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M olluscan fossils co llected  from  shallow  water m arine sed im ent across N W  E urope and 
nearby A rctic reg ions have been  analysed for the ex ten t o f  iso leu cin e  epim erization (D /L  
ratio) in ind igenou s protein  residues. T he D /L  ratios confirm  that essentia lly  all ‘classical' 
E em ian  sites from  N W  E urope are o f the sam e age, and are correlative with the type  
locality  near A m ersfoort in the N etherlands; shells from  interglacial m arine sedim ent 
beneath the type W eichselian  till in Poland also correlate w ith the type E em ian  site . D /L  
ratios in H o lstein ian  m arine shells (0 .29) are substantially higher than in their E em ian  
counterparts (0 .1 7 ); ‘L ate C rom erian’ shells yield even  higher ratios (0 .4 6 ). D /L  ratios in 
late glacial sh ells (0 .0 6 ) and M iddle W eichselian shells (0 .09 ) perm it d ifferentiation  from  
m odern (0 .01 ) and last interglacial m aterial. B ased  on the position  o f  the M atuyam a-  
B runhes boundary and the d ifferences in D /L  ratios, the E em ian  m ust correlate with  
iso top e  substage 5 e , w hereas the H olstein ian  is m ost likely substage 7c, possibly stage 9 
but certain ly youn ger than stage 11. Intra-Saalian warm  period s m ay be terrestrial 
equivalen ts o f  the youn ger substages o f  stage 7. E xtensive pre-E em ian  m arine sedim ents  
along  the SW  coast o f  D enm ark  previously  correlated with the H olstein ian  are show n to 
be o f ‘Late C rom erian’ age. T he underlying till there is the first w idespread  ev id en ce o f  a 
pre-E lsterian till in N W  E urope.

D /L  ratios in m ollu scs from  last interglacial sites along the A rctic  coast o f  the U S S R , 
the A rctic Islands and eastern  G reenland are substantially low er than in their E uropean  
counterparts due to  their low  therm al histories. T he com bined  m id- and high-latitude  
data are used to  d ev e lo p  a pred ictive m odel for the exp ected  D /L  ratio in any o f several 
m oderate ep im erization-rate  taxa for last interglacial sites w ith m ean tem peratures 
b etw een  - 2 0  and + 15°C .

N o t all sites cou ld  be unam biguously assigned to an estab lished  interglacial. The  
F josanger (N orw ay) and M argareteberg (Sw eden) sites previously  thought to be E em ian , 
yield  D /L  ratios higher than in secure nearby E em ian  m aterial. It is yet unresolved  
w hether these  are aberrant sites or if  they predate the last in terglacial. In situ  shoreline  
deposits en cou n tered  in borings in SW  B elgium  and in exposu res on  the B elgium  coastal 
plain contain  m ollu scs that y ield  D /L  ratios interm ediate b etw een  secure E em ian  and 
Late W eichselian  ratios, raising the possibility th a t'a  late stage 5 h igh -sea-level event 
attained near-m odern  leve ls in the southern N orth  Sea basin . R eso lu tion  o f these  
uncertainties is the focus o f  future work.

INTRODUCTION

D espite nearly a cen tury  of investigation, the Q uaternary  stratigraphy of N orthw est 
E urope has yet to  be fully resolved. The classical land-based sequence in N orthw est Europe 
(Table 1) is based on end-m oraine system s and correlative till beds, and the palynology and 
faunal assem blages in associated terrestrial and shallow -w ater m arine sequences. T hree 
main glacial stages are widely recognized: the E lsterian , Saalian and W eichselian separated  
by the H olsteinian and  E em ian interglacials. O ver the last decade several pre-E lsterian 
climatic oscillations have also been described (e.g. M enke, 1970; Zagw ijn, 1975; 
B runnacker et a l., 1982; U rban , 1982; Nilsson, 1983), but the ir occurrence is relatively rare 
and regional co rre la tion  rem ains som ew hat am biguous. The M atuyam a-B runhes boundary 
has been identified in the low er portion of the ‘C rom erian  com plex’ (Zagw ijn. 1975; 
B runnacker and B oenik , 1976; Zagw ijn and D o p p ert, 1978; B runnacker 1979). The 
num ber of g lacial-in terg lacial cycles in Europe betw een M atuyam a-B runhes and the 
E lsterian  is uncertain , but seldom  are m ore than th ree p roposed , giving altogether six after 
the M atu y am a-B ru n h es boundary. In contrast, the deep-sea oxygen-isotype stratigraphy 
(e.g. Shackleton and O pdyke, 1973) implies that there  have been  eight glaciations since the
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T A B L E  1. C lassical su b d iv ision  o f  th e m id d le  and late Q uaternary o f  N W  E urope

H o lo c e n e  (In terg lacia l)

Late P le isto cen e W eich se lian  (G lacia l) Stage  
E em ia n  (In terglacia l)

M iddle P le is to c en e Saalian  (G lacia l) S tage  
H o lste in in ia n  (In terg lacia l)

E lster ian  (G lacia l) S tage  
P robab ly  Four T em p era te  and T hree C old  Stages C o lle c tiv e ly  C alled  the  
‘C rom erian  C o m p lex ’

Early P le is to c en e Six nam ed  stages

M atuyam a-B runhes boundary . The apparen t discrepancy betw een the deep-sea and land- 
based stratig raphy  has stim ulated additional investigations into the continental record , and 
the correlation and dating of Q uaternary  deposits in northw estern  E urope has been 
vigorously d ebated  in m eetings and papers in recent years.

At p resen t a widely held  view is tha t the  classical post-E lsterian interglacial sequence is 
probably correct (e.g . E hlers et a l., 1984), and that knowledge of the p re-E lsterian  
sequence is so fragm entary  tha t it may accom m odate the ‘missing’ interglacials. In this 
in terp re ta tion , the post-E em ian  warm intervals (e.g. St. G erm ain I and II of W oillard, 
1978) are considered to  be in terstadials within the W eichselian, and the W acken/ 
D öm nitzian and  H olstein ian  (sensu stricto) are considered to represen t a single interglacial 
com plex, the H olstein ian  (sensu lato). The inescapable conclusion from  this perspective is 
that isotope stage 1 is the  H olocene, 2 -5 d  the W eichselian, 5e the E em ian (e.g . Shackleton, 
1967; M angerud et a l., 1979), stage 6 the Saalian, stage 7 the H olsteinian and stage 8 the 
E lsterian.

Opposing this in terp re ta tion  are several recent proposals that m ore than  three post- 
E lsterian interglacials occur. K ukla (1977), followed by Bowen (1978, 1979) argued that 
sites classified as E em ian  may represen t m ore than  one interglacial that have been grouped 
as a single event. The type E em ian site in the N etherlands was proposed  as the oldest of 
these interglacials (K ukla, 1977). In the ir schem e, the H olsteinian (sensu stricto) is ascribed 
to  isotope stage 11 o r 13 ra th e r than stage 7 as in a classical in terp re ta tion . E arlier Frenzel 
(1973) had  argued tha t the pollen stratigraphy of interglacial sites in G erm any could not be 
accounted for by the classical interglacial sequence and additional interglacials m ust be 
present; he p roposed  tw o intra-Saalian (sensu lato) interglacials. In E ast G erm any, C epek 
and E rd  (e.g . C epek and E rd , 1982; C epek, 1967) have long claim ed that at least two and 
possibly th ree  interglacials occurred betw een the H olsteinian (sensu stricto) and the 
Eem ian: the D öm nitzian , an un-nam ed Saalian I/II event, and the R ügenan. Similarly, 
Strem m e (1982) and Sarntheim  and Strem m e (1984) proposed correlation  of the E em ian 
with isotope substage 5e, the H olsteinian with isotope stage 11, with two intra-Saalian 
interglacials as the terrestria l correlatives o f isotope stages 7 and 9, a view supported  by 
Bowen (1985). T he lack of reliable independent dating m ethodologies that can be applied 
to  te rrestria l sites has ham pered  resolution of this conflict, although new efforts in U /Th, 
electron-spin resonance and therm olum inescence dating are in progress.
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In 1979, partially in response to  the challenge of possible m iscorrelation, but also in an 
a ttem pt to  obtain  an in tegrated  chronostratigraphy of the E uropean  m arine interglacial 
sequence, we in itiated  a program  to determ ine system atically the extent of isoleucine 
epim erization in m arine molluscs from  interglacial sites across N orthw est E urope and along 
the A rctic coast of the Soviet U nion. This paper presents the results of nearly 1000 
isoleucine epim erization  determ inations in m arine mollusc shells from  interglacial and 
interstadial sites over this region, and also gives a review  and appraisal of the 
geochronological in terp re ta tion  o f these data.

T he prim ary questions we wish to  address with these da ta  are:

(1) A re all sites considered E em ian  clearly of a single age? If they are no t, which 
represen t the last interglacial?

(2) C an we identify m arine interglacial beds in term ediate  in age betw een H olsteinian 
and E em ian?

(3) C an the am ino acid data  be used to test regional co rrelation  of M iddle Pleistocene 
interglacials in NW  E u ro p e  and can it be used to  place constraints on the possible 
ages of these events?

(4) A re there  any indications tha t the high sea-level events of isotope substages 5a and 5c 
are  preserved  around the N orth  Sea.

T he analytical results and an appraisal of the  questions posed above are p resen ted  in two 
parts. P art 1 contains an overview  of the m ethodology em ployed and the controlling 
param eters  tha t govern how the da ta  can be in te rp re ted , and it includes the evaluation  of 
the analytical da ta  from  a regional perspective. In P art 2, m ore detailed  site-specific 
inform ation is p resen ted , including the prim ary stratigraphie relationships and the basis for 
the proposed  age assignm ent fo r the  sites investigated. A m ino acid ratios for all taxa from  
each site are tabu lated  on the accom panying tables. Conclusions o f prim arily local 
significance are given with the site descriptions.
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part 1 —  Amino Acid Geochronology, Regional Chronostratigraphy and Absolute Age of 
European Middle- and Late-Pleistocene Marine Interglacials

AMINO ACID GEOCHRONOLOGY

The use of certain  reactions involved in the degradation of indigenous proteins and their 
constituent am ino acids preserved in fossils to  estim ate the age of the enclosing sedim ent 
(A m ino A cid G eochronology) has gained increasing acceptance since the pioneering 
studies of H are , A belson and colleagues in the late 1960s. In particular, the application to 
m arine carbonate  fossils (see W ehm iller, 1983, for review) has been w idespread, but work 
has also been  carried ou t on bone (e.g . B ada, 1985) and wood (Pillans, 1983; R u tte r, 1984).

M ost studies rely on the fact th a t p ro te in  produced by organism s consists alm ost 
exclusively of am ino acids in the L -isom er configuration. A s the p ro tein  is degraded  after 
death o f the organism , the L-am ino acids invert to  their respective D -configurations; the 
inversion rate  is dependent prim arily on tem p era tu re , and to a lesser degree on taxonom y. 
M easured D /L  ratios can be directly com pared  (‘A m inostratigraphy’, M iller and H are, 
1980) only for m onospecific sam ples th a t have experienced similar (±1°C ) therm al 
histories.

In this study, we have relied on the epim erization of the protein am ino acid L-isoleucine 
to its non-pro tein  d iasteriom er, D -alloisoleucine. The ratio of these two isom ers is generally 
abbrev iated  as alle /Ile  o r D /L  ratio; th roughout the rem ainder o f the text we use the D/L 
abbreviation. T he ratio  of D - to L -isom ers increases from  near zero in a m odern shell to  an 
equilibrium  ratio  of 1.30 ±  0.05, at which tim e the num ber of L-am ino acids inverting to 
their D -configuration is balanced by the opposite reaction. The tim e required  to  reach an 
equilibrium  state  is re la ted  to the effective diagenetic tem peratu re  (E D T ) experienced by 
the fossil; at m id-latitude sites (e.g. 10°C) it takes ca. 2 Ma to attain  equilibrium , w hereas 
A rctic sites (< -1 0 ° C )  will require 20 M a or m ore to reach the sam e state.

ANALYTICAL PROCEDURE

Indigenous proteinaceous residues and associated degradation products are released on 
décalcification of the shell in acid; pep tide  rem nants are fu rther decom posed into their 
constituent am ino acids by laboratory  hydrolysis in 6N HC1 for 22 hr at 110°C. All am ino 
acid determ inations repo rted  herein  follow the standard  analytical procedure in effect at the 
C olorado laboratory  since the spring of 1982. From  most collections th ree to  five individual 
shells of a single taxon w ere p repared  for analysis following the procedure outlined in M iller 
(1985). S eparation  and detection o f individual am ino acids was accom plished on an 
au tom ated  high-pressure liquid chrom atograph  utilizing cation-exchange resin, post­
colum n derivatization with O -Phthaldehyde and fluorescence detection . The ratio  of D- 
alloisoleucine to  L-isoleucine (D /L) in the to tal am ino acid population (free plus peptide- 
bound am ino acids) is determ ined  by a recording in tegrator based on the ratio  of peak 
heights. E ach analysis requires less than  2 mg of shell m aterial. For this reason , individual 
shells can be analyzed separately for nearly all taxa; the only exception being the small 
gastropod Bittium  reticulatum, for which up to  four individuals were com bined in some 
instances.
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To ensure that de term inations m ade throughout the dura tion  of this p ro ject w ere directly 
com parable three techn iques w ere em ployed to  m onito r analytical uncertainties: (1) a 
calibration standard ; (2) an in terlaboratory  shell standard ; and  (3) m ultiple p reparations of 
selected samples.

Two nearly identical am ino acid analyzers are in routine use at the C olorado laboratory 
and a similar instrum ent is used in the Bergen laboratory . A n am ino acid control is 
processed on each analyser every day. B etw een June 1982 and D ecem ber 1983, the 
m easured D/L ratio  in the  control averaged 0.122 ±  0.011 (n = 123) on one instrum ent and 
0.123 ±  0.012 (n =  234) on the o ther at the C olorado  laboratory . The B ergen laboratory  
reports similar precision. A dditionally , some sam ples have been processed at both the 
C olorado and B ergen  laborato ries with similar results.

In 1982 J. W ehm iller circulated sized shell pow ders of m onospecific mollusc sam ples 
from  deposits of th ree  very different ages to  all laboratories involved with am ino acid 
geochronology (W ehm iller, 1984). The results of four series of analyses at the Colorado 
laboratory  and a single series from  the Bergen labora to ry  (T able 2) indicate that there  has 
been no statistical shift in ratios determ ined over the  dura tion  of the pro ject and that the 
two facilities p roduce com parable results.

As a final test of analytical reliability, we analyzed several sam ples m ore than once during 
the program . Sim ilar results for samples prepared  near the  start of the analytical program  
and recently confirm  tha t there  are no significant analytical problem s.

FACTORS AFFECTING THE MEASURED D/L RATIO IN MOLLUSCAN 
SAMPLES

Time

The degree to  w hich a chem ical reaction has p roceeded  tow ard equilibrium  is related  to 
the time elapsed since the onset of the reaction. In the case of the isoleucine epim erization 
reaction in a m olluscan shell, the reaction effectively starts with death of the organism  and 
proceeds to racem ic equilibrium  (D /L = 1.30). M easuring the D /L ratio in a mollusc 
provides an index to  the  elapsed tim e since its death .

The general form  of the relationship betw een D /L  ratio  and tim e for a specific 
tem peratu re  is distinctly non-linear. As shown in Fig. 1, the  conversion of L- to  D -am ino 
acids proceeds m ost rapidly  during the early stages of diagenesis, decreasing in the la ter 
stages when the forw ard  reaction  is counterbalanced by the reverse reaction. C onsequently , 
the resolving pow er o f the  D /L  ratio  in shells from  around  the N orth  Sea will be greatest for 
young samples (m odern  through H olsteinian) and dim inish for o lder shells.

Temperature

The rate of m ost chem ical reactions is strongly dependen t on the tem pera tu re  of the 
reaction m edium . In this study it is the tem pera tu re  in the sedim ent enclosing the molluscs 
(called the effective diagenetic tem perature  [E D T ]) tha t governs the epim erization rate. 
N ote that the tem p era tu re  at which the shell lived is inconsequential in this respect. A  shell
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T A B L E  2. C om p arison  o f  D /L  ratios d e term in ed  on  th e in terlab oratory calibration  
standard (W eh m ille r , 1984)

Sam p le  ID A n alysis  date L ab ID D /L  (T ota l fraction)

81 ILC  A July 1982 A A L -2 6 9 4 0.151 (1)
O ctob er  1983 A A L -3 5 1 3 0.158 ±  0 .005 (3)
M av 1984 A A L -3 8 3 2 0 .1 5 8  ±  0 .005 (2)
S ep t 1985 A A L -4 5 1 0 0 .165  ±  0 .008 (3)
July 1984 B A L - 334 0 .1 6 7  ±  0 .003 (3)

81 ILC  B July 1982 A A L -2 6 9 5 0 .54 (D
O ctob er  1983 A A L -3 5 1 4 0 .54 ±  0 .05 (3)
M av 1984 A A L -3 8 3 3 0 .4 9 ±  0 .02 (2)
Sept 1985 A A L -4 5 1 1 0 .50 ±  0 .03 (3)
July 1984 B A L - 335 0 .54 ±  0 .02 (3)

81 IL C  C July 1982 A A L -2 6 9 6 1.08 (D
O ctob er  1983 A A L -3 5 1 5 1.16 ±  0 .0 4 (3)
M av 1984 A A L -3 8 3 4 1.06 ±  0 .02 (2)
Sept 1985 A A L -4 5 1 2 1.08 ±  0.01 (3)
July 1984 B A L -  336 1.20 ±  0 .05 (3)

C O L D
¡

C O O L
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0 10 20 30 40  50 60 70  80  90
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13011 0

F IG . 1. S im p lified  d iagram  show ing th e in crease  in D /L  ratio  in a m olluscan  fossil from  N W  E u rop e  
o v er  th e last 130 ka. T h e  fastest ep im eriza tion  rate occu rs during the warm in terg lacia ls , w h erea s  the 
ep im er iza tio n  rate du rin g th e co o ler  in terven in g  stad ia ls  and interstadials w as substantia lly  red u ced .
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tha t died early during the last interglacial will have experienced rapid epim erization during 
the rest of the warm  interglacial, m uch reduced rates during the coldest phases of the 
W eichselian. in term ediate  rates during the mild in terstadials and a rapid ra te  again during 
the H olocene (Fig. 2). T he tem pera tu re  dependency of isojeucine epim erization is an 
exponential relationship , with an approxim ate doubling of the rate for each 4°C 
tem pera tu re  rise.

C learly, quantification of the therm al history for each site is essential for the 
in terp re ta tion  of the m easured  D /L  ratios, yet paleoclim atic da ta  are generally insufficient 
to assess adequately  the therm al factor. A s a first approxim ation of the E D T  for each site 
we have relied on the cu rren t m ean annual air tem pera tu re . A t m id-latitudes, m ean annual 
air and ground tem pera tu res are in close agreem ent (e.g. G ieger, 1965). Im plicit with this 
approach  is the assum ption th a t Pleistocene tem pera tu re  changes occurred uniform ly across 
NW  E urope.

This simplified approach  to  site tem pera tu re  may obscure im portan t com plications in the 
therm al history of specific sites. E ven nearby sites may have experienced significantly 
d ifferent therm al histories. F o r exam ple, som e of the  D anish shells were collected from  ice- 
th rusted  floes deposited  in L ate  W eichselian tim e, and may have been below sea-level for 
m ost o f their history. T he in tegrated  therm al history for such collections could be 
significantly d ifferent than  fo r nearby  sites that w ere uplifted shortly after their deposition 
and have rem ained above sea level ever since. O ther sites tha t were covered by the 
continental ice sheet m ust have been close to 0°C, w hereas nearby sites outside the ice 
m argin may have been considerably colder. Periglacial conditions across the N etherlands

o
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0 .20

Species "B"

0.40

0.60

0.80

1000600 800400200

T  i m e  (k a )

F IG . 2. T h eoretica l pattern  o f  in crease  in D /L  ratio for tw o  m ollu scan  taxa at a constant tem p eratu re  
o f  ca. 10°C over a m illion  year in terva l. T h e  ratio increases nearly lin early  o ver  th e first few  hundred  
th ousan d  years a fter  w hich  th e  r a te  d e c r e a se s , e v e n tu a lly  re tu rn in g  to  a lin ea r  ra te  a b ou t ‘Auth that o f  
th e initial p er iod . H y p o th e tica l fast (B ) and s low  (A )  taxa are in c lu d ed  to illustrate how  the  

d ifferen ce  in D /L  ratio b e tw een  taxa can vary o v er  lon g  tim e intervals.
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and portions of W est G erm any at the glacial maxim um  resulted in lower tem pera tu res than 
at ice-covered sites in Scandinavia, thus reversing the present-day therm al gradient. Finally, 
the therm al gradient across NW  E urope  during interstadials o r full glacial conditions may 
have differed  from  the curren t gradient. H ow ever, it is im portant to  keep in m ind that most 
of the epim erization  occurs in the ‘w arm ’ periods; full glacial conditions are not as critical to 
the average reaction ra te  as are in terstad ial and interglacial regim es.

Taxonom ic Effects

A s has been noted previously, the epim erization rate can vary betw een  taxa. The reason 
for the  d ifferent rates has not yet been dem onstrated , but is probably  in part re la ted  to the 
position of isoleucine in the peptide chains. T he difference in epim erization rate betw een 
taxa m ay also change over tim e. T he theoretical relationships are illustrated in Fig. 1, 
showing an initial difference in D /L  ratio  of a factor of 2 for two hypothetical taxa, 
decreasing over time until the  epim erization  rates are the same in the later stages of 
diagenesis. Such changes in relative epim erization rates are unlikely to alter the 
in te rp re ta tion  of sam ples of H olstein ian  and younger ages, but may becom e im portan t in 
evaluating ratios from  older deposits.

