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C14-dating of marine shells is one of the most im portant m ethods for cor­
relating Late Quarternary marine and continental strata. For example, the 
deglaciation chronology of coastal areas in Scandinavia is to a large extent 
based on shell datings.

T he  method is, however, often criticised (Shotton 1967), and several sci­
entists feei the m ethod to be so unreliable that they do not have shells dated. 
Criticism is often based on a few datings which have yielded obviously er­
roneous results. A more complete discussion of the method and its sources 
of error therefore seems necessary.

In  the first chapter, calculation methods will be discussed, and the para­
meters used presented.

Three assumptions are made in the dating of fossils by the C14method:

(1) T hat the half-life of C14 is known.
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(2) T hat the C 14 activity in organisms at time of death (primary activity) 
is known.
(3) T hat exchange of C between the fossils and their environment has not 
occurred after the organisms’ death.

T he half-life is discussed by Olsson (1968) and will not be treated in this 
article. T he assumptions on prim ary activity (2) and on carbon exchange 
after death (3) are discussed in separate sections.

Measurements of prim ary activity of recent shells from the Norwegian 
coast will be presented in the last chapter.

C alculating C 14 age for m arine  shells

T he calculation and publishing of C14 ages for marine shells is carried out 
somewhat differently at different laboratories (M angerud 1970). As this has 
given rise to m isunderstandings (Tauber 1970), the various processes of 
determination will be discussed briefly. Parameters used in the following 
chapters will also be shown.

Method 1. -  T he  normal procedure for calculating C14 age for terrestrial 
plants, etc., has been published by Callow et al. (1965) and Polach (1969) 
and can be presented, somewhat simplified, as follows. F irst the activity of 
the sample is expressed as per mil of the standard:

SC14 =  A8ampIe — 0.95 A oxal , 1000 (1)
0.95 Aoxai

Asampic =  T h e  m e a su re d  ac tiv ity  in  th e  sam p le  co rre c ted  fo r  n a tu ra l b ack g ro u n d .
Aoxai =  A ctiv ity  in  1950 o f  N B S  oxalic  ac id , c o rre c te d  fo r  b ack g ro u n d  an d  iso to p e  f ra c ­
tio n a tio n  (E d ito ria l s ta te m e n t in  Radiocarbo?i, 3). 0.95 A oxai is assu m ed  to  b e  e q u a l to  th e  
ac tiv ity  o f  te r re s tria l p lan ts  (w ood) o f  1950 if  th e  la tte r  w ere  n o t  in fluenced  b y  in d u str ia l 
o r a tom ic b o m b  effects.

Variation in the isotopic composition of samples, caused by fractionation 
(p. 146), is corrected by normalizing to 8C13=  —25 °/00 PDB, which is the 
average value for terrestrial plants (Table 1):

SC14
A =  8C14 — 2 (SC13 4- 25) (1 +  ^  (2)

This A-value is the usual manner of noting C14-activity, and is used through­
out this article.

Using the half-life 5570 years, the C14 age (T ) is obtained from:

T  =  8033 lo g e  (3)

1 +  IÜ0Ö

For material derived from terrestrial plants this formula gives the C14 age 
directly. Living plants would thus have nil age if they were not influenced 
by carbon from fossil fuels and/or atomic bomb testing (p. 155). On the
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other hand, present-day hard fresh water, sea water, marine animals, etc., 
under the same conditions, would have age variations from zero to several 
thousand years. This is called the apparent age of the sample. M ore pre­
cisely, apparent age of shells is defined as the C14 age relative to time of 
death.

W hen determining the age of fossil shells according to equation (3), the 
apparent age m ust be subtracted to obtain the true C 14 age (T COrr.app) •

T  c o rr.a p p  =  T  T app (4)

T his is usually done by laboratories, but not always. To avoid m isunder­
standings it is im portant to state which of the two dates is being used. In 
my opinion Tcorr.app should be reported as the age of the sample from 
dating laboratories. T he value of T  should, however, be given also, because 
this is determined only according to standards, and therefore in reality is 
a measure of the C14 activity in the sample.

Method 2. -  Another method of shell age determination uses the activity 
in recent shells (Accent) from the same area as the standard instead of 
oxalic acid (0.95 A 0Xai)- T he activity of the standard and the fossil is then 
corrected for isotopic fractionation to the same SC13 value. T his can be 
— 25 °/00 PDB or, more logically, the average for marine shells 0 °/oo PDB. 
In  some areas the activity in recent shells is, when corrected to 8C13= 0 , 
rather close to the activity in oxalic acid, so that:

Arecent— 0.95 A0xal (5)

Equation (5) indicates that the isotopic fractionation enrichment of C14 in 
shells (p. 147) relative to terrestrial plants happens to be the same as the 
decrease of activity which gives apparent age (p. 155). T his is used at several 
laboratories (Radiocarbon M easurem ents: Comprehensive Index, 1950-1965) 
including Trondheim . T hus SC14 is determined by equation (1) and corrected 
for fractionation from the normal for marine shells (8C13= 0  °/00) :

S>pl4
Ashen =  SC14 — 2 8C13 (1 + ï ö ö ö ) (6)

T rue  age of the shells is obtained directly from the formula

Tsheii =  8033 lo g e  \ ------ (7)
, . ^shell

+  1000

T he correction for apparent age included in this expression is found by 
setting T corr. app= T Sheii- Equations (3), (4), and (7) then give:

T s h e l l = T - T app (8)

T a p p  =  T  —  T s h e l l  ( 9 )

10 — Boreas 1:2
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Tapp =  8033 (loge
1000

loge

1000 +  SC14 —  2(§C13 +  25) (1 +  Jööö) 

1000
( 10)

Tapp =  8033 loge ( 11)

For SC13= 0  °/00 this gives T app= 4 1 2  years 
for SC13=  — 5 °/00 T app=417 years 
and for 8C13=  + 5  °/00 T app= 4 0 7  years

T his method, therefore, has a ‘built-in correction’ for the apparent age of 
ca. 410 years. As will be discussed later, the measuring of 10 recent shells 
from the Norwegian coast gives an average apparent age of 450 years. As­
suming that this value is correct, shell dates from Trondheim  are only 
40 years too high.

Discussion. -  M ethods used for C14 age determination are of little impor­
tance so long as the results are the same. I feei, however, that using equa­
tions (1) to (4) has some advantages. T hat isotopic fractionation and carbon 
circulation in some areas neutralize each other, as seen in equation (5), is 
a coincidence. However, this does not apply to marine plants or to marine 
shells in many areas. Determ ination according to equation (7) presupposes, 
therefore, a series of different standards for recent activities (A recent)> which 
can easily make the results non-comparable. Corrections from new research 
results for recent activities can be many, and C14 dates will soon be indis­
tinguishable because these corrections will change the standard. Also in 
areas where equation (5) is valid, it is valid only because wood was chosen 
at random and for practical reasons to be the standard. Between atmosphere 
and terrestrial plants there occurs a depletion of C14 by fractionation during 
photosynthesis, while there is an enrichm ent between the atmosphere and 
the ocean (Table 1). I t  is the addition of the two processes which in some 
areas makes equation (5) correct, but this is a purely mathematic addition 
to a process, from terrestrial plants to shells, which is of no importance in 
nature.

To avoid misunderstandings, I suggest that C14 laboratories publish their 
methods of shell age determination. Further, that the method in equations
(1) to (4) be made the standard.

F actors influencing C 14 activ ity  in  living shells 

Isotope fractionation

T here are three naturally occurring carbon isotopes: C 12, C13 and C14. C12 
yields 98.9 °/0, while C 13 yields 1.1 °/0 and C14 only 1.18X IO"10 °/o of the
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Table 1. M e a n  values o f SC13, re la tiv e  to  th e  P D B  -  s ta n d a rd , fo r  som e co m p o u n d s in 
n a tu re . R e feren ces in  th e  tex t

A tm o sp h e ric  C O  — 7 °/oo
T e rr e s tr ia l  p lan ts  — 25 °/00
O cea n ic  H C 0 3 — 2 °/00
M a rin e  c a rb o n a te s  (incl. shells) 0  °/00
M a rin e  in v e r te b ra te s  — 15 °/00
M a rin e  p la n ts  — 13 °/00

total (Olsson 1968). C12 and C13 are stable isotopes, while C14 disintegrates 
with a half-life of 5570 years. In  several chemical reactions in nature there 
occurs a fractionation which changes the ratio between the three isotopes. 
This clearly has great importance for C14 datings, because an enrichment of 
C 14 will give higher activity and, therefore, too young an age. Both theoret­
ical and experimental results (Craig 1954) indicate a close relationship be­
tween fractionation of C13 and C 14. Carbon 14 enrichm ent is double the 
enrichm ent of C13. This is particularly im portant for datings as C13 is stable, 
and the content will not change with time, while the C14 content will begin 
to dim inish as soon as an organism dies. T he C13 content in fossils can be 
measured, and from this fractionation of C14 can be corrected (equation (2)).

