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ANION REPLACEMENT REACTIONS FOR THE REMOVAL
OF STRONTIUM FROM AQUEOUS SOLUTIONS

ABSTRACT

The replacement reactions that could be adapted to the
removal of strontium from aqueous solutions were investigated.
The kinetic anion replacement systems calcite-phosphate,
calcite-fluoride, gypsum-carbonate and gypsum-phosphate are
discussed along with concomitant Sr+2 inclusion into the final
product. In a system containing several anions, only a single,
least-soluble compound containing the availabie cation is
stable. The replacement reaction rate is direcily proportional
to the solubility difference between the original solid and final
product. Several other variables aiso affect the reaction rate
including temperature, influent pH, surface area of the initial
solid, concentration of extraneous ions, and concentration of
active anion. These variables affect diffusion rates to and
from reaction sites as well as differences in solubility between
initial and final reaction produtts. The crystal structure of
the result.irég product greatly affects the concomitant removal
rate of Srt< into the resulting product.

INTRODUCTION

Minerals are seldom simple chemical compounds. Isomorphous
substitution is the rule rather than the exception. Any cation may isomor-
phously substitute for any other if two conditions are fulfilled: 1) steric
conditions allow the cation to substitute into a given structure, i.e., the
cation 'fits the available hole, ' 2) electirostatic neutrality results when
the cation is accepted into the given structure. (9) This latter condition
may be satisfied in several ways. For example, two three-valent cations
may substitute for three two-valent cations as well as single and direct

substitutions.

It is fundamentally confusing and wrong to consider a mineral a
chemical molecule. Such a concept leads to the postulation of series
"end-members' that, in the case of complex substitutions, become

extremely unwieldy.
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The apatites, applying the end-member concept, would require
several series to explain the derivation of (Ca, Mg, Sr, Ba, Pb, Zn, tri-
9 K2)10(P04, AsO4, CO3)6(OH, F, Cl)2 from
Ca,(PO,) 6(OH) 5+ Considered structurally, the seemingly bewildering
array of isomorphous substitutions becomes relatively simple to understand.

valent rare earths, Na

The mineral apatite is spatially arranged in a characteristic struc-
ture in which the spatial and charge requirements for a cation to occupy
the site usually filled by Ca+2 are broader than for an analogous Ca+2 site
in other structures. For this reason apatite allows a wide range of com-
plex substitutions. An apatite ""'molecule, " as such, does not exist. What
does exist is an apatite '"frame work" into whose Cat? position, or "hole"
several other cations may fit in many ratios and proportions,

+2 from aqueous solutions, apatite could

If our object is to remove Sr
accomplish this object by two fundamentally different processes. The first
of these processes is simple cation exchange; i.e,, an existing Ca-+2 on the
external surface of an apatite grain can be displaced by a Sr‘"2 from the
aqueous solution, The capacity of the apatite to adsorb set? is exhausted
relatively rapidly, however, and the strontium remaining on the apatite is
easily removed by reversing the exchange process. There is another
process that will remove strontium from aqueous solutions as readily as
cation exchange, and also 'fix' the strontium as well., This process is
called metasomatic replacement, or simply replacement. It is an extremely
common process in nature and involves the alteration of one mineral
structure to that of another with or without the addition and subtraction of
ions into the existing structure. This process of structural rearrange-
ment usually takes place at an interface between the initial and final
structure, It is at this interface that strontium may be included in a Ca+2
position in the forming apatite, not by physically displacing a cat? as in
the cation exchange process, but by fitting into a structural position that
also could have been filled by calcium. The srt? so removed is, for the
most part, "buried" in the interior of the forming apatite crystal, and hence

is not subject to removal by a cation exchange process,
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It is the purpose of this paper to investigate some of the general
principles governing anion replacement reactions, and their relationship to
concomitant strontium removal rate into the final replacement product.
The results may help to evaluate the applicability of these reactions to the
removal of radiostrontium from aqueous radioactive waste solutions with
resulting reduction in stored volume.