B ecause of the wide range in paleoenvironm ental conditions tha t characterize the various 
localities, there  is not a single taxon tha t is com m on to all sites. In our search for 
app rop ria te  taxa, am ino acid determ inations were undertaken  on nearly 30 species of 
m arine m olluscs. Some of these taxa w ere not useful for geochronological studies, in some 
cases due to  the restricted occurrence of the taxon either tem porally  or spatially, w hereas 
for o th e r  taxa the m easured D /L  ratios w ere not reproducible.

The m ain criteria for evaluating the reliability of a taxon are em pirical. In m ost instances, 
at least th ree  individuals have been analysed from  each locality. If the m easured D /L  ratios 
scatter w idely (coefficient o f variation g rea te r than 15 to 20% of the m ean), that species is 
po ten tia lly  of questionable reliability. If a taxon yields similarly scattered  results at several 
localities it is considered to be of low reliability. A nother factor is the concentration of 
protein  w ithin the shell m atrix , which can vary by a factor of 10 betw een genera. Those taxa 
containing the lowest levels of p ro te in  contain  so little alloisoleucine and isoleucine that the 
instrum ental detection  limit is approached  and the precision of the m easurem ent decreases.

P ro teins in different structural layers of a shell frequently differ in their am ino acid 
com position and rate of epim erization . Taxa with m ultiple structural layers m ust be 
sam pled from  the same layer to  ensure reproducible results. In thick-shelled species such as 
A rctica , this can usually be accom plished easily, but thin-shelled taxa cannot always be 
confidentially  separated . This may be a contributing factor to the scatter in data obtained 
from the often  dim inutive shells of C ardium , an ecologically diverse taxon that is often a 
m ajor constituen t of E em ian m arine deposits. The failure of Cardium  to  yield reproducible 
D /L  ratios was a m ajor d isappoin tm ent of this study. Shells of relatively hom ogenous 
structure  such as M ya  o r Hiatella, requ ire  less rigorous sam pling (cf. B righam , 1983). 
although we routinely sam ple from  the cen ter of the shell near its apex to  minimize in tra ­
shell varia tion . Shells with m ultiple structural layers are sam pled from  the inner layer, 
which is generally denser and less susceptible to leaching than the ou te r layer.
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O ur evaluation  of taxa analysed in this study is given in T able 3. T here  is a group of 
several pelecypod taxa for which isoleucine epim erization proceeds a t a sim ilar, m oderate 
rate. M any m em bers of this group are widely d istributed and have m oderate to high 
reliability. The core of the in terp re ta tions of this project are based  on results from five 
rep resen tatives of this group: Arctica islandica, M acom a balthica  and M acoma calcarea, 
Venerupis senescens and M ya truncata. Im portan t taxa that yield reliable ratios but have a 
significantly d ifferent epim erization  ra te  include Littorina  (several species but principally 
littorea) which yields D /L  ratios nearly half those in the  m odera te -ra te  group and 
Divaricella divaricata which has an epim erization rate  about 1.5 x  faster than  in m oderate- 
rate taxa. A dditional species in the m oderate-rate  group that provide im portan t control for 
some sites include Hiatella arctica, Corbula gibba  and Spisula subtruncata.

Other factors

A lthough the only established variables that control the m easured  D /L  ratio  in a shell are 
tim e, tem p era tu re  and taxonom y, there  may be o ther less obvious environm ental 
p aram eters tha t can a lter the apparen t epim erization rate . The carbonate  m atrix effectively 
buffers the system  from  local pH  changes, and m oisture conten t is no t a limiting factor even 
under high-arctic conditions. P ressure (e.g. beneath  a thick ice sheet) does not seem to be 
significant as there  is no change in volum e associated with the epim erization reaction, 
although hydrolysis, involving a volum etric increase, may be im peded. A possible 
explanation  for accelerated  epim erization could the incorporation  o f im purities, such as 
radioactive elem ents, w ithin the shell m atrix that catalyze the epim erization reaction, 
although none have been  identified yet in sufficient concentrations. The leaching of low 
m olecular weight free am ino acids, m ost severe in the ou te r p o rtion  of a shell, can lower the 
D /L  ratio  in the to ta l am ino acid population. The sampling m ethods em ployed in our 
laboratories m inim ize this effect.

EPIMERIZATION DURING THE EEMIAN

B ecause of the sensitivity of the reaction rate  to  tem pera tu re , it is im portan t to evaluate 
the ex ten t o f epim erization  tha t occurs during an interglacial, the w arm est and, hence most 
rapid ep im erization  ra te  in the post-depositional history of a sam ple. The D /L  ratios in 11 to 
13 ka old shells of the m odera te-rate  taxa range from  0.05 (N orw ay) to  0.07 (Scotland). 
M acom a balthica collected from  m arine sedim ents in the N etherlands dated  4500 BP have a 
D /L ratio  o f 0.035 ±  0.002 (3). W hen extrapolated  to 10 ka BP this gives a D /L  ratio of 0.07. 
Subtracting  the D /L  ratio  in a m odern  shell gives a net epim erization of betw een 0.035 and 
0.055 during  the H olocene. The E em ian was of similar duration  to  the H olocene (M üller, 
1974a), and  at its therm al m axim um  was at least two degrees w arm er. Thus at least the 
sam e am ount of epim erization is to  be expected for E em ian tim e as occurred during the 
H olocene.

Sites th a t span an interglacial should dem onstrate w hether shells from  late in the 
interglacial yield ratios significantly low er than from early in the interglacial. Two such sites 
are the Schnittlohe boring (W . G erm any) and the F jpsanger excavation (Norway).
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The F jpsanger site essentially contains a com plete sequence of m arine deposits from the 
onset through to the term ination  of an interglacial episode. W e have analysed th ree  taxa 
from  F jpsanger that span the interglacial {M ya, Hiatella and Littorina , Table 4). D /L  ratios 
from  sam ples collected respectively at the base and top of the interglacial beds give 
conflicting inform ation on the epim erization  that occurred during the interglacial period. 
M ya  and  Littorina  show a clear decrease in D /L  ratios up-section, w hereas ratios in Hiatella 
are sim ilar throughout.

The Schnittlohe I boring p ene tra ted  m ore than 5 m of E em ian  m arine sedim ents. 
Sam ples of V. senescens and Corbula gibba  w ere obtained from  levels within the upper part 
of the Picea!low er p art of the A bies  pollen zone (13 m ), the base of the Tilia zone (15 m), 
while the 16 m sam ple predates the Corylus zone. M ean D /L  ratios (Table 4) do not show 
the expected dow n-core increase, and the deepest sample gives the lowest ra tio  for both 
taxa. H ow ever, at the l a  confidence level the ratios are almost undifferentiable.

The lack of a consistent increase in ratios through both sites is surprising. A lthough the 
precision of the data  is less than expected, the results do indicate th a t D /L  ratios in molluscs 
from  a single interglacial probably will include a range of ratios. T he typical range of values 
may be betw een 0.03 and 0.06, and is caused both  by the differences in the dura tion  of 
‘w arm ’ interglacial conditions experienced by different sam ples, and possibly o ther 
unidentified factors.

T A B L E  4. M ean  D /L  ra tio s in se lec te d  taxa  from  tw o sites  that span m ost o f an in terg lacia l. S ee  text for  discussion
o f  results

F jesa n g er  (N orw ay) Sch n ittloh e  (W e st G erm an y)

B ed M ya H iatella L itto rin a D ep th  in core V en eru pis  C orbu la

F 0.19
G 0 .2 2 0 .22
H 0.11 13 m 0 .1 6  0.18
1 0.22 0.14 15 m 0 .1 8  0 .20
J 0 .12
K. 0 .14 16 m 0 .1 6  0 .16
L 0.14
M 0.28 0.22

RESOLVING POWER OF THE AMINO ACID DATA

O f fundam ental in terest to users of am ino acid data  is the level to which deposits can be 
separa ted . Because of the non-linearity  of the reaction  ra te , the isoleucine epim erization 
reaction has g rea ter resolving pow er for young samples than for o lder sam ples. For 
H olocene sites at tem pera tu res around  10°C, the limits of separation  are probably  about 3 
ka. This capability decreases rapidly fo r W eichselian samples, largely because the lower 
tem pera tu res during the W eichselian substantially dim inished epim erization  rates. In 
D anish sam ples, for instance, the m easured D /L  ratio  increases from  0.013 (m odern) to ca. 
0.055 by 12 ka in the m odera te-rate  group, but increases only to  ca. 0.085 in shells dated  
> 40  ka. M ore ep im erization  occurred during the last 12 ka than  in the  preceding 30 ka or
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m ore. C onsequently , resolution  w ithin the W eichselian is probably  no better than 20 to 
30 ka.

For o lder sites, a useful rule of thum b is tha t two sites of similar therm al history are of 
significantly d ifferent age if their m ean D /L ratios do not overlap at two standard  
deviations. In m ost instances there  should be no am biquity betw een E em ian  and 
H olsteinian sites, but if there  is an intra-Saalian interglacial, it might be difficult to  separate  
it clearly from  either the E em ian  or H olsteinian. P re-H olstein ian  interglacials p robably  
require at least a 100 ka separation , and by early Pleistocene tim e, the resolving pow er of 
the data  is undoubtedly  even fu rther reduced. O ne of the prim ary contributing factors in 
im proving the resolving pow er of the data is the num ber of individuals m easured. B ased on 
this study we suggest a m inim um  of five different individuals are required  to characterize 
adequately  a specific stratigraphie level. The resolving pow er essentially increases with the 
square roo t of the num ber of sam ples analysed (cf. M iller et al., 1979). A n increase to  20 in 
the num ber of individuals processed would double the resolving pow er. Such an effort may 
be justified in certain  instances.

PRESENTATION OF THE DATA

In the following discussions, am ino acid data are  restricted to widely d istributed taxa of 
the m odera te-rate  group, and the relatively fast-epim erizing bivalve Divaricella and the 
slow-epim erizing gastropod , Littorina. The D /L  ratios are m easured to three significant 
figures and are so p resen ted  in the site tables and figures. H ow ever, inter-site variation  is 
such th a t for regional correlations the ratios are cited to  two significant figures only. D /L 
ratios are  p resen ted  in the form at 0.19 ±  0.02 (5), w here the first num ber is the m ean ratio  
of all individual shell p reparations of a given taxon from  the site(s) being discussed, the 
second num ber is the standard  deviation of the m easurem ents and the num ber in 
paren theses rep resen ts the num ber of individual p reparations analysed. In most cases each 
analysis is of a d ifferent individual, but in collections for which the sample size is lim ited, 
this m ay include m ore than  one analysis o f som e individuals. For a very few sites only one 
individual was available from  which up to  four separate p reparations may have been 
analysed. Such data may be less representative than ratios based on a similar num ber of 
analyses of d ifferent individuals, although frequently  as much intra-shell variation can be 
expected in the m easured D /L  ratio as inter-shell variation (e.g. B righam , 1980).

REGIONAL CORRELATION OF INTERGLACIAL AND INTERSTADIAL 
DEPOSITS ACROSS THE CORE AREA: THE NETHERLANDS, WEST 

GERMANY, DENMARK, SWEDEN AND POLAND

The E em ian m arine deposits w ere selected as the m ajor focus of our study because they 
have been  well studied  for nearly a century and are geographically w idespread. W e accept 
the borings along the E em  River near A m ersfoort, N etherlands (Zagw ijn, 1961) as the type 
locality of the E em ian and all o ther E em ian sites are to be com pared to  the ratios ob tained  
from the type locality.
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To test the controversy  w hether m ore than  one interglacial is rep resen ted  by deposits 
considered E em ian , we began with the hypothesis tha t all E em ian sites are of a single age. 
W ithin the restricted  area of the N etherlands, NW  G erm any and D enm ark , the density of 
sites is sufficiently high that site-by-site correlation is possible despite the decreasing 
therm al g rad ien t across this region. All sites proposed to be E em ian should yield similar 
ratios with a m odest trend  of decreasing values in G erm any and D enm ark. Sites with 
anom alously high (o r low) ratios are potentially  m is-correlated. O utside of this lim ited 
geographic region, possible differences in the in tegrated  therm al history of the sites 
com plicates the am ino-acid based correlations. H ow ever, we do expect to  find a coherent 
pa ttern  of changing D /L  ratios that can be clearly correlated  w ith a realistic therm al 
gradient.

ta iiy r  

Coi insula

Arctic

Ocean
Yenisejr

land

Kanin
Pen.Norwegian

Kola Pen. 1/Zaton
Sea

Sea
Black

Fig. 4

Mediterranean Sea

F IG . 3. R eg io n a l loca tion  m ap in d icatin g  sites  stu d ied  in this survey  o u tsid e  the core area o f  
B elg iu m . N eth er la n d s, N W  G erm an y and D en m ark .
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NORTH
SEA

HE. TE

k m

F IG . 4. D e ta iled  locality  m ap  o f  N o rth w est E u rop e sh ow in g  s ites from  w hich  sam p les have been  
a n a lysed . Sam ple abb rev ia tion s are as fo llow s. Sw eden: M argareteberg  (M B ). D enm ark: 
S k æ rum hede (S K ). H irtshals (H I ) ,  N prre L yngby (N L ), K äs H o v ed  (K H ). H ostru p  (H P ), V ogn sb e l  
(V O ) , E sb jerg (E S ) . R o g le  ( R 0 ) ,  S le tten sh a g e  (S E ) , H olm strup  (H O ) , Strandegaard (S D ) ,  
S tu b b eru p h ave (S B ), H je lm  N a k k e  (H N ) ,  R istin ge  K lint (R K ), T rap p esk ov  K lint (T K ), M om m ark  
(M O ), S ten sigm ose  (S T ), H p jer  ( H 0 ) ,  T o n d e r  ( T 0 ) .  W est G erm any: H o ln is  (H S ), Siiderm arsch  
(S M ), H e id e  (H H ), R ö d em is , O ffen b ü tte l and S ch n ittloh e  (S L ), Scharhörn (S H ), W acken (W A ). 
H u m m elsb ü tte] (H B ), B illb rook  (B B ) ,  H a lsten b ek  (H T ). N eth erlan d s: N o o rd  B ergum  (N B ),  
B erg en  (B N ), C astricum  (C A ) , Z u n d erd o o rp  (Z U ) ,  A m erfo o rt (A F ). B elg iu m : Z eeb ru gge  (Z B ), 

K o o lk erk e  (K K ), St A n to in e  (S A ). France: H erzee le  (H Z ).

Eem ian Type Site and A djacent Correlatives in The Netherlands

T he type Eem ian sedim ents were deposited  at the head of an estuary  near the maximum 
inland pene tra tion  of the E em  Sea into the N etherlands (Fig. 4) and the euryhaline fauna is 
relatively im poverished in the open-ocean  norm al salinity taxa tha t are found at m any o ther 
sites. T he only representatives of the m odera te-rate  group are V. senescens for which ten 
p repara tions gave a m ean D /L  ratio  of 0.20 ±  0.03 (Fig. 5) and a few dim inutive shells of H. 
arctica tha t average 0.19 ±  0.02 (4). T he nearby Bergen boring, correlated  by its sim ilar 
pollen stratigraphy, p en e tra tes  m ore  open-m arine sedim ents tha t contain additional 
m odera te -ra te  taxa. The D /L  ratio  in four Venerupis sam ples substantiates the correlation  
to  the type Eem ian locality. D /L  ratios in m oderate-rate  taxa from  nearby borings at 
C astricum  and Z underdorp  are sim ilar to  the same genera at the Bergen Boring (Fig. 5). 
T he am ino acid data thus confirm  the previously established correlation  of these borings 
with the type locality at A m ersfoort. Collectively, the results from  these four sites form  the 
basis fo r correlation  to m ore distant localities.

Eem ian Sites in N W  G erm any, D enm ark and Poland

C orrelation  of sites in NW  G erm any and D enm ark with the type Eem ian locality and 
ad jacen t correlatives in the N etherlands is given by m ean D /L ratios in four taxa (Fig. 6).
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F IG . 5. M ean and standard d e v ia tio n s  o f  D /L  ratios m easured  in rep resen ta tiv es  o f  5 taxa o f the 
m od erate-rate  group fou nd  in 4 borings in T h e N eth er lan d s. B orin g  abb rev ia tion s are A m ersfoort 
(A ) .  B ergen  (B ) ,  C astricum  (C ) and Z u n d erd orp  (Z ). T h e  num ber o f  ind iv idu al ana lyses from  which  
the m ean is derived  are sh ow n  in square b oxes  at the top  o f  the figu re. T h e  m ean  D /L  ratio in all 
m od erate-rate  taxa from  th e fou r borings is 0 .182  (d ash ed  lin e); th e  standard d ev iation  is ± 0 .0 1 7

(d o tted  lin e).

The m ean ratios for M ya , Venerupis and M acoma  from D enm ark  and NW  G erm any are 
generally slightly lower than in the sam e taxa from the N etherlands, in keeping with the 
therm al gradient. The m ean ratios in specific taxa at four sites in D enm ark  fall outside the 
one standard  deviation confidence interval. These sites (S trandegaard , Arctica. Corbula-. 
M om m ark. Arctica ; and R istinge, M ya ) are discussed in P art 2.

T he m arine em bavm ent of the E em  Sea in the V istula Valley of Poland (Fig. 3) 
supported  an im poverished and dim inutive fauna; from  the available borings the only 
m aterial of the m odera te-rate  group ob tained com m on to o th e r sites were a few small 
individuals of Venerupis senescens, Corbula gibba and Spisula subtruncata; Divaricella 
divaricata (fast epim erizer) also occurs at both the A m ersfoort (N etherlands) and Nowiny 
(Poland) borings as well as in one of the D anish collections. T he m ean D /L  ratios in three of 
the four taxa decrease in the  d irection of the current therm al g rad ien t, with the highest 
ratios in the N etherlands, low er ratios in the sites from  NW  G erm any and D enm ark, and 
the lowest ratios from  Poland (Fig. 7). The only taxon that counters this trend  is Venerupis. 
for which the large standard  deviation on the Polish collection allows the possibility that a 
m ore precise determ ination  would support the trend of the o ther three taxa. The 
parallelism  of therm al grad ien t and trend  in m easured D /L  ratios confirm s the correlation 
of the Tychnowy Sea deposits in the V istula Valley of Poland with the type Eem ian in the 
N etherlands.
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A dditional support for the correlation of E em ian sites across the region com es from  the 
amino acid ratios in the  slow-epim erizing species Littorina littorea (Table 5). This taxon is 
present at tw o of the D utch sites (C astricum  and Z underdo rp ), both of which have 
representatives of the m odera te-rate  taxa tha t substantiate the correlation  to o ther Eem ian 
sites in the region. L. littorea from R ödem is in NW  G erm any and from  Stensigmose and

0.30 VENERUPISARCTICA MACOMA MYA

°  0.20

- A - — ;

0 . 10 - -

0.00

F IG . 6. M ean  D /L  ratios in four m od era te-ra te  taxa from  E em ian  sites  in N W  G erm any and 
D en m a rk  (o p en  circles); for com p arison , m ean  ratios from  T h e N eth erlan d s are ind icated  by filled  
circles. S ites are lo ca ted  o n  F ig . 4. T he m ean  D /L  ratio for the four taxa from  core area is 0 .172  

(d ash ed  lin e) w ith a standard d ev ia tion  o f  ± 0 .0 2 3  (d o tted  lin e).

T A B L E  5. C om p arison  o f  D /L  ratios m easured  in L itto rin a  from  sites in N orw ay. D e n m a rk . W est G erm any and
T h e N eth erlan d s

M AT" C ountry L ocality A ge M ean cr n

7.5 N orw ay F jesan ger  (B ed s L - I ) Fjesangerian 0.14 0.02 26
7.5 N orw ay B e ( B e d  D ) A va ld sn es 0 .097 0.017
8.0 D en m ark S ten sigm ose  (T ap es sand) E em ian 0 .0 8 6 0.008 3
8.0 D en m ark T en d e r  (B oring  4 , 14 .3m ) E em ian 0.11 0.01 5
8.5 W . G erm an y R e d e m is E em ian 0 .098 0.004 3
8.5 W . G erm an y W acken H olste in ian 0.22 0.03 6

10.5 N eth er lan d s C astricum  (19C /648) E em ian 0.12 0.01 5
10.5 N eth er la n d s Z und erdorp  (25E /344) E em ian 0.12 0.01 5

* C urrent m ean  ann ual tem p eratu re in the vicin ity  o f  the co llect io n  site
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0 , 4 0 t

VENERUPIS CORBULA DIVARICELLA SPISULA
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0.00

F IG . 7. M ean D /L  ratios in th ree m od era te- and o n e  high-rate taxa from  last-in terglacia l localities  
sum m arized  by reg ion  for s ites in th e N eth er lan d s (N ) (A m ersfo o rt and adjacent co rre la tiv es), NW  
G erm an y (W ) and D en m ark  (O ) and  from  the V istu la  V alley  borings (P o la n d ) (P ). T he general 
trend o f decreasing ratios across th is region  conform s to  th e current th erm al gradient and im p lies a 
broadly  sim ilar grad ient m ust have d o m in a ted  the ep im eriza tion -ra te  o ver  th e area o ver  last 100 ka

or so.

T önder in D enm ark gave slightly lower ratios than in the N etherlands. These data support 
the  conclusions derived from  the m oderate-rate  group that the associate deposits are of a 
single age, with a trend  tow ard decreasing D/L ratios along the presen t therm al gradient.

W ithin the resolving pow er of the am ino acid m ethod , there  is no significant difference in 
age betw een the type E em ian site in the N etherlands and the classical E em ian correlatives 
analysed from other localities in the N etherlands, o r the sites so identified in NW  G erm any, 
D enm ark  and Poland. The decrease in D /L ratios to the north  and east of the N etherlands 
corresponds well with the p resen t therm al gradient, and presum ably reflects an in tegrated  
paleo-therm al gradient that at least in general form , m irrored that of the present.