T he  C13/C 12 relationship is studied in connection with different problems. 
T he  C13 content is then usually given

SC13 =  C13/C12sample ~~^C13/C 12standard . ^
C /C standard

In geological literature the PDB standard is usually used (Craig 1957a). It is 
also used in this work and in the references.

SC13 values are measured or compiled, for example by Craig (1953, 1957b), 
Degens (1967), Olsson (1968), Polach (1969) and M angerud (1970). Average 
values for some relationships are given in Table 1.

Table 1 indicates fractionation from atmospheric carbon dioxide to the 
bicarbonate in the ocean and in chemical/biochemical precipitated carbonate, 
D uring the transfer of C 0 2 (gas) from the air to C 0 2 (dissolved) in water, 
there occurs no (Deuser & Degens 1967) or little (W endt 1968, Emrich et 
al. 1970) fractionation, but a larger fractionation occurs with the reaction

C 0 2 (dissolved)+ H 2O ^ H + 4-H C 0 3-

Variation in marine shell fractio7iation. -  T he  isotopic composition in shells 
is for the most part determined by the isotopic composition in the water 
where molluscs live (Keith et al. 1964). This is clearly seen in the investiga­
tions of Mook & Vogel (1967) and Mook (1971), which show that in swiftly 
moving brackish water estuaries, SC13 in shells varies closely with the me­
chanical mixture of fresh and salt water. T here is almost no variation in 
carbon isotope composition in the open ocean. T he  variation of SC13 in true 
marine shells is therefore also small. Keith & W eber (1964) have studied
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SC13 in marine limestones and fossils from all geological periods from the 
Precam brian to the Quaternary, and find that the isotopic composition of 
the ocean has been almost constant.

Laboratory investigations (Deuser & Degens 1967; Emrich et al. 1970) 
show that fractionation varies with tem perature. T he variations are so small, 
however, that they are usually overshadowed by other variations under 
natural conditions.

Keith et al. (1964) find an average variation of 0.73 °/00 (max. 1.71 °/00) 
in SC13 between inner and outer parts of marine shells and an average within 
community variation from three localities of 2.45 °/00. This is assumed to 
be due to variation in the food supply.

Lloyd (1964) finds variation in SC13 from —3.5 °/00 to 2.4 °/00 in shells 
from Florida Bay. He shows that SC13 diminishes from open ocean to lo­
calities with a large supply of organic material from mangrove and marine 
grass. He supposes that the reason is local production of C 0 2 with low SC13 
in the ocean, through oxidation of this organic detritus. He has not, however, 
measured SC13 in the water and variations due to the intake of the organic 
material through the food cannot be excluded.

Isotopic fractionation of C13, and thereby C 14, in relation to C 12 is almost 
constant between atmospheric carbon dioxide, bicarbonate in the ocean, 
and carbonate in shells. There are, however, some small variations in the 
fractionation processes between water and shells. By measuring SC13 one can 
in all instances of dating correct for errors in the fractionation process. If 
SC13 is not measured, the discussed variations from the average (SC13= 0  °/00) 
are so small that they are often of little importance. A deviation of 1 °/00 
will give an error of a little over 16 years, and to obtain an error of 100 years 
one needs a deviation of 6 °/00, which rarely happens in true marine shells.

Reservoirs and circulation o f C14

Bicarbonate in the ocean is enriched in C14 by isotopic fractionation during 
transfer from atmospheric C 0 2. At isotopic equilibrium, the ocean should 
have about 10 °/00 higher C14 activity than the atmosphere, and about 46 °/00 
higher activity than the C14 standard (0.95AOXai)- I t  appears, however, that 
surface waters often have an activity near the standard (equation (5)), while 
deeper waters can have up to 250 °/00 lower activity. I t  follows that there is 
no C14 isotopic equilibrium between the ocean and the atmosphere or be­
tween different ocean bodies. Instead a ‘steady state situation’ is thought to 
exist. T h is  means that the quantity of C14 transferred from the atmosphere 
to the ocean during a certain time period is equal to the sum of C14 trans­
ferred in the opposite direction and C14 undergoing radioactive disintegra­
tion in the ocean.

T h e  reason for the lower and varying C14 activities in the ocean, which 
give apparent age, is the exchange of carbon between different reservoirs
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Table 2 . C a rb o n  c o n te n t o f n a tu ra l exchange re se rv o irs , acco rd in g  to  S k irro w  (1965)

C a rb o n  c o n te n t g /c m 2
o f  e a rth ’s su rfa c e  %  o f  to ta l

A tm o sp h e re 0.125 1.5
H u m u s 0.19 2.3
B io sp h e re , lan d 0.06 0.7
B io sp h e re , m arin e 0.002 0.02
O cean ic  d isso lved  ca rb o n , o rgan ic 0.533 6.4
O cean ic  in o rg an ic  ca rb o n , above th e rm o clin e 0.20 2.4
O cean ic  in o rg an ic  ca rb o n , below  th erm o clin e 7.25 86.7

T o ta l 8.36 100.02

Table 3 . C a rb o n  c o n te n t o f  re se rv o irs  w ith  very  la te  exchange w ith  th e  rese rv o irs  in  T a b le  
2. C o m p iled  from  d a ta  in  S k irro w  (1965)

C a rb o n  c o n te n t g /c m 2
o f  e a r th  su rface

S ed im en ts , o rg an ic  ca rb o n 633
C a rb o n a te s 2340
C ry sta llin e  m e tased im e n ts 1960
E ru p tiv e s 600

S u m  =  T o ta l  c a rb o n  o f  rocks an d  sed im en ts 5533

in nature (Tables 2 and 3, Fig. 1), and the internal carbon circulation in 
the ocean.

M ost writers treat C14 exchange from a geophysical viewpoint, using box 
models and mathematical treatment. This will not be done here, but results 
from the above methods will be applied to obtain an understanding of C14 
datings. T he param eter most often determined is ‘residence tim e’. T his in­
dicates the average time the C14 atom remains in a reservoir before it is 
transferred to another reservoir (Craig 1957b). Residence time is not directly 
applicable in calculation of C 14 dates. It is applicable to the understanding 
of apparent age which is used in calculating C14 dates.

A review of C14 exchange between different reservoirs based on the natural 
distribution of C14 is given by Craig (1957b). Later determinations of C14 
exchange in nature are based on measurement of C14 produced by nuclear 
explosions (M ünnich & Roether 1967; Bien & Suess 1967; Nydal 1968; 
Nydal & Lövseth 1970; Walton et al. 1970; Rafter & O ’Brien 1970).

The atmosphere. -  C14 is produced in the upper layers of the atmosphere 
by cosmic ray bom bardm ent (Fig. 1). T his carbon is oxidized immediately 
to C140 2, and enters atmospheric circulation. T he  atmosphere is completely 
mixed within a few years (Nydal 1968; Nydal & Lövseth 1970; Rafter & 
O ’Brien 1970). From  a dating viewpoint the mixing can be regarded as 
immediate. T he C14 atmospheric variation (Olsson 1970) in the past millenia
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F ig . 1. S ch em atic  d iag ram  of ca rb o n  c ircu la tion  in n a tu re , w ith  p a r tic u la r  em p h as is  on  
th o se  p rocesses w h ic h  have a b e a rin g  on  th e  C 14 c o n te n t  in m a rin e  shells. A -B -C -D  are 
shells w h ic h  a b so rb  ca rb o n  fro m  d iffe ren t reservo irs.

has therefore been contemperaneously worldwide, and datings of materials 
which contain atmospheric carbon are always directly comparable.

C14 exchange between the atmosphere and the ocean. -  Carbon exchange be­
tween the atmosphere and the ocean plays a dominant role in ocean C14 
activity because this exchange is much quicker than the exchange between 
the ocean and other reservoirs. For this exchange process the reader is 
referred to Quinn & Otto (1971). Here I will mention only that the ex­
change seems to be influenced by an enzyme (Libby 1970) and can therefore 
vary both in space and time.

T here are different estimates of atmospheric C14 residence time (Nydal 
1968, Rafter & O ’Brien 1970, with following discussion), but most estimates 
give a residence time of 5-15 years in the troposphere before ocean transfer
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of the C14 atom. T he  exact value is not im portant from a dating view point, 
but two points are significant for an understanding of the problem :

(1) T h e  ocean carbon reservoir is more than 60 times that of the atmo­
sphere (Table 2). I f  the ocean were completely mixed, the residence time in 
the ocean, before the C 14 atom was transferred to the atmosphere, would 
be ca. 60 times as long as the residence time in the atmosphere. Using a 
value of 10 years for the atmosphere, the residence time for C 14 in the ocean 
would be ca. 600 years. T his is the main reason for the low activity in the 
ocean giving apparent age. T his would not be a problem if the ocean mixed 
quickly, as the atmosphere does, for the apparent age would then be the 
same for all ocean water and could be determined easily.

