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INTRODUCTION 

Previous Work 

Much interest has been exhibited in the dating of 

oceanic sediments using radioactive methods since Piggot 

and Urry (1942) first used the radium content of sediments 

as a measure of their ages. Piceioto (1961) enumerates the 

various studies which would be greatly aided by the applica¬ 

tion of age dating methods. Of particular Interest are sedi 

ments deposited during the last several thousand to several 

million years. Dating methods most applicable to events in 

this period are those based upon the decay series of 

uranium-238 [ ionium (Th2^0, ti— 80,000 yrs.) and radium- 

226 (t|= 1,600 yrs.) j[ and uranium-235 [protactinium-231 

(ti = 34,000 yrs.)J. It has been recognized since the 
2 

initial work by Joly (1908) that the members of the decay 

series of both isotopes of uranium are far out of radio¬ 

active equilibrium In the upper portions of recent oceanic 

sediments Koezy (1956)j Piceioto (1961)5 Barnes, Lang 

and Potratz (1956)* Piggot and Urry (1941, 1942) more 

nearly approaching equilibrium with increasing depth. One 

aspect of this problem which is but little understood, is 

the mechanism or mechanisms by which the radioactive 

elements are removed from sea water and fixed in sediments. 

Numerous hypotheses have been made Pettersson (1937)# from 
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Koczy, (1956); Goldberg and Kolde (1958); Holland and 

Kulp (195*0; Koczy (1956); Adams, Osmond, and Rogers; 

Bowie and Atkins [(1956)} from Adams, Osmond, and Rogers 

(1959) J; Arhennius, Bramlette and Pice lot o[( 1957), from 

Adams > Osmond, and Rogers); and MeKeIvey, Everhart and 

Garrels (1955) but little quantitative work has been done. 

Purpose . 

The purpose of this study is two-fold: first, deter¬ 

mination of factors which may effect the quantitative 

incorporation of uranium in calcium carbonate; and second, 

determination of the primary mechanism or mechanisms 

responsible for the incorporation of uranium in calcium 

carbonate. This compound was selected to study the fixation 

of uranium for two reasons: it is easily precipitated in 

the laboratory, which facilitates observation; it is 

relatively common in the sedimentary record in the form of 

limestones• 

Measurements were made, using the fiuorimetric technique 

of Adams and Maeek (195*0* of the uranium content of calcium 

carbonate formed inorganically and organically under controlled 

conditions in artificial environments. Relationships were 

sought between the conditions in which CaCO^ was precipitated 

and the uranium content of the precipitate. Correlation 

was also sought between the uranium contents of the CaCO^ 
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grown,in artificial environments and that of natural calcium 

carbonates, the environmental conditions of formation being 

known, in order to determine if the uranium contents of the 

latter reflected any aspects of the depositionai environments 

Bata were compiled from three major sources. Calcium 

carbonate was precipitated under controlled conditions of > 

temperature, uranium concentration in solution and partial 

pressure of COg, and the uranium content determined. Measure 

ments were also made of the uranium contents of several 

samples of natural carbonates whose conditions of formation 

were known. Oysters (Ossostrea eouestris) from Galveston 

Bay, Texas, were placed in artificial environments under 

controlled conditions of partial pressure of COg, salinity, 

uranium concentration of solution and temperature. 

The results of this work may be applied to problems in 

age dating and sedimentology. Assuming the average con¬ 

centration of uranium in sea water (0.0020 $nl) and the 

constancy of this value since at least the Cambrian (Adams, 

Osmond and Rogers)1, and estimating from other lines of 

evidence what the environment of deposition may have been, 

particularly ivith regard to water temperature, it may be 

possible to estimate from the uranium content of artificially 

produced CaCO^, the quantity of uranium in a limestone or 

shell which might be expected as a result of incorporation 

during formation of the calcium carbonate. Any values 

1 
(1959) 
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significantly greater or below this range could be attributed 

respectively to secondary addition or removal of uranium. 

The validity of dates might be questionable fOr those samples 

whose uranium contents fall outside of the predicted ranges. 

Summaries of the uranium contents of limestones are presented 

in Adams and Weaver (1958) and Adams, Osmond, and Rogers 

(1959)* It was also hoped that this work might Indicate some 

aspects of the depositional environments of limestones 

through comparison of their uranium contents with those of 

the CaCOg precipitate produced In the laboratory under 

controlled conditions♦ 

All carbonates precipitated in the course of this 

project are devoid Of any uranium bearing clastic minerals 

such as apatite, xenotime, monazite, zircon, etc. which may 

be present in limestones and whose uranium contents are 

included in the figure given as the uranium content of the 

sediment. Consequently, the uranium contents of these 

aftificially produced samples can be related only to those 

of the pure CaCOg phases of natural carbonates. 



-5- 

PRECIPITATION OP CALCIUM CARBONATE 

UNDER CONTROLLED CONDITIONS 

Controlled Conditions 

^Calcium carbonate was precipitated from a mixture of 

solutions of NagGO^ and CaCl^ under a variety of controlled 

conditions which are as follows: temperature, concentration 

of uranium in solution, and the partial pressure of C0g, 

In a given series of runs, the concentration of uranium in 

solution and the partial pressure of C0g were held constant. 

The lowest temperature which could he obtained with available 

equipment was T°C* Prom this temperature, runs were per¬ 

formed at intervals of 10°C up to 47°C, the upper limit ob¬ 

tainable. Calcium carbonate was then precipitated at fixed 

temperatures of 7°, 17°, 27°, 37°* *7°C. This temperature 

range effectively corresponds to that in which natural CaCOg 

is formed in the ocean. Runs made through this temperature 

range at a fixed concentration of uranium constitute a series. 

In series I-V positive pressures of C0g equal to 0.0006 to 

0.0013 atmospheres were maintained in the reaction flask 

Which was thus a closed system. This was eliminated after 

Series V, the solution being then left open to the atmosphere. 

This was done to explore the effect of the atmospheric partial 

pressure of C02 on the uranium contents of the precipitate 

formed. (C^) in solution for the various series are as follows: 
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'Series. I-II, ' Cg =4.93*5 Series III, 0^=0.4935 X/ml; 

Series IV, Cg = 0.04935 <^mlj Series V, % =0.004935 fyml; 

Series VII, Cg =0.0024g Series VIII, Cg = .0012^ 

X/xals where ]f-=10m- gra. This provided a range of uranium 

concentrations in solution from approximately § that in sea 

water to 2,500 times this amount. 

Equipment 

A three liter, Jacketed, reaction flask with three 

standard taper necks was used to contain the solution from 

which GaCOg was precipitated. COg entered the flask through 

a gas dispersion tube with a fritted end and an outlet tube 

allowed the pressure to be measured. Gas pressure was con¬ 

trolled from a reduction valve attached to the COg cylinder. 

Pressure was monitored using a simple U-type manometer con¬ 

taining mercury. The solution was stirred using a Fischer 

stirrer with a glass drive rod passing through a ground glass 

sleeve; the taper of which matched that of the central neck 

of the reaction flask. The rod was powered by a Fischer 115 

volt stirring motor. A Variac was employed to control 

stirring speed. Sodium carbonate (0.21 M.) was added to the 

remainder of the constituents in the bulk solution from a 

pressure equalizing addition funnel. The temperature of the 

solution in the flask wa3 controlled by the passage of 

ordinary tap water through the jacket surrounding the vessel. 



-7~ 

The temperature of this water was regulated by varying the 

flow rate of hot and cold water from the tap. This enabled 

one to attain a temperature range of from 23.5°C. for cold 

water alone, to 51°C* for hot water alone. Temperatures as 

low as 7°C. were obtained using water from a cooling unit. 

Water temperatures between 7°C. and 23°C. were obtained by 

using water from the cooling unit combined with cold tap 

water by means of a Y Joint connecting tubes from these 

sources with the tube leading from the water Jacket of the 

flask. Temperature was monitored using a thermometer passed 

through a rubber stopper into a 500 ce. filter flask attached 

to the line carrying water from the flask. Temperature was 

observed to vary by a maximum of i 0.5°0 during any given run. 

Procedure 

The total quantity of solution in the flask after 

addition of all reagents was maintained at two liters. An 

initial volume of 1.558 liters of distilled water was added 

to the flask. The flask was then sealed by placing the gas 

dispersion tube, the stirring rod assembly and the additional 

funnel in position in the necks of the flask which their 

ground glass Joints were designed to fit. The COg pressure 

was then adjusted to approximately 0.5 mm. Hg. This pressure 

was difficult to maintain, varying by as much as t 0.5 mm. 

which necessitated frequent checks. The solution was stirred 
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Plate Apparatus Used in Precipitation of CaCO 
3* 

A. 
B. 

C. 
D. 
E. 
F. 

G-. 