Pre-Eemian Sites

M olluscs have been ob ta ined  from  classical H olsteinian m arine deposits in NW  G erm any 
(W acken, Scharhörn borings 55 and 57, H um m elsbüttel, B illbrook and H eide). The m ean 
D /L  ratios in taxa that are com m on with the Eem ian sites clearly separate  the interglacials 
(Table 6). Using the group m eans for both m oderate- and slow-rate taxa, the two 
interglacials are separated  at the 95% confidence level.
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T A B L E  6. D /L  ratios in E em ia n  and H o lste in ia n  m olluscs from  the S c h le sw ig -  
H o lste in  reg ion  o f  W est G erm any

T axon E em ian  sites H o lste in ia n  sites

A rc tica  islandica 0 .1 6 ±  0.01 (12) 0 .3 0  ±  0 .02 (9)
M a co m a  balth ica 0 .2 8  ±  0.01 (1 3 ) t
M va truncata 0 .16 ±  0.01 (8) 0 .25  ±  0 .02 (9)
C orbu la  g ib b a 0 .1 8 ±  0 .02 (9) 0 .2 6  ±  0 .03 (5)
S pisu la  su b tru n ca ta 0.11 ±  0 .02 (2) 0 .3 0  ±  0 .02 (V)

M ean m od era te-ra te  taxa 0 .1 7 ±  0.01 (29)* 0 .2 8  ±  0 .0 2  (43)

L itto rin a  littorea 0 .0 9 8  ±  0 .004 (3) 0 .2 2  ±  0 .03 (6)

* Spisu la  ex c lu d ed  from  th e averag ing; ratios con sid ered  aberrantly  low  relative  
to  ratios in th e sam e taxa from  o th er  E em ia n  sites  in the core area, 

t M a co m a  from  H u m m elsb ü tte l ex c lu d ed  from  averaging.

A lthough the m ean H olstein ian  ra tio  is easily differentiated  from  the m ean E em ian ratio , 
an im portan t additional consideration  is with w hat reliability a specific site can be placed in 
its app rop ria te  interglacial period . T here  are no potential m iscorrelations within the suites 
o f sam ples analysed from  W est G erm any. Similarly, m ost o f the D anish sites can be 
unam biguously assigned to  the ir appropria te  interglacial using the m ean ratios in Table 6, 
although a few sites yield specific taxa with ratios in term ediate betw een the group m eans. 
The low est H olstein ian  ratios are in M ya  and Corbula from  the H olstein ian  (sensu stricto) 
beds at W acken (M ya  0.25; Corbula  0.26). W ithin the E em ian sites in D enm ark  the 
highest ratios for M ya  are 0.22 in a single individual from  Ristinge, and for C orbula , 0.23 in 
two individuals from  S trandegaard . B oth  exam ples overlap their H olsteinian counterparts 
at the 1er level. In con trast, eight p repara tions of M ya  from  the Süderm arsch boring in 
G erm any average 0.16 ±  0.01, and 9 p repara tions o f  Corbula  from  the Schnittiohe boring 
average 0.19 ±  0.02, well below  the ratios in the same taxa from  W acken.

Shells have also been analysed from  a num ber of sites in D enm ark  that had been 
previously co rrela ted  with the H olstein ian  sites of NW  G erm any. T hree M ya truncata from 
Kaas H oved gave a m ean D /L  ratio  of 0.31 ±  0.05, suggesting a possible H olsteininan age 
but with considerable scatter in the data . In contrast, three Arctica islandica from  the same 
collection yielded a m ean ratio  of 0.37 ±  0.01, well above the typical H olsteinian values in 
G erm any. W ithout additional analyses, the conclusion can only be m ade that the  site is 
certainly at least of H olstein ian  age, but may be from  an older interglacial.

The o th e r D anish sites expected  to  be H olsteinian (Rögle Klint and the num erous sites in 
the E sb jerg  area) gave ratios (Table 11) tha t are substantially higher than in the W est 
G erm an H olstein ian  sites. From  the E sbjerg  region M ya  averaged 0.45 ±  0.04 (19), 
M acom a calcarea 0.46 ±  0.04 (5), and Hiatella 0.47 ±  0.03 (8). Only Hiatella has been 
analysed from  R ögle, but the ratios [0.54 ±  0.08 (3)], although lim ited in num ber and 
ra ther sca ttered , are nonetheless well above a possible H olsteinian level. W e conclude that 
all of these sites are from  a pre-H olstein ian  interglacial.

T he age of the pre-H olstein ian  interglacial in D enm ark is best constrained by the results 
from  N oord B ergum , a p re-E lsterian  site in the N etherlands. D /L  ratios in four valves of
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M acom a balthica from  this site averaged 0.46 ±  0.06, sim ilar to the E sbjerg  ratios and 
suggesting tha t the sites may be from  the sam e interglacial. B ased on this correlation , the 
ratios ob ta ined  from  the E sbjerg  region and from  Rögle K lint are in terp reted  to indicate 
tha t the associated interglacial beds are of p re-E lsterian  ra th e r than  H olsteinian age as had 
been previously proposed. The till that underlies the m arine bed at both  sites is, by 
im plication, from  a p re-E lsterian  glaciation. Tills of this age have not been previously 
identified  from  NW  E urope except at H arreskov , D enm ark  w here glacial-fluvial sedim ents 
and  till underlie  limnic sedim ents of H arreskovian  (‘C rom erian ') age (S jorring, 1983). 
G lacial-fluvial sedim ent of pre-C rom erian  age are repo rted  from  the N etherlands (de Jong 
and  M aarleveld , 1983), but the oldest till there  is E lsterian.

T he S lettenshage (D enm ark) site had been previously co rrelated  with the E em ian based 
on the broadly sim ilar m ollusc-faunas, although the classical indicator species Bittium  
reticulatum  and Venerupis senescens w ere absent. Arctica  from  the site gave ratios of 0.32 ±  
0.01 (3), well above the E em ian ratio  for this species. The am ino acid data  suggest a 
co rrelation  to  the H olsteinian of NW  G erm any w here the sam e species averages 0.30 ±  
0.01 (9).

W e have analysed two taxa from  the recently discovered m arine interglacial beds at 
M argare teberg , SW Sweden (Fig. 4). Ten p repara tions of Hiatella gave a m ean ratio  of 0.25 
and 6 p repara tions of M acom a  averaged 0.26 (T able 10), well above the m ean values in 
m o d era te -ra te  taxa from  E em ian sites in nearby D enm ark  (ca. 0.16 to 0.17), but not as high 
as in classical H olsteinian sites in ad jacen t N W  G erm any (ca. 0.29). The pollen stratigraphy 
is sim ilar to  tha t at F jösanger (N orw ay) and dissim ilar to the H olsteinian. Prim arily on the 
basis o f the pollen stratigraphy an E em ian age has been proposed  for the site (T. Pässe, 
written co m m ., 1985). The am ino acid da ta  suggest tha t the m arine beds p re-date  the 
E em ian , but are certainly no o lder than  H olstein ian . W e favor a correlation  of 
M argare teberg  with the F jpsangerian  of w estern  N orw ay, for which we offer two age 
in terp re ta tio n s (see following section); the two sites may be E em ian or they may be from  an 
interglacial betw een the E em ian and H olsteinian (sensu stricto).

Weichselian Sites

Shells of the m odera te-rate  group analysed from  deposits known to be of M iddle 
W eichselian age in D enm ark  (H irtshals, N örre Lyngby, H olm strup and the upper 100 m of 
the S kaerum hede borings) consistently yield D /L  ratios betw een 0.08 and 0.10. in te r­
m ediate  betw een those in the sam e taxa from  E em ian and Late W eichselian deposits.

Lateglacial Sites

Shells from  rad iocarbon-dated  Lateglacial and H olocene sites have been analysed from  
localities in Svalbard, N orw ay, D enm ark , Scotland and the N etherlands (cf. M iller, 1985). 
D /L  ratios are consistent with presen t site tem peratu res.

INTERGLACIAL SITES IN BELGIUM AND NORTHERN FRANCE

To the south of the N etherlands at least som e of the deposits in Belgium considered to  be 
E em ian  correla te  on D /L ratios with the E em ian sites in the N etherlands. Venerupis from
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the O ostende F orm ation  in the Flemish Valley of Belgium has a m ean D /L  ratio  of 0.17, 
and from the N etherlands 0.21; m ean ratios in M acom a  from Belgium  are 0.19, the same as 
in the D utch sites.

We have analysed M acom a balthica and Cardium lam arcki from  the brickyard at the  type 
locality of the H erzeele  F orm ation in no rthern  France. M. balthica yielded m ean ratios of 
0.31 consistent with a correlation  to the  H olstein ian  m arine deposits of NW  G erm any , and 
C. lam arcki, a lthough not one of the prim ary taxa, did yield ratios appropriate  for a 
H olsteinian age (0.28).

Borings in the Belgian coastal plain close to the French border and outcrops near 
Z eebruge have yielded m odera te-rate  taxa with D /L  ratios that are lower than expected for 
Eem ian deposits (ca. 0.11 to  0.13 in M ya  and Hiatella). Because they are associated with 
high sea-level events well beyond the zone of isostatic depression from  the Fennoscandi- 
navian lee Sheet, the deposits are tentatively  associated with an Early W eichselian (late 
isotope stage 5) transgression, although this in terp reta tion  must await a larger data set 
before its validity can be tested .

INTERGLACIAL SITES IN WESTERN NORWAY

Two in situ m arine interglacial sites are known from  western Norway; the F jösanger site 
near B ergen and the Bö site on the island of K arm öy, 100 km to the south (Fig. 3).

D etails of the stratig raphy  within the interglacial beds at Bö rem ain incom pletely 
understood  (A ndersen  et al., 1981). D /L  ratios in presum ably interglacial molluscs (Table 
10) are slightly low er than  ratios in the sam e taxa from  Eem ian sites in NW  G erm any and 
D enm ark , supporting  an E em ian age for the interglacial at Bö as p roposed  by A ndersen  et 
al. (1981).

The F jösanger site is one of the m ost thoroughly studied interglacial sites in NW  E urope, 
containing a com plete depositional sequence through an interglacial cycle and into the 
succeeding glaciation. M angerud et al. (1979, 1981a) have suggested from  the floral and 
faunal da ta  tha t the interglacial beds correlate with the Eem ian of the continent. D /L  ratios 
in molluscs and foram inifera from  the F jösanger site have been assem bled from  analyses at 
both the B ergen and C olorado  laboratories (M angerud et al., 1981a; M iller et al., 1983: 
H .P . Sejrup , unpublished data). N o te , how ever, that the ratios presen ted  in previous 
publications w ere p repared  under a different system than used in this p ro jec t, and are 
consistently higher than  repo rted  herein . Re-analysis of the earlie r-p repared  samples 
confirm s the sam e apparen t relationships as proposed previously, but the absolute values 
are ca. 70% of those repo rted  earlier.

The D /L  ratio  in 40 p repara tions of 4 species of the m oderate-rate  group at F jösanger 
(Table 10) is 0.21 ±  0.04, w hereas 11 specim ens of two species of the same group at Bö 
average 0.14 ±  0.01. T he two sites are separated  at lo ,  but not at the 2ct confidence level. 
As with the bivalve m ollusc ratios, D /L  ratios in Littorina  from the Bö sites are the same or 
slightly low er than  in E em ian  sites in NW  G erm any and D enm ark , w hereas the Littorina 
ratios from  F jösanger are slightly h igher, although still well below ratios in Littorina  from 
the H olstein ian  beds at W acken. C ountering the argum ent that F jösanger p redates Bö are
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the am ino acid ratios in foram inifera from  the two sites. These d a ta , while not as extensive 
as the m ollusc data , suggest tha t the interglacial beds are the sam e age (M iller et a l., 1983). 
D /L  ratios in Lucinom a borealis from  Bö averaged 0.23, w hereas the same taxon from  
F jösanger averaged only slightly higher (0.26). A lthough D /L  ratios in A rctica, L ittorina , 
M ya  and  M acom a  are higher than  in their E em ian coun terparts  in D enm ark and NW  
G erm any , Venerupis ratios are sim ilar.

T he available am ino acid data  (Table 7) support a correlation  of the Bö site with the 
classical E em ian  sites in D enm ark  and NW  G erm any. The data  also indicate that the extent 
of ep im erization  is generally g rea te r in molluscs from  F jösanger than  from Bö. W hether 
tha t difference is sufficient to  conclude that they are from  d ifferent interglacials or simply 
rep resen ts  scatter in the da ta  from  sites of the  sam e age rem ains unresolved. W e propose 
two alternatives: A lternative 1 (Fig. 8) assum es that the F jösangerian  was deposited in an 
interglacial preceding the E em ian  but post-dating the H olstein ian . A lternative 2 (Fig. 9) 
assum es tha t the F jösangerian  is o f E em ian age, and tha t the site experienced e ith er a 
relatively high E D T  or as yet unknow n environm ental effects that catalyzed the 
ep im erization  reaction. This in te rp re ta tion  is supported  by the occurrence of the indicator 
species Bittium  reticulatum , the palynology and recent TL  dates (H ü tt et al., 1983).

THE EEMIAN IN THE ARCTIC

A  num ber of sam ples have been analysed from  m arine deposits along the A rctic coast of 
the Soviet U nion and som e of the A rctic Islands. D ue to the large difference in tem pera tu re  
betw een these sites and the secure E em ian sites in E u rope , and lack of an independent 
absolute date on any of the A rctic  sam ples, the in terp re ta tion  of the  m easured am ino acid 
ratios m ust necessarily be ten tative. A s a first approxim ation , we have assum ed tha t the 
ages provided by the collectors are correct, and tha t the first deposit below the H olocene 
with a fauna beyond its p resen t range is the m ost likely candidate for the last interglacial.

Arctica islandica, which has a cu rren t northern  limit in the W hite Sea. occurs in deposits 
along the A rctic coast o f the U .S .S .R . from  K ola Peninsula to  T aim yr Peninsula. Following 
Kellogg et al. (1982), the m ost likely tim e that N orth  A tlan tic  D rift water en tered  the 
N orw egian Sea and ex tended  fa rth e r along the arctic coast of the Soviet Union than during 
the H olocene would have been during isotope sub-stage 5e, the last interglaciation. 
C ertain ly  the deposits could not be younger.

T he m easured  D /L  ratio  in Arctica  (Fig. 10) decreases betw een  Kola Peninsula and the 
Y enisey Bay region. M ya truncata from  Yenisey Bay have a m ean D /L  ratio about the same 
as in Arctica, but the spread in m easured values is som ew hat higher. Probable last 
interglacial deposits on Taim yr Peninsula (M A T  - 1 3  to  -1 5 °C ) contain Arctica, but only 
M ya truncata and Hiatella arctica w ere available for analysis. T he m ean ratios (Fig. 10, J.K . 
B righam -G rette , unpublished data), are lower than from  Y enisey Bay, as are the ratios in 
M. truncata from  a p u rpo rted  last interglacial deposit on N ovaya Zem lya.

T he overall trend  of these data  are as would be expected  for last interglacial deposits 
under low therm al conditions, although it m ust be rem em bered  that at such low 
tem p era tu res  the epim erization rate  is so reduced that the po ten tia l resolving pow er of the
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F IG . IO. M ean D /L  ratios in  m od era te-ra te  taxa all last-in terglacia i sites in clu ded  in this study. The  
hatured e n v e lo p e  d e fin es  an e x p o n e n tia l rela tion sh ip  b etw een  D /L  ratio and site tem p eratu re. This  
rela tion sh ip  can be used  as a pred ictive  m od el to  provide an estim ate  o f  th e D /L  ratio for sites w ith  

tem p eratu res d ifferen t from  o n es  already stud ied .

m ethod is less than at m id latitudes. The m easured D /L  ratios generally decrease in an 
easterly direction , with the low est ratios found on Taim yr Peninsula and the A rctic Islands.

O n Svalbard (Fig. 3), the  last intergiacial is currently  considered to  be represen ted  by 
deposits of am inozone C (M iller, 1982) based on unpublished U -series and TL dates and 
the associated m icrofauna (G .H . M iller, H .P . Sejrup, S.J. L ehm an and S.L. Form an, 
unpublished data). D /L  ratios in M ya  and Hiatella from  deposits o f am inozone C average 
0.044 ±  0.005.

Intergiacial deposits though t to  be correlative with the E em ian have recently been 
repo rted  from  G reen land  (P etersen , 1982; Funder, 1984). M ya truncata from  three levels 
within the intergiacial beds p roduced  m ean D/L ratios of 0.047 ±  0.002, in keeping with a 
last intergiacial age.

PREDICTIVE MODEL FOR D/L RATIOS IN LAST INTERGLACIAL SITES

The wide therm al range of last intergiacial localities analysed ( - 1 5  to  +11°C) allows the 
construction of an em pirical m odel describing the relationship of D /L ratio to  site 
tem pera tu re . The m ean D /L  ratios in all m oderate-rate  taxa from  all last intergiacial 
localities analysed are p lo tted  against curren t site tem peratures on Fig. 10. The curve fitted
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to these da ta  describes an exponential relationship  in keeping with the general form  defined 
by ep im erization  kinetics. This relationship  also provides a predictive m odel tha t allows the 
estim ation of the D /L  ratio for last intergiacial representatives of the m odera te-rate  taxa 
from  anv site w ithin the tem pera tu re  range of the current da ta  set. Such a m odel will be 
particularly  helpful for fu ture studies in sites tha t are slightly colder or w arm er than NW 
E urope.

ABSOLUTE AGE ESTIMATES FOR HIGH SEA-LEVEL EVENTS 
AROUND THE NORTH SEA

A lthough the conversion of D /L  ratios to  absolute age is ham pered  by uncertain ties in the 
therm al h istories of the sites, the ratios can be used to place constrain ts on the possible 
ages. This appraisal is dependen t on the correct in terp re ta tion  th a t the E em ian Intergiacial 
occurred  abou t 120 ka ago. B ased on that assum ption and the relative d ifferences in D/L 
ratios for the o ther high sea-level events, lim iting absolute ages can be assigned.

W e assum e tha t all E u ropean  interglacials are correlated  with odd-num bered  stages in 
the deep-sea isotope record , but tha t not all such stages are necessarily represen ted  in the 
terrestria l record . F u rtherm ore , with our p resen t understanding o f the isotopic signal, it is 
not possible to say which of the isotopic peaks represen t terrestria l interglacials and which 
are interstadials. In the introduction  we argued th a t if the land-based intergiacial sequence 
is com plete, then  the E em ian m ust represen t isotope substage 5e, the  H olstein ian  stage 7 
and the youngest of the p re-E lsterian  (‘C rom erian’) w arm  stages, isotope stage 9. 
A lternatively , the H olstein ian  intergiacial m ight represen t isotope stage 9, 11 or 13.

Prior to using the m easured D /L  ratios to constrain the absolute ages of E uropean  
interglacials, it is essential to no te  w hether the sam ples are from  early or late in the 
intergiacial. For exam ple, m ost H olstein ian  molluscs that we have analysed com e from the 
late E ls te rian -ea rly  H olsteinian transition  or from  early in the  H olstein ian  and have 
consequently  experienced nearly the full dura tion  (ca. 15 ka) of intergiacial w arm th (rapid 
epim erization) as well as that of the subsequent W acken Intergiacial. O ur E em ian sam ples, 
on the o th e r hand , cover a w ider range of the intergiacial. W e estim ate tha t they average 
from  the m iddle E em ian  and so experienced only 5 ka of intergiacial w arm th. Because the 
H olstein ian  was longer than , and about as warm  as the E em ian (e.g . M eyer, 1974: H. 
M üller, 1974b), we expect the H olstein ian  shells to  have experienced a higher proportion  of 
intergiacial w arm th than did the E em ian sam ples. C onsequently , the D /L  ratios in 
H olstein ian  shells m ay be d isproportionately  higher than expected for the ir age relative to 
the E em ian ratios. W ith these guidelines and the assum ption tha t the m idpoint of the 
E em ian dates from about 120 ka ago, the D /L  ratios can be used to  evaluate w hether the 
H olstein ian  is isotope stage 7, 9, 11 or 13.

T he m ost concen tra ted  data  set from  a sim ilar tem pera tu re  is from  the sites in D enm ark. 
NW  G erm any and the N etherlands. The m ean D /L  ratios (Table 8) have been plotted 
against the ir know n or possible ages (based on the recent SPE C M A P tim escale; Im brie et 
al., 1984) in Fig. 11. The th ree  scenarios depicted  are for the H olstein ian  to  be correlated 
with stages 7, 9 or 11. The slope o f the straight-line segm ents connecting each point is 
directly p roportional to  the in tegrated  tem p era tu re  during tha t tim e interval. A ssum ing that
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T A B L E  8. M ean D /L  ratios in sh e lls  from  high sea -lev e l even ts in N W  E u rop e (D en m ark , N W  G erm an y . 
N eth erlan d s) w ith p ostu la ted  corre la tio n s to the d eep -sea  o x y g en -iso to p e  stratigraphy and lim iting ab so lu te  age  

e stim a te s . T h ese  data are used  to  construct F ig . 11

R ela tive  age

M ean  D /L  ratio  

M od erate-ra te  Slow -rate S u ggested  correla tion L im iting a b so lu te  age

M odern 0 .013  ±  0 .0 0 2 0 .013  ±  0 .002 M odern 0
Late 0 .0 6 0  ±  0 .0 1 0 about 0 .04 1/2 boundary 10 to 12 ka
W eichselian
M iddle 0 .0 9 0  ±  0 .0 1 0 — 3 >  40 ka
W eich selian
E arly 0 .12  ±  0.01 — 5a/c 70 to 100 ka
W eich selian
E em ian 0 .1 8  ±  0 .0 2 0.11 ± 0 . 0 1 5e 125 ka
H olste in ian 0 .2 9  ±  0 .0 2 0.22  ±  0 .03 7 (or  9) 240 (or 330 ka)
P re-E lsterian 0 .4 6  ±  0 .0 4 — >  11 400 to 700 ka

<  19

to
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F IG . 11. P ossib le  a b so lu te  age  rela tionsh ip s for intergiacia l d ep o s its  in N W  E urope. See text for 
discu ssion  o f  the m ost p rob ab le  o p tion .
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the tem p era tu res  characterizing each of the g lacial-in terglacial cycles should be about the 
sam e requ ires tha t the slopes of the various line segm ents be sim ilar. H ow ever, the situation 
is com plicated  by the general decrease in apparen t epim erization rate over time as the 
p ropo rtio n  of isoleucine in the slow er-epim erizing free form  increases. C onsequently a 
decrease in slope during successively o lder glacial cycles may be expected, but not an 
increase in slope.