(2) T he  ocean consists of many different water masses with occasional 
slow internal mixing. For example, from the equator to about 40-50 0 North 
and South, a relatively well-mixed, stable surface layer above the therm o­
cline is quickly exchanged with the atmosphere. T he deeper layer has a 
very slow exchange, partially exchanging with the mixed layer, and partially 
exchanging directly with the atmosphere. This increases the average ap­
parent age for the ocean.

Other reservoirs and their exchange with the ocean. -  Carbon from the con­
tinents is transported to the ocean as particles and in solution (Fig. 1). This 
includes carbon from the biosphere, as well as radioactively dead carbon 
from weathered rocks, etc. This carbon is soon distributed in the open 
ocean. In restricted areas with a large fresh water supply (estuaries, lagoons, 
etc.) a problem exists similar to the hard water effect in lakes (Broecker & 
Olson 1961). Shells from such areas (Shell B, Fig. 1) are therefore not 
suited for C 14 dating.

Many of the shell datings performed in Scandinavia are associated with 
deglaciation. One theoretical problem involved in these datings is the pos­
sibility of glacial meltwater containing so much old carbon that it influences 
the dating (shell C, Fig. 1). Scholander et al. (1962) gives for Storbreen in 
Norway a content of approximately 0.04 g C per ton of ice, and for Green­
land icebergs approx. 0.01 g per ton, while Langway et al. (1965) gives 
0.05-0.15 g per ton for N orth Greenland ice. If the highest figure is used 
it will correspond to approx. 0.15 mg/1, while sea water contains 28 mg/1 
(Goldberg 1965). I f  we make brackish water with a mixture of equal parts 
of ice and ocean water, approximately 0.5% of the carbon will come from 
the ice. This is negligible in dating (Olsson 1968). It follows that in sea 
water with marine shells the influence of old carbon from ice is of no im­
portance.

Carbon is removed from the ocean by sedimentation of dead organisms 
and other carbonate sediments (Fig. 1). A lesser quantity is added when 
sediments dissolve on the bottom. This possibly influences C14 activity on 
the ocean floor.

T he carbon content in rock and sediment (Table 3) is enormous in com-



152 Jan Mangerud

N 390:56 S

• . . .  « 85:56. 
A ntarctic Intcrr 

# Water
' ' ' J J 2C166

_________ 870156__
North Atlantic Oeep Water

▼ L o c a t i o n  c f  s u r f a c e  s a m p l e  •  Loma t ion  of s u b s u r f a c e  s a m p l e  — - B o r d e r  of w * t e r  m a s s e s
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th e  sam ples in  B ro eck er & O lsen  (1961), co rre c ted  fo r rea l age.

parison to carbon in other reservoirs (Table 2). A large portion of this carbon 
has at one time been in the ocean, bu t the exchange is so slow that it is of 
little importance for C14 activity in the ocean relative to the exchange be­
tween the ocean and the atmosphere. Nevertheless, it contributes to the 
decrease of C14 activity in the ocean relative to the atmosphere, as the direct 
exchange between atmosphere and rock is even slower.

Both the direct exchange between sediment and ocean (Olausson 1969) 
and the exchange between sediment and ocean via continents, will change 
during Glacial Periods. These processes therefore contribute slightly to the 
long-term variations in the ocean, and thereby atmospheric, C14 activity.

Internal circulation o f C 14 in the ocean. -  T here are two specific groups of 
processes influencing C14 distribution in the ocean. Biological production, 
with associated sedimentation and breakdown of these materials, and cir­
culation of water masses in the ocean.

The main organic production occurs in surface layers. M ost organisms 
are so small and have such low specific weight that at death they do not 
sink by themselves but follow the same circulation pattern as inorganic 
carbon in the same water masses. Larger particles of organic material, for 
example foraminifera, will sink and therefore contribute to a different cir­
culation pattern. According to Olausson (1967) the sedimentation time for 
carbonate shells is so short that the solution of shells during descent is 
small and occurs essentially on the bottom. T h e  fact that C aC 0 3 does not 
accumulate on the ocean floor under 4000-5000 meters, however, indicates 
that solution occurs during sedimentation, at least at great depths. Accord­
ing to Lai & Yenkatavaradan (1970) these biological and chemical processes 
are of great importance to carbon circulation in the ocean. T his will contrib­
ute to an averaging out of the C 14 activity between the surface and the 
depths.

T he dominant factor in ocean C14 acth ity  seems to be ocean circulation. 
Atmospheric C14 is transferred only at the ocean-atmosphere interface. T here­
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fore, in water masses which do not have contact with the atmosphere, 
radioactive decay will give a lower C14 activity, depending on how long the 
water has been at depth.

A thorough investigation of the C 14 activity in the Atlantic is given by 
Broecker et al. (1960). They compare the activity in the water with water 
masses and circulation as known from physical oceanography, and find a 
close correlation (Fig. 2). Between ca. 40°N and 40°S there is a stable surface 
layer and apparent age in this layer has little variation (320-520 years). In  
the north, cold water sinks and streams southwards as North Atlantic Deep 
W ater with an apparent age of 800-900 years, while the deepest water has 
an apparent age of 1000-1100 years. T here is also a sinking in the southern 
region, creating deep water which evidently remains for long periods at 
depth, since the apparent age reaches 1120 years. In the Pacific Ocean 
(Bien et al. 1963) the deep water has even higher apparent age, often 2000- 
2300 years. In areas where old bottom  water streams to the surface, the surface 
will also give high apparent age, as in the southernmost part of Fig. 2, 
where two samples give 710 and 970 years. Also in other parts of the Antarc­
tic apparent age of 800-1300 years is usually found in surface waters. Rafter 
& O ’Brien (1970) report values down to A = — 269 °/00, which corresponds 
to an apparent age of 2520 years.

As has been seen, mixing of the different ocean wnter masses is very 
slow. In contrast to the atmosphere which mixes quickly and has the same 
C14 activities throughout, the ocean consists of many water masses with 
widely different C14 activities (apparent age). This is what creates the 
greatest problem in C14 dating of marine fossils.

W hen dating fossils whose carbon is derived from deep water, determina­
tion of apparent age is especially important. Such datings are rare, however. 
M ost datings are done on fossils which obtained their carbon from surface 
waters. In ocean areas with a stable and well mixed surface layer there is 
relatively little variation in apparent age. T his is so almost everywhere be­
tween ca. 40°N and 40°S (Broecker & Olson 1961) while in higher latitudes 
there is much more variation, caused by upwelling of deep water in certain 
areas. A summary of older investigations of C14 activity in the ocean is 
given by Skirrow (1965). For latër investigations the reader is referred to 
Broecker (1966), M iinnich & Roether (1967), Bien & Suess (1967) and 
Rafter & O’Brien (1970).

T h e  ocean circulation change with time. As pointed out by several au­
thors (Skirrow 1965, Olausson & Jonasson 1969, Olsson edit. 1970), it is 
probable that some changes have been connected with glaciations. This can 
have given a quite different geography and depth distribution of apparent 
age than what is found today. This would have altered the atmospheric 
exchange, and thereby the activity in the atmosphere.

Sources o f carbon in shells. -  Shell formation is discussed from a zoological 
viewpoint by W ilbur (1960, 1964j, and the chemical composition summarized
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by Wolf et al. (1967;. There are, however, few investigations with the direct 
purpose of solving problems connected with C 14 dating.

There are two external sources of carbon in shells: food and the ocean 
water. Carbonate can be formed directly from the ocean bicarbonate, or 
more probably from the C 0 2 -  H C O 3 -  pool inside the shell (W ilbur 1964), 
where CO , is mainly a result of metabolic processes. T he relationship be­
tween the two sources is not clear. M ost bivalve molluscs are deposit or 
suspension feeders, while the gastropodes show great variation in the food 
intake (Owen 1966). Organic food is depleted in C13 and C 14 by isotope 
fractionation (Table 1), and if there is no exchange with the ocean water, 
this will also influence the isotope composition in the shell (p. 148). Most 
of the food will, however, have a negligible age, and the isotope composition 
will then be determined only by the laws of fractionation. Therefore from 
a dating viewpoint decrease of C13 and C14 content due to organic food is 
of less interest, because it can be corrected by measuring 8C13.

