
Fig. 1. Collection sites of shells used in 
this study. 

UCLA-914 and UCLA-917 have a con- 

siderably higher apparent age than 
those from open ocean coasts. As has 
been pointed out by Hubbs and Roden 
(10), there occurs localized upwelling 
in this gulf along the eastern coast in 
the winter and along the western coast 
in the summer. Besides this mechanism 
for the introduction of C14-poor water 
into the surface of the gulf, strong 
tidal currents cause extensive mixing 
of surface with subsurface waters. 
Since the upwelling in the gulf is 
thought to be less pronounced than on 
the Pacific Ocean coast of Baja Cali- 
fornia, the dominant mixing mecha- 
nism in the gulf must be due to the 
action of tidal currents, if the C14 
content of water from similar depths 
in the open ocean and the Gulf is the 
same. 

In the shallow northern portion of 
the Gulf of California, upwelling and 
tidal current effects apparently cannot 
draw on sea water of lower C14 content. 
This would explain the relatively low 
C14 depletion of -2.6 percent measured 

by the LaJolla Radiocarbon Laboratory 
for shells and sea water near San 

Felipe (LJ-648, LJ-701) (11). But at 
the mouth of the Gulf, near Cabo de 
San Lucas, strong currents result in 
the mixing of ocean water, as seen by 
UCLA-916, resulting in a depletion 
of -4.5 percent. 

As a result of this study, several 
conclusions can be drawn of im- 

portance to the collectors of shells for 
archeological investigations, if no wood, 
charcoal, and so forth is available for 
C14 dating. First, it is necessary to 
establish the previous use of the shells 
in question. Those that had earlier 
been gathered primarily for their food 
content most likely had been gathered 
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from places near the sites where the 

archeologists find them. But heirlooms 

may have already possessed an un- 
known age at the time of their last 

use, or may even have been obtained 
over great distances from a completely 
different oceanic environment. An ex- 

ample of the problem encountered with 
heirlooms has recently been discussed 

by Furst (12) and by Long and Taylor 
(13). 

Once the origin of the shells has 
been established, the respective oceano- 

graphic conditions have to be ascer- 
tained. An area of restricted circula- 
tion with the open ocean and heavy 
admixture of river water, such as 
Galveston Bay or Lake Pontchartrain, 
will yield shells of very low C14 con- 
tent. Similarly, shell beds exposed to 

upwelling and strong currents will also 

produce shells of high apparent age. 
Only areas of open interaction with the 
ocean, free from special mixing phe- 
nomena with deeper water layers, will 

produce shells with the least likelihood 
of possessing an unexpectedly low C14 
content. Such shells cause only mini- 
mum errors that are due to an unknown 

high apparent age difference between 
marine and land-based samples of the 
same true calendar age. 

Future study should determine to 
what extent it may be possible to fol- 
low local processes of upwelling in 
order to find the depth of origin of the 

rising water masses. This might be ac- 

complished by measuring shells origi- 
nating at different depths. As Sverdrup 
and Fleming estimate, the upwelling 
water rises only from depths of less 
than 200 m (14). But the vertical pro- 
files of the AC14 content at stations in 
the Pacific Ocean indicate a relatively 
rapid rise in apparent age with increas- 

ing depth for the first 1000 m (8). As 
the average life-span of marine shells 
lasts from a few years to some 25 years 
(15), shells will acquire a radiocarbon 
content determined by the magnitude 
of seasonal changes in upwelling which 
carries ocean water of changing C14 
content over the shell bed. 

RAINER BERGER 

R. E. TAYLOR 
W. F. LIBBY 

Institute of Geophysics, 
University of California., Los Angeles 

References and Notes 

from places near the sites where the 

archeologists find them. But heirlooms 

may have already possessed an un- 
known age at the time of their last 

use, or may even have been obtained 
over great distances from a completely 
different oceanic environment. An ex- 

ample of the problem encountered with 
heirlooms has recently been discussed 

by Furst (12) and by Long and Taylor 
(13). 

Once the origin of the shells has 
been established, the respective oceano- 

graphic conditions have to be ascer- 
tained. An area of restricted circula- 
tion with the open ocean and heavy 
admixture of river water, such as 
Galveston Bay or Lake Pontchartrain, 
will yield shells of very low C14 con- 
tent. Similarly, shell beds exposed to 

upwelling and strong currents will also 

produce shells of high apparent age. 
Only areas of open interaction with the 
ocean, free from special mixing phe- 
nomena with deeper water layers, will 

produce shells with the least likelihood 
of possessing an unexpectedly low C14 
content. Such shells cause only mini- 
mum errors that are due to an unknown 

high apparent age difference between 
marine and land-based samples of the 
same true calendar age. 