If we assum e that the H olsteinian is early stage 7 (option 1, Fig. 11) then the projection to 
the 'la te  C ro m erian ’ ratios in shells from  the N etherlands predicts a m inim um  age of ca. 500 
ka (stage 13) in keeping with the ir stratigraphie position above the M atuyam a-B runhes 
(M -B ) boundary . Assum ing th a t the H olstein ian  shells are from  early in stage 9 (330 ka; 
op tion  2), then  the ex trapolation  to  the ‘late C rom erian ’ beds yields an age of 670 ka. This 
date is already close to  the M -B  boundary  and leaves little tim e for additional climatic 
oscillations in the norm ally m agnetized ‘late C rom erian’ sequence. A lthough we favor a 
stage 7 age for the H olstein ian , we cannot exclude a stage 9 correlation . O ption 3, in which 
the H olstein ian  is correlated  with stage 11 can be excluded because the extrapolated  age for 
the ‘la te  C ro m erian ’ shells lies w ithin the M atuyam a reversed polarity  zone.

T hese considerations suggest th a t the H olsteinian (sensu lato) is m ost likely correlative 
with iso tope stage 7. The stage 7 iso tope peak is com plex, and has been subdivided into two 
‘ligh t’ substages (7a and 7c) separa ted  by substage 7b (N inkovitch and Shackleton, 1975). 
Substage 7a, in tu rn , consists o f two distinct peaks (e.g. Im brie et al., 1984, p. 68). These 
com plexities are m irrored  in the deep-sea faunal record; in the N orth A tlantic two 
in tergiacial assem blages are separa ted  by a b rief return  to  a glacial fauna within isotope 
stage 7 (R uddim an and M cIntyre, 1982). W e hypothesize th a t the H olsteinian (sensu  
stricto) is the first light isotope peak  in stage 7 (7c: 245-230 ka); m ost o f our molluscan 
sam ples com e from  early within this interval. Substage 7b is rep resen ted  by the niveo-eolian 
sands separating  the H olsteinian (sensu stricto) from  the overlying peat at W acken. NW  
G erm any . T he la tte r peat, the W acken Intergiacial, can be corre la ted  with substage 7a, or 
with the first peak of it, leaving room  for an additional warm  in terval within the Saalian. If 
these correla tions are correct, then  the ‘late C rom erian’ beds can be no younger than stage 
13 and  no o lder than  stage 17. C onsequently  a shallow -m arine equivalent of at least stage 9 
and 11 is missing in NW  E urope.

A lternative ly , if the H olsteinian (sensu stricto) is stage 9, the  W acken/D öm nitzian may be 
correlative with stage 7 and the ‘late C rom erian ’ could be stage 15, 17, or 19. In this case, 
shallow -m arine equivalents of at least isotope stages 7, 11 and 13 are missing (assum ing 
F josangerian  is not stage 7).

T he D /L  ratios can be used sim ilarly to  support strongly a last-interglacial age for the 
E em ian . If the E em ian is o lder than  stage 5e (e.g . stage 7), then  the minimum age for the 
H olstein ian  is stage 11 and the ‘late C rom erian ’ would have to  be considerably older than 
700 ka, again in contradiction to  the established paleom agnetic stratigraphy.

Several recent cam paigns have been directed at providing independent dates on 
te rrestria l intergiacial sequences across NW  E urope. A  num ber of U -series dates have been 
rep o rted  recently  (e.g . H ennig, 1983; B runnacker et al., 1983) prim arily on travertines and 
speleo them s. T he ages of these deposits show a strong grouping th a t correlates with isotope 
stage 5. In addition , a num ber of p re-E em ian  sites yield dates th a t cluster betw een 300 and
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350 ka. H ow ever, correlation  of the localities dated  with the classical intergiacial sequence 
is p roblem atic due to  the scarcity of pollen in the carbonate  deposits. W e conclude that 
these correlations cannot yet be securely established independently  of such dates.

T here  have also been a ttem pts to date molluscs directly in well studied intergiacial sites in 
the region. Strem m e (1983) reports  U -series dates on shell from  the H erzeele Form ation 
(H olsteinian) in northern  F rance tha t cluster around 330 ka. M ore recently Linke et al. 
(1985) report 17 E SR  dates on m arine molluscs from  the sam e H olsteinian sites in NW  
G erm any that were included in ou r am ino acid survey. The E S R  dates average 220 ±  20 ka, 
supporting our in terp re ta tion  that the H olsteinian correlates with isotope stage 7.

CONCLUSIONS

W e have identified a suite of several pelecypod genera from  intergiacial sites in NW  
E urope in which the isoleucine epim erization reaction proceeds at a sim ilar, m oderate ra te . 
D /L  ratios can be used m ore or less interchangeably betw een these taxa in developing a 
chronostratigraphy for the  region. It is necessary to  use several taxa in such a regional 
survey because no single taxon is p resen t at all sites due to  strong differences in local 
environm ents of deposition . In  addition to the m oderate-rate  group that forms the basis of 
the in terp reta tions, supplem ental inform ation has been ob tained  through a few additional 
taxa tha t produce reliable resu lts, but have different epim erization rates. The relationship 
betw een the D /L  ratios o b ta ined  from  these taxa to those from  the m oderate-rate  group is 
not constant over tim e, com plicating conversion of all m easurem ents to  a single num ber of 
universal applicability.

B ased on our analysis o f m ore than  1,000 individual shells for this project we offer the 
following guidelines for fu tu re  studies of this nature: (1) reliable am ino acid data require 
the analysis of at least th ree , and preferably  five individuals o f an established taxon at each 
site; (2) im proved confidence can be obtained by similarly analysing additional prim ary 
species; (3) sites for which the m ean D /L  ratio differs from  an established intergiacial group 
m ean by m ore than one standard  deviation require supplem ental analyses of e ither the 
same species or ano ther well constrained taxon before recom m ending that a ‘new ’ 
intergiacial be in troduced; (4) occasionally aberran t individuals and possibly even sites may 
occur.

The following conclusions can be draw n from the in terp re ta tion  of the m easured D /L 
ratios:

(1) A  first o rder verification of the validity of the D /L  data  is the correct ordering of shells 
from  m odern , Lateglacial, M iddle W eichselian and intergiacial sites as shown for D enm ark  
and w estern Norway (Figs 8 and 9).

(2) T he am ino acid survey essentially verifies that sites in NW  E urope previously labelled 
‘E em ian’ are all of a single age and that they correlate with the intergiacial beds in the 
A m ersfoort boring in the  N etherlands. W e argue that the type locality for the E em ian 
Intergiacial, the A m ersfoort boring, is dem onstrably the last intergiacial in NW  E urope and 
can be correlated  w ith the m arine beds of the Tychnowy Sea that underlies the type 
W eichselian till in Poland.
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(3) All sites analysed that contain the typical E em ian pollen stratig raphy  (A m ersfoort. 
C astricum , B ergen. Z u nderdoorp , R ödem is, Schnittlohe, R istinge K lint) have yielded 
secure E em ian ratios. Sites that contain the classical E em ian index molluscs Bittium  
reticulatum  and /o r Venerupis senescens also produced E em ian ratios (with the possible 
exception of F jpsanger, N orway).

(4) M arine beds in the vicinity of E sb jerg  and R ögle, D enm ark , tha t have been 
correlated  previously with the H olstein ian  of NW  G erm any, yielded D /L  ratios in molluscs 
that are consistently higher than ratios in the sam e taxa from  secure H olstein ian  deposits. 
The am ino acid data  suggest a co rrela tion  with a p re-E lsterian  intergiacial in the 
N etherlands. This correlation  implies that the till below the E sbjerg  m arine beds is of pre- 
E lsterian  (sensu stricto) age; the first rep o rted  w idespread occurrence of such a till in NW  
E urope.

(5) W e accept the previous correlations of the Eem ian to  isotope substage 5e and an age 
of 120 ka. U sing this as a contro l, the am ino acid data imply tha t the H olste in ian  probably 
correlates with isotope stage 7, less probably  with stage 9 but cannot be as old as stage 11. If 
the H olstein ian  (sensu lato) does correlate  with isotope stage 7 then  the H olstein ian  (sensu 
stricto) m ust rep resen t substage 7c and the W acken and o th e r in tra-Saalian warm  periods 
represen t la ter peaks of stage 7.

(6) D /L  ratios in shells from  som e localities on the Belgian coastal plain are  significantly 
lower than  values pred icted  for an E em ian  age, suggesting the possibility of a post-Eem ian 
(E arly  W eichselian) high sea-level event. A  sim ilar age high sea-level even t has been 
identified in an am ino acid survey of M editerranean  shoreline deposits (H earty  et al., in 
press).

(7) O ne of the few rem aining controversies is the am ino acid co rrelation  of intergiacial 
sites in w estern  Norw ay. T he am ino acid data rem ain open  to  in te rp re ta tion  w hether 
F jpsanger is the sam e age o r is o lder than  the intergiacial a t B ö, and  by inference, the 
E em ian of NW  E urope.

(8) Intergiacial sites in the U .S .S .R ., Svalbard and G reen land  cannot be securely 
co rrela ted  w ith the E em ian sites in NW  E urope  by D /L  ratios alone because of tem perature  
differences. B ut by assum ing that the postu lated  correlations are correct this provides a 
fram ew ork for evaluating the tem perature-sensitiv ity  of the isoleucine epim erization 
reaction. Last intergiacial localities that have been sam pled span a tem p era tu re  range of 
m ore than 20°C ( - 1 2  to +10°C ). The D /L  ratios m easured in shells from  these sites 
dem onstrate  an exponential increase in reaction  rate  with increasing tem pera tu re .
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Part 2 —  Description of the Sites and Measured D/L Ratios

Sites from  which m olluscan samples were ob tained  are  briefly described and the D /L  
ratios ob tained  for all species analysed at each site are presen ted . References for detailed  
site descriptions are given, as are the bases for previous age ascription. The sites, described 
in o rder from north  to  sou th , are shown in Figs 3 and 4.

The tables follow a standard  form at, in which results are p resen ted  alphabetically for 
each relative age group from  each country. The analyses are listed by their labo ra to ry  
identification num ber and species; the D /L  ratio  is given as the arithm etic m ean of all 
analyses for a given L ab  ID  (M ean), the standard  deviation of the m easurem ents (a )  and 
the num ber of specific p repara tions on which the m ean was based (n). Some collections 
were lim ited in size and ou r results include m ultiple analyses of individual shells. Such 
collections are designated  by a num ber in paren theses following the num ber of analyses (n) 
that designates the num ber of different individuals utilized. M ultiple laboratory  iden tifi­
cation num bers for the  sam e collections are indicated as footnotes where appropria te .

SOVIET UNION

We have concen tra ted  our analyses of intergiacial m olluscs from the U .S .S .R . on several 
regions tha t rep resen t a large range in current therm al regim e. M ost analyses w ere on 
Arctica islandica and M ya truncata. Arctica  is p resently  lim ited to areas influenced by w ater 
of the N orth  A tlantic  D rift (the presen t northeastern  limit lies in the W hite Sea) and its 
presence in P leistocene deposits along the A rctic coast of the Soviet U nion is an indication 
of intergiacial conditions. T he localities (Fig. 3) are discussed from  west to east; m easured  
D /L ratios are given in T able 9.

Kola Peninsula

Yevzerov and K oschechkin (1977, 1981) describe tw o series of sub-till m arine sedim ents 
that occur in the low er courses of river valleys on eastern  Kola Peninsula. The age o f these 
deposits has been long debated , but it now seem s to  be agreed (Faustova, 1984) tha t the 
lower of these, the Ponoy beds, w ere deposited during the M ikulino Intergiacial, assum ed 
to  be correlative w ith the E em ian. The Ponoy beds contain a boreal m ollusc fauna 
suggesting m arine tem p era tu res  as high as today. Several finite radiocarbon dates betw een 
34 and 47 ka w ere o b ta ined  from  shells in the Ponoy beds, w hereas U/Th dates on molluscs 
from  the sam e beds range betw een 86 and 114 ka (Y evzerov and K oschechkin, 1977; 
A rslanov et al., 1981). T he upper m arine S trel’ninskiye beds are separated  from  the Ponoy 
beds by erosional surfaces, and in one case, a till (Y evzerov and K oschechkin, 1977). The 
fauna in the S trel’ninskiye beds suggest colder m arine conditions than in the Ponoy beds. 
T hrough pollen stra tig raphy  the Strel'niskiye beds are correlated  with the Peräpoh jo la  
in terstadial of F inland (e.g . H irvas et al., 1981). All of the sam ples we have analyzed from  
Kola Peninsula cam e from  the Ponoy beds.

The Ponoy type locality, situated  on the SE coast of Kola Peninsula, contains intergiacial 
m arine sedim ents th a t are  currently  20 to 25 m above the sea. Sam ples of Arctica islandica 
were subm itted  by V. Y evzerov in 1980 and 1983 from  the Ponoy beds exposed in sections
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T A B L E  9. D /L  ratios in m olluscs from  sites in th e S o v ie t U n io n . A n  ex p la n a tio n  o f  the form at for T ab les 9 
through 19 is g iven  in th e  in trod u ction  to Part 2 o f  th e text

Lab ID S p ecies M ean a n L ocality /sam p le  num ber

K ola  P eninsu la
A A L -2 5 9 6 A rc tic a  is lan dica 0 .035 0 .002 3 P on oy  R iver, S o f  V illage*
A A L -2 7 8 6 A rc tic a  is lan dica 0 .034 0 .004 6(3 ) M alaya K achkovk a  5 .8  m*
A A L -2 7 8 5 A rc tic a  is lan dica 0 .037 0.001 3 M alaya K achkovk a 4 .2  m ’
A A L -3 7 5 3 A rc tic a  is lan dica 0 .040 0 .000 2 (1 ) M alaya K achkovk a  4 .2  m
A A L -3 7 5 2 A rc tica  is lan dica 0 .042 0 .0 0 4 2 M alaya K ach k ovk a  4 .2  m
A A L -2 7 8 7 A rc tica  islandica 0 .042 0 .004 3 R . C hapom a*
A A L -3 7 5 4 A rc tic a  islandica 0 .0 5 0 0 .006 2(1 ) R . C hapom a

* S u b m itted by Y e v ze r o v , o th ers su b m itted  by P u nnin g

Z aton , A rch an geslk  D istrict
A A L -3 9 1 7 A rc tic a  is lan dica 0 .046 0.005 3(1) R . M ezen
A A L -3 7 5 1 A rc tica  islan d ica 0.053 0 .008 2(1 ) R . M ezen
A A L -3 9 2 1 H ia te lla  arctica 0 .054 0 .006 2 (1 ) R . M ezen
A A L -3 7 5 0 M ya  trunca ta 0 .044 0 .0 0 0 2 (1 ) R . M ezen
A A L -3 9 2 0 M ya  truncata 0 .0 8 9 0 .0 0 6 2 R. M ezen
A A L -3 1 9 2 A rc tica  islandica 0 .094 0 .005 2 (1 ) R . D ivina*
A A L -3 1 9 2 M ya  truncata 0 .082 0 .005 2 (1 ) R . D iv in a*

‘ S u b m itted by G u d in a , o th ers su b m itted  by P u nnin g

K anin  P eninsu la
A A L -3 1 9 0 A rc tic a  is lan d ica 0 .036 1 3018-3

Y en isey  B ay
A A L -2 5 8 6 A rc tic a  is lan d ica 0 .022 0 .0 0 0 2 (1 ) A -262
A A L -2 5 8 4 A rc tic a  islandica 0 .025 0 .0 0 0 2 (1 ) B -192-4
A A L -2 5 8 7 A rc tic a  islandica 0 .026 1 B-271
A A L -2 5 8 5 A rc tica  islandica 0 .027 0.001 2 (1 ) A -252/1
A A L -2 5 9 0 A rc tica  islandica 0.027 0 .000 2(1 ) T -989
A A L -2 5 8 9 A rc tic a  islandica 0.035 0 .004 2(1 ) A -323
A A L -2 5 9 5 M ya  truncata 0.015 1 G -260
A A L -2 5 8 8 M ya  trunca la 0 .019 0 .000 2(1 ) G -27011
A A L -2591 M ya  truncata 0 .020 0.003 3(1 ) G -122
A A L -2 5 9 3 M ya truncata 0.031 0.001 2 (1 ) D -21
A A L -2 5 9 2 M y a  truncata 0.035 0.001 2 (1 ) G -203/1
A A L -2 5 9 4 C a rd iu m  edu le 0 .027 0 .0 0 4 6(1 ) 121/5

A rctic  Islands
A A L -3191 M ya truncala 0.021 1 N ovaya  Z em laya: 482-3
A A L -3 1 8 9 M ya  truncata 0.022 0 .000 2(1 ) N ovaya  Z em laya: K-3
A A L -3 1 8 7 M ya  truncata 0.028 1 N ew  Siberian  Islands: 1083

along the Ponoy R iver, from  correlative beds on the C hapom a R iver 150 km to the SW , and 
from  the M alaya K atchkovka R iver, 50 km to the north. A t the M K atchkovka site, 7.8 m 
thick m arine beds occur below till at ca. 140 m asi. In 1983 Punning subm itted  additional 
Arctica islandica  from  the sections on the M alaya K atchkova R iver and C hapom a River.

T he m ean D /L  ratio  in 21 shells o f Arctica islandica in 7 collections from Kola Peninsula is 
0.039 ±  0.005 (T able 9), suggesting the localities represen t a single intergiacial event. We 
assum e th a t this intergiacial is correlative w ith the Eem ian/M ikulino intergiacial, and that
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the high elevation of som e of the deposits is a result of uplift (Y evzerov, written com m . 
1985).

Zaton, A rchangelsk D istrict

In 1983, Punning sent well p reserved valves of M ya, Hiatella and Arctica  from  intergiacial 
m arine beds exposed along the R iver M ezen, near V. Z a ton  close to  the W hite Sea coast. 
The shells w ere excavated from  m arine sands 4.4 to  6.0 m below the ground surface and 
were overlain by additional sandy beds. The fauna suggests conditions as warm  as p resen t 
and the deposit is considered to  be E em ian by Punning (written c o m m ., 1983). R ecent TL 
dating of sands beneath  the  early  W eichselian (V aldai) till in the A rchangelsk district gave 
an age of 93 ka (H iitt et a l., 1985). Arctica  and M ya  from  an intergiacial site on the R iver 
D ivina w ere supplied by G udina in 1980.

All but one of the  valves subm itted by Punning yielded sim ilar D /L ratios. The 
anom alous valve (A A L-3920; M. truncata) gave a ratio  twice as high as the o ther sam ples, 
but sim ilar to  the ratios in bo th  sam ples from  the R iver D ivina. T hese results suggest that 
beds from  two discrete interglacials occur in the A rchangelsk district. The m ean D /L  ratio  
of the o ther four sam ples is 0.051 ±  0.006 (Table 9), slightly higher than  on Kola Peninsula. 
The curren t M A T  is abou t the  sam e as on Kola Peninsula (0 to  -  1°C). The Z aton  ratios are 
slightly higher than expected , but we suggest the shells are probably  Eem ian.

Kanin Peninsula

We have analyzed a single valve of Arctica islandica from  K anin Peninsula, at the 
juncture  of the B aren ts and W hite seas. The shell was supplied by V. G udina, Novosibirsk. 
The D /L  ratio  is 0.036 (Table 9), com patible with the correlation  to the Kola and 
A rchangelsk sam ples.

Yenisey Bay

In 1980, G udina subm itted  a suite of samples from  deposits around the m outh of the 
Yenisey R iver (M A T  — 10°C). M ost of the samples were collected within a 100 km N -S  
strip in the  inner reaches o f Y enisey Bay, betw een G olchikka and Ladygrig Y ar, except 
sam ple B-192, which was collected 150 km west of the river m outh , sam ple G-122 collected 
midway betw een B-192 and the river m outh and sam ple A-323 from  the vicinity of lake Oz 
K haseynto, 60 to 70 km  w est o f the inner part of the bay. It is our understanding that all of 
the sam ples are considered to  be of last (K azantsevo) intergiacial age. C ertainly the 
occurrence of Arctica islandica  in this a rea  suggests much w arm er inshore m arine conditions 
than exist today. The intergiacial beds are locally overlain by till of an Early W eichselian 
glaciation and Late W eichselian glacial-lacustrine sedim ent, separa ted  by M iddle W eich­
selian non-glacial deposits (Isayeva, 1984).

The D /L  ratios in Arctica  (Table 9) clearly indicate that all collections are of a sim ilar age. 
The spread in ratios is g rea te r for M ya, possibly suggesting some age differences. H ow ever, 
all sam ples consist of a single shell from  which one to three p repara tions were m ade for 
analysis. A t p resen t we assum e all sam ples are of approxim ately the sam e age. The m ean 
D /L ratio  from  eleven p repara tions of A . islandica is 0.027 ±  0.004 and in ten preparations 
M. truncata is 0.024 ±  0.008.



250 G ifford  H . M iller and Jan M angerud

Taim yr Peninsula

In 1979 D .M . H opkins ob tained  molluscs from deposits on the Taim yr Peninsula (M A T 
-1 5 °C ). These sam ples were processed by J. B righam -G rette  and are included here for 
com parison with the sam ples from  the m ore w estern localities along the A rctic coast of the 
Soviet U nion. The m ean D /L  ratio  in 8 shells of M . truncata and 11 shells of H. arctica that 
we believe are last intergiacial in age is 0.023 ±  0.008.