Significant problems occur if the shells absorb old carbon from the sedi­
ments (shell D, Fig. 1). Apart from carbonate there is seldom old organic 
material near the sedimentation surface, because with good oxygen supply 
such organic material will break down, or, if sedimentation is rapid, will 
gradually be buried. Old carbonate will be found on the surface, for example, 
in areas with loose chalk, where the bottom near the coast is covered with a 
chalk detritus. Here, burrowing molluscs can have a local environment with 
lower C14 activity than the surrounding ocean. Small particles of C aC 0 3 
can also be taken in with the food, even if these are normally ejected (Owen 
1966). C13 in the carbonate is close to isotopic equilibrium with the ocean 
water, and intake of old carbonate will therefore not be seen in SC13. T he 
influence of old carbonate is hardly a problem in the hard rock types on the 
Norwegian coast, but in calcareous rocks, rock boring species like Hiatella 
(Saxicava) should be avoided. In areas with loose limestone rock types 
the problem can be investigated by measuring the C14 activity in recent 
shells and the surrounding ocean.

Very few investigations have compared C14 activity in recent shells with 
the activity in the surrounding ocean water. Broecker & Olson (1961) refer 
to some measurements which give about the same values. However, for the 
stable isotopes (C13/C 12) there are numerous measurements which show that 
there is almost isotopic equilibrium between the ocean and shells. From  a 
dating viewpoint it is therefore not so im portant that all the processes for 
the shells carbon intake are not known. In most instances the C14 activity 
in shells will be close to the activity of the water where the shells live (Shell 
A, Fig. 1).

Variation in C 14 activity in time. -  It has been mentioned previously that the 
processes which determine ocean C14 activity can vary with time. This also 
applies to processes which are not discussed, particularly the variation of 
C14 production in the atmosphere. Atmospheric C14 variation in time is
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investigated by dating objects with a known historic or geologic age. The 
best results are from dendrochronological datings. T he trend in variations 
to ca. 6000 C14 years B.P. (corresponding to ca. 7000 calender years) is now 
established (Olsson edit. 1970) without a complete understanding of the 
factors causing the variations.

For marine shells there is at present no method to compare directly C14 
age and calendar age. This would have to be investigated by comparing 
C14 age of shells and C14 age of terrestrial plants of the same age. Again the 
problem  exists that the variations in the ocean because of circulation are 
not necessarily parallel in all areas.

Industrial effect and atomic bomb effect. -  T he  use of fossil fuel and atomic 
bomb testing has influenced C14 activity in the ocean to the degree that it 
is very difficult to find the recent natural activity with the desired accuracy.

T h e  rather large increase of C14 as a result of bomb testing occurred in 
1962. In  this connection, however, the increase in the late 1950’s are also 
important.

Use of fossil fuel (coal, oil, natural gas) supplies the atmosphere with 
great quantities of dead carbon (Olsson 1968). This is known as ‘industrial 
effect’ or ‘Suess effect’, and lowers the C14 activity in all reservoirs in ex­
change with the atmosphere. Broecker et al. (1960) calculated that the ac­
tivity in the ocean surface has decreased 15 °/00 up to 1955 because of this 
effect, while Broecker & Olson (1961) found that the decrease is less than 
10 °/oo between 1880 and 1955. I t  is clear that this effect is of little impor­
tance at the beginning of our century, and is negligible before the turn of 
the century.

In  the deep water the influence of fossil fuel and bomb testing is relatively 
small. Recent natural activity can therefore still be measured directly in 
the deep water. In surface layers the influence is so great and so uneven 
that measuring for this purpose is not possible. Some measurements of the 
w ater’s activity were performed before 1960, and these can give some major 
features. For shells the situation is somewhat different in that there are 
m useum  materials collected a long time ago, without any influence from 
bom b testing, and with little or no influence from industrial effect. It is 
shells of this type which are used in the present investigation.

Conclusions

Isotopic fractionation is so well known that it does not create any problem 
in C14 dating of shells.

Sea water has an apparent age due to:
(a) T h e  c o m b in a tio n  o f  la te  ex ch an g e  th ro u g h  th e  a tm o sp h e re -o cean  in te rface , w ith  th e  

o cean ic  c a rb o n  re se rv o ir  b e in g  60 tim e s th a t  o f  th e  a tm o sp h e re . T h is  is th e  m o s t im p o rta n t  
fac to r  cau sin g  a p p a re n t age o f  seaw ater.

(b ) C a rb o n  c ircu la tio n  in  th e  o cean  b e in g  d e te rm in e d  m ain ly  by  th e  c ircu la tio n  o f the 
w a te r , th is  b e in g  very  slow  in  deep  ocean  areas. V ario u s w a te r  m asses have, therefo re ,
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v a ry in g  a p p a re n t  age (from  2 0 0 -3 0 0  years to  2500 y ears) d e p e n d in g  on  h o w  lo n g  th e  w ate r 
h as b een  a t  d e p th .

(c) S u p p ly  o f  o ld  carbon  fro m  th e  c o n tin e n ts  an d  th e  o cean  floor. T h e  sign ificance of 
th is  fo r  th e  o cean  is n o t  know n, b u t  is p ro b a b ly  n o t  g rea t. I n  re s tr ic te d  areas w ith  a large 
su p p ly  o f fre sh  w a te r  th is  can  have large  local sign ificance , an d  shells fro m  su ch  areas are  
n o t  su ita b le  fo r  C 1+ dating .

Carbon in shells is almost in isotopic equilibrium  with the surrounding 
water, and shells have, therefore, approximately the same apparent age as 
the sea water. The only problem in addition to the ocean’s apparent age 
would be areas containing old lime detritus (for example chalk) on the 
bottom.

C arbon  exchange after death

Carbon contamination from other sources is always a problem  in C14 dating. 
T here is no doubt that this is a considerably greater source of error for C aC 03 
than for many other materials, because C aC 0 3 is chemically more active 
than, for example, wood.

In limestone areas contamination can cause high ages, due to dissolved 
dead carbon in ground water. In most cases, however, carbon in the ground­
water originates from modern carbon in the atmosphere, hum us etc., and 
contamination gives young ages of fossils. In  very old fossils, small amounts 
of modern carbon will affect the dating seriously, and shell datings giving 
ages above 20,000 years should be treated with scepticism. Regarding ef­
fects of contamination, reference is made to Polach & Golson (1966) and 
Olsson (1968).

T here are two main types of contamination. T h e  first is ‘mechanical’ 
contamination by particles or by solutions which enter the interstices and 
can become absorbed. Olsson et al. (1968) show that this is a considerable 
source of error in foraminifers and other small shell particles. This should 
not be a major problem if hard, tight molluscs are used.

T he  other type of contamination is carbon isotope exchange between 
C aC 0 3 and the environment. According to Craig (1954) recrystallization 
(used in the wide sense of the word) by solution and reprecipitation is the 
only mechanism for such isotopic exchange fast enough at the temperatures 
found in nature to have any importance for C14 dating. T he  problem can 
be stated as follows: If  it can be proven that recrystallization has not oc­
curred, then isotopic exchange has not occurred. There exists a possibility 
for exchange if there has been recrystallization, and it would be very pos­
sible that an incorrect dating would result. T hus it is necessary to discuss 
m ethods used in determining whether recrystallization has occurred or not.

Dating o f outer and inner parts o f shells. -  Recrystallization will probably 
not occur simultaneously in all parts of the shell. Exchange of carbon during 
recrystallization probably occurs more extensively in the outer than in the 
inner part. B. G. Andersen (1968) has obtained for shells dated at ca.
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11,000 years 820+280 and 1560^200 years higher age on the inner than the 
outer fraction (standard deviation (s) for differences calculated by me ac­
cording to the formula s =  ] s f  +  s22, where and s2 are standard devia­
tions for the measurements).

M ost laboratories dispose of the outer part of the shells and date only 
the inner part. This increases the shell date accuracy. Even better, Olsson 
& Blake (1961) removed the outer part and then separated the remainder 
into an outer and an inner part. If the deviation between these two parts 
is small there is an indication, but no proof, that there is little or no con­
tamination.

Measuring of C 13/C 12. -  Shell carbonate is almost in isotopic equilibrium 
with atmospheric C 0 2. Carbon in groundwater will also often have an iso­
topic composition close to equilibrium, and an exchange of carbon can 
therefore not be discovered by measuring SC13. If the groundwater has a 
strong isotopic deviation, e.g. resulting from dissolved humus, this will 
show up in the SC13 of the shell. In  that case a lower SC13 value (Bathurst 
1971), in the direction of the value for fresh water shells (which can be as 
low as §C13=  —15 °/00 PDB), is obtained. At SC13 values under — 3 °/oo 
PDB for marine shells the possibility for contamination m ust be scrutinized. 
I t  is, however, not possible to separate this effect from the influence of 
fresh or brackish water at the time of prim ary shell formation. As discussed 
previously, this is also a considerable source of error. M arine shells with 
low SC13 value m ust therefore be looked at with scepticism regarding C14 
dating.