Variac 
Stirrer and drive rod 

assembly 
Addition funnel 
Gas dispersion unit 
Reaction flaslt 
Temperature monitoring 

unit 
Manometer 
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at a fairly rapid rate for one hour in order to allow 

equilibrium to be attained between the C0g in the gaseous 

phase over the solution and that absorbed in the solution. 

5.2947 gm of sodium carbonate and 5.5444 gra of calcium 

chloride, calculated to produce five grams of calcium 

carbonate upon coraplete reaction, were weighed out. The 

0a(?lg whs dissolved in 100 ml* of distilled water and added 

lo|fehe Initial volume of water which had been stirred for 

one hour. One or two ml'* of uranium solution were taken 

from stock solutions which were prepared by diluting a 

standard solution {Cy = 4935 <^ml.)# The standard was made 

by dissolving urahyl acetate U0g(CgHjOg)g • HgO to give 

250 ml* of standard solution with a concentration of uranium 

equal to 5000 Ku/rnl. Measurement of the Cy of the resulting 

standard solution yielded an actual concentration of 493$ 

lO/ral. Stock solutions with concentrations of uranium equal 

to 0.1, 0.01, and 0.001 that of the standard were made up. 

When these were added to the solution from which calcium 

carbonate was to be precipitated, they were diluted still 

further to those concentrations already cited for the various 

series. The CaClg and uranium solutions were then allowed 

to mix with the initial volume of water for ten or fifteen 

minutes, before the addition of NagCGg, The NagC0^ was 

dissolved in 240 ml. of water yielding a concentration of 

0.21 M. It was placed in the addition funnel and allowed to 
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drip into the bulk solution at a rate of from 30 to 

approximately 60 drops per minute, addition taking 35 to 

50 minutes. This slow rate of addition prevented flash 

precipitation on a large scale and allowed maximum mixing 

and hence, a more uniform concentration of reactants 

throughout the solution. Stirring was continued for two 

hours after the last of the had been added. The 

stirrer was then turned off and the precipitate left to 

digest for twenty-four hours. This was found to be adequate 

time for equilibrium to be established between the uranium 

cp|r|erit of the solution and that of the CaCO^. After twenty** 

four'hoursi the precipitate was removed from the flask by 

scraping it from the sides and filtering it through ¥,H, 

<hu?tin & Go, qualitative filter paper* The pH of the final 

solution was approximately determined using pH Hydrion paper. 

It iwas ^not felt necessary to determine pH any closer than 

this since It was known, through digestion experiments ; 

described below, that the U content of the precipitate had 

already attained equilibrium by this time. The flask was 

rinsed with about 200 ml, of distilled water to remove loose 

particles of precipitate. This too was filtered. The 

precipitate was then washed with approximately 200 ml of 

distilled HgO to remove excess solution. The collected pre¬ 

cipitate was dried using a heat lamp. When completely dry, 

as evidenced by the precipitate becoming granular rather than 
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caked;. It was placed in a dessicator to cool. It was then 

placed in a clean, 2 ounce bottle until analyzed for its 

uranium content• The uranium content was determined on one 

or two grams of CaCO^ precipitate using the fluorimetric 

technique,described by Adams and Maeek;(1954). 

Results 

The results of all analyses of artificially produced 

0aCffc| - are presented in Table 1. These results are correct 

to within £ 8$, the precision of the analytical method used. 

Three different crystalline phases of GaGOg, namely calcite, 

aragonite and vaterite, were Identified in the precipitate 

by powder X-ray methods. The occurrences of vaterite and 

aragonite were rare and seemed to be due to unusual con¬ 

ditions existing at the time of precipitation. This may well 

be the case in these instances for Johnson, Merwin and 

Williamson (1916) state that the nature of the precipitate 

is largely determined by the first nucleii to form. 

Aragonite appeared in the precipitates of Series I-II, formed 

at temperatures of 27°0. and higher and at a concentration 

of uranium in solution of 4.935 ^ml or approximately 2500 

times the concentration of uranium in sea water. The 

quantity of aragonite varied from a trace amount in the 

precipitate formed at 27°C. to an estimated 40$ in run 5-1. 

With increase in the aragonite content, determined by an 



T
a
b
l
e
 
I
:
 
R
e
s
u
l
t
s
 
o
f
 
U
r
a
n
i
u
m
 
A
n
a
l
y
s
e
s
 
f
o
r
 
A
l
l
 
S
a
m
p
l
e
s
 

12 

& 
hO 

VO 
I 
o 

ll 

d) 
p 
u 
0) 
p 

> 

d) 
p 
•H 
c 
0 
to 
cd 
U 
< 

1 
< 

<D 
P 
•H 
O 
rH 
cd 
0 
1 
o 



-13- 



T
ab

le
 
1
: 

C
on

ti
nu

ed
 

14 

u 
c 



15 

increase In the intensity of the major aragonite peaks 

relative to the major calcite peaks in the x-ray pattern 

of the sample, marked increase was observed in the uranium 

content of the precipitate. This is evidenced by the abrupt 

reversal in slope at the 27°C« point of the line relating 

temperature with uranium content of the precipitate in 

Figure 1. The question may be asked whether the formation 

of aragonite in this case is solely temperature dependent 

or if the high concentration of uranium in solution may also 

be a significant factor. Johnston, Merwin, and Williamson 

(1916) describe the precipitation of aragonite at temperatures 

of 30°C. They state further that aragonite was formed in 

nearly all cases. The importance of impurity ions in the 

formation of aragonite is cited by Zeller and Wray (1955) 

and Johnston, Merwin, and Williamson (1916). Calcium carbonate 

was precipitated numerous times during other series at 

temperatures greater than 27°C. with the occurrence of 

aragonite (8C$) in but one instance, sample 5-VR2. In all 

of these later series, the uranium content of the solution 

varied anywhere from one-tenth to one-two thousandth that in 

series I and II. It may therefore be concluded that the 

crystallisation of aragonite in these conditions of high 

temperature and an extremely high concentration of uranium in 

solution is largely a function of the latter, being somewhat 

less dependent on temperature. 



• The occurrence of' vaterlte with calelte as an 

important phase in the precipitate, obtained during rate- 

of-addition experiments# was;quite unexpected. This form 

of CaCO^ generally develops when an excess of chloride ion 

is present. The reason for its presence in these instances 

is not known, although the rapid rate of addition of Na^CO^ 

solution to the bulk solution may have caused the developr 

ment of conditions in the bulk solution which were conducive 

to the precipitation of vaterite. 

The fundamental relationships sought in this work were 

those between temperature, the concentration of uranium in 

solution, and the uranium content of the CaCO^ precipitate 

formed under these conditions. Temperature and uranium 

content of precipitate data for the various uranium con¬ 

centrations in solution are plotted in Figures 1-5. These 

data are presented in Table 2. Series I-III indicate that 

the uranium content of the precipitate initially decreases 

with increasing temperature. In Series I and II (%= 

4,935 ^ml), a reverse trend occurs beginning at the 27° 

point. This increase in uranium content coincides with the 

appearance of aragonite beginning with the precipitate formed 

at 27^0. The uranium content of the precipitate then In¬ 

creases with rising temperature and Increasing percentage of 

aragonite in the samples. Sample 5*11, formed at 47°C.# 

contains only a few percent aragonite compared with sample 
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Table 2: Data for Figures I-V, Uranium Content of 
Precipitates vs. Temperatures for the Various Series. 

Series 
III IV V VII T.°C I-II 

7 440 tfU/gm 70 #U/gm 1.8 /U/gm 0.98 /U/gm 1.7? /U/gm 

17 275 22. j 2.5 1.89 1.94 

27 193 36.5 2.0 1.4l 1.6^ 

37 322 11.6 I.25 0.49 1.15 

47 23.6 I.64 1.7 1.30 

Table 32 Comparison of the Uranium Contents of Precipitates, 
Formed at Various Temperatures, from Consecutive Series. The 
denominator represents the series with the higher uranium con¬ 
centration in solution. The ’denominator’* represents the series 
next lowest in uranium concentration relative to the series in 
the denominator. The percentage figures are obtained by sub¬ 
stituting the uranium contents of the precipitates, listed in 
Table 2, into their respective places with regard to temperature 
and series in Table 3. 

Ratios 
T°C 

III 
I"-li" 

IV 
III 

V 
IV 

VII 
V 

VII 
rv 

VIII 
VII 

7 16# 2.60 550 1800 980 10.70 

17 8.3 11 76 103 78 19.3 

27 19 5.5 70 117 82 19.3 

37 3.6 10.7 39 233 92 

47 5.3 7 97 77 103 

Average 10.40 7.20 670 1420 910 16.40 

* Replace with - ’numerator’ 
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Table 4: Series IV, V, VII 

Temp. 
(°C) 

Series 
IV 

Series 
V 

Series 
VI 

Average Average 
Deviation 
(in % Avg) 

7 1.8 tfO/gm * 0.98 1.7f 1.79 - 1.0 

17 2.5 1.89 1.94 2-16 ±12.3 

27 2.0 1.4X 1.6^ I.69 ±13.7 

37 1.25 * 0.49 1.15 1.20 ± 4.1 

47 1.6ij. 1.7 1.30 1.55 ±10.5 

Average 2 8.4* 

* Excluded from averages 
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7 17 27 37 H-7 
Temperature (°C) 

Figure 1: Series I-II (Cy = 4.935 If/ml), Temperature 
vs. Uranium Content of Precipitates. 