Future study should determine to 
what extent it may be possible to fol- 
low local processes of upwelling in 
order to find the depth of origin of the 

rising water masses. This might be ac- 

complished by measuring shells origi- 
nating at different depths. As Sverdrup 
and Fleming estimate, the upwelling 
water rises only from depths of less 
than 200 m (14). But the vertical pro- 
files of the AC14 content at stations in 
the Pacific Ocean indicate a relatively 
rapid rise in apparent age with increas- 

ing depth for the first 1000 m (8). As 
the average life-span of marine shells 
lasts from a few years to some 25 years 
(15), shells will acquire a radiocarbon 
content determined by the magnitude 
of seasonal changes in upwelling which 
carries ocean water of changing C14 
content over the shell bed. 

RAINER BERGER 

R. E. TAYLOR 
W. F. LIBBY 

Institute of Geophysics, 
University of California., Los Angeles 

References and Notes 

1. H. R. Brannon, Jr., et al., Radiocarbon 
Dating Conference, Andover, Mass., October 
1956. 

2. R. Revelle and H. E. Suess, Tellus 9, 18 
(1957). 

3. W. S. Broecker, "Nuclear Geophysics," Natl. 
Acad. Sci.-Natl. Res. Council, Publ. 1075, 
p. 138 (1963). 

1. H. R. Brannon, Jr., et al., Radiocarbon 
Dating Conference, Andover, Mass., October 
1956. 

2. R. Revelle and H. E. Suess, Tellus 9, 18 
(1957). 

3. W. S. Broecker, "Nuclear Geophysics," Natl. 
Acad. Sci.-Natl. Res. Council, Publ. 1075, 
p. 138 (1963). 

4. H. deVries, Koninkl. Ned. Akad. Weten- 
schap., Proc. Ser. B, 61, No. 2, 94 (1958); 
H. E. Willis, H. Tauber, K. O. Miinnich, 
Radiocarbon 2, 1 (1960); M. Stuiver, J. 
Geophys. Res. 66, 273 (1961); P. E. Damon, 
A. Long, D. C. Grey, ibid. 71, 1055 
(1966). 

5. H. E. Suess, J. Geophys. Res. 70, 5937 
(1965). 

6. R. Berger, W. S. Ting, W. F. Libby, Proc. 
International C-14 and H-3 Dating Confer- 
ence, Pullman, Wash., 1965. 

7. J. D. Isaacs, personal communication; C. 
Emiliani and R. F. Flint, in The Sea, M. N. 
Hill, Ed. (Interscience, New York, 1965), 
vol. 3, p. 888. 

8. G. Bien, N. W. Rakestraw, H. E. Suess, 
Limnol. Oceanogr. "The Redfield Volume," 
suppl. to vol. 10, R25 (1965). 

9. W. S. Broecker et al., J. Geophys. Res. 65, 
2903 (1960). 

10. C. L. Hubbs and G. I. Roden, in Handbook 
of Middle American Indians, R. Wauchope, 
Ed. (Univ. of Texas Press, Austin, 1965), 
vol. 1, p. 143. 

11. C. L. Hubbs, S. Bien, H. E. Suess, Radio- 
carbon 7, 112 (1965). 

12. P. T. Furst, Science 147, 612 (1965). 
13. S. Long and R. E. Taylor, Nature, in press. 
14. H. U. Sverdrup, M. W. Johnson, R. H. 

Fleming, in The Oceans, R. H. Fleming 
et al. (Prentice-Hall, Englewood Cliffs, N.J., 
1959), p. 725. 

15. C. A. Hall, Jr., personal communication. 
16. G. S. Bien, N. W. Rakestraw, H. E. Suess, 

Tellus 12, 436 (1960). 
17. C. L. Hubbs, S. Bien, H. E. Suess, Radio- 

carbon 7, 70 (1965). 
18. H. R. Crane and J. B. Griffin, ibid. 5, 228 

(1963). 
19. P. E. Damon, A. Long, J. J. Sigalove, ibid. 

5, 283 (1963). 
20. H. R. Crane and B. Griffin, ibid. 4, 183 

(1962). 
21. W. Dyck and J. G. Fyles, ibid., p. 13. 
22. E. A. Olson and W. S. Broecker, ibid. 1, 

1 (1959). 
23. C. L. Hubbs, S. Bien, H. E. Suess, ibid. 2, 

197 (1960). 
24. G. J. Fergusson and W. F. Libby, ibid. 5, 

1 (1963); other results in preparation. 
25. H. E. Suess, Science 120, 467 (1954). 
26. M. Rubin and H. E. Suess, ibid. 121, 481 

(1955). 
27. We thank NSF (GP-1893) and the donors 

of shells for assistance. This is publication 
No. 498 of the Institute of Geophysics and 
Planetary Physics, University of California, 
Los Angeles. 