T he  advantage of using SC13 in order to detect contamination is that it 
is often measured for fractionation corrections, and no further measurements 
are needed.

Measuring o f 0 18/ 0 16. -  Every mechanism which permits change in the iso­
topic composition of carbon in the carbonate m ust also permit changes in 
the isotopic composition of oxygen (Craig 1954). M easuring of 0 18/ 0 15 
should, according to Craig, be a better criterion for carbon exchange with 
the environment than C13/C 12. In  marine shells the O18 content varies greatly 
w ith the sea tem perature which, therefore, m ust be known. Also in this 
instance, the influence of fresh or brackish water on the prim ary shell for­
m ation gives the same effect as recrystallization. 0 18/ 0 16 values will give 
results bu t not a clear answer.

Examining mineralogical composition. -  Calcium carbonate in shells occurs 
as high magnesium calcite, low magnesium calcite, and aragonite (Taft 1967, 
Bathurst 1971). T he factors influencing the relationship between the mine­
rals at the time of shell formation are summarized by W ilbur (1964). High 
magnesium calcite and aragonite are metastable and will in time recrystal-
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lize to the stable low magnesium calcite. T he processes for these recrystal­
lizations and the factors which influence them  are discussed by Bathurst 
(1971).

T h e  calcite-aragonite recrystallization process can be used in several ways. 
T he  safest one is finding species which prim arily consist of only one mineral, 
either aragonite or high magnesium calcite. If fossil shells are found which 
consist only of the same metastable mineral, then recrystallization has not 
occurred. T here are, however, few species which have only aragonite or 
high magnesium calcite shells in cold ocean areas.

Similar methods can be used on shells where the relationship between the 
minerals is known. The best method would be to use shells in which the 
composition varies little with the environment.

Another method utilizes shells primarily composed of low magnesium 
calcite which are less subject to recrystallization. In  this instance miner- 
ological composition cannot be used for determ ining if recrystallization 
occurred.

T he  mineral content is quickly examined and requires small samples. 
T his is perhaps the method which is best suited for routine examinations. 
However, one m ust first determine the prim ary mineralogical composition 
of species which are best suited for dating in the different areas.

Visual determination. -  Surface/volume ratio is m uch greater in porous shells 
than in hard, tight shells. This allows for greater possibility of carbon ex­
change with the surrounding water during recrystallization.

M any shells have primarily fine surface textures. During dissolution and 
reprecipitation these will disappear (Taft 1967) and surfaces will become 
smooth. In  addition, holes will be present if there has not always been equi­
librium between the shells and the environment. Rönnevik (1971) shows 
from one locality that shells with good surface textures and preserved 
periostracum are recrystallized less than shells without periostracum and 
with weak surface textures.

For C14 dating hard, non-porous, thick shells with a fresh surface and 
preserved textures should be used. These visual criteria are referred to by 
several authors, but must be emphasized here. These criteria are easily 
determinable in the field, and they give considerable assurance.

Levels o f structures. -  T here are many fine structures in shells (W ilbur 1964, 
Bathurst 1971). Together with the large surface textures discussed above, 
the fine structures will also be damaged during recrystallization by dissolu­
tion and reprecipitation. This can be discovered during microscope studies 
of the shell structures. This is time consuming and will perhaps not be 
possible for routine datings.

These fine structures can be preserved during solid state recrystallization 
(T aft 1967), but this type of recrystallization has no importance in the time
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period and tem peratures (Bathurst 1971) which are relevant for C14 datings. 
N either does solid state recrystallization offer a possibility for isotope ex­
changes.

Conclusions. -  Inherent problems exist in marine shell dating because of 
carbon isotope exchange after deposition. Several m ethods for determining 
the occurrence of isotopic exchange exist. On the basis of the foregoing 
discussion the following is suggested:

(1) A  th o ro u g h  se lec tio n  o f  shells acco rd in g  to  v isual crite ria .
(2) R em o v a l o f  o u te r  p a r t  o f  th e  she ll b e fo re  datin g .
(3) S e p a ra te  d a tin g  o f th e  o u te r  an d  in n e r  p a r t  o f th e  rem a in in g  shell.
(4) C ,3/C 12 ra tio  d e te rm in a tio n .

T hese four points can be met at most laboratories. For further research, 
measuring mineralogical composition seems to be the m ethod best suited 
for routine analysis. In  this case, basic research in recent materials is neces­
sary.

D a tin g  o f recen t shells on the  N orw egian  coast

Samples and methods. -  T he shells are from the collections at the Zoological 
M useum  at Bergen University. T he molluscs were collected alive, and they 
were possibly kept in alcohol shortly after being collected. Later they were 
kept in dry storage. T he datings were carried out at T rondheim  Radio­
logical Dating Laboratory, while the C13/C12 was measured at Karolinska 
Institutet, Stockholm.

Prior to dating the shells were scrubbed with a steel brush, washed in 
luke-warm water, then rinsed in distilled water. 10-20% of the outer part 
of the shells was then removed by solution in HC1.

T he  measured activities were corrected for the radioactive decay between 
the collection year and 1950. All C14 activities and ages which are given 
refer, therefore, to the year of death and not to 1950.

T he  shells were collected between 1898 and 1923 (Table 4), and some of 
them  can be slightly influenced by the industrial effect. T h e  shells were 
larger than 15 g, and had an age of up to 20-30 years. This will reduce the 
importance of industrial effect, but implies also that the carbonate is some­
what older than indicated by the year of collection. T he  industrial effect and 
living age of shells operate in opposite directions, and the error in apparent 
age would hardly exceed 20 years, and is probably m uch lower. Therefore, 
no corrections are used for these errors.

Inform ation about the shells and the measuring results are given in Table 
4. T he  differences in ages are so small (from 340+75 to 5504:80) that it 
is difficult to determ ine whether the differences are due to measurement 
precision or due to real differences in shell activities.
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Table 4. D a te d  she lls . L a titu d e  a n d  lo n g itu d e  can  b e  ca. 2 ' in  e rro r . T h e  p a ra m e te rs  a re  ca lcu la ted  fro m  equatie 
g iven  in  th e  tex t. A ges g iv en  a re  re lative to  y e a r o f d ea th . T o  o b ta in  real C 14 dates , th e  d ifference b e tw een  1950 a 
y e a r o f  co llec tio n  sh o u ld  be a d d e d . N o  co rre c tio n s fo r  in d u s tr ia l  effect a re  used .

L ab .
N o.

S pecies L oca lity L a t. N L ong . E
S am p le
d e p th
m

D ate
of
co llec­
tion

C o rre c te d  fo r  rad ioactive  decay 
b e tw een  tim e  o f  co llection  a n d  I f  

SC 13 SC 14 A A p p a r-  A sheii T si 
p e r  p e r  p e r  e n t age p e r  vei 
m il m il m il (T  =  T app) m il 

years

T -9 5 1 Buccinum
undatum

L eikanger,
S ognefjo rd

6 i ° i r 6°48 ' 20 -4 0 1912 +  0 .8  + 3  —49 +  9 4 0 0 + 7 5 +  2 -

T -9 5 2 h in ia
excava ta

V angsnes,
S ognefjo rd

61 10' 6 39' 

B etw een

300 1920 +  2.1 - 3  - 5 7 + 9 4 7 0 + 7 5 - 8

T -9 5 3 C hlam ys
septem radiatus

F jæ rlan d s-
f jo rd en ,
S og n

61°13 ' 6°34' 
and

61c2 2 ' 6°85 '

180-200 2/5 /
1909

+  2.7 - 5  - 6 0  +  10 500 +  80 - 1 0

T - 9  54A  C yprina  
islandica  
O u te r  frac tio n  
(5 0 % )

Id eo sen ,
H erd la ,
H o rd a la n d

60°34/ 5D00' ca. 10 S ep t.
1923

+  1.9 + 5  - 4 9  +  9 4 0 0 + 7 5 +  1 -

T -9 5 4 B In n e r  frac tio n
(5 0 % ) o f  T -9 5 4 A

+  2 .2  0  - 5 4 + 9 4 5 0 + 7 5 - 4

T -9 5 4 M e a n  o f  A  a n d  B ” ” ” ” ” +  2.1 4 3 0 + 6 0
T - 9  5 5 C yprina

islandica
S ollesnes,
Jo n d a l,
H a rd a n g e r

6 0 '1 8 ' 6°17 ' 2 0 -5 0 17/7/
1908

+  2 .6  - 5  - 6 0 + 9 490 +  75 - 1 0

T - 9  5 6 Tapes
pu lla stra

M o ste rh av n ,
H o rd a la n d

5 9 ’42 ' 5 24' 15 1918 - 0 . 2  + 5  - 4 5 + 1 1 3 7 0 + 9 0 +  5 -

T - 9  5 7 M odiolus
modiolus

N o r th  Sea, 
a p p ro x .h a lf  
w ay  betw een  
B ergen  and  
S h e tlan d