Experimental 
Hypothetical 

Figure 2: Series III (C^ ^ 0.4935 JU/gm), Temperature 
vs. Uranium Content of Precipitates. 
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Figure 3s Series IV (Cn = 0,04935 J'U/ml), Temperature 
vs. Uranium Content of Precipitates. 
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7 17 27 37 

Temperature (°C) 

?7 

Figure 5: Series VII (C^ = 0.00246 JfU/ml), Temperature 
vs. Uranium Content of Precipitates 

Figure 6: Adsorption, I-II (Cy = 4.935 J'U/ml), 
Temperature vs. Uranium Content of Precipitates. 
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5-1 formed under similar conditions. The uranium contents 

of the two precipitates differ by a factor of almost 10 

being 83 $%nu in the case of 5-II and 800 if/gm* for 5-1* 

An average value of these uranium contents is presented on 

the graph although it would probably be preferable to plot 

each point separately* A plot of 5-II separately would 

place it almost on the line connecting 1-XI, 2-II, and 3-II. 

It may be hypothesized then that the uranium content of 

calcite continues to decrease with increasing temperature 

beyond 27°C. This can be explained using the findings of 

McKelvey, Everhart and Garrels (l955-b)who observed that 

the solubility of uranyl-carbonate complexes increased with 

increasing total COg'*2 concentration and increasing pH. The 

latter effect increased with rising temperature, the solution 

becoming more basic as CQg is removed from the solution 

according to the equation HgGG^ <~* HgO + COg. 

This relationship appears to hold also for the con¬ 

ditions of Series III (Gy = 0.4935 ^ml). Deviations from 

this are observed at 27°C. and 47°C, The uranium values of 

the precipitates in this series range from a maximum of 

70 ^gm at 7°C* to a minimum of 11.6 X/gm at 37°G. Galcite 

is the only phase present in all precipitates. 

It is interesting to note also the effect of a 10-fold 

reduction of the uranium concentration in solution upon the 

uranium content of the precipitates. These calculations are 
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found In Table 3* The uranium concentration (Cy) In solution 

of Series III (O.4935 ^ml) was 10$ that in Series I-II 

(4.935 ^ml). The average uranium content of the precipitates 

in Series III was found to be 10.4$ of that in Series I-II, 

almost a perfect lsl correlation between the decrease In the 

uranium content of the solutions and the precipitates grown 

In these solutions. A similar relationship was observed 

between Series III and IV (0.04935 If/ml) with 00111 = 10$ 

CgIV. The average uranium content of the precipitates of 

Series IV was found to be 7.2$ of that in Series III. This 

approximate 1:1 relationship was not observed to continue 

for lower concentrations of uranium In solution represented 

by Series IV, V (0.004935 KV/ml) and VII (0.0024g //ml). 

The Cp in Series V was 10$ of that in Series TV, yet the 

average uranium content of the precipitates in Series V was 

67$ that in Series IV. The of Series VII was 50$ that 

in Series V, but the average uranium content of the pre¬ 

cipitates in Series VII is 42$ greater than that of Series V. 

A comparison between the uranium contents of Series IV and 

VII Indicates that the average uranium contents of the pre¬ 

cipitates in Series VII Is 91$ that in Series IV despite the 

fact the solution of Series VII (0.0024g yu/ml) was 20 times 

lower In uranium than the solution of Series TV (0.0493^ 

jfU/ml). This trend of approximately uniform uranium contents 

despite large variations of Cg between Series IV-VII ends 
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with Series VII. Series VIII (0,00123 contains 50$ 

of the amount of uranium in Series VII, hut the average 

uranium content of the precipitate was only 16*4$ that of* 

Series VII, Thus the concentration of uranium in solution 

again becomes an Important factor in the uranium content of 

the precipitate. 

An interesting phenomenon is observed when one studies 

the temperature-uranium content of precipitate relation¬ 

ships in series IV, V and VII (see Figures 3, 4, 5, and 7) • 

In all three series there is an initial Increase in the 

uranium content of precipitates formed from 7°-17°c, From 

17°C. to 37°C# there is a decrease In the uranium content 

until a point somewhere in the vicinity of 37°C. where the 

reverse trend begins, the uranium content increasing in the 

precipitates formed from 37°C. to 47°C. It Is hypothesized 

that this might result from the presence of aragonite In 

amounts up to 5$ of the precipitate yet too little to be 

detected using powder x-ray methods. A plot of the data 

of these three series appears in Figure 7• The data from 

these series form similarly shaped curves Indicating that 

this effect is real. It is thus apparent that temperature 

has an important effect upon the uranium content of CaCOj 

precipitates. 

A comparison of the uranium contents of Series IV, V, 

and VII (see Table 4} indicates that the concentration of 
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uranium in solution between 0.0493^ ^mi. and 0.0024g X/ml. 

greatly decreases in importance as a factor controlling the 

uranium content of CaC03 precipitates. The uranium contents 

of the precipitates of all three series formed at a given 

temperature differ by a maximum of 14$ at 2T°C., the average 

variation being 8,4$. This is a significant difference but 

not when it is realized that a 25~fold change in the uranium 

concentration of the solution has taken place. This may 

represent a disequilibrium situation* On the other hand, it 

has been suggested that this phenomenon might result from 

the availability of a limited number of favorable uranium 

sites in the lattice, there being sufficient uranium in the 

solutions of Series XV, V, and VII to saturate the available 

sites. It is not known why this should be the caBe if co¬ 

precipitation Is occurring. Consequently the conclusion 

that the uranium concentration of the solution is of secondary 

importance to temperature control as a controlling factor in 

the inclusion of uranium in the precipitate appears to be 

valid. Due to the close proximity of the results of the 

three series the average of the three results at each 

temperature have been calculated for general reference 

(Table 4)r 

Series VIII (0.00123 JfU/ml) also indicates an increase 

in uranium content in the precipitates formed at 7°C and 17°C. 

There is no apparent decrease in the uranium content between 
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Figure 7: Temperature-Uranium Content Relationships 
for Precipitates of Series IV, V, and VII. 

  VII 
  V 
 IV 

  Average 
(1-V & 4-V 
excluded) 
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17° and 27°C. This may he due to the low uranium contents 

of the precipitates which would make difficult the detection 

of such a difference* 

The effect of adsorption, digestion, rate of addition 

of reagents and the order of addition of reagents upon 

the uranium content of the CaCOg precipitate have also been 

determined* Adsorption experiments, indicated by a sub A 

following the Series number (l-%), were conducted in which 

uranium from a stock solution was added to the bulk solution 

two hours following the mixing of CaClg and NagCOg to form 

CaCOg. The uranium contents of these precipitates are 

considered to be almost completely a result of adsorption, 

although some uranium may be entrapped between grains also. 

Adsorption tests were conducted at all temperatures of 

Series I and II. The maximum adsorbed uranium was noted 

in the precipitate formed at 47°C. The average adsorbed 

uranium for all temperature ranges was 9*5$ of the quantity 

in ca003 formed during normal runs at the various temperatures. 

Data for adsorption experiments conducted for Series VII 

indicate that virtually no uranium is adsorbed within twenty- 

four hours after the formation of the precipitate. These 

results rule out the importance of adsorption as a mechanism 

for the fixation of uranium, at least with regard to these 

experiments. Adsorption may be a more important mechanism 

with increasing time In natural environments. 
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Experiments were also conducted to determine the effect 

of digestion on the uranium content of the precipitate. 

These experiments were conducted at temperatures of 7°G, and 

27°C. with uranium concentrations of 0.002*16 X/ml, in 
solution. Samples formed at 7°C. and 27°C. were digested 

for twenty-four and forty hours. The samples at 7°C, 

1-VIIgg and l-VII|i3# respectively contained 1.7^ and 

j^gm. The samples formed at 27° (3-VIIR^ and 3-VII^) 

contained 1.58 and 1.7^ ^gm» a difference of 8.5^. In 

both cases, the precipitate digested for the longer period 

of time contained the greater amount of uranium. The uranium 

contents of the precipitates appear to reach an equilibrium 

state in a shorter period of time as temperature is Increased. 

It has been assumed that twenty-four hours is sufficient 

digestion time for equilibrium to be attained with respect 

to the uranium content of the precipitate. 