SUMMARY

The solubility difference in a given system between the original
solid and a possible alteration product determines whether or not a given
replacement reaction will occur, and determines the rate at which the
reaction will occur., Given several possible alteration products less
soluble than the original solid, only the least soluble product is stable in
the system. The data clearly show only one final product for each multiple
anion gystem containing one cation. The rate at which this final product
forms is directly proportional to the difference in solubility between the
initial and final product. The removal of strontium always increases with
increasing pH. However, the crystal structure of the final product exerts
the greater effect on strontium removal. The best decontamination values
for strontium were obtained when the crystal lattice types of the strontium
and including calcium compounds were identical. The total effect of changes
in the system variables on strontium removal rate was additive, The
resgults show that it is possible to attain very large strontium decontamina-
tion factors by manipulation of the variables of these anion replacement
reactions. The resulting reaction product fixes the strontium in the crystal
lattice by isomorphous substitution of Sr"'2 for Ca"'z, but may release this
strontium if the reaction is reversed.

Several advantages over scavenging and possgibly direct calcination
techniques are apparent from the applications of the reactions to column
use. These advantages include: 1) a potentially very large volume reduc-
tion, 2) removal of strontium from aqueous solutions containing large
concentrations of extraneous ions, 3) fixation of the removed strontium in



-6- HW-66383

a solid, 4) opportunity for recycling of the waste to attain desired strontium
decontamination factors, and 5) elimination of off-gas problems inherent

in calcination techniques of waste fixation,

Disadvantages include the probable necessity for filtration of the
influent waste after addition of reagents and before passing through the
column, and the requirement that this influent be alkaline in pH.

Except on a laboratory scale, no applications of these anion replace-
ment reactions have been made to actual wastes although simulated waste
experiments(S) commonly yielded strontium decontamination factors of
103 to 108,

EXPERIMENTAL WORK

Methods

The experimental apparatus is shown in Figure 1. Influent solutions
were passed through Pyrex columns using a Lapp "Microflo" pump calibrated
to deliver standardized flow rates through the columns. Temperatures were
maintained with. blade heaters controlled with a thermoswitch, Influent and
effluent solutions were collected and submitted to the Analytical Laboratory
of the Hanford Laboratories Operation for radioanalysis. The high-purity
Sr85, P32, and 014 used in this study were obtained from Oak Ridge

National Laboratory. The other chemicals used were of reagent grade in

distilled water solutions.

To allow direct comparisons between cation and anion removals,
- dimexsiam-less index, C/C o Was utilized. C o is the concentration of
radioisotope in the influent solution and C is the effluent concentration.
Thus (1-C /Co) (100) equals the per cent removed from solution by the reac-
tion while (C/C ) (100) equals per cent remaining in solution.

There are no sufficiently long-lived fluoring radioisotopes to use as
tracers, which necessitated a different approach for the fluerine removal
studies. A large volume (6 liters) of the NaF influent was passed through
a calcite column under given experimental conditions. Instead of trying
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FIGURE 1

Experimental Apparatus
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to analyze the effluent solution for fluorine, the amount of CaF2 in the
calcite column at the termination of the run was determined by a modified

Berzelius method. (n

The experimental approach was designed to show the effect of depend-
ent variables (influent pH, flow rate, surface area of the initial solid, tem-
perature, and concentration of the active anion) on the independent variable
(C/C o)' "Standard column conditions' were arbitrarily chosen to assure a
reasonable reaction rate. These conditions include a temperature of 40 C,
an anion concentration of 0.05 M, a flow rate of 410 ml/cmz/hr, an influent

pH of 9, an initial surface area of 0.067 m? /g, and a strontium cation

concentration of 0.0063 mg/l. While one of the above-mentioned variables
was held at standard column conditions, the others were varied over ranges
on both sides of these conditions. This procedure yielded a series of curves
that theoretically should have passed through a single point at "'standard
column conditions.'" The magnitude of deviation from this point represents
total experimental error, Up to + 10 per cent deviation can result from