60°38 ' 2°35 ' 1 10-115 28/6/
1906

+  1.9 - 1  - 5 4  +  9 450 +  75 - 4

T - 9  5 8 M y tilu s
edulis

K o m ag fjo rd ,
F in m a rk

70°16 ' 2 3 '2 4 ' 0 -1 0 10/8/
1922

0 . 0 - 1 4 - 6 3 + 9 520 +  75 - 1 4

T -9 5 9 C hlam ys
septem radiatus

B rev ik fjo rd ,
T e le m a rk

59c0 3 ' 9°42' 10 0-120 29/11/
1898

+  0 . 8 - 1 5 -  66 +  10 5 5 0 + 8 0 - 1 6

T -9 6 0  M odiolus  
m odiolus

M e an  o f  sam ples

G ro n h o lm - 
su n d , R isor, 
A u s t-A g d e r

58°44 ' 9°18 ' 10 Ju ly
1905

+  1.4 +  1 2 - 4 2 + 9  

+  1.5 - 2  - 5 4

340 +  75 

4 5 0 + 4 0

+  9 -  

- 5

Water circulation and apparent age in the fjords. -  T he  first problem concerning 
the Norwegian fjords is whether the water is really sea water or whether it 
is so brackish that the hard water problem discussed earlier exists. Accord­
ing to Sælen (1967), the salinity in the West Norwegian fjords below 20 
metres depth exceeds 30°/00 the year round. On the surface the salinity varies 
from almost fresh water to 34 °/00, depending on the time of year. However, 
the brackish water layers always seem to be ju st a few metres deep (Sælen 
1967, Gade 1970). As seen from these simple criteria, it is clear that N or­
wegian fjord water, at least below some metres depth, is almot pure sea 
water. In  considering C 14 fossil dating it is im portant to keep in mind that
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S C 13
+ 0.5 + 1.0 + 2.0i + 3.0

T -9 5 7

300 J

Fig. 3 . R e la tion  b e tw e e n  SC13 a n d  d e p th  fo r  th e  m easu red  sam p les fro m  th e  N orw eg ian  
coast (T a b le  4). T -9 5 7  is th e  N o r th  Sea sam ple .

COA ST A L W A T E R

C O A S T A L  C U R R E N  T f l o w a r d s

A T L A N T I C  W A T E R

F J O R D

( t o w a r d s  N  )

A T L A N T I C
C U R R E N T

Fig. 4. S ch em atic  cro ss sec tio n  sh o w in g  d iffe ren t w a te r  m asses an d  c irc u la tio n  p a tte rn s  
leng thw ise  th ro u g h  a f jo rd  in  W est N orw ay .

dated molluscs almost always have lived at some metres depth where clay 
sedimentation exists.

SC13 for the measured shells varied between -  0.2 °/00 and +  2.7 °/00 (Table 
4). According to the results from Keith et al. (1964) and Mook (1971) this 
indicates clearly that the shells lived in pure sea water, with little or no 
freshwater influence. Fig. 3, however, suggests that the small variations in

11 —  Boreas 1 :2
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T-957
¿ 5 0 Í7 5
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T-356 
3 7 0 t  9 0

Fig. 5. L oca litie s  an d  a p p a re n t ages fo r  sam ples (T a b le  4), excep t T -9 5 8  w h ich  is fro m  
N o r th  N orw ay  (F ig . 9).

the SC13 values can be due partly to mixing with fresh water in the surface 
layers.

Circulation in the fjords consists of two main types (Sælen 1967): Circula­
tion in the higher layers and circulation in the deep basins (Fig. 4).

Surface layer circulation is determined to a great extent by the supply of 
fresh water, bu t for the problem  at hand can be considered continuous and 
very rapid. Exchange occurs mainly with coastal waters outside fjord mouths 
(Fig. 4), but also with the deep water in the fjord (Gade 1970).

Renewal of the fjords’ deep water usually occurs under the conditions 
shown in Fig. 4, where coastal water rises so that a wedge of the Atlantic
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Fig. 6. R e la tion  b e tw een  
a p p a re n t  age an d  d e p th  fo r 
all sam p les (T ab le  4). T -9 5 7  
is th e  sam p le  from  th e  N o r th  
Sea.

3 0 C

C  y e a r s  
A0 0  5 0 0

o: 1 0 0 -

3 0 0 -1

500  I

W ater (salinity approx. 35 °/00) reaches beyond the sill of the fjord and 
flows into the basin. T he surface fjord water will then be raised. Renewal 
of deep water is relatively frequent in many fjords. Both in Nordfjord 
(Sælen 1967) and Oslofjord (Gade 1970) there has been a certain amount of 
influx of bottom water to the outer basins almost every year, while there 
are several years between penetration to the basins further in. Some N or­
wegian fjords have almost stagnant bottom water (Strom  1936), and it is 
also known that sea water can be trapped at the bottom of lakes for several 
thousand years (Strom  1961). These water masses probably have high apparent 
ages. However, molluscs and other organisms needing oxygen cannot live 
in th is water. I t  is also assumed that the volume of stagnant water in most 
cases is so small that it is negligible when mixed with overlying water masses.

M ost of the shells measured were collected in fjords or at fjord mouths 
(Fig. 5), but from different places. All samples are therefore included in 
the same diagram (Fig. 6) which shows apparent age in relation to depth. 
I will, however, emphasize that none of the samples are from the deepest 
fjord basins, which are up to 1300 metres deep (Sognefjorden). Only 3 
samples are taken from below 100 metres in the fjords (Fig. 6). However, 
these all gave an apparent age of over 470 years, and can indicate a higher 
age in the deep water. One would in that case expect greater variations on 
the surface, depending on the mixing between rising deep water and regular 
surface water. I t  is not possible to draw certain conclusions on the basis of 
so few observations, but Fig. 6 indicates that the deep water in the fjords 
remain for such long periods that it influences apparent age by a few decades.

The Norwegian coast. -  A current along the Norwegian coast starts at the 
mouth of T he Baltic Sea ánd follows the coast north to the Barents Sea 
(Fig. 8). This is pure Baltic water at Öresund, but it is soon mixed with 
N orth Sea water and obtains a salinity of 25-30 °/oo or more. Farther along 
the coast it is mixed mainly with waters from the Atlantic Ocean which lie 
partly outside and partly under the coastal water (Figs. 4 and 9). Eggvin 
(1940) gives an average velocity for this coastal current of approx. 9 nautical
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c ' “>ea rs  

700-,

600-

500-

Í00-

300-

2 0 0 -
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0 200 ¿00 600

F ig . 7. A p p a re n t ages (w ith  s ta n d a rd  d ev ia tions) o f  d iffe ren t sam ples, sh o w n  in  a p rofile 
a long  th e  coastal c u r re n t  fro m  G ö teb o rg  (0 km ) to  N o r th  N o rw ay  (2200 k m ). F o r  locations 
o f  th e  sam ples, see F ig . 9. T h e  exact lo ca tio n  o f  sam p le  U -6 0 7  is n o t  k n o w n , b u t  th e  e rro r  
is sm all in  any case. O n ly  sam ples f ro m  d e p th s  less th a n  50 m e te rs  a re  in c lu d e d  in  o rd e r  
to  avo id  sam ples fro m  o th e r  w a te r  m asses.

miles per 24 hours. This means that a water mass can be transported along 
the entire Norwegian coast in about 6 months.

Fig. 7 shows a profile parallel with the coastal current. In  order to be 
certain that the samples are from coastal waters, only samples from less 
than 50 meters depth are used. T he  samples from the fjords are plotted 
at the mouth of the fjords because the fjords’ surface water has such a rapid 
exchange with the coastal water.

There is no significant (Fig. 7) variation in apparent age in the coastal 
current from Göteborg to western Norway. T he  reasons for this are the 
great velocity of the current and the small variation in apparent age of the 
water masses which are mixed in the current. T his also means that from 
Göteborg upwards the influence of Baltic water is negligible. In  the south­
erly part of the Baltic Sea the water has an apparent age of only 30-170 
years (Engstrand 1965).