The rate of addition of Na^CO^ to the remainder of the 

bulk solutions was checked as a possible influence on the 

uranium content of the precipitate. These samples are 

labelled DR-1, 2, 3 in Table 1. Temperature was maintained 

at 2T0C. with the uranium concentration in solution being 

0.00246 If/ml. The drop rate was determined by taking the 

average drop rates per minute Over a ten minute period• 

These data are presented in Figure 8* DR-2 was omitted 

owing to contamination by foreign material prior to analyses. 
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Figure 8J Rate of Addition Experiment 
(Cu s 0.00246 fU/ml). 
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It will be noted that the uranium contents of the samples 

decrease linearly from l«6j }//£m at a rate of addition of 

31 drops per minute, to 1.30 <^gm with a drop rate of 128 

drops per minute* The normal rate of addition ih all runs 

was approximately forty to sixty drops per minute* If a 

value of 1.54 $%m. be assumed for a drop rate of approxi¬ 

mately 64 drops per minute, then the variation in the 

uranium content of the precipitate at a given temperature 

may be expected to vary by as much as 6.5$. The observed 

linear relationship indicates that the uranium contents of 

the precipitates for a number of runs prepared at a given 

temperature and concentration of uranium in solution 

represent disequilibrium due to variations in the rate of 

addition Of the reagents * The presence of vaterite as an 

Important portion of these precipitates was surprising* 

Its presence does not seem to affect the uranium content of 

the precipitate to any extent since the uranium values of 

DR-1 (1.65 ^gm) and the hypothetical value of DR-2 taken 

from Figure 9* (1*54 <f/gm) agree quite well with the values 

of 3-VIIR2 (1.58 %m*) a**3 3-TOR3 (I.T3 ^gm.) formed at 

approximately the same rate of addition. 

The order of addition of reagents to the bulk solution 

can have a very Important effect on the uranium content of 

the precipitate. In the general case, GaClg was added to 

the bulk solution first and NagCD^ was dripped in later. 
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In one series of runs, Series VI (0.002^ tf/ril), NagCO^ was 

added first. Fluorimetric analyses indicated that no de¬ 

tectable uranium was present in the precipitates. A possible 

explanation for this is presented by McKelvey, Everhart and 

Garrels (1955-b) • They note that the uranyl ion, (U02)‘t2, 

forms two soluble complexes with the carbonate ion, 

IlGOgC^^J "4 and QJO2(003)2 * H2O] -2 , They found also 

that the solubility of uranium increased with increase in 

the total carbonate present (H2CG3 <n»HC03*-f. CO3’”2), the 

effect also being increased with increasing pH as the 
mmp 

carbonate dissociation is shifted toward formation of CO3 ■ 

at the expense of 02003,and HGO3". When NagCQ^ was added to 

the solution prior to the addition of CaClg* CO3"2 ion be¬ 

came available for combination with the uranyl ion through 

dissociation of the salt. The amount of total CO3*"2 ion 

present in the solution was enormous (674 y/ml) compared to 

the concentration of uranyl ion in solution (0,0025 Vml) • 

The uranyl ion conceivably combined rapidly and completely 

with available CO3*2 ions to form the aforementioned complexes. 

The high solubilities of these complexes coupled with the 

high concentration of total carbonate in solution which in¬ 

creased these solubilities, would prevent the incorporation 

of uranium in the precipitates thus accounting for its ob¬ 

served absence from the precipitates* 
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The following conclusions can be drawn concerning the 

quantitative incorporation of uranium iti CaCOg precipitates 

and the mechanisms by which uranium is fixed in the pre¬ 

cipitates , There is a definite relationship between 

temperature and branitim content of the precipitates. This 

may be the result of pH differences or some other factor 

affected by temperature. In general, the uranium content 

is found to increase from 7** - 17°C, decreasing from this 

point to somewhere in the Vicinity of 37°C, where an increase 

is noted tip to 47°C, The importance of the initial uranium 

CcnCentration^in'solution loCes'its significance as a ‘factor ; 

in the quantitative incorporation Of uranium in solution 

between concentrations Of 0.0493^ i/ml, and G.00s4g ftml. 

The uranium in the CaCOg precipitate is fixed almost 

entirely by occlusion anb coprOcipitation. This is based 

on the following observations: 1. the uranium conteht of 

the precipitates resulting solely from adsorption is com-' 

pleteiy negligible at uranium concentrations approximately 

that in the ocean; 2. the slight change in uranium contents 

Of various precipitates during twenty-four and forty hours. 

The appearance and successive increases in aragonite content 

coincides with increasing urahlum content in the precipitates 

of Series I-ll although the precipitates were formed in con¬ 

ditions with in excess of uranium 2,000 times that In sea 

water. 
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ANALYSIS OP NATURAL SPECIMENS 

Description of Samples and Environments 

The uranium contents of the following natural 

carbonates were measured: 1, a pearly nautilus shell, 

2* shells of the pelagic snail, Janthlna janthinaj 3. grab 

samples of carbonate Sediments from the ocean bottom off 

British Honduras; and 4. shells of the oyster, OssbStrea 

eauestrls. obtained from Galveston Bay, Texas, 

Pearly Nautilus Shell 

A pearly nautilus shell was obtained for examina¬ 

tion from Ward’s Natural Science Establishment, The 

nautilus is a pelagic creature. As sueh, it is wide ranging 

and may be expected to encounter frequent environmental 

changes. The specific effect of any one environment on the 

secretion of CaCOg and the quantity of uranium incorporated 

therein is not known* The measured uranium content of the 

shell can therefore be considered to represent some Integral 

of all factors which may have influenced its incorporation 

by the organism. This is particularly true for uranium found 

in the septa. These shell partitions do not come in contact 

with the uranium in solution in the surrounding sea water. 

This rules out the possibility of secondary adsorption of 

uranium on the surfaces of the CaCOg comprising the septa. 

Thus, the uranium content of the septa is solely a function of 
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the biochemical activity of the organism as influenced by 

various factors, such a3..water temperature, salinity, etc., 

of the surrounding medium^ 

The septa were arbitrarily divided, into three groups; 

group one consisting of septa 1-4 with #1 being the septum 

closest to the shell openlngj group 2, septa 5-9; group 3* 

septa 9-IT representing the oldest septa in the shell, ,The 

septa in each group were removed from the shell and ground 

to a fine powder using a mullite mortar and pestle. One gram 

of material was placed in a platinum crucible and heated at 

200°C overnight to eliminate any Organic material other than 

the CaCO^, The material was dissolved in forty ml, of 1*1 

nitric acid (8N), a watchglass being placed over the mouth of 

the container to avoid loss by spattering. The Solution was 

filtered through qualitative filter paper. The filtrate was 

then analyzed for its uranium content. The filter paper plus 

residue was dried under a heat lamp, cooled in a dessioator 

and weighed. The residue was found to comprise 3.05 ** 3.50 

weight percent of the sample. 

A second sample was prepared for analysis when the 

uranium content of the first proved to be lower than could 

be determined above the procedural blank. Due to a shortage 

of sample, 3*5 grams of material combined from all groups 

were used. This was dissolved in 40 ml. of 1*1 nitric aeid 

(8N)# The solution was filtered. The insoluble residue 
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comprised 3.16$ of the sample. A uranium spike was U3ed in 

the fluorimetric analysis of this sample as well as with , 

the Galveston oysters and the Janthina specimens. This spike 

was made by mixing 4 ml. of uranium stock solution (C^ =: 

4.935 ^ml) with 16 ml. of nitric acid yielding a spike 

with a calculated Gy ==. 0.98^ ^ml. One ml. of spike was 

added to the uranium content of three ml. of ethyl acetate 

(see Adams and Maeck, 1954). Three determinations of this 

sort were made per sample. 

Janthina janthina 

Shells of the snail Janthina janthina were obtained 

from Paul McGhee, Department of Biology, Rice University. 

These specimens were collected from the beach on the ocean 

side of Galveston Island where they had been driven during a 

recent storm. These too are pelagic creatures frequenting 

the waters of warm temperate and subtropical climates. The 

range of water temperatures in which they are found may vary 

from 16° - 32°C. 

The shells of these organisms are very delicate and 

light in weight. A sample was prepared for analysis by 

grinding a number of shells together. Two grams of material 

were dissolved in 40 ml. of 4:1 nitric acid. The solution 

was filtered and the quantity of insoluble residue (6.5$) 

determined. A uranium spike Was used in the fluorimetrie 

analysis of this sample. 
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British Honduras Specteens 

Grab samples of recent carbonaceous sediments from 

the sea bottom between the coast and offshore reef of 

British Honduras were supplied by Dr• Edward Purdy and Walter 

Posey. These samples provide a check on the uranium con¬ 

tent ofcarbonatesediments being deposited under known con- 

dItions. The water temperature in this area ranges from 

21° - 32°C. A list of data pertaining to each sample is 

presented in Table 5. Solubility tests, determination of 

per cent carbonate and the measurement of the weight per 

cent atragonite in the total sample were performed by personnel 

of the Shell Development Company laboratories. Total 

Carbonate was determined by E.D.T.A. flltrations. All 

carbonate in the sample is assumed to be CaCO^ since no 

division of the total carbonate into minerals other than 

arstgonite was available. 