A rctic Islands

W e have processed a few shells from  Novaya Zem laya and the New Siberian Islands 
supplied in 1980 by G udina. B oth  areas are high arctic sites with M A Ts averaging about 
— 12°C. Only M. truncata has been analyzed, but these are from  sites w here the m icrofauna 
indicates an intergiacial age (G udina , written com m . 1980). The m ean D /L  ratio in 4 
prepara tions is 0.023 ±  0.004 (Table 9).

GREENLAND

An in situ  m arine unit a few m eters above sea-level on the w est coast of Jam eson Land, 
E ast G reen land  contains a therm ophilous fauna sim ilar to  tha t of the m id-H olocene m arine 
optim um  but includes taxa tha t did not live in the area during the H olocene as well as some 
that have since m igrated  out of the  region (P etersen , 1982; F under, 1984). The sandy shell- 
bearing beds lie on sedim ent o f glacial origin. Based on the faunal com position, infinite 
rad iocarbon  dates and relatively low am ino acid ratios, the beds, which define the 
Langelandselv Intergiacial, are co rrela ted  with the E em ian intergiacial and isotope 
substage 5e (e.g. F under, 1984).

D /L  ratios have been  m easured  in M ya truncata from  th ree levels in the intergiacial beds. 
The m ean ratios for each level are 0.047, 0.049 and 0.045. The m ean D /L  ratio  for the 
sequence is 0.047 ±  0.02 (5).

SVALBARD

The Svalbard archipelago preserves a large variety of raised m arine deposits, many of 
which contain a rich and diverse fauna. M any of the deposits found along the north and 
west coasts of Spitsbergen are beyond the range of rad iocarbon and may be of last 
intergiacial age or o lder. Lacking a diagnostic pollen stratigraphy tha t can be used as a basis 
for correlating with the standard  E uropean  sequence, m ost w orkers have relied on ‘extra- 
lim ital’ mollusc o r foram inifers to  differentiate the last intergiacial from  interstadial events. 
A m ino acid ratios supplem ent the b iostratigraphy.

M iller (1982) identified two m arine depositional episodes tha t m ight be correla ted  with 
the E em ian; episode B or C. R ecent m icropaleontological analysis of these sites has 
dem onstra ted  that although both  units are indicative of relatively warm nearshore m arine
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w aters, only the o lder (episode C) contains faunal elem ents suggestive of tem pera tu res 
w arm er than  present (H .P . Sejrup and S.J. L ehm an, unpublished data). C onsequently , we 
argue th a t episode C is the  m ost reasonab le  correlative of the E em ian deposits of E u rope. 
The m ean D /L  ratio  in M ya truncata and Hiatella arctica is 0.044 ±  0.005.

N O R W A Y

Fjbsanger

A com plete g lac ia l-in terg lacial-g lacial m arine sequence was uncovered in excavations at 
F jbsanger near B ergen (M angerud et a l.. 1979, 1981a). A t the base of the section is a till, 
overlain by silt with a cold-w ater m ollusc and foram inifera fauna. In the overlying sands and 
gravels the fauna grades in to  an assem blage requiring sea-surface tem pera tu res higher than 
at p resen t. A t the top  of the intergiacial beds the fauna changes back to a high arctic 
assem blage enclosed in glacial-m arine sedim ent. The intergiacial (the F jbsangerian) has 
been corre la ted  with the E em ian  because of the strong sim ilarity in the pollen 
stratigraphies. A n E em ian age is supported  by the occurrence of the index gastropod 
Bittium  reticulatum  and a series of therm olum inescence dates (H iitt et al., 1983).

F jbsanger was the first E u ropean  m ainland intergiacial site to be studied by the am ino 
acid m ethod  and a large num ber of analyses have already been published (M angerud et al., 
1981a; M iller et al., 1983). The assum ption that the F jbsangerian  is the last (E em ian) 
intergiacial has been the basis for estim ating the ages of younger depositional events from  
their D /L  ratios (M angerud et a l., 1981b; M iller et al., 1983). The average D /L  ratios in 
F jbsangerian  taxa are given in T able 10.

B0

A n excavation at Bb on the island of K arm öy, revealed intergiacial nearshore m arine 
sedim ents in the lower 3 m of the 21 m section. The intergiacial beds (A valdsnes 
Intergiacial: A ndersen  et al., 1981, 1983) are overlain by two m arine interstadial deposits 
separa ted  by a till, and the section is capped  by a Late W eichselian till. The intergiacial beds 
have been correlated  with the F jbsangerian  (see above) and the Eem ian of NW  E urope 
based on the intergiacial character of the floral and faunal elem ents and am ino acid ratios in 
foram inifera (A ndersen  et al., 1983; M iller et al., 1983). The m arine gastropod Bittium  
reticulatum, com m on in the intergiacial beds at Bb, is generally regarded as an index taxon 
for the E em ian . The upper in terstad ial m arine unit, the Bb m arine sands, is of M iddle 
W eichselian age.

The intergiacial beds are overlain by Early W eichselian m arine sands, although the 
contact, which is e ither erosional or rep resen ts a prolonged period of slow sed im entation , 
was not obvious in the field, and molluscs are not available from this bed. A new excavation 
at the site has revealed a m ore com plete stratigraphy of the intergiacial beds (B .G . 
A ndersen , oral co m m ., June 1985) and additional analyses are underw ay at our 
laboratories.
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T A B L E  10. D /L  ratios in sh e lls  from  m arine sites in W estern  N orw ay

Lab ID Species M ean  D /L a n B ed Sam ple no.

A A L -2 1 8 1 M ya truncata
Fjnsanger Site

0 .1 8 0 0.000 2 F 235
A A L -2 8 6 4 M ya  truncata 0 .193 0.021 2(1 ) G l 1150
A A L -3 6 8 4 H iatella  arctica 0 .222 0.008 4(2 ) G 2 847
A A L -4 5 6 4 * H iatella  arctica 0 .238 0.008 3(2 ) G2 847
A A L -2 8 6 5 M ya  truncata 0 .219 0.002 2 G 2 1411
A A L -3 6 7 8 L itto rin a  littorea 0 .1 0 8 1 H 1352
A A L -3 6 8 0 Turritella  com m u n is 0.295 0.025 4 (1 ) H 1148
B A L -1 8 1 A rc tica  islandica 0 .213 0.006 2 I 366i
A A L -3 4 0 0 B ittiu m  reticu latum 0.063 0.035 4 I 295
A A L -3 3 9 8 B ittiu m  reticu latum 0 .1 3 0 0.059 4 I 333 GJ
A A L -3 6 8 3 L itto rin a  littorea 0 .1 3 8 0.006 3(1 ) I 372
A A L -3 8 4 6 L u cin o m a  borea lis 0.261 0.025 3(2 ) I 357
A A L -3 8 4 7 L u cin o m a  borealis 0.311 1 I 328
A A L -2 8 6 6 M ya  truncala 0 .222 0.008 2(1 ) I 381
A A L -2 8 6 7 M ya  truncata 0.223 0.005 2(1 ) I 1293
A A L -3 6 8 2 Turritella  com m u n is 0 .1 4 0 0.004 3(1 ) I 1189
A A L -3 3 9 9 Turritella  com m u n is 0 .157 0.004 3(1 ) I 1 199i
A A L -3 4 0 1 Tu rrite lla  com m u n is 0.211 0.013 2 I 1462Í
A A L -2 8 2 9 Turritella  com m u n is 0 .219 1 I 1271
A A L -2 8 2 8 A rc tica  islandica 0 .1 7 7 1 J 1240
A A L -3 6 3 1  + A rc tica  islandica 0 .197 0.018 2 (1 ) J 1240
A A L -4 5 6 3 4 A rc tica  islandica 0.191 0.003 4 (1 ) J 1240
B A L -1 8 2 A rc tic a  islandica 0 .208 0.002 2 J 1341
A A L -3 6 7 5 B ittiu m  reticu latum 0 .1 5 4 1 J 1299
A A L -3 6 7 9 L itto rin a  littorea 0.123 0.007 4 (1 ) J 1208
A A L -3 8 4 8 L u cin o m a  borea lis 0.231 0.024 2(1 ) J 663
A A L -3 6 7 6 T u rrite lla  com m u n is 0.285 0.026 4 (1 ) J 665
A A L -3 2 2 8 V en eru pis  rh o m b o id es 0 .135 0.007 2 J 1350i
A A L -4 5 6 2 * V en eru pis  rh o m b o id es 0 .1 6 2 0.027 5(2 ) J 1350i
A A L -3 2 2 7 V en eru pis  rh o m b o id es 0 .1 5 4 0.007 3(1 ) J 1222i
A A L -4 5 6 1  ’ V en erupis rh o m b o id es 0 .194 0.002 2(1 ) J 1222i
A A L -3 4 0 2 L itto rin a  littorea 0 .1 3 0 0.006 3 K 1465
A A L -3 8 4 4 L itto rin a  littorea 0 .144 0.014 3 K 1290
A A L -3 8 4 5 L itto rin a  littorea 0 .150 0.007 3 K 1237
A A L -3 8 4 9 L u cin o m a  borealis 0 .265 0.009 3(1 ) K 1351
A A L -3 8 5 0 L u cin o m a  borealis 0 .255 1 K 849
A A L -3 6 8 1 L itto rin a  littorea 0 .125 0.007 3(1 ) K/L 1371 i
A A L -3 3 9 7 L itto rin a  littorea 0.135 0.017 4 (2 ) K/L 1473
A A L -3 6 7 7 L itto rin a  littorea 0 .153 0.008 5(2 ) L 1461
A A L -3 8 5 1 L u cin o m a  borea lis 0 .2 0 7 1 L 659
A A L -3 6 8 5 H iatella  arctica 0 .212 0.024 2(1 ) M 848
A A L -4 5 6 5 * H iatella  arctica 0 .2 2 6 0.004 2(1 ) M 848
A A L -2 8 6 8 M ya truncata 0 .2 6 4 1 M 1415
A A L -2 8 6 9 M ya  truncata 0 .2 8 6 1 M 606
A A L -2 8 7 0 M ya  truncala 0 .274 1 M 1302
A A L -3 6 8 5 M ya truncata 0 .282 1 M 848
A A L -4 5 6 5  * M ya truncata 0 .283 0.010 3(1 ) M 848
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T A B L E  10 (con tin u ed )

Lab ID S p ec ies M ean D /L tj n B ed  Sam ple no.

A A L -2 8 2 5 A rc tica  islan d ica
B e Site

0 .156 0.009 3 D
A A L -3 4 0 3 A rc tica  islan d ica 0.140 0 .010 4 D
A A L -3 4 0 4 A rc tica  islan d ica 0.144 0.027 3 D
B A L -1 8 3 A rc tica  is lan d ica 0.130 0 .026 2 D
A A L -3 2 7 8 B ittium  reticu la tu m 0.064 0.022 4 D
A A L -3 2 7 7 C orbu la  g ib b a 0.139 0.023 4 D
B A L -291 L itto rin a  litto rea 0.097 0.017 3 D
A A L -3 8 5 3 L u cin o m a  b o rea lis 0.232 0 .022 3 D
A A L -2 8 2 4 Turritella  c o m m u n is 0.150 1 D
A A L -3 2 7 6 Turritella  co m m u n is 0.193 0 .0 5 7 3 D

A A L -3 6 3 0 A rc tica  is lan d ica
M iddle W eichselian

0.083
Sites
0.005 3 R o g n e . Â lesu n d  1 9 7 7 -1 6

A A L -3 6 4 1 M ya  truncata 0.090 0.007 3 R o g n e , Â lesu n d  1 9 7 7 -1 2 2
A A L -3 0 0 1 M y a  tru n ca ta 0.090 0.006 4 B p . unit B
A A L -4 5 2 8 M ya  truncata 0.112 0.011 3 V igra. Â lesu nd
A A L -4 5 2 8 H iatella  arctica 0.126 1 V igra, Â lesu n d
A A L -3 7 5 5 M ya truncata 0.171 0.021 3 E idsvik  1 9 7 8 -5 2

‘ R ep rep aration  o f  sam e sh e ll(s )  as in p reced in g  sam ple, 
tR e p r e p a r a tio n s  o f sam e sh ell as A A L -2 8 2 8 .

M iddle Weichselian Sites

Shelly tills com m only occur in the  Â lesund area of w estern N orw ay (Fig. 3). The shells 
a re  assum ed to  have lived during the M iddle W eichselian Â lesund Interstadial (M angerud 
et al., 1981b). For com parison , Arctica islandica and M ya truncata  w ere re-prepared  from  
the R ogne site, as w ere M ya  from  Eidsvik, a site that had previously yielded higher ratios 
than  o th e r sites in the Â lesund  a rea , and new sets of M ya  and Hiatella  were analyzed from  
Vigra (Table 10). The new analyses from  Rogne and Eidsvik are ca. 70% of the values 
repo rted  previously (see earlie r discussion). M ya  and Hiatella from  Vigra are slightly higher 
than  at R ogne. The E idsvik results suggest that some of the  sites in the Â lesund area  may 
date from  Eem ian or E arly  W eichselian tim e ra ther than from  the M iddle W eichselian.

SWEDEN

M arine intergiacial deposits w ere recently discovered near M argareteberg  along the west 
coast of south Sweden (Passe et al., 1984). Floral and faunal studies on this deposit are still 
in progress, but Pässe (pers. co m m u n ., 1985) argues that the pollen stratigraphy suggests 
the site is probably E em ian . The palynology, how ever, has similarities with the 
F jpsangerian , the age o f which rem ains unresolved. Pässe supplied us with several valves of 
Hiatella arctica from the M argare teberg  beds in 1984 and M acom a balthica in 1985. Ten 
individuals of Hiatella y ielded a m ean D /L  ratio  of 0.25 ±  0.01 and six M acoma  gave a m ean 
ratio  of 0.26 ±  0.02 (T able 11). T he ratios in both species are well above their coun terparts 
at E em ian sites in D en m ark , although only slightly higher than extrem e ratios in o ther 
epim erizing Eem ian m o d era te -ra te  taxa.
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T A B L E  11. D /L  ratios in m arine m ollu scs from  the M argareteberg  s ite , SW
Sw ed en

Lab ID S p ecies M ean (X n

A A L -4 2 6 4 H iatella  arctica 0 .254 0.012 5
A A L -3 9 1 4 H iatella  arctica 0 .252 0 .015 5
A A L -4 5 5 2 M a co m a  ba lth ica 0 .263 0.022 6

A nalytically, it is certain  that the ratios in M argareteberg  are higher than  in D anish 
Eem ian sites. W hether this shows the site to  be p re-E em ian  is unresolved, particularly  with 
the lack of reso lu tion  on the age of the F jpsangerian  beds in w estern Norw ay. A lthough we 
have suggested th a t an occasional ‘ab e rran t’ shell tha t yields anom alously high o r low ratios 
can be en co u n tered  it is not yet know n if an en tire  site can yield ‘ab e rran t’ ratios. If the 
F josangerian  is E em ian , then  so m ight be M argareteberg , and any additional factors 
besides tim e and  tem p era tu re  which m ight be influencing the m easured  D /L  ratio would 
require evaluation .

PRE-EEMIAN SITES IN DENMARK

Esbjerg

N ear the city o f E sb jerg  in SW D enm ark , shell-bearing m arine sedim ents have been 
frequently observed  in claypits (H ansen , 1965). T he typical succession is till a t the base, 
generally assum ed to  be of E lsterian  age (S jorring, 1983), overlain by glacial-fluvial sand 
and glacial-m arine silt w ith a cold-w ater fauna (e.g . Portlandia arctica). H igher up in the 
silt/clay beds is a m ore boreal fauna, but w arm -w ater species are absent, presum ably 
because relative sea-level fell before the intergiacial climatic optim um . The sequences are 
capped by a till o r o th e r glacial sedim ents, show ing that the m arine beds are o lder than the 
Eem ian because this area lies outside the W eichselian ice limit. The m arine sedim ents have 
been assum ed to  be of H olsteinian age (e.g . H ansen , 1965; Feyling-H anssen and K nudsen, 
1980; S jorring , 1983).

M ya truncata  fragm ents from  the Tellina (M acom a ) sands and Hiatella arctica from  
M aade clay p it. both  at E sbjerg  were subm itted  by K.S. Petersen  in 1983; additional 
m aterial from  the E sb jerg  area was supplied in 1984; all shells are from  collections of the 
G eological Survey of D enm ark , m any from  collections obtained late in the last century. All 
shells yielded D /L  ratios indicating an age m uch older than H olsteinian. They are correlated  
with the ‘late C ro m erian ’ of the N etherlands.

Vognsb0l

The V ognsbpl boring , 2 km  north  of the  tow n o f Esbjerg , contains a Q uaternary  record 
similar to  th a t at the  E sbjerg  localities. T he shells com e from  the V ognsbel Sand, a 
fossiliferous m arine unit containing a fauna tha t grades from  b o rea l-a rc tic  to  boreal in 
character. T he m arine beds in the Vognsbpl boring, which are overlain by 19 m of glacial- 
fluvial sed im ents and  at least 22 m of till, are considered to  be a d ifferent and la te r facies to 
the m arine units at E sb jerg  and Rögle (N ordm ann , 1913, 1922).
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The D/L ratios in 5 valves of M ya truncata from  Vognsbol are indistinguishable from 
ratios in the same species from  the Yoldia  clay at the E sbjerg localities, confirm ing 
N o rd m a n n i local corre la tion . Arctica  ratios from  V ognsbpl give lower m ean values than 
M ya , but are in statistically indistinguishable (Table 12), w hereas six valves of Littorina  are 
not unexpectedly substantially  lower. The ratios in b o th  M ya  and Arctica  are well above the 
ratios in the sam e taxa from  H olsteinian deposits in the Schleswig-Holstein area of NW  
G erm any, with which they had  been previously co rre la ted  (e.g. N ordm ann, 1913).

Rpgle Klint

A t the base of the Q u ate rn ary  section at Rpgle (S jorring, 1983) on the w estern tip of Fyn, 
is a till and associated glacial-fluvial sedim ent, overlain by m arine clay of supposed late 
E lsterian age (Feyling-H anssen and K nudsen, 1980). Two till units overly the m arine 
sedim ent: the first, a thick sequence of glacial-fluvial sedim ent and till is generally 
considered to  be of Saalian age, although a W eichselian age has also been proposed ; a 
younger overlying till is o f W eichselian age. Hiatella arctica from  the m arine clay gave D /L  
ratios of 0.54 ±  0.08 (3), considerably above the expected H olsteinian ratios for this taxon. 
A lthough higher than  the  ratios in Hiatella and o ther m odera te-rate  taxa from  the E sb jerg  
area, the ra ther large stan d ard  deviations overlap and  the ratios from  the two regions are 
not statistically different. W e argue that the  beds at E sb jerg , Vognsbpl and Rogle p redate  
the H olsteinian intergiacial by a considerable tim e in terval based on the large differences 
betw een D /L  ratios m easu red  in these shells and those in the same taxa from the classical 
H olsteinian sites in N W  G erm any. T heir correlation  with the ‘C rom erian’ of the 
N etherlands is discussed in P art 1.

Slettenshage

Petersen (1973) described  a unit of m arine clay w ithin the  next-to-youngest till (till A ) in 
a clay pit at S lettenshage on the southern  side of the R psnaes Peninsula, S jaelland. Tw enty

T A B L E  12. D /L  ratios in sh ells  from  p re-E em ia n  d ep osits  in D enm ark

Lab ID S p ec ies M ean a n L ocality

A A L -3 5 0 7 H ia te lla  arctica 0 .438 0.025 4(2) E sb jerg . M aade C laypit
A A L -4003 H ia te lla  arctica 0 .502 0 .0 5 4 4(2 ) E sb jerg , Y o ld ia  C lay
A A L -4 0 2 6 M a co m a  ca lcarea 0.415 0 .0 6 4 2 E sb jerg , Y o ld ia  C lay
A A L -4 0 2 3 M a co m a  ca lcarea 0 .497 0.025 3 E sb jerg , Y o ld ia  clay
A A L -4 0 0 2 M ya  tru n ca ta 0 .504 0 .007 5 E sb jerg , Y o ld ia  C lay
A A L -4 0 0 6 M y a  tru n ca ta 0.412 0 .044 5 E sb jerg , M aade C laypit
A A L -3 5 0 6 M ya  tru n ca ta 0 .433 0 .0 3 6 4 E sb jerg , T ellin a  Sand
A A L -4 0 0 9 A rc tic a  is la n d ica 0 .367 0 .002 3(1) K aas H oved
A A L -4 0 1 0 M ya  tru n ca ta 0 .308 0 .052 3 K aas H oved
A A L -4 0 0 4 H ia te lla  arctica 0.535 0 .078 3 R ag le  Klint
A A L -2 6 0 6 A rc tic a  is lan d ica 0 .320 0 .0 1 0 3 S letten sh age
A A L -2601 T u rrite lla  co m m u n is 0.308 0 .008 5 S letten sh age
A A L -2 6 0 2 T u rrite lla  co m m u n is 0.292 0 .0 0 8 5 S letten sh age
A A L -4001 A rc tic a  is lan d ica 0.375 0.041 4 V o g n sb a l, 1 3 .8 -1 4 .8  m
A A L -3981 L itto r in a  litto rea 0.247 0 .038 6 V o g n sb a l. 1 3 .8 -1 4 .8  m
A A L -4 0 0 0 M ya  tru n ca ta 0.435 0 .023 5 V o g n sb a l, 1 5 .3 -1 5 .6  m
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mollusc taxa w ere identified  from  the clay and P etersen  (1973: p. 42) stated  tha t all of the 
genera and m ost of the  species are know n from  E em  Sea deposits. H e therefo re  tentatively  
suggested an E em ian age for the clay and a W eichselian age for the younger tills. A ll o f the 
shells analyzed w ere collected by Petersen  and subm itted  by him  in 1980.