The North Sea and the Norwegian Sea. -  T he  N orth Sea W ater consists es­
sentially of water from the Atlantic which enters north and south of Shet­
land as well as through the English Channel (Fairbridge et al. 1966). Other 
water masses brought in are water from the Baltic Sea and fresh water from 
land, but all these are small in relation to Atlantic Water. Except in the 
Norwegian Channel the entire N orth Sea is less than 200 meters deep, and 
strong currents with numerous large and small eddies effect a thorough 
mixing of the water masses (Breen 1965).

T he Norwegian Sea is a large ocean area with depths to 4000 meters.

c a  2 2 0 0  

N
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Fig. 8. S ch em atic  m ap  of 
su rface  c u r re n ts  in  th e  N o r ­
w eg ian  S ea  an d  su rro u n d in g  
area , a c c o rd in g  to  S v e rd ru p  
(1952). D e e p , dense  w a te r  
o u tflow s schem atica lly  ac­
c o rd in g  to  W o rth in g to n  
(1970).

T he hydrographic conditions are therefore more complicated and can only 
be treated schematically. T he reader is referred further to Mosby (1960, 
1962) and W orthington (1970). W hat is im portant for the present problem 
is that all instreaming to the Norwegian Sea from other ocean areas occurs 
as surface currents (Figs. 8 and 9). T here is also a surface current to the 
west, out of the Norwegian Sea to the Atlantic. On the other hand, in the 
easterly and middle parts of the Norwegian Sea the Atlantic W ater is cooled 
and sinks, later to stream out of the Norwegian Sea as deep water (Fig. 8) 
(W orthington 1970).

Fig. 9 shows published datings of ocean water and marine organisms from 
the Norwegian Sea and the surrounding area. As seen in Table 5, the datings 
from the Norwegian Sea itself and Spitsbergen are carried out on samples 
collected after 1952. These datings are therefore influenced both by indus­
trial effect and atomic bomb effect. I t  is impossible to determine exactly 
how significant these influences are, but they are probably less than 200-300 
years. By the middle of the 1950’s influence of atomic bomb testing seemed 
to be so great that it surpassed influence from fossil fuel, so that the samples

 v  S u r f a c e  c u r r e n t

D e e p  w a t e r  o u t f l o w s
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Table 5. R efe ren ces fo r sam ples in F ig . 9. F o r  som e sam p les (Y -6 0 6 , U —133, U —121, U -1 2 2 , 
U -1 0 5 8 )  she lls a re  u se d  fo r w h ic h  th e  ex ac t y ea r  o f  d e a th  is n o t  k now n . F o r  th e  o th e r  shells 
th e  y ea r o f  d e a th  is assu m ed  to  b e  id en tica l w ith  th e  y e a r  o f  co llection .

L ab . A lt i tu d e /d e p th  Y ea r o f
N o. M a te ria l da ted m etres co llec tio n R eference

S t-3 2 2 Seaw a te r 0 1957 Ö s tlu n d  & E n g s tra n d  1963
S t-3 3 1 ” 0 1957
S t-3 3 2 ” 0 1957
S t-3 3 4 ” 0 1957 y y  y y  y y  y y

S t-3 3 5 ” - 3 3 7 1957 y y  y y  y y  y y

S t-3 3 6 ” 0 1957 y y  y y  y y  y y

S t-4 5 8 ” 0 1959 y y  y y  y y  y y

S t-4 5 9 ” - 1 0 0 0 1959 y y  y y  y y  y y

S t-4 6 0 ” 0 1959 y y  y y  y y  yy

S t-3 6 5 S eaw eed
(F ucus serratus) - 0 . 5 ------ 5 1905

L -5 9 9 B M olluscs
( C ard ium  edule) 1960 B roecker & O lso n  1961

L -5 7 6 Í M olluscs 
(N u ce lla  lapillus) 1840 „

L -5 7 6 h M olluscs 
(N u ce lla  lapillus) 1900 „

Y -606 M olluscs
(  Severa l species) - 2 ------ 15 1959-1960 S tu iv e r  & D eevey  1962

U -1 3 3 M olluscs
(A s ta r te  borealis) +  0-----¡-0.5 1952 O lsson  1960

U -1 2 1 M o llu scs
(A s ta r te  borealis) +  1 1958 ”

U -1 2 2 M olluscs
( Buccinum  glaciale) +  1.5 1958 ” ”

U -2 0 5 8 M olluscs
(M a co m a  calcarea) 0— + 2 1966 O lsson e t al. 1969

U -6 0 7 M olluscs ca. 1935 ” ”  ”
(P a te lla  vulgata)

L u -2 3 4 M o llu scs
(B a lanus sp.) 1920-1940 H äk an sso n  1969

L u -2 3 5 M olluscs
(Buccinum  undatum ) 1920-1940 ”  ”

L u -2 3 7 M olluscs Shallow  w a te r 1889-1904 1970

collected after this time probably gave too low an apparent age. T he  results 
of variable influence from industrial and atomic bomb effects on the datings 
from the Norwegian Sea can be as great as the measured variations in ap­
parent age. I t  is therefore pointless to discuss these variations further. 
However, datings from Spitsbergen, Greenland, and Iceland seem to give 
a somewhat higher apparent age than datings from Scandinavia.

All datings from the Norwegian Sea (Fig. 9) are between 250 and 600 
years. This fits well with the water circulation described above, where the 
surface water in the Norwegian Sea has remained on the surface and has 
been exchanging carbon with the atmosphere for some time. Nowhere is 
there a proven upwelling of old deepwater. T his is in direct opposition to 
conditions at corresponding latitudes in the Southern Hemisphere (see, for
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F ig . 9. C o m p ila tio n  o f  p u b lish e d  m easu rem en ts , in d ic a tin g  a p p a re n t age o f  se a -w a te r  o r 
m a rin e  o rg an ism s f ro m  th e  N o rw eg ian  Sea a n d  s u r ro u n d in g  areas. S u rface  w a te r  acco rd in g  
to  M o sb y  (1960). R e feren ces fo r d a te d  sam ples in T a b le s  4  a n d  5. M a n y  sam ples w ere 
co llec ted  a f te r  1952 (T a b le  5), an d  acco rd in g ly , a re  in flu en ced  b y  b o th  in d u s tr ia l and  
a to m ic  b o m b  effects. T h e se  e rro rs  a re  u n c o rre c te d , a n d  a re  assu m ed  to  b e  a m ax im u m  o f  
± 2 0 0 -3 0 0  y ears. T h e re fo re  th e  c o m p arab ility  o f  th e  d a tin g s  is re s tr ic te d . F o r  severa l 
sam p les a p p a re n t ages a re  ca lcu la ted  b y  m e fro m  A -v a lu e s  g iven  in  re fe ren ce s (T a b le  5). 
T h e s e  a re  c o rre c te d  fo r  y e a r  o f  co llec tion  (dev ia tio n  fro m  1950), an d  age ro u n d e d  off, 
w h ile  th e  s ta n d a rd  d ev ia tio n s a re  n o t  ro u n d e d  off.

example, Fig. 2 and Rafter & O ’Brien 1970) where apparent age varies 
greatly on the surface, and ages up to 2500 years have been found.
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Conclusions. -  T here are small variations in apparent age of sea water and 
marine organisms in the Norwegian Sea and surrounding areas. Along the 
coast of Norway, this is a result of surface water from the Atlantic playing 
a dominant role in the water balance. Secondly, circulation in this area is 
so rapid that little or no difference in apparent age results, except perhaps 
that some differences occur as a result of the deepwater in the fjords re­
maining there for a few decades.

Concerning C 14 dating, then, the sea around Norway can for the present 
be seen as a water mass with apparent age of 450T 4 0  years, determined as 
the mean of the measurements in Table 4. T his value should be consider­
ably more reliable than previous estimates, which are based either on few 
measurements or include samples influenced by industrial and atomic bomb 
effects (M örner 1969). Using shell dates in correlations one should, neverthe­
less, figure on a greater uncertainty, as it is still possible that some real 
differences in apparent ages exist, and the averaging of the whole area is 
therefore not strictly correct.

T he  strong influence of the Atlantic W ater is very im portant when dis­
cussing variations in apparent age back in time. As long as the Atlantic 
Current has entered the Norwegian Sea, one can assume that changes in ap­
parent age have been parallel in the entire area. I shall not here discuss 
the conditions during maximum glaciation but merely stress that for the 
last 14,000 years there is no reason to believe that there have been any 
changes in the Atlantic Current.

T he  deposit at Blomvâg (M angerud 1970) is perhaps the only one in 
Norway in which a direct comparison of marine shell and terrestrial plant 
datings is possible. However, as pointed out by Andersen (1968), there is 
a fairly good agreement in the Norwegian correlations between dating of 
shell and other material. Considering the climate variations of short dura­
tion in Late Weichselian in northwest Europe (M örner 1969; M angerud 
1970; T auber 1970; Berglund 1971) the agreement between datings of 
marine shells and terrestrial plants is so good th a t systematic deviation can 
hardly be more than 200-300 years. T here is, however, good reason to in­
vestigate this further.