Plant material was quite abundant in every sample. 

Most of this was removed by hand picking before grinding*, 

The dried samples were then ground and passed through 60 

and 100 mesh screens. That material which did not pass 

through 100 mesh was reground and sieved again. Two grams 

of sample were dissolved in 20 ml. of 1:1 nitric acid (8N). 

The solution was filtered and the weight per cent of insoluble 

residue calculated. The filtrate was then analyzed for its 

uranium content. In all analyses to date a greater Weight 
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per cent of the sample than that represented by the 

carbonates alone was dissolved. It is not yet known 

whether this excess dissolved material consisted of plant 

materials, other non-carbonaceous organic material, or grains 

of hydrolysate and resistate minerals. Additional attempts 

to dissolve only the carbonate portion of these samples using 

IN HC1 also resulted In the dissolving of a greater weight 

percentage of the sample than that represented by the 

carbonates• 

Oysters from Galveston Bay 

Oysters of the species Ossostrea eque3trls were 

obtained from Galveston Bay, Texas. Some of these 

organisms were placed In artificial environments and their 

growth allowed to continue under controlled conditions. This 

section deals only with the uranium content of shell material 

deposited by these organisms in Galveston Bay. 

The climate In this area may be described as warm 

temperate. Water temperature and salinity data compiled by 

the Coast and Geodetic Survey (Coast and Geodetic Survey 

Publication 31-1# i960) for the period 1922 - 1958 are 

presented in Table 6. 

To date, the thin, crenulated portion of the shell edge 

apparently new shell material deposited during the recent 

growing season, was removed and prepared for analysis In the 
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same manner as the previously described specimens. The 

insoluble residue of this portion of the shell was found 

to be 3.27 weight A uranium splice was used in the 

fluorimetrlc analysis of the sample. 

Results 

. The. results of the fluorimetrlc analyses of all 

samples are presented in Table I. These values represent 

only the uranium present in the acid soluble portion of 

the sample. The resulting values are thus presented in 

terras of micro-grama uranium or Q'u/gm.a.3.). gram dissolved sample 

Previous analysis of the nautilus septa indicated the 

presence of uranium in apparently small quantities. The 

fluorimetrlc response yielded by the uranium from this 

specimen was too near the blank to be converted to uranium. 

It was suggested that a uranium spike be used. The prepara¬ 

tion of this spike has been described previously. One ml. 

of spike was added to three ml. of sample solution prepared 

for fluorimetrlc analysis. The uranium content of three 

such combinations was determined for each sample. Two de¬ 

terminations of the uranium content of the spike alone were 

also made at this time. Ideally, the combinations of spike 

plus sample should have yielded a uranium content somewhat 

greater than that of the spike alone. The uranium content 

of the sample would then be represented by that left after 



40- 

3ubtracting the uranium content of the spike from the uranium 

content of the spike plus sample. This proved to be the 

case for only one of the three combinations of spike plus 

sample from the Shell of Ossostrea eaue8tris (OYS-1). 

This run yielded a value of 0.2 4/gm.d.s. This value is 

considered to be questionable owing to the very slightly 

negative results of two of the three combinations of sample 

plus spike analyses. In every other analysis initially run 

on all shell specimens, the uranium content of the combina¬ 

tion spike plus sample was less than that of the spike alone. 

This was taken to represent the presence of some element or 

elements in the sample solution which quench the fluorescence 

of uranium. Iron Is capable of producing such an effect but 

should be separated from uranium by means of an ethyl 

acetate extraction described by Adams and Maeck (1954). 

The element which produces the quenching must also be ex¬ 

tracted into the ethyl acetate with the uranium. A 2 gm. 

portion of material from the sample Janthina ianthlna was 

analyzed for iron and manganese using the Beckman. 

Both of these elements produce a strong quenching effect 

on the fluorescence of uranium. Neither was found to be 

present, however. 

It was suggested that a double ethyl acetate extraction 

of the uranium be employed in an attempt to eliminate the 

interfering element. This was accomplished as follows. 
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Upon completion of the normal sample preparation, the 

uranium bearing ethyl acetate x*as decanted into a beaker 

and slowly evaporated• The uranium was again taken up in 

10 ml of aluminum nitrate. 10 ml of ethyl acetate were 

added to the aluminum nitrate and the uranium was extracted 

into this phase by a vigorous shaking of the combined 

liquids. The two liquids were allowed to separate for five 

minutes. The ethyl acetate containing the uranium was then 

filtered through Wattman*s #50 filter paper and collected 

in a 25 ml ehrlenmeyer flask. 

Favorable results were obtained when this double 

extraction technique was applied to material from Janthina 

shells. Four grams of sample were used. The uranium 

content of the combination sample plus spike was found to 

be greater than that for the spike alone in all three 

cases. The sample was found to contain 0*081 ffti/gm. The 

success of the double extraction method prompted its use 

on all other shell specimens, with mixed results. A second 

analysis of shell material from a Galveston Bay oyster 

(OYS-l) again yielded only one of the three combinations of 

sample plus spike with a uranium content greater than that 

present in the spike. The remaining two combinations were 

only slightly negative in this respect however. The 

uranium content was found to be 0.009 i'U/gm. Since the 

results on both analyses of this sample are questionable, it 
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was decided to use the average of these as an approxima¬ 

tion of the uranium content of the shell.. The average 

was calculated as 0*105 ^tJ/gra. Analysis of the nautilus 

shell again resulted In the uranium content of all combina¬ 

tions of sample plus spike being very slightly less than 

that for the spike alone. No material remained for 

additional analyses * These results plus those determined 

on the initial analysis of this specimen when no spike 

was used have been taken to Indicate that virtually no 

uranium is present in the specimen. 

The results of analysis of the British Honduras 

specimens present a range of uranium values from 1.97 

^gm.d.a. at station #6? to 2.94 ^gra.d.s. at station 

#38. Descriptions and results for each sample are given in 

Table 5, page 36. Station #67 is situated on the west 

edge of the reef shell adjacent to the open ocean. It is 

the farthest of the six stations from shore. Station 

#38, on the other hand, Is near shore* close to the point 

of entry of a river into the sea. The relationship of the 

remaining samples with respect to reef and shore Indicates 

that #33 is approximately midway between reef and shore 

with samples 44, 45,.and 32 being positioned, in order, 

from the rear of the reef shelf, closer to shore, across 

the reef toward the open ocean. An interesting relationship 
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may be rioted between the uranium contents of the samples 

arid their locations with respect to reef and shore. The 

uranium contents of the samples are observed to decrease 

from coast to reefi This may be some function of the quantity 

of detrital sediment mixed with the carbonaceous material 

in each sample* Contrary to the observation of Adams and 

Weaver (1958) who note a generally poor correlation between 

$ soluble uranium and $ insoluble residue* a cheek of the 

data with respect to these samples provides a good example 

of such a correlation* Sample #38 contains far more in¬ 

soluble residue (15-17$) than either samples #33 (?-3$)* 

#44 (2-3$), #45 (0-2$), #32 (2*8$) or sample #6? (1-6$). 

Sample #38 is closest to shore and also to the mouth of a 

river delivering sediment to the sea. One might expect 

less sediment to be carried reefward and this is generally 

reflected in the decrease in insoluble residue reefward. 

The reef would also act as a barrier to the transport of 

sediment to the open ocean. Thus, sample #67 on the 

oceanic side of the reef would not be expected to contain 

as much sediment as samples nearer shore, nor does it, as 

evidenced by its high solubility in acid (96-99$)* It will 

be noted* however, that samples #32 and #67 contain slightly 

greater quantities of insoluble residue (0-8$) than samples 

more shoreward, #33* 44 and 45 with Insoluble residues 

ranging from 0-3$. This is the result of larger quantities 
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of plant and other insoluble organic remains present in 

these two samples. Adams and Weaver (1958) describe a low 

Th/W geochemical fades, the uranium content of which seldom 

exceeds 3 in which they include carbonates with 

little admixed, detrital sediment, Ssamples #32, #44, #45 

and #67 fit this category quite well. 

This study being concerned with the uranium content of 

pure calcium carbonate, it is necessary to determine the 

contribution of uranium from all additional sources in the 

sample, Adams and Weaver (1958) describe five modes of 

occurrence of uranium in sediments. Those most applicable 

here are: 1. that in detrital heavy minerals (monazite, 

zircon, apatite, etc,)j 2,that in common detrital minerals 

(quartz, feldspar, etc.)? 3. that in minerals precipitated 

from sea water (calcite, aragonite, apatite, etc.)} 4, that 

adsorbed on clay minerals or organic material} 5. that ad¬ 

sorbed on the surfaces of carbonates and other minerals. 