The D /L  ratios de term ined  in Arctica islandica and Turritella com m unis  (T able 12) 
clearly indicate an age o lder than  E em ian , but younger than the m arine beds at E sb jerg  and 
R dgle. T he shells may be of H olstein ian  age; the ratios in Arctica  are the sam e as in Arctica  
from  the H olsteinian in NW  G erm any.

Kaas H oved

T he lithology and m arine m icropaleontology of the site at Kaas H oved in the w estern 
part of L im fjord has recently  been described by Jensen  and K nudsen (1984). A  m arine unit 
below two tills (U nits 2 and 3) and glacially tecton ized  glacial-fluvial sedim ents (U nit 4) 
contains boreal foram inifera  indicative of full intergiacial m arine conditions. B ased on the 
faunal com position and stratig raphie position , the m arine bed  is assigned an H olstein ian  
age. M arine units o f sim ilar age located nearby at G yldenal (Jensen and K nudsen , 1984) 
and H ostrup  (K nudsen , 1977) contain  foram inifera! faunas of shallow arctic m arine affinity 
tha t are considered to  be of late E lsterian  age, but m arginally predating  the K aas H oved 
beds.

Specim ens of Arctica islandica and M ya truncata from  the L eda Clay at K aas H oved  were 
supplied by Petersen  in 1984 from  collections at the  Geological Survey of D enm ark . T hree 
individuals of each species w ere analyzed; the Arctica  ratios group tightly at 0.37 ±  0.01, 
but M ya  gave ra th e r conflicting results with two ratios at ca. 0.28 and a th ird  at 0.37. We 
conclude that the sam ples are at least of H olstein ian  age but are m ore probably  older.

EEMIAN SITES IN DENMARK

A ssum ed E em ian m arine sequences in D enm ark  have been previously sub-divided 
into tw o paleontological groups, based on differences in their mollusc faunas (0 d u m , 1933; 
H ansen , 1965). The d istribution of these two faunal groupings is geographically distinct. 
Sites in southw estern  D enm ark  are characterized  by the extinct Venerupis senescens 
(N ordm ann , 1908) and  several species that today  only live south of D enm ark  (e.g. 
Divaricella divaricata , Syndesm ya ovata  Phil., Gastrana fragilis L .). Bittium  reticulatum , a 
species which is considered  to  be lim ited to  the  E em ian  and the H olocene in NW  E urope 
(H eide , 1957; D echend , 1958; M angerud et a l., 1981), is also frequent. This therm ophilous 
fauna is sim ilar to  the E em ian  faunas in NW  G erm any and the N etherlands, and the D anish 
sequences are considered  to  have been deposited  in an arm  of the  sea extending from  the 
English C hannel. O f the sites included in this study, R istinge K lint, T rappeskov  K lint, 
S tensigm ose, M om m ark Faergegaard  and H d je r belong to  this E em ian (sensu stricto) 
group.

The eastern  D anish sites (Skaerum hede [intergiacial portion], S trandegaards D yrehave, 
S tubberup  H ave and H jelm  N akke) are characterized  by a b o rea l-a rc tic  fauna (e.g. 
M acom a calcarea, N ucula tennus) and lack m ost of the Lusitanian (southerly) elem ents.
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H ow ever, the  index gastropod  Bittium  reticulatum  does occur in som e of these sites. The 
m arine sequences in eastern  D enm ark  are thought to  have been deposited  in a sea w ith an 
open connection to  the  ocean tow ard the no rth , betw een D enm ark  and N orw ay. This sea 
has been called the S kaerum hede Sea (H ansen , 1965), and the associated deposits have 
been suggested to  rep resen t a younger event during the last intergiacial an tedating  the Eem  
Sea (e.g. H ansen , 1965).

This in te rp re ta tion  has been questioned by P etersen  (in B ahnson et al., 1974) who 
considers the two faunas to  represen t d ifferent facies of the same age a view supported  by 
the geographic separa tion  and lack of superposition  of the two faunal groupings.

In contrast to  the paleontological argum ent, m aps of the distribution o f E em ian  m arine 
sedim ents show tha t the E em  Sea did not ex tend  across the Jutland-Schlesw ig Peninsula 
into the B altic Sea (K rogh, 1979; B ehre et al., 1979; O ele and Schuttenhelm , 1979; color 
chart). O n this basis all of the sites investigated in D enm ark , the site at H olnis, G erm any 
and the sites in Po land  are  associated with a paleo-B altic Sea that was connected  to  the 
N orth A tlan tic  betw een  D enm ark  and N orw ay, m uch as it is today.

To com pare as m any sites as possible we concen tra ted  the analytical program  on tw o of 
the m ost com m on taxa in D anish intergiacial sites, Arctica islandica and Turritella 
com m unis. M ost of the specim ens w ere supplied by Petersen in 1980 and  1982 from 
collections housed  at the  Geological Survey of D enm ark . A . islandica is a reliable species 
for am ino acid geochronology, but D /L  ratios in Turritella show considerable scatter in 
many sites, and we suggest that the m ean D /L  ratios in all Turritella analyzed in this study 
should be considered  to  have a confidence level no sm aller than ±20%  ( la ) .

The analytical results for Eem ian sites are sum m arized in Table 13; site locations are 
given in Fig. 4. M ean D /L  ratios in Arctica  range betw een 0.14 and 0.21, w ith m ost sites 
grouping betw een 0.15 and 0.17. T here  is no clear separation  of the two faunal groups: the 
Eem  Sea sites ten d  to  be low er, although the single Arctica  from  Ristinge K lint gave some 
o f the highest ra tios (0.20). The Skaerum hede Sea group includes high (S trandegaard ), and 
in term ediate  (S tubberup  H ave) ratios. T he m ean D /L  ratio in the m odera te -rate  group 
(.Arctica , M acom a, Venerupis, Corbula, M ya ) is 0.17 ±  0.02 (80).

The im plications are th a t if these deposits do no t belong to  the same intergiacial, the  time 
betw een the two ex trem e values is not g reat and does not appear to  follow the established 
faunal/geographic grouping. A t presen t the geological, biostratigraphic and am ino acid 
evidence appears to  support a strong case for a sim ilar age for these deposits. N evertheless, 
we acknow ledge the fact tha t the  evidence from  som e sites is debatab le  and accept the 
possibility th a t m ore than  one age may be rep resen ted . N one of the sites gave ratios as high 
as in H olstein ian  deposits or as low as in M iddle W eichselian deposits.

Ristinge K lint

At R istinge K lint m ore than 30 glaciotectonically stacked floes occur, with a nearly 
identical lithostratig raphical sequence w ithin each floe (Sjorring, 1983). F rom  the base 
upw ards, the stra tig raphy  is: (1) glaciolacustrine clay; (2) 10 cm sand with freshw ater 
m olluscs, assum ed to  be E arly Eem ian; (3) E em  "Cyprina-clay', with a brackish-w ater fauna 
at the base, and a m ore  open-m arine fauna higher up (M adsen et a l., 1908). This clay
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contains a rich, therm ophilous m arine fauna, including the species considered guide-fossils 
in the E em ian; (4) sand; (5) till; (6) glaciofluvial sand; (7) till. U nconform ably overlying 
these units is a fu rther till bed.

T ogether with the shells for am ino acid analysis, we collected pollen samples tha t were 
coun ted  by J .I. Svendsen (U niversity  of B ergen). T he pollen stratigraphy (Fig. 12) is sim ilar 
to  the E em ian pollen stra tig raphy  in southern  D e n m a rk -n o rth e rn  G erm any, and supports 
an E em ian  age for the  sequence. Picea rises to  m ore than  8% at the top of the d iagram , but 
the diagnostic C arpinus-P icea  phase of the upper p art of the  Eem ian is missing, which 
shows e ither erosion , and/or a regression well before the end of the intergiacial. The 
significant rise of Tilia (to  6% ) in the highest sam ple may be the start of the m ajo r Tilia 
phase know n from  nearby  localities (S.T. A ndersen , 1975). T he m arine transgression (the 
boundary  betw een lacustrine and  m arine beds) took  place before  the Corylus rise, which 
according to M üller (1974a) occurred only 750 years after the start o f the Eem ian. This is in 
accordance with the results o f Jessen and M ilthers (1928, pp. 178-179) from Stensigm ose 
and suggests tha t the D anish sites may include m ore of the  intergiacial than som e of the 
D utch localities.

Sam ples were collected by M angerud in 1983, under the  guidance of S. Sjorring from  floe 
15 (S jorring , 1983). A  single, w hole specim en of Arctica islandica was recovered from  the 
upper portion  of the  Cyprina  (A rctica ) clay and several individuals of Venerupis were 
collected from  low er levels in the sam e bed. N ine separa te  p repara tions of the single Arctica  
specim en gave a m ean D /L  ra tio  of 0.20 ±  0.03. A lthough  the m ean ratio is higher than 
m ost o th e r nearby E em ian  sites (Table 13) the large standard  deviation indicates that the

Q u ercu s C orylus

IO 2 0  3 0  4 0  5 0  6 0

L acustrine

P o lle n  p rese n t <  1%

F IG . 12. P o llen  d iagram  for th e intergiacia l bed s in flo e  15 at R istin ge  K lint. D en m ark  (J .I. 
S v en d sen , U n iv . o f  B erg en , u n p u b l. d a ta ).
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T A B L E  13. D /L  ratios in sh ells  from  E em ian  loca lities  in D en m ark

Lab ID S p ecies M ean a n L ocality

A A L -2 6 0 4 T u rrite lla  co m m u n is 0 .200 0.000 2 H je lm  N akke
A A L -2 6 0 0 T u rrite lla  co m m u n is 0.162 0.004 5 H ejer
A A L -2 5 9 9 T u rrite lla  co m m u n is 0 .230 0.007 5 H pjer
A A L -3 6 9 8 A rc tic a  is lan dica 0.134 0.003 3 M om m ark
A A L -2 6 1 2 A rc tic a  is lan dica 0.144 0.030 5 M om m ark
A A L -3 6 1 5 A rc tic a  islan d ica 0.208 0.020 6(1 ) R istinge
A A L -3916* A rc tic a  is lan dica 0.182 0.033 3(1 ) R istin ge
A A L -3 6 1 6 M ya  trunca ta 0.223 0.002 3(1 ) R istinge
A A L -3 9 1 3 N assariu s  reticu la tus 0.099 0.008 3(1 ) R istinge
A A L -3 6 1 2 V en eru p is  sen escen s 0 .150 0.025 3 R istinge
A A L -3 6 1 4 V en eru p is sen escen s 0.160 0.024 3 R istinge
A A L -3 6 1 3 V en eru p is  sen escen s 0.172 0.006 2 R istinge
A A L -3 6 1 6 V en eru p is sen escen s 0.204 0.023 3 R istinge
A A L -2 6 1 0 A rc tic a  is lan dica 0.147 0.026 3 S ten sigm ose
A A L -3 6 9 7 A rc tic a  is lan dica 0 .156 0.006 3 S ten sigm ose
A A L -3 5 0 9 B ittiu m  reticu la tum 0 .140 0.026 4 S ten sigm ose
A A L -2611 C a rd iu m  edu le 0.174 n.046 4 S ten sigm ose
A A L -4 0 0 5 D iva ric e lla  d ivarica ta 0.261 0.030 4 S ten sigm ose
A A L -3 9 8 2 L itto r in a  littorea 0 .086 0.008 3(1 ) S ten sigm ose
A A L -4025 M a co m a  ba lth ica 0.159 0.012 4 S ten sigm ose
A A L -4 0 0 7 M a co m a  balth ica 0 .172 0.013 4 S ten sigm ose
A A L -4 0 3 4 M actra  su b tru n cata 0.139 0.015 3 S ten sigm ose
A A L -3 5 1 0 S p isu la  su b tru n ca ta 0.145 0.033 4 Sten sigm ose
A A L -3 5 0 8 V en eru p is  sen escen s 0.149 0.006 4 S ten sigm ose
A A L -4035 V en us ga llin a 0.143 0.020 3 S ten sigm ose
A A L -3 6 9 9 A rc tic a  is lan dica 0.205 0.012 3 Strandegaard
A A L -2 6 0 7 A rc tic a  is lan d ica 0.209 0.010 3 Strandegaard
A A L -4 0 5 8 C o rb u la  g ib b a 0.229 0.006 2 Strandegaard
A A L -2 6 0 3 T u rrite lla  co m m u n is 0 .190 0.019 5 Strandegaard
A A L -2 7 9 5 A rc tic a  is lan dica 0.156 0.019 8(4) Stubberup
A A L -2 6 0 5 T u rrite lla  co m m u n is 0.222 0.032 4 Stubberup
A A L -3 9 1 5 A rc tic a  is lan d ica 0.171 0.015 5 T rappeskov
A A L -2 6 0 8 A rc tic a  islan d ica 0.174 0.012 3 T rappeskov
A A L -3 9 8 3 L itto r in a  littorea 0 .114 0.014 5 T on d er
A A L -4 0 0 8 V en eru p is  sen escen s 0 .180 0.016 5 T en d er

•R e p rep a ra tio n  o f  sam e sh ell as u tilized  in A A L -3 6 1 5 .

sam ple cannot be show n to  be significantly different than Arctica  from  o ther E em ian sites. 
A single specim en of M ya  also produced  a m ean ratio  higher than  expected  for an Eem ian 
site. To check the validity of the high ratios obtained from the single individuals of Arctica  
and M y a , 12 individuals o f Venerupis collected from  four levels in the m arine clay bed were 
also analyzed, and produced  a m ean D /L  ratio  of 0.16 ±  0.02. The sim ilarity in Ristinge 
K lint Venerupis ratios w ith o ther E em ian correlatives suggests that the M ya  and Arctica 
results rep resen t ab erran t individuals, reinforcing our conclusions tha t reliable D /L values 
require  the analysis o f several individuals.

Trappeskov K lint

T rappeskov K lint is situated  only 50 km west of Ristinge K lint. The en tire sequence, 
described by M adsen et al. (1908), has been glaciotectonically up th rusted  and m oderately 
d isturbed. M adsen et al. (1908) stress that the lithostratigraphy and biostratigraphy of the
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Eem ian beds (freshw ater sand and ‘Cyprina  clay’) are nearly  identical to the beds of 
R istinge Klint. A t the base is a freshw ater sand, overlain by brackish w ater sedim ents and 
1.5 m of ‘Cyprina  clay’. The sequence is capped by two (?) tills and  glaciofluvial sedim ents. 
Sam ples from  the collection at the Geological Survey of D enm ark  were subm itted  by 
Petersen  in 1980. E ight p repara tions of Arctica islandica gave a m ean D /L  ratio  o f 0.17 ±  
0.01, which confirm  an E em ian  age for the site.

M om m a rk

This site was described by Johnstrup  in 1882 and referred  to  by M adsen et al. (1908), who 
correla te  it with Ristinge K lint, T rappeskov Klint and o ther E em ian sites on the basis o f its 
m ollusc fauna. Only Arctica islandica  from  the Cyprina (A rctica ) clay was supplied by 
P etersen  from  the D G U  collection. T he first set o f analyses, confirm ed by a second series 
(Table 13), gave ratios low er than  in Arctica  from  o ther E em ian sites. Citing Johnstrup  
(1982), M adsen et al. (1908, p. 128) indicate that neither of the  classical E em ian index 
species Bittium  reticulatum  nor Venerupis senescens w ere found at M om m ark. For the 
m om ent, we assum e tha t the site is probably  E em ian and th a t the ratios are simply at the 
lowest end  of the E em ian  range, but additional analyses would be im portan t to  test w hether 
the site m ight be from  a post-E em ian  high sea-level event.

Stensigm ose

T he sequence at Stensigm ose is glaciotectonically disturbed by th rust faults. A ccording to 
M adsen et al. (1908) the lithostratigraphy is, how ever, clear: a t the base are lacustrine 
sedim ents, overlain by m arine clay (‘Cyprina  clay’), m arine sand (‘Tapes sand’) and till. 
M ost of the sequence is sim ilar to  R istinge K lint, with respect to  both  lithostratigraphy and 
m olluscan biostratigraphy. The m ain difference is the presence of sand at the top  of the 
intergiacial sequence at Stensigm ose which indicates a m arine regression. This sand also has 
an extrem ely rich m ollusc fauna. M adsen et al. (1908) consider the Stensigm ose site to 
rep resen t a m ore com plete sequence of the E em ian than at R istinge or T rappeskov; both 
transgressive and regressive facies are confirm ed by foram inifera-stratigraphy (K onradi, 
1976). This in te rp re ta tion  also agrees with recent reconstructions of sea-level change during 
the E em ian  (M angerud e ta l.,  1981, Zagw ijn, 1983). A lthough the foram inifera fauna from  
Stensigm ose (K onrad i, 1976) includes m ore cold-w ater species than  the mollusc fauna it 
generally  supports the proposed  in terpreta tions.

Sam ples from  the collections at the G eological Survey of D enm ark  were subm itted  by 
P etersen  in 1980 and 1982. Ten genera from  the ‘Tapes Sand’ have been analyzed for their 
D /L  ratios (Table 13); m ost of them  strongly support an E em ian  age.

T o n d e r

Borings in the T o n d er region of southw est D enm ark  were initially undertaken  late in the 
last century  (e.g. M adsen et al., 1908). The area lies outside the W eichselian ice-limits and 
the intergiacial deposits have not been glacially disturbed. T he top of the m arine beds are 
encoun tered  7 to 10 m below sea-level w here they overlie Saalian till, and glacial-fluvial 
sed im ents, and are overlain solely by W eichselian m eltw ater sedim ents and H olocene
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deposits. Such m arine intergiacial beds are traditionally  considered to be of last intergiacial 
age based both on stratigraphie position and presence of Lusitanian m olluscan elem ents 
such as Venerupis senescens, Divaricella divaricata and o thers (H ansen 1965).

Sam ples of Venerupis senescens and Littorina littorea from  11.2 to 12.7 m depth  in T 0nder 
boring 4 from  the G eological Survey of D enm ark  collections w ere supplied by P etersen  in 
1984. T he D /L  ratios (T able 12) in Venerupis confirm  the correlation  of T onder to  o ther 
E em ian sites in D enm ark  and NW  G erm any and the Littorina  values provide an im portan t 
Eem ian calibration poin t for this slow-epim erizing species.

H 0jer

M arine deposits of supposed E em ian  age have been encountered  in boreholes along the 
coast west of H d jer w here they rest on till, glaciofluvial sands or E em ian  limnic deposits. 
The m arine beds are clayey at the  base, coarsening upw ard into sand at the top and  are 
overlain by W eichselian glaciofluvial sands. T he region lies beyond the lim its of 
W eichselian ice in D enm ark , and  the deposits are considered to  be in situ. They w ere first 
described by N ordm an (1928) while the  m icrofauna was described by Sorensen (1980). The 
foram inifera! faunas in the  intergiacial beds include bo rea l-lu sitan ian  shallow -w ater 
assem blages of a com position sim ilar to  those found in E em ian sites in NW  G erm any and 
D enm ark . In 1981 K .-L . K nudsen provided us with sam ples of Turritella com m unis  from  19 
and 24 m depth  in the intergiacial beds of a boring near H ojer. D /L  ratios (Table 13) are 
within the range of E em ian  values.

Strandegaards Dyrehave

A clay rich in molluscs o f intergiacial aspect occurs at this site (0 d u m , 1933). The 
intergiacial clay is less than 1 m thick and is strongly folded and thrusted . A ccording to 
Petersen  and K onradi (1974), the clay is overlain by th ree  till-beds, all separated  by sand or 
gravel. They assume the clay is of E em ian age, from  the characteristics of the m ollusc and 
foram inifera faunas. Sam ples w ere collected by Petersen and subm itted by him in 1980. 
Arctica, Corbula and Turritella have been analyzed from  the site; all yield D /L ratios at the 
very highest end of the range for these taxa in nearby E em ian sites. The m ean ratio  in 
Arctica, in particu lar, lies above the o th e r secure E em ian Arctica  ratios from this region. 
T entatively we consider the high ratios to  indicate a slightly w arm er therm al history than at 
o ther sites in the region, ra th e r than  indicating an older age.

Stubberup Have

A  m arine clay, rich in m olluscs, is found beneath  a till bed (ca. 5 m) at this site (0 d u m . 
1933). W ell-sorted sand and clay w ithout fossils lie below the clay and below these beds 
there is an o th er till. T hrust-p lanes are frequent in the intergiacial beds. The m arine clay is 
correlated  with the intergiacial beds at S trandegaard  on the basis of the mollusc fauna. 
Arctica  and Turritella w ere subm itted  by Petersen  in 1980; Arctica  yielded typical Eem ian 
D /L  ratios.
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H jelm  N a kke

Below  a com plex sequence of tills and glaciotectonically d isturbed sedim ents occur beds 
of m arine sand (10 cm) and clay (20-50  cm) which are also glaciotectonically up-thrusted . 
B erthelsen  el al. (1977) correlated  the sand and clay with S trandegaards D yrehave and 
S tubberup  H ave by their similar mollusc faunas. Turritella collected by Petersen  were 
subm itted  by him in 1980.

WEICHSELIAN SITES IN DENMARK

Skaerum hede Borings

The S kaerum hede borings from  northern  Ju tland  (Fig. 4) w ere taken  from  an elevation 
about 24 m asi. The first boring (Jessen et al., 1910; K nudsen and L ykke-A ndersen , 1982) 
p en e tra ted  200 m of Q uaternary  sedim ent before reaching bedrock. Close to  20 m of till and 
glacial-fluvial sedim ents overlie bedrock at the  base of the core and are in tu rn  overlain by 
123 m of m arine sedim ent that are capped by ca. 57 m of glacial-fluvial sedim ent. The 
Skaerum hede II boring p ene tra ted  the upper 122 m of glacial-fluvial and m arine sedim ent 
(B ahnson et al., 1974). The fauna in the m arine beds follows a generally c o ld -w arm -co ld  
sequence. Sam ples from  the G eological Survey of D enm ark  from  both  borings were 
subm itted  by P etersen  in 1980, 1983 and 1984.