25 April 1966 

Magnesium in Sea Water: 

An Electrode Measurement 

Abstract. Magnesium ion in standard 
I.A.P.O. sea water was measured with 
a magnesium-sensitive electrode. The 
results, presented either as magnesium- 
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Magnesium in Sea Water: 

An Electrode Measurement 

Abstract. Magnesium ion in standard 
I.A.P.O. sea water was measured with 
a magnesium-sensitive electrode. The 
results, presented either as magnesium- 
ion activity (0.017) or as the amount 
of ionized magnesium (0.048M or 
about 90 percent of the total mag- 
nesium), agree well with the data from 
the chemical model for sea water pro- 
prosed by Garrels and Thompson. 

A recently developed (1) cation- 
sensitive electrode has considerable 
sensitivity to magnesium ion. It is ap- 
proximately equally sensitive to di- 
valent cations and responds to calcium 
or magnesium about ten times as strong- 
ly as to sodium ion; it is indifferent to 

pH between 5 and 10. One can use this 

many-functioned electrode to measure 
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Table 1. Molar concentrations of cations in 
calibrating solutions and in standard I.A.P.O. 
sea water of chlorinity 19.373 parts per 
thousand. 

Solution Ion concentration (M) 
(No.) Na K Ca Mg 

1 0.469 0.0097 0.0088 0.0248 
2 .469 .0097 .0088 .0496 
3 .469 .0097 .0088 .0465 

Sea water .469 .0097 .0102 .0534 
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magnesium ion in sea water by cali- 
brating it in solutions that have the 
competing cations already present, 
varying only the concentration of mag- 
nesium ion. In sea water some of the 
magnesium is complexed by bicarbon- 
ate, carbonate, and sulfate ions, but 
as far as is known there is no complex- 
ing of magnesium, calcium, or sodium 
ion by chloride ion (2). The calibrating 
solutions were made up from the chlo- 
ride salts of the several cations; their 
compositions, and the composition of 
standard sea water from data of Sverd- 
rup et al. (3), appear in Table 1. Cal- 
cium concentration in the calibrating 
solutions is 86 percent of that in the 
sea water-about as much as is con- 
sidered to be ionized in sea water (2). 
The sea water used was standard 
I.A.P.O. (International Association of 
Physical Oceanography) sea water; 
chlorinity, 19.373 parts per thousand. 

The electrode-potential measurements 
were made against a saturated KC1- 
calomel reference electrode with an 
expanded-scale voltmeter (10 mv, full 
scale) and a strip-chart recorder. The 
solutions were stirred magnetically, 
and temperature was controlled at 25? 
?+ 0.1?C. The potential measurements 
were repeated several times; repro- 
ducibility was about + 0.1 mv. 

The best values for the four solutions 
were, in millivolts: solution 1, - 56.2; 
solution 2, - 50.6; solution 3, - 51.2; 
and sea water, - 50.9. The potential 
for sea water lies halfway between the 
potentials for solutions 2 and 3, which 
have, respectively, 0.0496 and 0.0465M 
magnesium; ionized magnesium in sea 
water may be taken as the average of 
these two concentrations, 0.048M. The 
total magnesium present in the sea 
water being 0.0534M (Table 1), it is 
apparent that only about 90 percent of 
the magnesium in sea water is ionized; 
this finding is in fair agreement with 
the data of Garrels and Thompson who 
calculated that about 87 percent is 
ionized (2). 

To convert the electrode-potential 
measurements to activities of magne- 
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sium ion one must use an individual ion 
activity coefficient. The ionic strengths 
of the calibrating solutions are nearly 
the same as that of the sea water, so 
I shall use the activity coefficient for 
magnesium ion used by Garrels and 
Thompson in their model. (I realize 
that I have combined a molal-activity 
coefficient with a molar concentration, 
but the differences between molal and 
molar magnesium in these solutions are 
less than 1 percent.) 

With the use of this activity coeffi- 
cient, 0.36, the calculated activities for 
magnesium ion in the calibrating solu- 
tions are: solution 1, 0.0089; solution 2, 
0.0179; and solution 3, 0.0167. Be- 
cause the potential in standard sea 
water lies midway between the po- 
tentials for solutions 2 and 3, the ac- 
tivity of magnesium ion in sea water 
may be taken as their average-0.0173, 
which also is in fair agreement with 
the value calculated by Garrels and 
Thompson, 0.0169. 