These may be divided into two general categories according 

to Adams and Maeck (1954): 1. uranium adsorbed or occurring 

as a paint on grains} 2. uranium within the grains. In¬ 

soluble minerals Including most of the detrital and common 

heavy minerals as well as the clays, will furnish only that 

uranium adsorbed on the grain surfaces or easily leached 

with acid. Adams and Weaver (1958) have found that 10$ 

of the total uranium is removed from montmorlllonite, 60$ 

from kaolinlte and 0$ from illites. Results presented 
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ear Her in this paper Indicate that the quantity of uranium 

adsorbed on CaCO^ soon after its formation is slight. It 

is not known whether this quantity increases with time. It 

Is difficult to determine the quantity of uranium adsorbed 

or various materials. Therefore, this quantity cannot 

easily be eliminated from the acid soluble uranium content. 

The character of that portion of the sample, in addition 

to the carbonates, which is acid soluble Is of prime 

importance in the interpretation of the sources of uranium 

in the soluble portion of the sample. Soluble uranium 

bearing minerals, if present, would be a very Important - 

source of uranium in the dissolved portion of the sample. 

Adams, Osmond and Rogers1note that apatite and allanite, 

both of which are rich in uranium, are soluble in acid. 

Allanite is not a common mineral in detrital sedimentsi 

apatite, however, is and may influence the uranium content 

of the soluble portion significantly even if present in 

very minute amounts. 

It is also interesting to note the relationship between 

proximity to shore, uranium content and the aragonite con¬ 

tent of the samples. The weight percent aragonite is 

lowest (17$) for the near shore sample (#38) increasing to 

7%£ of sample 67 from the open ocean side of the reef. 

This may simply reflect the distribution of the remains of 

aragonite secreting organisms which would be more abundant 

1(1959) 
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in. a reef environment than near shore in the vicinity of a 

river outlet. 

It was initially hoped that these samples might provide 

a means of determining the effect of the caleite-aragonite 

ratio to the uranium content of CaGO^* This cannot he done 

with any degree of certainty until the possible contributions 

of all sources of uranium other than that in or on the 

carbonates is determined. It should be noted, however, that 

in general there is an increase in the uranium content of 

the sample with an increase in the weight $> calcite (total % 

carbonate - % aragonite) of the sample. 



GROWTH OP OYSTERS UNDER 
CONTROLLED CONDITIONS 

Description of Experiment 

Oysters (Osaostrea equestris) from Galveston Bay, 

Texas, the salinity and temperature range of which have 

already been given, were grown in artificial environments 

under controlled conditions in the laboratory. This was 

done in order to determine the effect of a living system 

on the Incorporation of uranium in organically secreted 

CaCOg, Research on the inorganically precipitated 

CaCOg indicated that the uranium content of the precipi¬ 

tate appeared to be temperature dependent. It was de¬ 

cided to check this possibility with regard to organi¬ 

cally produced GaCOg. The only variables in this ex¬ 

periment were temperature and the size and ages of the 

oysters. 

The amount of time available for this particular 

problem was somewhat limited. It was necessary, there¬ 

fore, to find some way to accelerate the normal growth 

rate of oysters in order to have them produce sufficient 

CaCOg for use in the fluorimetrle analysis. Thanks are 

due here to Dr. Earl Segal who suggested that a regenera¬ 

tion experiment be employed. Loosanoff and Nomejko (1955) 

found that oysters, the shell edges of which were removed, 

grew at a more rapid rate than those which had not been 
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damaged, This was true only if the mantle was not Injured 

during the filing of the shell. These authors also found 

that, regardless of how great or slight the damage was, 

the individual oysters appeared to be stimulated only to 

the extent of compensating for the loss in length and then 

adding whatever additional increment would be expected 

under normal conditions,” The most rapid rate of growth 

was observed to oceur within a few weeks after the filing 

of the shell. 

Procedure 

The Galveston Bay oysters were prepared for this 

experiment by grinding their edges down on a wheel. As 

much shell as possible was removed without damaging the 

mantle. All barnacles and other attached organisms, including 

small oysters, were removed from the shells of the selected 

oysters the shells of which were then given thorough 

scrubbings to remove as much foreign matter as possible. 

It was hoped that this would eliminate all possible effects 

of organisms other than the oysters from the final results. 

A pair of oysters was then placed in plastic pans each 

of which contained five liters of artificial sea water. 

This was prepared by dissolving one pound of Rila-marine Mix, 

Loosanoff and Monejko (1955)# p. 156. 
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manufactured by the Utility Chemical Company, Paterson, 

New Jersey, in sixteen liters of distilled water. The 

resulting sea water had a salinity of 22 % - 1.0. 2,5 

ml. of uranljum stock solution (0^:= 4.935 if/ml.) ivere added 

to, each pan. The uranium concentration of the sea water 

solution was thus set at 0.00246 ^/ml. 50 ml. of 0.36 M 

CaClg were then added to each container to insure the 

+ 2 
presence of sufficient Ca for rapid growth. 

The temperatures of the solutions in which the oysters 

were grown were set at 17°, 21°, 25°, 29°» 33°, and 37°C. 

Temperature was controlled in.the following manner. Each 

plastic pan containing oysters was immersed in a larger 

plastic container which served as a 'Water Jacket. A hole 

was cut in this second container at the level of the 

solution in the inner pan to allow water to flow from this 

water Jacket. Two main water lines were present, one being 

a mixture of hot and cold tap water with a temperature of 

38°C•, the other line, carrying water from a cooling unit, 

with a temperature of 15°C. Tubes, one from each of these 

lines, were run into the water Jacket surrounding each pan; 

By regulating the flow rates of water using screw clamps 

on the tubes extending from each of the main lines into 

the water Jackets, it was possible to control temperature 

within about 1.0 degrees of the desired temperatures for 

a given pan. The water level of each pan was marked after 
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the oysters were emplaced and was not allowed to drop below 

this point. The water in each of the pans was changed once 

a week, The uranium concentration of the solution probably 

did not alter greatly during the course of a single week 

since the oysters were not secreting CaGOg at a rate suf¬ 

ficient to remove too great a portion of the 12.34 / 

of uranium present in each pan initially. This is based on 

the assumption that all uranium removed from solution was 

incorporated into the CaCOg newly secreted by the organism. 

; ' ‘ ' i 

Results 

This experiment was carried on over a period of two 

months. Only those oysters maintained at 1T°C. were observed 

to have regenerated considerable new shell material. New 

shell material was removed from all oysters. The material 

from both oysters maintained at a given temperature was 

combined, ground and weighed. The maximum amount of new 

shell (if gm) was furnished by the oysters maintained at 
17°C (0YS-17). The oysters maintained at other temperatures 

produced up to 3/4 gm of regenerated shell. Previous work 

on shells had indicated that a minimum of 4 gm. of sample 

was necessary to yield sufficient uranium for a satisfactory 

analysis. Since this amount of regenerated material was not 

present in any case, it was decided to add some of the 

older shell material from the oysters at each temperature 
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to their respective new material to bring the total sample 

weight up to this minimum. This action would be expected 

to mask any differences in the absolute uranium contents 

of the new shell material produced at the various 

temperatures. 

The double extraction method was first employed on 

material from the oysters maintained at 17°C (0YS-I7). 

This sample produced positive results for all combinations 

of spike and sample over the uranium content of the spike 

alone. The uranium content of the sample alone was found 

to be 0.09 KU/gm. This compares well with the average 

uranium content of O.IO5 yu/gm. calculated for OYS-1 thus 

establishing the validity of this approximation. The 

results on all remaining samples proved to be negative, 

the uranium contents yielded by the combinations being 

lower than that of the spike alone. Evidently, more work 

is needed to refine the fluorimetric technique as applied 

to mollusc shells• Use of larger samples for analysis 

might prove useful if such quantities are available. 

It is interesting to note the manner in which new 

shell is regenerated. As has already been mentioned, the 

edges of the shell along the joint of the valves, were 
t. ' ...... 

ground smooth. No regenerative activity was observed for 

about three days after grinding. About this time, how¬ 

ever, one began to notice a fine, transparent layer of 
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material along the most rounded portion of the dorsal 

valve. This material appeared at the very ”1ip” of the 

dorsal valve, i.e., closest to the mantle whose point of 

attachment to the shell could he seen about 2r*3 mm. in 

from the shell edge* New shell is deposited as a thin, 

transparent, pliable layer and was now present along much 

of the shell edge. This layer,was slowly thickened hy the 

addition of CaCOg to the organic framework already present. 