A thorough  study of isoleucine epim erization  through the two borings is currently  o n ­
going and will be repo rted  in due course. H ere  we repo rt only the analytical results o f the 
upper 120 m of the tw o borings. Four p repara tions of a single fragm ent of Arctica islandica 
from  a dep th  of 98 m (0.082 ±  0.002) and 5 p repara tions of M acom a calcarea fragm ents 
from  66 m below  the ground surface (0.093 ±  0.007), both in the m ore recent boring, 
confirm  th a t the levels above 100 m  in the boring are probably of M iddle W eichselian age 
and younger. B ahnson et al. (1974) suggested tha t the E em ian-W eichselian  boundary 
might lie at 140 m in the original boring. Sam ples of Turritella from  95 to 120 m depth  in 
both borings w ere analyzed. The sim ilar ratios in both borings (Table 14), suggest that 
co rrelation  is possible, but the ratios are low er than  in Turritella from  o ther secure Eem ian 
localities suggesting tha t the upper 120 m of the  borings are indeed post-E em ian.

Hirtshals

A sequence of glacio-tectonically th rusted  and folded silt and sand beds occur at H irtshals 
(Lykke-A ndersen. 1981, 1982). Both the foram inifera and mollusc assemblages indicate that 
m arine conditions colder than today persisted  th roughout the deposition of the silt and sand 
units. L ykke-A ndersen  subdivided the sequence into interstadials and stadials of supposed 
M iddle W eichselian age.

R adiocarbon  dates gave ages ranging from  14 to 47 ka. Lykke-A ndersen (1982) 
concluded that the two dates from  her zone C betw een 14 and 15 ka BP were severely 
con tam inated , and that all shells were o lder than 34 ka.

W e analyzed shells from  zone C partly to obtain  M iddle W eichselian D /L ratios, but also 
in part to  test w hether the young rad iocarbon  dates could be due to mixed populations, in
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T A B L E  14. D /L  ratios in M iddle W eich se lian  sh ells  from  D enm ark

Lab ID S p ec ies M ean a n L ocality

A A L -3 7 0 4 H ia te lla  arctica 0 .099 0 .0 0 7 4 H irtshals, zo n e  C
A A L -3 1 1 4 H iatella  arctica 0.085 0.008 3 H irtshals, low er  zo n e  C
A A L -3 7 2 6 M a co m a  ca lcarea 0.098 0 .009 3 H irtshals, zo n e  E
A A L -3 3 0 4 Z irp h a ea  crispa 0.134 0 .030 3 H irtsh a ls , zo n e  E
A A L -3 1 1 5 Z irp h a e a  crispa 0.119 0.021 3 H irtshals, zo n e  E
A A L -4 0 5 0 M a co m a  ca lcarea 0 .110 1 H olm strup
A A L -4 0 5 7 M a co m a  ca lcarea 0 .318 0.083 2 H olm strup
A A L -4 0 3 6 M a co m a  ca lcarea 0 .260 0.071 5 H olm strup
A A L -4 0 5 0 M a co m a  ca lcarea 0.193 0.059 A H olm strup
A A L -4051 M a co m a  ca lcarea 0.076 1 H olm strup
A A L -3 1 13 H ia te lla  arctica 0.074 0.002 3 N orre Lyngby
A A L -3 1 1 2 H iatella  arctica 0.097 0.017 4 N orre Lyngby
A A L -2 9 6 8 T urritella  co m m u n is 0.125 0 .006 2 Sk aeru m h ed e 1, 115 m
A A L -3 3 0 6 T urritella  co m m u n is 0.148 0.001 Sk aeru m h ed e I. 125 m
A A L -3511 A rc tica  is lan d ica 0.082 0 .002 4(1) Sk aeru m h ed e II, 98 m
A A L -4 0 2 2 M a co m a  ca lcarea 0.093 0.007 5 S k aeru m h ed e II. 66  m
A A L -2 5 9 8 T u rrite lla  erosa 0 .116 0 .030 2(1) Sk aeru m h ed e II. 96  m
A A L -2 5 9 7 T urritella  co m m u n is 0 .129 0.002 2(1) Sk aeru m h ed e II, 118 m

which case the glacial-tectonics would post-date 14 ka BP. H ow ever, we did not have shells 
from the same collections th a t were radiocarbon dated.

Hiatella arctica from  zone C (193 m in Fig. 1 of L ykke-A ndersen, 1982) gave a m ean D /L 
ratio of 0.085 (Table 14). M acom a balthica from  zone E  (ca. 185 m ), underlying zone C, 
yielded a m ean ratio  of 0.098. B oth  sam ples were collected by A .-L . Lykke-A ndersen and 
subm itted by her in 1982. Sam ples from  the same site of Zirphaea  were analyzed but are 
difficult to in terp re t because of the lack of com parative specim ens. A dditional H. arctica 
collected by M angerud in 1983 under guidance of Lykke-A ndersen from a site in zone C 
have a m ean ratio  of 0.099 sim ilar to the earlier analyses. N one of the shells analyzed from  
the H irtshals sequence yielded a ratio  within the range of Lateglacial sam ples from 
D enm ark (0.052 ±  0.007 for Hiatella , M iller, 1985). O ur results support a M iddle 
W eichselian ra th e r than  a 14 ka age for the H irtshals collections.

N or re Lyngby

In 1982, K nudsen sent tw o sam ples of Hiatella arctica from  interstadial deposits at N prre 
Lyngby, N Ju tland . T he sites have been radiocarbon dated  and in both cases the results are 
slightly o lder than 14 ka (K nudsen , 1978). The m ean D /L  ratio  in one of the collections 
based on four different individuals is 0.097 w hereas in the o ther collection, three individuals 
gave a ratio  o f 0.074. T he h igher ratio  strongly suggests a M iddle W eichselian age, w hereas 
the lower ratio  is significantly higher than ratios ob tained in the same taxon dated  1 to  2 ka 
younger. T here  rem ains som e question w hether the 14C age is correct, o r if the deposits are 
of M iddle W eichselian age as favored by the am ino acid results (see also discussion of the 
H irstshals sam ples).
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Holm strup

D islocated m arine sedim ents at H olm strup on the island of Sjaelland have been 
described by P etersen  and Buch (1974). They overlie a till correlated  with the Early 
W eichselian O ld Baltic till tha t overlies E em ian sedim ents at R istinge Klint and 
S trandegaard . T he foram iniferal assem blage in the H olm strup  m arine sedim ent is 
correlated  with the M iddle W eichselian zone C assem blage at Skaerum hede.

A m ino acid analyses have been com pleted on eleven individuals of M acom a calcarea 
subm itted from  the H olm strup  locality by Petersen  in 1984 (T able 14). The m easured  D/L 
ratios scatter w idely, ranging from  ca. 0.08 to ca. 0.4, suggesting that the fauna has been 
derived from  deposits of m ore than  one age. T h ree  of the shells gave W eichselian ratios, 
averaging 0.11 ±  0.03. T he rem aining individuals all contained ratios similar to  or greater 
than in Eem ian represen ta tives of this taxon. These sam ples dem onstrate  the im portance of 
analyzing individual shells in dislocated sedim ents.

The th ree shells with a m ean D /L  ratio of ca. 0.11 support the  contention  of Petersen  and 
Buch (1974) tha t the H olm strup  deposit was em placed during the W eichselian. H ow ever, 
the apparen t m ixed ages of the M acom a  population analyzed in this study, raises the 
question of w hether the m icrofauna in the sam e sedim ent is similarly of a m ixed origin. If 
the Stratigraphie in terp re ta tio n s of Petersen and Buch (1974) and Petersen (1973, 1984) are 
correct, then glaciers m ust have reached D enm ark  before the L ate  W eichselian, con trary  to 
the com m on view of the last decade that the area was glaciated only during the Late 
W eichselian.

POLAND

In the lower V istula valley two series of m arine sedim ents o f assum ed E em ian age are 
stratigraphically sep ara ted  by continental sedim ents (M akow ska, 1980. 1982). A ccording to 
pollen stra tig raphy , the low erm ost (Sztum Sea) is from  early E em ian , w hereas the upper 
(Tychnowy Sea) is from  around  the climatic optim um . A ll the  analyzed sam ples (Table 15) 
are from  the Tychnow y Sea beds, and were ob tained  from  A . M akow ska in 1982; 
insufficient m ollusc rem ains w ere present in the Sztum Sea layers for this p ro ject. The 
mollusc fauna are dim inutive and relatively ra re , suggesting stressed environm ental 
conditions.

T A B L E  15. D /L  ratios in sh e lls  from  T ych now y Sea S ed im en t in cores  from  the V istu la  V a lley , Poland

Lab ID S p ecies M ean <r n C o re, D ep th

A A L -3175 N a ssa riu s  reticu la tus 0.121 0 .0 2 0 4 K w idzyn X X I. 30 m
A A L -3 6 6 6 N a ssa riu s  reticu la tus 0.179 0.004 2 K w idzyn X X I. 30 m
A A L -3 7 1 9 B ittiu m  reticu la tum 0.101 0.017 3 K w idzyn X IX . 38 m
A A L -3 1 7 9 C o rb u la  g ib b a 0.189 0 .010 5 N ow m y boring. 62 m
A A L -3 1 7 7 D iv a rice lla  d iva rica ta 0.243 1 N ow in y  b orin g . 62 m
A A L -3 1 7 6 S p isu la  su b tru n ca ta 0.131 0 .023 4 N ow in y  boring, 62 m
A A L -3 1 7 4 V en eru p is  sen escen s 0.177 0 .034 3 N o w in v  boring. 62 m
A A L -3665* V en eru p is  sen escen s 0.219 0 .037 3 N ow in y  boring. 62 m

* R ep rep aration  o f  A A L -3 1 7 4 .
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N owiny Boring

The lower m arine E em ian  beds (Sztum Sea) occur at ca. 70 m below the surface, overlain 
by ca. 5 m continental and lacustrine sedim ents and the upper (Tychnowy Sea) m arine beds 
(M akow ska, 1980). M ore than 50 m of W eichselian sedim ents overlie the younger m arine 
beds. R atios in five individuals of Corbula gibba  (0.19) and six analyses of th ree Venerupis 
(0.20) confirm  a co rre la tion  to  the type E em ian. A  single speciman of Divaricella divaricata 
gave a ratio  of 0.24, w hereas four Spisula subtruncata  produced a m ean ratio  of 0.13, but 
with considerable scatter.

K w idzyn

From the Tychnow y Sea beds (M akow ska, 1980), Nassarius reticulatus and Bittium  
reticulatum  w ere analyzed (Table 15).

PRE-EEMIAN SITES IN NORTHWEST GERMANY

The oldest glacial sedim ents identified in NW  G erm any are tills of E lsterian  age (Ehlers. 
1983: Ehlers et al., 1984); the H olsteinian beds overlying the E lsterian  tills are the oldest 
known Pleistocene m arine deposits. The top of the H olsteinian m arine beds are generally 
20 to 25 m below sea-level, except w here up th rusted  (E hlers. 1983). They are w ide-spread 
and are considered to  be an im portant m arker horizon (D uphorn et al.. 1973; B ehre et al..
1979).

We have de term ined  D /L  ratios from  molluscs at six sites of H olsteinian age (Table 16). 
U nfortunately , except for W acken, m ost sites are represented by only a single genus, 
reducing the pow er of the am ino acid m ethod  for correlation. W ith the exception of 
H um m elsbüttel, the results do support the assum ption of a similar age for all deposits, and 
that they are clearly o lder than the E em ian.

Wacken

The glaciotectonicallv upthrusted  sequence at W acken consists of 3 m of m arine clay and 
sand overlain by ‘Baser san d ’ and ‘white sand’ follow ed by a peat. Pollen stratigraphy of the 
lower m arine beds indicates initial accum ulation early in the H olsteinian (M enke, 1968.
1980). The overlying ‘w hite sand' is in terp re ted  as niveofluvial-eolian (D ücker, 1969). The 
palvnology of the overlying peat dem onstrates the developm ent from  a B etu la -P inus  phase 
into full interglacial vegetation , the W acken Interglacial.

The main stra tig raphie  significance of this site is that it docum ents a cold phase betw een 
the H olsteinian (sensu stricto) and the overlying W acken Interglacial. M any w orkers (e.g. 
D uphorn et al., 1973; M üller, 1974b; M enke, 1968, 1980) consider the H olstein ian  (sensu 
stricto) and W acken to  be a single interglacial com plex, containing a short-lived cool 
interval betw een tw o w arm  intervals, all of which underlies the entire Saalian (sensu lato). 
O thers (e.g. C epek  and E rd , 1982) consider the W acken Interglacial (correlated  with the 
D öm nitzian of E ast G erm any) to be separated  from  the H olsteinian (sensu stricto) by the 
first glaciation of the Saalian complex.
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T A B L E  16. D /L  ratios in p re-E em ian  sh e lls  from  W est G erm any

Lab ID S p ecies M ean CT n L ocality

A A L -3 7 2 4 L itto rin a  sp 0 .263 0.041 6(3) H alsten b ek
A A L -3 8 5 2 * L itto rin a  sp 0 .213 0 .0 4 7 3 H alsten b ek
A A L -4 0 6 1 S pisu la  su b tru n ca ta 0.309 0.021 5 B illb rook
A A L -3 1 8 2 S pisu la  su b tru n ca ta 0.280 0.015 2 H e id e -H o ltex , 37 m
A A L -2 6 1 3 C ard iu m  edu le 0.278 0 .024 4 H u m m elsb ü ttel
A A L -4 0 6 2 M a co m a  balth ica 0.382 0 .016 5 H u m m elsb ü ttel
A A L -3 1 8 3 P o rtlan d ia  arctica 0.315 0 .007 2(6) M üldsberg
A A L -3 4 0 5 M a co m a  ba lth ica 0.289 0.004 3 Scharhörn 55 , 34 m
A A L -3 4 0 6 M a co m a  ba lth ica 0.289 0.002 3 Scharhörn 57 , 34 m
A A L -3 9 0 9 A rc tica  islan d ica 0 .305 0.008 5(1) W acken
A A L -3 6 I 7 A rc tica  islan d ica 0 .286 0 .0 2 0 4 W acken
A A L -3 9 1 1 C orbu la  g ib b a 0.263 0 .027 5 W acken
A A L -3 7 2 1 L itto rin a  littorea 0.224 0 .030 6(3) W acken
A A L -3 9 1 2 M a co m a  calcarea 0.293 0.013 2 W acken
A A L -391Ü M a co m a  sp 0 .274 0 .048 5 W acken
A A L -3 7 2 5 t M ya truncata 0.223 0 .057 3 W acken
A A L -3 9 1 9 + M ya truncata 0.245 0 .052 3 W acken
A A L -2 9 4 3 1 M ya truncata 0.253 0.015 3 W acken
A A L -3 6 1 8 N u cu la  sp 0 .377 0.045 3 W acken

’ R ep rep aration  o f  the sam e three sh e lls  u tilized  in A A L -3 7 2 4 . 
I  A ll th ree  preparations u tilized  th e sa m e three ind ividuals.

M olluscs from  the m arine H olstein ian  at W acken w ere subm itted  by B. M enke in 1982 
and additional specim ens w ere collected by J. M angerud in 1983 under guidance of M enke. 
T he analyzed taxa include A rctica , Corbula, Littorina, M acom a  and Mya. The average D /L  
ratio  in m oderate-rate  taxa is 0.28 ±  0.02 (43) com pared to  a ratio  of 0.17 ±  0.01 (29) in 
nearby  Eem ian represen tatives of the sam e taxa.

Heide

H insch subm itted Spisula subtruncata  from  assum ed H olsteinian beds at 37 to 38 m 
dep th . The m ean D /L  ratio  is 0.28 ±  0.02 (Table 16), sim ilar to  o ther m em bers of the 
m odera te -rate  taxa.

M uldsberg

T he H olsteinian m arine sedim ents at M uldsberg began to  accum ulate during late 
E lsterian  as indicated by the cold-w ater fauna; the fauna becom es increasingly th e rm o ­
philous upw ard. Portlandia arctica subm itted by M enke in 1982 from  the late E lsterian  beds 
gave a m ean ratio of 0.32 ±  0.01 (2).

Scharhörn

Specim ens of M acom a balthica from  borings on the island of Scharhörn in the G erm an 
Bight just outside the river E lbe, were provided by G. L inke in 1983. Pollen analysis of the 
cores confirm s an early H olstein ian  age for levels from  which the shells were ob tained  
(below  the Abies  and Carpinus increase; L inke, 1970). T hree  individuals of M acom a  from
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33.10 to 34.10 m depth  in B oring 55 and an additional three individuals of the sam e species 
from  33.15 to  34.0 m depth  in B oring 57 gave identical results (0.29 ±  0.01; Table 16).

H am burg Region

From  H am burg , the type area for the  H olste in ian , we have analyzed shells from  two 
sites: H um m elsbütte l and B illbrook. T he palynology of the H olsteinian beds at H um m els­
büttel (H allik , 1960) dem onstrates the  difference in vegetation changes betw een H ol­
steinian and E em ian interglacials, and the  typical H olsteinian pollen stratig raphy  is used for 
regional co rrelation . W hether the H olstein ian  pollen stratigraphy is unique and was never 
repeated  in an o th er interglacial is difficult to  show. W e assume tha t the sim ilar palynology 
of the ‘H o lste in ian ’ sites we have analyzed shows them  to be the same age.

H um m elsbüttel

The H um m elsbü tte l locality is situated  in the city of H am burg. It is in an old clay pit cut 
into glacial-lacustrine clay of late E lsterian  age. The interglacial beds com prise 0.7 m of 
freshw ater gy ttja  overlain by 3 m of fossiliferous m arine sands, all of which is capped by 
Saalian till (G ru b e , 1959, 1963). The en tire  com plex has been upth rusted  from  its original 
position by subsequent glacial tectonics. B oth  the pollen (H allik, 1960) and foram iniferal 
assem blages (K nudsen , 1979) indicate full interglacial conditions during deposition  of the 
m arine beds. The late E lsterian a rc tic -subarc tic  faunas found below o ther H olsteinian 
m arine layers in NW  G erm any are not p resen t in the H um m elsbüttel sequence, presum ably 
because of the freshw ater sedim entation at the start of the interglacial.

Analysis of five individuals of M acom a balthica supplied from this site by L inke gave a 
m ean D /L  ra tio  of 0.38 ±  0.02, well above the ratios m easured in the sam e taxon from 
H olstein ian  beds in the nearby Scharhörn borings (0.29) or at W acken (0.29). Because the 
H um m elsbütte l site is H olsteinian by defin ition , we can only note the discrepancy at 
p resent. A dd itional am ino acid analyses are required  to verify w hether the difference 
apparen t on the few analyses available is real o r an artifact of analytical errors.

Billbrook

The B illb rook  locality, also from the H am burg  area, is an object of ongoing research. It is 
considered to  rep resen t the same sed im entary  sequence that is exposed in the H um m els­
büttel section  except in an undisturbed position . The late E lsterian clay (L auenberg  Clay) is 
overlain by freshw ater gyttja and 25 m of H olstein ian  m arine silt and sand. The m arine beds 
represen t the  low er portion  of the tem p era te  stage of the interglacial (L inke, written 
com m . 1985). Spisula subtruncata  from  the m arine beds were supplied by Linke from  a 
depth of 42 to  44 m below the surface; none of the prim ary m odera te-rate  taxa were 
present. T he D /L  ratio  m easured in 5 individuals is 0.31 ±  0.02, sim ilar to  tha t in the same 
taxon from  the  H olsteinian beds at H eide.

H alstenbek

Littorina  w ere collected 15 m asi from  the H alstenbek site, w here m arine beds, presum ed 
to be ice-thrusted  upw ards, occur betw een 6 and 12 m below ground level. The sequence
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was thought to be of H olstein ian  age, but recent U /Th dates suggest they are Eem ian 
(S trem m e, personal com m . 1982). The specim ens were provided  by Hinsch in 1982. The 
m ean  D /L  ratio  derived from  nine preparations of th ree individuals o f Littorina  sp. (0.25 ±  
0.05) indicate a H olstein ian  (or possibly even older) age; the deposit is certainly o lder than 
E em ian.

EEMIAN SITES IN NORTHWEST GERMANY

T he end m oraines of the W eichselian glacial m axim um  run through Schleswig-Holstein 
(NW  G erm any). O utside tha t boundary , the m arine E em ian beds are not d isturbed by ice. 
H ow ever, the top of these beds lie approxim ately 5 to 7 m below  present day sea-level 
(D uphorn  et al., 1973; B ehre et a l., 1979) probably due to  general subsidence of the region 
since the E em ian and sam ples are  therefore  only ob tained  by coring. A paleogeographical 
m ap indicating the E em ian shoreline is given in B ehre et al. (1979). The samples from  
R ödem is, Schnittlohe, O ffenbü tte l and Süderm arsch are all from  cores in the low lands 
ou tside the W eichselian glacial limits. For R ödem is and Schnittlohe an Eem ian age is 
show n by pollen stratigraphy. F o r the o thers, an E em ian age is assum ed by correlation. 
H olnis lies inside the W eichselian boundary  and provides a link betw een the D anish sites 
and the o ther W est G erm any localities. The sam ples from  R ödem is were subm itted by 
M enke in 1980; all o thers w ere provided to M iller by G ru b e , M enke and Hinsch during a 
visit to  G eologisches L andesam t Schlesw ig-H olstein, K iel, in 1982.

R ödem is

In the Rödem is IV  coring, m arine silt from 11.2 to 14.7 m depth  is assigned an upper 
E em ian  age from the pollen stratigraphy (M enke, 1985). Littorina littorea from 12.3 to 12.6 
m d ep th  were supplied by M enke in 1980. The m easured ratios in this slow-epim erizing 
genus (0.098; Table 17) support an Eem ian age.

