ater from  the ice sheets caused 
a n e t outflow  o f low-saline surface w aters as 
indicated by th e  cu rren t arrow  above th e  halo- 
cline on Fig. 13.

Phase II: 13,000-11,000 B P

A t abou t 13,000 B P  the N orw egian Sea exper­
ienced drastic environm ental changes at all 
depths. T h e  ice-sheet m argin re trea ted  tow ards 
th e  coast, the oceanic po lar fron t m oved no rth ­
w estw ard in the  N orth  A tlantic. T he sea  ice cov­
e r over the N orw egian Sea dim inished, giving 
open  sum m er seasons which gave rise to  high 
surface productiv ity . T he decrease in ice cover 
was probably  connected  w ith influx o f norm al 
m arine A tlan tic  surface w aters which may also

have caused  w arm er, ice-free sum m ers along the 
w est coast o f N orw ay. T he connection  betw een 
deep-sea and  surface circulation is, how ever, dif­
ficult to  m odel. We have th ere fo re  on Fig. 14 
indicated  tw o possible alternátíves th a t may have 
existed during  th e  period.

Alternative A  postu lates influx o f A tlan tic  surface 
o r near-surface w ater. T he inflow ing w ater must 
have been  significantly co lder th an  th e  present 
N orw egian C u rren t, as indicated  by p lanktonic 
foram inifera. To w hat degree  th is circulation re ­
gim e could have produced  bo ttom  w ater is de­
p end en t on  the salinity o f th e  u p p er layers and 
th e  possibility o f cooling w hile exposed to  the 
atm osphere during  cold seasons. Surface w aters 
w ere defin itely  qu ite  cold, so the  lim iting factor 
m ust have been  salinity. We w ould  expect that
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F/g. 15. P roposed  P olar F ro n t position  and  su m m er sea ice lim it, c ircu la tion  p a t te rn , b o tto m  and  su rface  w ate r p ro p e rtie s  and 
depositional e n v iro n m en t in th e  S E -N orw egian  S ea  11,000 to  10,000 B P . P o lar fro n t position  in  the N -A tlan tic  from  R udd im an  & 
M cIn ty re  (1981).

m eltw ater from  th e  ice-sheet, m elting sea ice and 
icebergs did reduce  salinity and thus possibilities 
for bo ttom  w ater fo rm ation . D uring  such periods 
w ater m asses orig inating  from  th e  N orth  A tlantic 
could have circulated  as an u ndercu rren t in the 
N orw egian Sea in a m anner sim ilar to th e  p resen t 
A rctic O cean. Y et the m arked  environm ental 
change which also affected the  deep  basin of the 
N orwegian Sea strongly indicates th e  presence of 
vertical w ater exchange e ither as in A lternative 
A  or A lternative  B. Possibilities fo r bo ttom  w a­
ter form ation probably  increased during this p e ­
riod due to  decreased  iceberg production  and the 
onset of a coastal cu rren t a long th e  N orw egian 
C oast which m ay have reduced  m eltw ater influ­
ence in the  cen tral N orw egian Sea. B ottom  tem ­
peratures w ere possibly still above 0°C due to 
less in tense b o ttom  w ater fo rm ation  th an  at p re ­
sent.

Alternative B  im plies th e  in troduction  o f dense 
w ater en tering  over the sills from  the N orth  A t­
lantic and in to  th e  deep  N orw egian Sea. This 
could have p ressed  overlying w ater m asses u p ­
w ards, destroying th e  surface halocline causing a 
surface outflow  in to  the N o rth  A tlan tic . Such a 
‘reversed’ c irculation  could have been th e  initial 
prosess th a t led to  th e  d im unition  o f th e  pack-ice 
cover over th e  N orw egian Sea. Still, as th ere  are 
two possible p a tte rn s  fo r th is initial deglaciation 
period, th e  nexus o f cause  and effect betw een 
surface and bo ttom  conditions o f th e  N orw egian 
Sea is still an open  question .

In this connection  we will also underline the 
similarity betw een  the reco rd  from  this deglacial 
period and the  p lank ton ic  and ben th ic  record

from  isotope stage 5 d -5 a  (K ellogg e t al. 1978, 
S tree te r e t al. 1982), which ind icate  sim ilar envi­
ronm ents. T he seasonal open  surface far to the 
no rth  during the period  from  13,000 BP would 
also im ply a possibility fo r m oistu re  to feed gla­
ciers, e .g . on  Svalbard and is in th is respect in 
accordance w ith theo ries  for a late glacier ad ­
vance in these no rth e rn  areas (B oulton 1979).

Phase III: 11,000-10,000 B P

T he Y ounger D ryas cooling did no t leave as 
great im pact on th e  N orw egian Sea record  as in 
th e  N orth  A tlantic. T he cold surface conditions 
o f th e  previous period  in the N orw egian Sea also 
prevailed  during th e  Y. D ryas. T h e  N orwegian 
Sea rem ained  ice-free at least parts o f the year. 
A  m ore in tense cu rren t regim e was in troduced 
on th e  upper slope (Fig. 15), indicating increased 
surface w ater exchange w ith the N orth  A tlantic. 
This caused a larger advection o f saline w aters 
in to  th e  N orw egian Sea and enlarged possibilities 
fo r bo ttom  w ater form ation  and low ered bottom  
tem peratu res. T he onset o f large scale overflows 
to  th e  deep N orth  A tlan tic  thus m ost likely s ta rt­
ed during this period.

Phase IV: 10,000 B P  to Present

T he w arm  w ater o f  th e  N orw egian C urren t was 
in troduced  rapidly  a t abou t 10,000 BP in the 
eastern  p a rt o f th e  N orw egian Sea. C oincidental 
w ith this even t, th e  p resen t deep  w ater fauna 
sta rted  to  appear, possibly responding  to  H olo- 
cene nu trien t levels and bo ttom  w ater forming 
conditions. T he northw ard  re tre a t o f th e  oceanic
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