After one month, these deposits have become opaque and have 

thickened considerably. Hew fine lines of organic framework 

are evident along the edges of what is nOw identifiable as 

shell and growth is continuing at a rather rapid rate. 

It is also interesting to note that some Individuals 

ate n||t^i growing nearly as quickly as others. This is some¬ 

times evident between oysters in one pan and also between 

oysters in two pans at different temperatures. It is not 

yet known whether this is a result of the renegeratiye 

powers of the Individual organism, whether it is a 

temperature effect, or both. It Is observed, however, 

that the oysters in the pans at 17° and 21° e. have produced 

far more new material than those being kept at higher 

temperatures. There is an upper limit to the temperatures 

at which regeneration will occur, namely, the maximum 

temperatures at which oysters will live. This was determined 

when all four oysters in the pans at 33°G. and 37°C. died 
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within five days after having been placed in their new en¬ 

vironments * The temperatures of these pans were changed 

to 21°C and 23°C and new oysters added. To date there 

have been no further deaths, indicating that the upper 

temperature limit, at which oysters of this species can 

e^is“t lies somewhere between 29°C. at which they are doing 

well, and 33°C, 
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DISCUSSION 

Thorough summaries of the uranium contents of lime¬ 

stones are found in Adams and Weaver (1958) and Adams, 

Osmond and Rogers (1959)* From this data, the authors have 

drawn certain general conclusions about the uranium content 

of carbonates. The mean value of the uranium content of 

North American aggregate and Individual samples is stated as 

2.2 p.p.m. This compares quite closely with the value of 

2.1 p.p.m. obtained by Russian workers from limestone 

aggregates located on the Russian platform. This value In¬ 

cludes uranium present in the acid soluble portion of the 

sample, plus the uranium value obtained from a separate 

analysis of the Insoluble residue of a given sample. This 

latter value may be an important contribution to the total 

uranium content of the sample• A study by Adams and Weaver 

(1958) on the uranium content of the acid soluble portions 

of carbonate sediments has led them to estimate that 80% 
of the uranium in carbonates is in or on the carbonate grains. 

They hypothesized that a detrital free carbonate rock might 

be expected to have an average content of approximately 1.8 

p.p.m. uranium. This value is obtained by taking 80$ of 

the 2.2 mean value of all carbonates. 

Adams, Osmond and Rogers (1959) present an Interesting 

table (Table 12) on the calcium and uranium concentrations 

in limestones and the hydrospheres. This is reproduced here 



-55- 

*Table 7• Calcium and Uranium Concentrations 
in Limestones and Hydrosphere 

Limestones Sea-Water River Water 

Calcium P.P.M. 400.000 400 30 

Uranium P.P.M. 1.8 0.002 0.0001-0.001 

Ca/U 220,000 200.000 30,000-300,000 

* Prom Adams, Osmond and Rogers. 
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as Table 7. Of special interest are the similarities 

between the Ca/tJ ratios in limestones (220,000) and sea 

water (200,000). Pliler (1956) states that any chemical 

precipitate from sea water fixes uranium in the form of 

biiC uranyl ion mainly by occlusion and coprecipitation and 

$|us might be expected to have about the same ratio with 

Other elements such as thorium or calcium, as the sea water 

from which it was deposited. 

A comparison of results obtained from the artificially 

produced CaCOg provides the following observations. The 

samples in Series VII were, precipitated in conditions 

closely approximating those In sea water with regard to 

the concentration of uranium in solution and the Ca/U ratio 

in solution. In those samples formed at what might be con¬ 

sidered the temperature range for the formation of natural 

carbonates (7-27°C.), the Ca/U ratio of the precipitate 

varies from 250,000 to 210,000 with the average occurring 

at 230,000. This compares almost exactly with the 220,000 

value obtained by Adams and Weaver (1958). A comparison 

of the results over a similar temperature range for Series 

IV-V indicate that the average Ca/U ratio for series IV 

(190,000) is also in good agreement with this general value, 

while that of Series V is poor. This would tend to indicate 

that the contention by Pliler is essentially correct with 

regard to the similarity of the Ca/U ratios In both the 
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Series IV Series V Series VII Average 

ftj/gm Ca/U JfU/gm Ca/U J'U/gm Ca/Ur JU/gm. 

7 1.8 220,000 *0.98 420,000 1.77 230,000 1.79 

17 2.5 160,000 I.89 215,000 1.94 210,000 2.16 

27 2.0 200,000 1.41 284,000 I.65 240,000 I.69 

Avg. 2.1 190,000 1.43 310,000 1.79 230,000 1.88 

* excluded 

Table 8: Uranium Contents and Ca/U Ratios of 
Series IV, V, and VII, Temperature 

Range 70 - 27°C 
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limestones and sea water. That occlusion and copreciplta- 

tlbh, as suggested by Adams and Weaver (1958), Adams, 

Osmond and Rogers (1959)* and Filler (1958) are the primary 

mbclianism of incorporation of uranium in calcium carbonates, 

is further borne out in the adsorption and digestion studies 

p|fformeb.'with the artificially produced CaCOg, 

!|t|llfbafaverage, acid-SolUbie, uranium content of carbonate 

ap|iiraCn& has teen previously cited as 1.8 ^gm. This value 

jgy bO considered as the average for carbonates formed 

|||io|gliout the temperature range favorable for the develop- 

feehtof Carbonates, Averaging the uranium contents Of the 

prbci|itates formed at 7°C *, 17°C. and 27°C. for each series 

|&ble 8)^ the avei?age of ISeries VII is found to be in 

perfect agreement with this figure, that of the average of 

t|e?three series (IV, V, VII) averages presented in Table 7, 

departing from this value by only 4$* It may thus be con- 

cIMed that the uranium contents of the artificial calcium 
Carbonates precipitated in Series VII represent the ideal 

||?|niju| fcOntents of the pure CaCOg phase in limestones formed 

||i|the S^ter temperature range of 7°C * - 2f°Q. This con- 

ciu|ioh may also be applied to the averages Of the three 

sljpeivat.. these temperature ranges * : 5 

;::§Ms;'^Thefi: validity of 1,8 U/gm as ah average uranium Content 

fortheCaCOg phases of limestones is also suggested by the 

results Of rate of addition experiments presented in Figure 8 
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(p* 29)# Extrapolation (dashed portion) of the connecting 

line to the axis representing uranium contents yields an 

intercept value of 1.75 U/gra. This is in excellent agreement 

with the value 1.8 U/gm representing the uranium content 

of detrital free carbonate rocks as hypothesised by Adams and 

Weaver (1958). This value (1*75 yu/gra) occurs when the 

rate of addition of reagents approaches sero, an infinitely 

slow rafe. This value may be assumed to represent the 

uranium content of CaCO^ produced inorganically at the very 

slow rate that may obtain in geologic situations• Equilibrium 

might be assumed to exist at all times betitfeenthe uranium 

content of the precipitate and that in sea water. Thus, the 

value of 1,8 ^ U/gm may be concluded to represent the amount 

of uranium which might be expected in all calcium carbonates 

in equilibrium with the uranium content of the surrounding 

ocean water at the temperature (27°C) of the rate of addition 

experiments. It would be interesting to conduct similar 

experiments at 7° and 17°G in order to determine the inter¬ 

cept value of uranium content which would be given by 

extrapolation of these results. Should these intercept 

results differ, as might be expected, and In a manner similar 

to that presented in Figure 7 (p. 26) then added support 

would be given to the hypothesis that temperature is the con¬ 

trolling factor in the incorporation of uranium in lime¬ 

stones. These intercept values might also be taken as the 
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ideal uranium contents for CaCOg in equilibrium with sea 

water at these temperatures. 

The British Honduras specimens were compared to the 

uranium contents of the artificially produced CaCO^* Four 

of the British Honduras specimens have a- Ca/U ratio in the 

precipitate Close to the average value of 220* 000. BH-32, 

67, .44 and 45; have ratios of 190,000* 200,000* 180,000 

and 200,000, respectively. It will be remembered that these 

are. samples from the vicinity of the reef; They formed 

under conditions favorable to carbonate deposition and; 

hence, similar to those in which the artificial precipi¬ 

tates were produced. This is not the ease for BH-38 or. 

33; the Ga/0 ratio in the soluble portion of these samples 

being 140*000 due to their higher uranium content. 