C onclusions

(1) T h e  calculation of C14 dates and publishing of results is done dif­
ferently at various laboratories. T he user m ust be alert to whether or not 
there has been a correction for apparent age, as th is could mean a difference 
of several hundred years. Calculation procedures should be standardized 
internationally.

(2) Shells living at present, and other marine organisms, would have a 
C14 age at death, called apparent age, which can vary from 200-300 years 
to more than 2500 years and is due to carbon circulation in nature. This 
apparent age m ust be corrected for in C14 datings.
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(3) Measuring of apparent age on 10 recent shells from the Norwegian 
coast gave between 3 4 0 ^7 5  and 550±80, the average being 4 5 0 ^ 4 0  years. 
Apparent age is therefore not seen as a significant problem in dating of 
Norwegian shells. Datings from Trondheim  Radiological Dating Laboratory 
are corrected for an apparent age of 410 years. I f  the above calculation of 
450 years is assumed to be correct, the corrected shell datings give only a 
40T 4 0  years high ages.

(4) Contamination after deposition is a major source of error in shell 
dating. T his error can be reduced considerably by a careful selection of 
shells according to visual criteria. T here is also a theoretical basis for more 
precise methods, but these methods require first an investigation of recent 
material for the species in question in each area.

In  old shells contaminations of only small quantities of younger carbon 
will cause great errors. One should be very sceptical of shell datings which 
give more than 20,000 years.

(5) T here is no doubt that there are more inherent problems in shell 
dating than in the dating of terrestrial plant materials. T he  problems can 
be solved, however, and if handled carefully, the results can be just as 
reliable. However, an uncertainty of 200 years or so should be considered 
because of carbon circulation in nature.
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Instructions to A uthors
M a n u sc r ip ts  are  to  be  se n t to  th e  E d ito r . T h e  a u th o r’s p e rm a n e n t an d  te m p o ra ry  add resses 
a re  to  b e  given. T h e  m a n u s c r ip t w ill n o t  b e  r e tu rn e d  to  th e  a u th o r  u n t i l  th e  artic le  has b e e n  
p r in te d , an d  th e  a u th o r  is re q u e s te d  to  re ta in  a co m p le te  copy. P ro o fs  w ill be  se n t to  th e  
a u th o r  o n ce ; th e  a u th o r  is ex p ec ted  to  re a d  th e m  ca re fu lly  a n d  to  r e tu rn  th e m  p ro m p tly  
to  U n iv e rsite ts fo rlag e t. T h e  a u th o r  w ill b e  ch arg ed  fo r  ch anges agains t th e  m a n u sc rip t m ad e  
b y  h im  in  the p ro o f. R e p rin ts  in a d d itio n  to  th e  100 free  copies a re  to  b e  o rd e re d  on a form  
su p p lie d  w ith  th e  p roo fs (o n ly  o ne  se t o f  p ro o fs  in  cases o f  jo in t  au th o rsh ip ) .

M A N U S C R I P T
T h e  m a n u sc rip t m u s t  b e  ty p e w ritte n  (ca rb o n  copy  n o t  accep tab le ) o n  o ne  side  o f  s ta n d a rd ­
sized  p ap e r, d o u b le  sp a ced , an d  w ith  an  am p le  le f t m arg in . T h e  te x t m u s t  b e  c lear and  c o n ­
cise, an d  w ritte n  p re fe rab ly  in  E n g lish  ; G e rm a n  o r  F re n c h  m a n u sc rip ts  m ay  b e  su b m itted . 
M a n u sc r ip ts  sh o u ld  b e  a rra n g ed  in  th e  fo llow ing  o rd e r :  (1) In fo rm a tiv e  b u t  b r ie f  title . A void  
ti t le s  w ith  in te rro g a tiv e  fo rm , ab b rev ia tio n s , fo rm u lae , an d  b rack e ts . (2) A u th o r ’s n am e; one 
o r  m o re  o f  h is fo renam es u n a b b re v ia te d . (3) A  short a b s tra c t, a lw ays in  E n g lish , n o t  exceed ing  
12 lin es (910 le tte rs  a n d  spaces), a n d  s ta r t in g  w ith  a re p e titio n  o f  2 an d  1, w ith  a tran s la tio n  in 
p a ren th ese s  o f  n o n -E n g lish  title s . (4) T h e  a u th o r ’s p ro fessio n a l ad d ress  a n d  a d a tin g  o f  th e  
m a n u sc rip t. (5) T h e  m a in  te x t. U se  th re e  o r  few er g rad es o f  h ead in g s . In d ic a te  in th e  left 
h a n d  m arg in  th e  a p p ro x im a te  p o s itio n  o f figu res an d  tab les . T h e  w o rd s ‘F ig .’ (‘F ig s .’) 
a n d  ‘T a b le ’ (u n ab b re v ia te d ) a re  to  be  w r it te n  w ith  cap ita l in itia l in  th e  tex t. I n  th e  m ain  
te x t, Boreas does n o t  u se  sm a ll cap ita ls , bo ld -face , o r  le tte r-sp a c in g . In s te a d  o f  foo tno tes, in se rt 
p a ra g ra p h s  w h ich  can  be  co m p o sed  in  sm a lle r ty p e  o r  u se  p a ren th ese s. (6) R eferences sha ll 
c o n fo rm  to  th e  exam p les g iven  below . A b b rev ia tio n s  u se d  sh o u ld  be  c o n s is te n t; necessary  
ed ito ria l changes w ill a d h e re  to th e  usage  in  th e  In tern a tio n a l L is t o f  Periodical T itle  W o rd  
A bbrevia tions  ( U N IS I S T / I C S U  A B 1970). (7) C a p tio n s  o f illu s tra tio n s , if  any . A d d  an  E ng lish  
c a p tio n  below  cap tio n s in  o th e r  languages . Figure captions a n d  tables m ust be subm itted  on 
separate sheets. (8) T a b le s , if  any , w ith  cap tions , n u m b e re d  w ith  a rab ic  n u m era ls . W h en  
po ss ib le , try  to  s im p lify  ta b le  m a te r ia l so  th a t  i t  can be  ru n  in  w ith  th e  tex t.

I L L U S T R A T I O N S

Illu s tra tio n s  sh o u ld  b e  re d u c ib le  to a m ax im u m  size o f  11.8 X 20.3 cm  or less. I t  is re c o m ­
m en d ed  th a t  figu res b e  c o n s tru c te d  either fo r th e  e n tire  w id th  o f  th e  ty p e  area  (11.8 cm ) 
or fo r  a  w id th  less th a n  8 cm . F ig u re s  (m icro fossil d iag ram s, e tc .) m ay  also  be  p la n n e d  to 
o ccu p y  th e  page areas a n d  in n e r  m a rg in s  o f  tw o  o p p o site  pages. L in e  d raw in g s (m aps, 
sec tions, etc.) m a y  occasionally  b e  a llow ed  to  e x ten d  in to  th e  in n e r  m a rg in  o f  th e  page by  
a n  ad d itio n a l 2.7  cm . O n  all f ig u res sh o u ld  b e  th e  a u th o r ’s n am e an d  th e  fig u re  n u m b e r . 
D o  n o t a ttach  cap tio n s to  th e  figure. P h o to g ra p h s  are  to  b e  clear, sh a rp ly  co n trasted , an d  
p r in te d  o n  w hite  p a p e r  w ith  g lossy  fin ish . P h o to g ra p h s  o f fossils , how ever, sh o u ld  be  m ad e  
w ith o u t very  p ro n o u n c e d  lig h t areas o r  very  heavy sh a d o w s; th e  shad o w s a re  to  fall co n sist­
e n tly  tow ard s th e  low er r ig h t co rn e r  o f  th e  figure. F ig u re s m a y  b e  co m p o sed  of several 
q u a d ra n g u la r  u n its  se p a ra te d  b y  1 m m  b ro a d  spaces. T h e  ite m s in  co m p o s ite  figu res sh o u ld  
be  s im ila r to each o th e r  in to n e . I f  th e  n a tu ra l b a c k g ro u n d  is to  b e  d e le ted , b lack en in g  is 
p re fe rred .

B oreas does not p r in t  p la tes. A l l  halftones w ill be p rin ted  a t their proper p lace in the text. C o n se­
q u e n tly , all i llu s tra tio n s  sh o u ld  b e  te rm e d  figures, even  if  occasionally  co vering  an  en tire  
pag e , an d  th e  ite m s o f  co m p o s ite  figu res sh o u ld  b e  d es ignated  A , B , C , e tc ., (no t a ,b ,c , etc.).
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