the compounding of several weighing and measuring errors in obtaining

each curve,
Results

Figure 2 shows the effect of the several indicated variables on C/C °
values for F~ in the effluent from a calcite column. Note that the relation-
ship between F~ removal and calcite surface area is approximately linear,
i.e., F~ removal is directly proportional to calcite surface area. Doubling
the calcite surface area approximately doubles the amount of F~ removed
from the system. Also of interest is removal of F~ with influent pH, which
increases with decreasing Ca.CO3 (calcite) stability in the system. Standard
conditions are indicated on the various scales by the arrow that cuts across
them. The reader should remember that only one variable at a time was
changed while the rest were maintained at standard conditions. Figure 3
+2 as affected by the indicated variables. Note that
the effect on strontium C/C o values is quite pronounced at the lower flow

shows the removal of Sr

rates.
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Figure 4 is a photomicrograph of an optical grade calcite rhomb
partially replaced by fluorite (Can). This replacement was accomplished
by placing a calcite rhomb in a stirred 0.5 M alkaline NaF solution for two
weeks and photographing a thin section of the partially replaced calcite by
reflected light, Note the well-preserved outline of the original calcite
rhomb now composed of CaF 9 and the banded appearance of the CaF 9
This CaF2 layer is 0.5 mm at its gregtest dimension. ‘Much of this outer
replacement layer was torn away during grinding and polishing of the thin

section, as can be observed in Figures 4 and 5.

The subject of Figure 5, fluorite replacement along a cleavage
crack in the original calcite, can be seen in the extreme lower left of Figure 4,
A vestigial outline of the original calcite crack can be seen in the resulting
fluorite. The fluorite crystals are elongated between the present calcite-
fluorite interface and the outline of the original crack. It is obvious from
Figure 5 that F~ has diffused down the original calcite crack and COs'2
back out.

The alteration product was definitely identified as fluorite from X-ray
diffraction patterns. The presence of one-molar concentrations of the
common anions, nitrate, sulfate and chloride, along with fluoride ions in
alkaline solutions, did not significantly affect the CaCO 3 replacement by

fluorite.

Figures 6 and 7 present data on the reaction of calcite with phosphate

containing P32 and the concomitant removal of strontium traced with Sr85.

(2,3,5) as were the calcite reaction
with ¥~ and concomitant removal of strontium traced with Sr85.(1’ 4) Note

that all of these solutions were 1 M_ NaCl in addition to their active constit-

This reaction was discussed elsewhere

uents,

Figures 8 and 9 give data on the replacement of gypsum by calcite

as traced with CM, and concomitant Sr"’2 removal traced with ,Sr%.

Figure 10, the reaction of gypsum with phosphate containing P32, is

included to allow comparison of these P32 removal data with those of
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FIGURE 4

A Calcite Rhomb, Sectioned Parallel to 1031,
Showing the Fluorite Replacement Layer
Cal = Calcite Fl = Fluorite

AEC-GE RICHLAND, WASH.
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FIGURE 5

Fluorite Replacement of Calcite Along
a Cleavage Crack in the Original Calcite
Cal = Calcite F1l = Fluorite

ALC-GE RICHLAND, WASH.
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calcite in Figure 6. Note, though, that standard conditions include a pH of
seven with gypsum but a pH of nine with calcite and are thus not directly

comparable.

Figure 11 shows a photomicrograph of an apatite layer formed on
an optical grade calcite rhomb by immersion of the calcite ina 0.1 M
Na 3PO 4 gsolution for two weeks,

Figure 12 is a photomicrograph of a former single crystal of gypsum
completely replaced with calcite by immersion ina 0.2M Na2003 solution
for two weeks. The apparent volume reduction may be due to material

removed during cutting and grinding of this section.

Several experiments were completed in the kinetic system calcite-
Na.‘?CO3 - NaZSO 4" NaF - NaaPO 4 The results of these experiments are
presented in Table I. The final products in all cases were identified by
X-ray diffraction. Note that one obtains a final product, not a mixture of
final products. The same experimental apparatus as shown in Figure 1

was used to obtain these results,

Data Treatment

Several variables will affect the difference in solubility between
original and final product including active anion concentration, extraneous
ion concentrations, temperature and pH. With systems containing hydroxyl
and carbonate compounds, we may assume that solution pH would have a
significant effect on this solubility difference. Figure 13 is a comparison
of several anion replacement reactions under comparable conditions., Note
that the specific reaction rates for calcite-phosphate and calcite-fluoride
are decreasing respectively with increasing pH. This divergence with
increasing pH is interpreted as a decreasing difference between the solu-
bility of calcite and fluorite, and between the solubility of calcite and
apatite, The difference in solubility between gypsum and calcite or
apatite, on the other hand, increases with increasing pH, as do the gypsum-
carbonate and gypsum-phosphate reaction rates.
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FIGURE 11