'^/-■The Uranium contents of the precipitates formed at 

7®i 17°# and 27® C. in Series I7-VII were averaged and 

the resulting values plotted in Figure 7. These averages 

were taken due to the close proximity of the results in 

general despite the variety of uranium concentrations in 

solution. These values are considered to represent the 

average uranium contents which would be expected in carbonate 

sediments formed at these temperatures. A comparison of 

the uranium contents of British Honduras samples with the 

average curve in Figure 7, yields temperatures of 21® for 

BH-32 and 45, and 22° for 67* which compare very well with 



the observed water temperatures in this area (23>32°C.)• 

Application of the 8$ error;factor to BH-44 (2.22 ^U/gm) 

produces a lower limit Of 2.05 f^/gm Which yields a 

temperature of 21°C. It appears that these are a relation¬ 

ship between temperature and uranium content of the 

carhonate portion Of the sediments Much work Will have to 

be done, however, on the determination of the portion of 

total soluble uranium contributed by sources Other than the 

carbonated present In a sediment before this possible 

method of determining paleo-water temperatures can be 1 

tedted thoroughly• 

An ability to estimate an approximate water temperature 

of formation for an ancient carbonate sediment using fossil 

Or other evidence may provide a valid range of expected 

uranium contents after elimination of contributions from non- 

carbonate sources. This Would have proven to be the case 

for BH-67, 32, 44 and 45 and one would have somewhat greater 

confidence In any dates derived from them* The fact that 

the uranium contents of BH-38 and 33 fall outside Of the 

expected range of values may Indicate the presence of a 

major contributor of uranium dthei* than that in the Carbonate 

portion. Dates obtained from these latter samples may be 

considered questionable, and in view of the greater 

variability of deposltional conditions a:t these stations, 

this doubt would appear to be valid. 



-62- 

A comparison between results obtained from the mollusc 

shells studied and the averages of the results of Series IV, 

V and VII, indicates a significant difference In the uranium 

contents of these samples. The average uranium content for 

the artificially produced CaCOg, in the temperature range 

7°~27°C, is 1.8 IfU/gm. while that of the mollusc shells is 

0.09 i'tJ/gm. The average uranium content of the mollusc shells 

is calculated at 5% of that in the precipitates. If the 

uranium content of these molluscs is representative of that 

in organically produced CaCOg, then one needs explain the 

much greater uranium content observed in limestones and the 

British Honduras specimens. One might be lead to conclude 

that limestones are composed largely of inorganically produced 

CaCOg. This is not in agreement with the observation that lime 

stones are generally rich in CaCOg, identifiable as fragments 

of organisms. This is certainly the case for the British 

Honduras specimens, the uranium contents of which generally fit 

the range observed in the inorganically precipitated CaCOg. 

The uranium content of limestones and the British 

Honduras specimens may have acquired their observed uranium 

contents by several mechanisms operating singly or in 

concertj biochemical! inorganic precipitation of CaCOgj 

posthumous fixation of uranium In the shells of organisms 

via adsorption and other means. The few molluscs studied 

are very likely not representative of the uranium contents 
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of CaCO^ secreting flora and fauna of the oceans. Other 

organisms may be sufficiently enriched In uranium to provide 

the observed values for limestone. Unfortunately, no data 

are available on the uranium contents of unicellular 

Organisms or simple multi-cellular organisms Hire the 

corals. These .creatures, being far less complex than 

molluscs, may be less discriminatory with respect to the 

inclusion of uranium in the CaCOg which they secrete. One 

rOasori for this might be the presence of fewer semi- 

peimieable membranes, in the form of cell boundaries, through 

which uranium would have to pass before reaching the site 

of shell deposition. 

The deposition of at least some inorganically produced 

CaCOg, in areas similar to British Honduras, cannot be 

discounted. The sea xmter in this region is saturated with 

respect to CaCOg (personal communication with Dr. E. Purdy). 

Sudden increases in water temperature might be sufficient to 

disrupt the chemical balance in the carbonate system re¬ 

sulting in the subsequent precipitation of CaCOg. The 

average uranium content of inorganically produced CaCQg 

(Series TV, V, VII) has also been found to coincide exactly 

with the average uranium content (1.8 /U/gm) of detritus- 

free calcium carbonate sediments which has been discussed 

earlier. 

Still another possibility for arriving at the quantities 
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of uranium found in limestones is through the fixation^ in 

and on shells and other organic material, of uranium from 

sea water following the deaths of the organisms. This ha3 

been cited by Bowie and Atkins £(1956) - from Adams, Osmond 

and Rogers (1959) J, Arrhenius et al. £(1957) - from Adams, 

Osmond and Rogers (1959)J Koezy (1956) and MeKelvey et al. 

(1955). Posthumous fixation may be an important mechanism 

or way whereby uranium is fixed in the CaOOg phases of lime¬ 

stones during the course of geologic time. It is not observed . 

to be important during the initial formation of inorganic CaCOg 

as evidenced by the results of adsorption experiments oh 

Series I-II, and VII. The effect Of long term fixation or 

adsorption as a significant contributor to the uranium 

content of shells would be profound in relation to age dating. 

If shells do exchange significant quantities of uranium from 

sea water during geologic time, then one could not obtain 

an exact date representative of the time when the organism 

died since the system, comprising the shell and sea water, 

had not remained closed with regard to the uranium content 

of the shell. Instead, a date would be obtained representing 

some time between the death of the organism and that when 

the fixation of uranium had ended, if this time had arrived 

prior to the collection of the shell. 

Whatever the method or methods responsible for the 

incorporation and content of uranium in limestones, it is 
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apparently temperature dependent to some extent since. 

previously cited evidence indicates that,such an effect 

does occur? 

The validity of dates obtained from fossil shells is ; 

suspect until the uranium content of the shell of a living, 

member of the species or from a similar species can be 

determined. Should the uranium contents of the fossil and 

recent shells differ by significantly more than 8$, the; 

observed error factor* then a portion of the uranium content 

in the shell may be considered the result of secondary or 

posthumous enrichment or removal and the date obtained may 

be considered questionable. The partial pressure of C02, 

the presence of foreign ions* salinity, eH, and the addition 

or removal of uranium following deposition may all play some 

role in the final uranium content of the carbonate portion 

of sedimentary rocks* 
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CONCLUSIONS 

1. There is a definite relationship) between solution 

temperature and the uranium content of the resulting 

calcite precipitate. This is evidenced by the similarity 

pF$he temperature-uranium content curves of Series IV- 

VII, presented in Figure 7. Further evidence is supplied 

by the successful use of the average uranium content curve 

for Series IV-V-VII to determine the water temperature 

of the seas in which the Honduras specimens were formed 

and deposited. 

.. . 2. Experimental data indicate that the importance of 

bheinitial concentration of uranium in solution loses its 

significance as a factor in the, quantitative incorporation 

of uranium between solutions of concentrations 0.0493^ 

iU/ml. and 0.G0246 yu/ml. 

3. Adsorption and digestion experiments indicate the 

uranium in the CaCOg precipitate is fixed almost entirely 

by occlusion and coprecipitation. 

4. Series VII was precipitated under conditions most 

closely approximating oceanic, regarding water temperature, 

uranium concentration and Ca/U ratio in solution. The 

average uranium content of CaCOg precipitated at 
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7°-27°j the approximate theoretical temperature range of 

carbonate formation, fits the average acid soluble uranium 

content value of 1*8, determined by Adams and Weaver (195*0 

exactly. In addition, the average Ca/W ratio for these 

three temperatures (230,000) fit that (220,000) determined 

by Adams, OSmond and Rogers (1959) <|Uite well. This has 

also proven to be the case for the average uranium values 

of the averages of Series 17, 7, and VII from 7<?*’2T° 0i 

Use of the curve based on the uranium-temperature values 

Of these averages yielded a satisfactory environmental 

water temperature for two samples from British Honduras. 

On the basis of this evidence, the averaged uranium values 

for Series IV, V, and VII are considered representative of 

the uranium contents of the CaCQg phases which may be 

expected in carbonate sediments formed In this temperature 

range.' ' . 

5. The previous conclusion may prove useful in age 

dating by allowing a reasonable estimate of the range of 

uranium content possible in the CaCO^ phases of a carbonate 

sample, and may also be useful in arriving at the water 

temperatures of paleoenvironments through use of the uranium 

content of carbonate phases. Much additional work will have 

to be done before these methods could be used with any degree 

of certainty. 

6. The average uranium content of the mollusc shells 
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analyzed has been observed to contain only 5$ as much 

uranium as is present in either the carbonate phase of the 

average limestone (1,8 JfU/gm) or in the average value 

(1.8 K'u/gm) for runs from 7°“2T°C in Series IV-VII. 

7. The intercept value (1.7,- ^U/gm) from rate of 

addition experiments is found to be in excellent agreement 

with the average value (1.8 ^U/gra) proposed by Adams and 

Weaver (1958) for detrital free carbonate rocks and also 

with the average value (1.8 #TJ/gm) for precipitates formed 

in the temperature range 7°-27°C for Series IV-VII. The 

Intercept value of 1.7^ ^D/gm corresponds to a rate of 

formation of CaCOg which is infinitely slow and presumably 

in continuous equilibrium with the uranium content of the 

surrounding ocean. This value is assumed to represent the 

uranium content of all inorganic GaCQg precipitated in 

equilibrium with ocean water at 27°C. 
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