Recently another value for the ac- 
tivity of magnesium ion in sea water 
was reported by Pytkowicz et al. (4); 
they measured the pH of sea water that 
was presumably saturated with brucite, 
Mg(OH)2, obtaining 0.0084 for the ac- 
tivity of magnesium, a value about half 
as great as the one I report. It is dif- 
ficult to reconcile their measurement 
with the assumptions used in construct- 
ing the chemical model of Garrels and 
Thompson. If, as Pytkowicz et al. sug- 
gest, 39 to 53 percent of the magnesium 
in sea water forms MgSO40-ion pairs, 
virtually all the sulfate present in sea 
water must be combined with magne- 
sium, because sulfate is less than 53 
percent as abundant as magnesium. 

But the dissociation constants com- 
piled by Garrels and Thompson indi- 
cate that about as much NaSO4--ion 
pair is formed as is MgSO4?. Possibly 
the different result may be explained 
by assumption that the solubility of 
brucite is not known closely enough, or 
that in their experiment equilibrium 
was really attained with a hydroxy car- 
bonate of magnesium, such as hydro- 
magnesite [Mg4(C03)3(OH)2]. 

On the other hand, the good agree- 
ment between the values obtained by 
this electrode measurement and the cal- 
culations of Garrels and Thompson 
tends to support the assumptions on 
which construction of their model for 
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water, yield at least a first approxima- 
tion of the extent of interaction among 
those species. If the activity coefficients 
used in the model were not reasonably 
correct, the calculated amount of ion- 
ized magnesium would probably not 
agree so well with the measured value. 
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Rare Earths in Hawaiian Basalts 

Abstract. Rare-earth elements have 
been determined by neutron activation 
analysis in 20 basalts from the Hawaiian 
Islands. The abundance patterns of 
these elements form groups coinciding 
closely with groupings based on other 
evidence, and a fractional crystallization 
mechanism for change in rare earth 
abundance is implied. 

Volcanic rocks of the Hawaiian Is- 
lands have been under intensive study, 
from the standpoint of petrology and 
major-element chemical composition, by 
a number of investigators (1-5) who 
seek answers to the questions of the 
origin of these rocks and differentiation 
of the earth. We have analyzed some 
of these rocks for rare-earth elements 
by means of a neutron activation pro- 
cedure used in previous work (6). In 
this preliminary report we present some 
of the relations revealed by abundance 
patterns of the rare earths. 

In Table 1 we describe the samples 
analyzed and group them according to 
the similarity of rare earth abundance 
patterns given below. Following the 
practice of this laboratory (7), we com- 
pared the rare earth abundance pattern 
of each rock, element by element, with 
a common reference, for example, the 
average of ordinary chondritic meteor- 
ites (8). The relative abundance of each 

water, yield at least a first approxima- 
tion of the extent of interaction among 
those species. If the activity coefficients 
used in the model were not reasonably 
correct, the calculated amount of ion- 
ized magnesium would probably not 
agree so well with the measured value. 
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Rare Earths in Hawaiian Basalts 

Abstract. Rare-earth elements have 
been determined by neutron activation 
analysis in 20 basalts from the Hawaiian 
Islands. The abundance patterns of 
these elements form groups coinciding 
closely with groupings based on other 
evidence, and a fractional crystallization 
mechanism for change in rare earth 
abundance is implied. 

Volcanic rocks of the Hawaiian Is- 
lands have been under intensive study, 
from the standpoint of petrology and 
major-element chemical composition, by 
a number of investigators (1-5) who 
seek answers to the questions of the 
origin of these rocks and differentiation 
of the earth. We have analyzed some 
of these rocks for rare-earth elements 
by means of a neutron activation pro- 
cedure used in previous work (6). In 
this preliminary report we present some 
of the relations revealed by abundance 
patterns of the rare earths. 

In Table 1 we describe the samples 
analyzed and group them according to 
the similarity of rare earth abundance 
patterns given below. Following the 
practice of this laboratory (7), we com- 
pared the rare earth abundance pattern 
of each rock, element by element, with 
a common reference, for example, the 
average of ordinary chondritic meteor- 
ites (8). The relative abundance of each 
rare earth (that is, enrichment factor 
relative to the reference) is plotted 
logarithmically versus a linear scale of 
the atomic numbers of the rare earths. 
These elements decrease in size with 
increasing atomic number, and an ap- 
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