Schnittlohe

T he Schnittlohe I coring site is situated 1 m asi; E em ian  m arine sedim ents were 
en coun tered  betw een 12.3 and 17.7 m below ground surface. The guide fossil for the 
E em ian , Bittium  reticulatum , occurs through m ost of the core (H insch, 1985), and 
Venerupis senescens is also com m on.

T he D /L  ratios determ ined  in V. senescens, B. reticulatum  and  Corbula gibba from 13, 15 
and 16 m depth  in the core are listed in Table 17. Pollen stratigraphically (M enke, 1985), 
the  13 m sam ple is from  the upper part of the Picea —  low er part of the Abies zone, the 15 
m sam ple is from  the base of the Tilia zone, and the 16 m sam ple predates the Corylus zone. 
T he lack of a clear increase in ratios down-core is discussed in P art 1. N evertheless, the 
m ean ratios in Venerupis [0.17 ±  0.02 (9)] and Corbula  [0.19 ±  0.02 (9)] are as expected for 
E em ian  sites.
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T A B L E  17. D /L  ratios in sh e lls  from  E em ian  d ep o sits  in W est G erm an y

Lab ID S p ecies M ean cr n L ocality . D ep th  in core

A A L -3 1 8 0 A rc tica  islan d ica 0 .153 0 .010 4 H oln is
A A L -3 0 0 8 A rc tica  islan d ica 0.165 0 .008 4 H oln is
A A L -3 7 2 3 A rc tica  islan d ica 0.161 0.014 4 H oln is
A A L -3181 Spisu la  su b tru n ca ta 0.111 0.019 2 O ffen b ü tte l
A A L -2581 C a rd iu m  edu le 0.137 1 R ö d em is  IV , 14.5 m
A A L -2 5 8 0 C a rd iu m  edu le 0 .106 0.010 4 R ö d em is  IV , 12.5 m
A A L -2 5 8 2 H y d ro b ia  u lvae 0.105 0.033 4 R ö d em is  IV , 14.5 m
A A L -2 5 8 3 H y d ro b ia  u lvae 0.103 0 .012 6 R ö d em is  IV , 12.5 m
A A L -3 6 3 5 L itto rin a  litto rea 0 .098 0.004 3 R öd em is  IV , 12.5 m
A A L -2 5 8 0 Turritella  co m m u n is 0 .128 0.001 2 R ö d em is  IV , 12.5 m
A A L -3 1 8 4 B ittiu m  reticu la tu m 0 .0 9 9 0 .007 4 Schn ittloh e I. 14.8 m
A A L -3 6 3 2 B ittiu m  reticu la tu m 0 .104 0 .016 2 Schn ittloh e I, 14.8 m
A A L -3 6 3 3 B ittiu m  reticu la tu m 0 .093 0 .019 3(5 ) Schn ittloh e I. 16.2 m
A A L -3 0 0 3 C o rb u la  g ib b a 0.185 0 .007 2 S ch n ittloh e  I. 13.2 m
A A L -3 1 8 5 C o rb u la  g ib b a 0.191 0.004 2 Schn ittloh e I. 14.8 m
A A L -3 0 0 5 C o rb u la  g ib b a 0 .204 0.035 3 Schn ittloh e I. 14.8 m
A A L -3 0 0 7 C orbu la  g ib b a 0.165 0.000 2 S chn ittloh e I. 16.2 m
A A L -3 0 0 2 V en eru pis  sen escen s 0.155 0.008 3 S ch n ittloh e  I, 13.2 m
A A L -3 0 0 4 V en eru p is sen escen s 0 .184 0.019 3 Schn ittloh e I, 14.8 m
A A L -3 0 0 6 V en eru p is sen escen s 0.157 0.006 3 Schn ittloh e I. 16.2 m
A A L -3 7 2 0 * M ya truncata 0 .164 0.024 4 Süderm arsch
A A L -2 9 4 1 M ya  tru n ca ta 0 .157 0.008 4 Süderm arsch
A A L -2 9 4 2 T u rrite lla  co m m u n is 0.162 0.002 4 Süderm arsch

‘ R ep rep aration  o f  sam e four in d iv id u als  used  in A A L -2 9 4 1 .

O ffenbüttel

This site is located close to  Schnittlohe (M enke, 1985; H insch. 1985). Two individuals of 
Spisula subtruncata  from  a dep th  of 14.0 to 14.3 m gave a m ean D /L  ratio  of 0.11 ±  0.02. 
This ra tio  is lower than  expected  for an Eem ian site; how ever, only two valves were 
analyzed and the taxa has not been thoroughly studied for its reliability in am ino acid 
geochronology. A t p resen t we can safely conclude that the site is no older than Eem ian.

Südermarsch

From  the Süderm arsch 29 boring the following sam ples w ere analyzed: four large 
fragm ents of Turritella com m unis  from  20.5 to  21.5 m depth and four um bo fragm ents of M. 
truncata. The m ean D /L  ratios (T able 16) support an E em ian age.

Holnis

This site is assum ed to  be E em ian  from  its sedim entary (clayey) facies. It is situated 
within the W eichselian glacial boundary , close to the D anish sites Stensigmose and 
M om m ark. O ur m ain in terest in the  site was the occurrence of Arctica islandica at a depth 
of 24 to  27 m. N ine individual fragm ents of this species were p repared  at three different 
tim es over a two year period . T he results are consistent in all p repara tions averaging 0.16 ± 
0.01 (9), sim ilar to  the ratio  in Arctica  from  most D anish E em ian sites.
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THE NETHERLANDS
A m ersfoort

Interglacial deposits near A m ersfoort were nam ed E em ian after the nearby river Eem  
(H arting , 1874; referenced  in Z agw ijn , 1961). A  description o f the stra to type n ear the city 
of A m ersfoort is given in Zagw ijn, 1961. The lower part of the E em ian  beds, including the 
Quercus (oak) zone, consists of peat and lacustrine gyttja. B rackish-w ater sedim entation 
began during the Corylus (hazel) increase and m arine sedim entation  continued  through the 
Carpilius (hornbeam ) zone ending with a re tu rn  to  brackish sed im entation  during the Picea 
(spruce) zone.

This sequence is, by definition, the E em ian. For this p ro ject it was essential to obtain 
reliable D /L  ratios from  a variety of taxa from  the type locality. Existing shell collections 
had been  heated  during processing and w ere not suitable for the m ethod  (note  the higher 
ratios for Venerupis and Divaricella in the heated  m aterial; T able 18). U nder the direction

T A B L E  18. D /L  ratios in  sh e lls  from  in terglacia l sites  in T h e N eth erlan d s

L ab ID S p ecies M ean cr n L oca lity , depth

A A L -2 7 9 1 B ittiu m  reticu la tu m 0.162 0.021 3 (6 ) A m ersfo o r t, 1 7 -1 8  m
A A L -3 6 3 7 B ittiu m  reticu la tum 0 .179 0.021 5(8 ) A m ersfo o r t, 1 7 -1 8  m
A A L -3 6 3 8 B ittiu m  reticu la tum 0.165 0 .022 5(8 ) A m ersfo o r t, 1 8 -1 9  m
A A L -2 7 9 2 B ittiu m  reticu la tum 0.174 0 .012 3(9 ) A m ersfo o r t, 20  m
A A L -2 7 8 9 C a rd iu m  edu le 0.175 0 .029 3 A m ersfo o r t, 1 7 -1 8
A A L -2 7 9 0 C a rd iu m  edu le 0.147 0 .067 3 A m ersfo o r t, 20 m
A A L -2 7 9 4 D iva rice lla  d ivarica ta 0 .290 0 .024 3 A m ersfo o r t, 20 m
A A L -4 2 1 8 H ia te lla  arctica 0 .196 0 .0 1 9 4 A m e rsfo o r t, 26  m
A A L -2 7 8 8 N assariu s reticu latus 0.140 0 .017 3 A m e rsfo o r t, 20  m
A A L -2 7 9 3 V en eru p is  sen escen s 0.201 0.031 6 A m ersfo o r t, 1 7 -1 8  m
A A L -3 3 9 4 V en eru p is  sen escen s 0 .210 0 .022 4 A m e rsfo o r t, 1 7 -1 8  m
A A L -3 2 2 4 D iva rice lla  d ivarica ta 0.355 0 .037 4 A m ersfo o rt (h ea ted )
A A L -3 3 9 5 D iva rice lla  d ivarica ta 0 .368 0.051 4 A m ersfo o rt (h ea ted )
A A L -3 3 9 0 S p isu la  su b tru n ca ta 0.173 0.025 4 A m ersfo o rt (h ea ted )
A A L -3 2 2 5 S p isu la  su b tru n cata 0 .189 0 .039 3 A m ersfo o rt (h ea ted )
A A L -3 3 9 3 V en eru p is sen escen s 0 .256 0 .019 4 A m ersfo o rt (h ea ted )
A A L -3 6 4 0 B ittiu m  reticu la tum 0 .160 0 .022 5(8 ) B ergen  1 9A /263 , 66 m
A A L -3 3 9 1 C o rb u la  g ib b a 0 .2 2 9 0.011 4 B ergen  19A /263 , 77 m
A A L -3 3 8 7 M a co m a  balth ica 0.172 0 .012 4 B ergen  19A /263 , 59 m
A A L -3 3 8 6 M a co m a  balth ica 0.179 0.017 4 B ergen  19A /263 , 66 m
A A L -3 2 2 3 M ya  trunca ta 0 .176 0.021 5 B ergen  19A /263 , 68 m
A A L -3 2 2 6 S p isu la  su b tru n ca ta 0.181 0.041 3 B ergen  1 9A /263 , 66 m
A A L -3 3 9 6 S p isu la  su b tru n ca ta 0 .164 0 .039 4 B ergen  19A /263 , 66 m
A A L -3 3 8 9 S p isu la  su b tru n ca ta 0 .154 0 .022 4 B ergen  1 9A /263 , 77 m
A A L -3 3 9 2 V en eru p is sen escen s 0 .210 0 .0 3 6 4 B ergen  1 9A /263 , 68 m
A A L -3 2 2 2 M ya truncata 0 .200 0.014 3(1) B ergen  boring
A A L -4 2 3 0 M a co m a  balth ica 0.035 0 .002 3 C astricu m , 21 m (4 .5  ka)
A A L -4 2 2 1 L itto r in a  litto rea 0.122 0 .013 5 C astricum . 3 8 -3 9  m
A A L -4 2 2 3 M a co m a  balth ica 0.162 0 .016 4 C astricu m , 3 8 -3 9  m
A A L -4 2 2 7 M a co m a  balth ica 0.165 0 .020 4 C astricu m , 4 5 -4 6  m
A A L -4 2 2 4 M a co m a  ba lth ica 0 .216 0 .0 6 0 4 C astricu m . 3 8 -3 9  m
A A L -4 2 2 0 M ya  truncata 0.155 0 .016 4 C astricum  3 8 -3 9  m
A A L -4 2 2 8 M ya  truncata 0 .180 0 .019 4 C astricum , 4 6 -4 7  m
A A L -4 2 1 5 L itto rin a  littorea 0 .119 0 .007 5 Z u n d erd orp , 4 6 -4 7  m
A A L -4 2 1 6 M a co m a  balth ica 0 .189 0 .018 5 Z u n d erd orp , 46 —(7 m
A A L -3 3 8 8 M a co m a  balth ica 0.458 0 .062 4 N oord  B ergu m  6D /3S . 59 m
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of W . Z agw ijn , the  G eological Survey of the N etherlands undertook  a special boring for 
this p ro jec t at A m ersfoort. A ccording to  de Jong (written com m ., 1981) the lithostrati- 
graphy of the E em ian beds in the new core is sim ilar to  that of the A m ersfoort boring I of 
Zagw ijn (1961). The m olluscs w ere identified by G . Spaink and the sam ples, all o f which 
w ere from  the Carpinus zone, were subm itted  by de Jong and Zagw ijn in 1981.

The E em ian  m arine beds at the type locality w ere deposited far inland from  the coast 
near the  head of an estuary  during the highest stand of the Eem  Sea. C onsequently , the 
local m arine environm ent was of reduced salinity and the fauna is restricted with several 
open-m arine species conspicuous by the ir absence. The only representatives of the core 
taxa used in this survey are  V. senescens (0.21), and a few dim inutive shells of Hiatella 
(0.19).

Bergen Boring

B ecause of the lim ited fauna in the A m ersfoort boring at the type E em ian locality, we 
chose to  analyze additional shells from  nearby borings tha t penetra ted  deeper w ater, m ore 
open-m arine conditions from  the last interglacial and for which the shell m aterial had not 
been heated  during the extraction  p rocedure. Zagw ijn subm itted molluscs of several taxa in 
1983 from  a boring n ear the  city of B ergen (boring 19A/263. unpublished) in which 
fossiliferous m arine beds w ere located betw een 59 and 80 m depth  w here they directly 
overlie Saalian fluvial-glacial sedim ent. The boring is situated  in an old tidal inlet that 
connected  Ijsselm er w ith the E em  Sea; a sim ilar inlet also existed during the H olocene but 
was la ter abandoned . Pollen analysis of a nearby boring indicates that the m arine beds are 
of late E em ian  age (pollen  zone E 6b, Zagw ijn, personal com m ., 1984). The ratios in 
Venerupis and Spisula  substan tia te  the b iostratigraphic correlation of the two borings. Two 
o ther im portan t species analysed from  the B ergen boring, M acoma balthica and M ya  
truncata, gave D /L  ratios sim ilar to those in Venerupis (Table 18).

A single w hole valve of M ya truncata was also subm itted  from a different boring in the 
same reg ion  (A A L-3222, T able 18). A lthough the precise location of the boring and depth  
from  which the shell cam e are not know n, the regional similarity in subsurface sedim ent 
around B ergen  allows us to  correla te  to  the  E em ian m arine beds of boring 19A/263.

Castricum

The boring  at C astricum  (19C/648), 15 km south of the B ergen boring, was selected for 
additional analysis because the E em ian m arine beds tha t were encountered betw een 38 and 
46 m dep th  contained specim ens of several taxa used in o ther localities in this study, and the 
shells had not been hea ted  above 50°C during their extraction. Sam ples of Littorina littorea 
and M ya truncata w ere given to M iller by Zagw ijn and M eijer during a visit to Rijks 
G eologische D ienst, H aarlem  in 1984.

Z underdorp

The boring at Z u n d erd o rp  (25E/344), north  of A m sterdam , contained Eem ian deposits 
correlative with pollen zone E4/5 and a m olluscan fauna indicative of an environm ent in the 
intertidal zone. O f particu lar in terest was the occurrence of Littorina  and M acoma. Sam ples
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were provided  by Zagw ijn and M eijer, H aarlem , in 1984. The m easured D /L  ratios (Table 
18) support the  E em ian correlation .

N oord  Bergum

In an a ttem pt to  provide limiting values on the o lder interglacial sequences, we analyzed 
M acom a balthica  from  a boring near N oord B ergum  (Boring 6D/38, unpublished). In this 
boring a Saalian till overlies a m arine valley fill which contains a H olstein ian  pollen spectra. 
T he valley had been eroded  into glacial-lacustrine beds of the E lsterian  glaciation. These 
beds in tu rn  fill a valley, at the  base of which are  ‘C rom erian’ m arine sedim ents; the shells 
analyzed cam e from  these beds at a dep th  of 59 to  60 m. The shells may have been  heated 
during ex traction . The site has been know n since the 1930s, bu t the m arine beds were 
originally thought to be H olstein ian; only recently  have they been re in te rp re ted  to be 
‘C ro m erian ’ (e.g . T er W ee, 1983), m ore specifically ‘C rom er IV ’ (Z agw ijn, written comm.
1980). They will be referred  to  here  as ‘late C rom erian ’. The m easured  D /L  ratio  [0.46 ±  
0.06 (4)] supports a pre-H olstein ian  age.

BELGIUM AND NORTHERN FRANCE

In terglacial m arine deposits have been p en e tra ted  in borings in the Flemish Valley and 
along the  coastal plain of Belgium . T he O ostende Form ation includes the tidal flat deposits 
tha t contain  Venerupis senescens (P aepe, 1965), generally considered to  be a guide fossil for 
the last interglacial and Corbicula flu m in a lis , an interglacial freshw ater bivalve (see e .g ., 
Paepe et al., 1981 for a review). Pollen spectra w ithin peat deposits overlying the m arine 
sands o f the  O ostende F orm ation indicate a co rrela tion  with the E em ian  (pollen zones E4a 
to  E6b) in the N etherlands, but a detailed  trea tm en t of the m olluscan assem blages has not 
yet been published. T he im plication is th a t the m olluscan assem blages are from  middle 
E em ian  tim e. H ow ever, Spaink 's (D enys et a l., 1983) recent survey o f molluscs extracted 
from  a boring through supposed E em ian  m arine sedim ents near D e P anne, on the W estern 
Belgian C oastal Plain less than 2 km from  the French  border indicated  a lack of diagnostic 
faunal e lem ents that characterize the E em ian deposits in the N etherlands and the presence 
of num erous taxa not p resen t in the D utch E em ian beds. Spaink raised the question 
w hether these deposits were actually of E em ian age.

W e have analyzed M acom a balthica and Venerupis sp. ob tained  from  a boring near 
Brugge in the Flem m ish Valley (K oolkerke 3, B oring #368), in which m arine shells were 
en coun tered  betw een 10.5 and 14.8 m depth  in the  boring (shells w ere ob tained  from R. 
Paepe in 1981). The m easured  D /L  ratios in these two taxa support a correlation  to the 
E em ian  sites in the N etherlands (Table 19).

D eposits of the H erzeele F orm ation , an o lder interglacial un it, underlie the O ostende 
F o rm ation , but adequate  m olluscan m aterial for am ino acid analyses have yet to be 
ob tained  from  Belgium . Instead , we have analyzed M acoma balthica from  the H eem  
B rickyard  located a few km west of the Belgian b o rd e r near the tow n of H erzeele, northern  
France. Cardium  lam arcki from  the sam e deposit gave a consistent set of analytical results 
(unlike C. edule), with m easured  D /L  ratios sim ilar to those in M acom a  (T able 19). The 
H erzeele  shells were collected by J. H ollin guided by R. Paepe and J. Som m é. The D/L
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T A B L E  19. D /L  ratios in sh ells  from  B elg iu m  and N orthern  France

Lab ID S p ec ies M ean (T n L ocality

A A L -2 9 7 6 M a co m a  ba lth ica 0.163 0 .028 4 K oolk erk e  3
A A L -3664* M a co m a  ba lth ica 0.201 0.004 4 K oo lk erk e  3
A A L -4 0 9 0 M a co m a  ba lth ica 0.164 0.025 4 K oo lk erk e  3
A A L -3 3 0 2 M a co m a  ba lth ica 0 .179 0.041 2 K o o lk erk e  3
A A L -3301 V en eru p is sen escen s 0.157 0.063 2 K oo lk erk e  3
A A L -2 9 7 0 V en eru p is sen escen s 0 .178 0.037 6(4 ) K oo lk erk e  3
A A L -3 1 1 7 V en eru p is sen escen s 0 .136 0.014 4 K oo lk erk e  3
A A L -3 2 9 6 C o rb icu la  flu m in a lis 0.343 0.044 3 Z eeb ru g g e
A A L-4094H G ly cy m e r is  sp 0.201 0.012 2(1 ) Z eeb ru g g e
A A L -3 2 9 7 G ly cy m e r is  sp 0.207 1 Z eeb ru g g e
A A L -3 2 9 8 M a co m a  ba lth ica 0.312 0.012 2 Z eeb ru gge
A A L -4 0 9 5 M a co m a  ba lth ica 0.275 0.011 2(1) Z eeb ru gge
A A L -2 9 4 0 M ya trunca ta 0 .116 1 Z eeb ru gge
A A L -3 2 9 9 t M ya trunca ta 0.137 0.011 2(1 ) Z eeb ru gge
A A L -4 0 9 1 t M ya trunca ta 0.153 1 Z eeb ru gge
A A L -3 2 9 9 H ia te lla  arctica 0.132 1 Z eeb ru gge
A A L -3 6 3 4 } H ia te lla  arctica 0 .120 1 Z eeb ru g g e
A A L -4 1 0 3 C ard iu m  la m a rck i 0 .280 0.033 5 H er zee le
A A L -4 1 0 2 M a co m a  ba lth ica 0 .250 0.085 2(1 ) H er zee le
A A L -4 0 9 8 M a co m a  ba lth ica 0.302 0.087 5 H erzee le
A A L -4 1 0 4 M a co m a  ba lth ica 0 .306 0.018 3 H erzee le

'R e p r ep a r a t io n  o f  sam e fou r sh ells  as A A L -2 9 7 6 .
I R ep rep aration  o f  sam e sh ell as A A L -2 9 4 0 .
Í R ep rep aration  o f  sam e sh ell as A A L -3 2 9 9 .
1! R ep rep aration  o f sam e sh ell as A A L -3 2 9 7 .

ratios suggest a correlation  with the H olstein ian , supporting a sim ilar conclusion based on 
the palynology (Som m é et al., 1978). H ow ever, U /Th dating of shells has given an age of 
326 ka (S trem m e, 1983).

A dditional shell m aterial has been analyzed that was collected from  an exposure at 
Zeebrugge on the Belgian C oastal Plain. The age of the deposit and stratigraphie 
association of the shells are obscure. The am ino acid results suggest the shells are of several 
ages, including some tha t ap p ear to  be younger than the last interglacial, particularly 
individuals of Hiatella arctica and possibly M ya truncata. O n the o ther hand, Corbicula 
flum inalis  yielded D /L  ratios suggestive of a H olsteinian age. We suggest that the deposit is 
com plex and may contain shells of significantly different ages. R egardless of stratigraphie 
com plexities, the presence of molluscs with D /L  ratios significantly lower than in secure 
E em ian sites raises the possibility of a m ajo r post-Eem ian m arine transgression across the 
Belgian coast.
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