Photomicrograph of a Calcite Rhomb
and Attached Apatite Replacement Layer
Ap = Apatite Cal = Calcite

AYC-GE RICHLAND, WAEH.
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FIGURE 12

Photomicrograph of a Former Single Gypsum Crystal
Completely Replaced by Calcite
The Straight Line at the Top of the Photo Represents
the Original Gypsum Crystal Outline
Cal = Calcite

AEC-GE RICHLAND, WASH,
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KINETIC PHASE RELATIONS IN SOME CALCIUM-ANION

SYSTEMS AS AFFECTED BY pH

Influent Effluent

Influent Solution pH pH Column Material Final Product
0,03 M NazSO4 3.1 6.6 Calcite Calcite
0.03M N32C03 10.9 10.8 Fluorite Calcite
0.03M NaZSO4 4.2 4.1 Fluorite Fluorite
0.03M NaLZSO4 4.2 4.2 Apatite Gypsum
0.03M Na2C03
0.03 M Na2804 4,1 6.5 Calcite Calcite
0.03 M Na,SO, 9.2 9.2 Calcite Calcite
0.03 M Na,SO

— Y4
0.03 M NaF 7.2 8.6 Calcite Fluorite
0.03 M Na,CO

— %273
0.03 M NaF 9.6 9.8 Calcite Fluorite
0.03 M Na,CO

— 23
0.03 M NaF 7.1 7.2 Gypsum Fluorite

- 0.03 M Na,CO

— %23
0.03 M NaF
0,03 M Na2504 9.3 9.7 Calcite Fluorite
0.03 M Nach3
0.03 M NaF
0.03M NaZSO4 9.2 9.2 Fluorite Fluorite
0.03 M Na2CO3
0.03 M NaF
0.03 M NaZSO4 .
0.03M N32C03 11.8 11. 7 Calcite Apatite
0.03 M Na3PO4
0.03 M NaF
0.03 M Na,S0, 7.2 7.4 Calcite Apatite
0.03 M Na2C03
0.03 M Na3P04
0.03 M NaF
0.03 M Na,30, 4.2 6.5 Calcite Fluorite
0.03 M NachO3
0,03 M Na,3PO4

AEC-GE RICHLAND, WASH.

The data of Table I were obtained by passing the influent solutions
through two centimeter diameter chromatographic tubes containing
three grams of reagent grade initial column material at 60 C.
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FIGURE 13

The Rate of Anion Removal During
Anion Replacement Reactions as Affected by pH
Data from Figures 2, 6, 8 and 10

ATC-GE RICHLAND, WASH.
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These solubility differences can be approximated by the relative
amounts of common cation (Ca+2) that each (initial solid and final product)
releases into solution under given equilibrium conditions. With solutions
0.03 M NaF, 0.03 M Na 804, 0.03M N32C03 and 0,03 _Ii.ll_NzaLsPO4 passed
through a column containing an initial solid we can infer which final solid
is stable at several pH values, The computation for Can is straight-
forward. Assuming the HF completely ionized, we may use the activity
product constant for Ca.F2 equal to 1.7 x 10'10. (8) Given that [F'
equals 0,03 _1}-/[_, the concentration of Ca+2 at 25 Cis 1.89 x 10-7 M The
computation for gypsum is likewise unaffected by [H+] above pH 3, and
with a gypsum activity product constant equal to 4.57 x 10'5 (8) yields a
[cat?] of1.52x103 M in0.03 M Na so at 25 C. With calcite, [CO, |1,
or total carbonate, does not equal FJO . Therefore, we must use the

(6)

relationship

o] ] - 3115
P

+ 1

where:
[CO ] = total carbonate
3 1

= 0.03_1!1_

K1 = HCOS' dissociation constant

[co,2 ] [m]
[HCO 3']

-11 (10)

6.02 x 10
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and

12 HZCO 3 dissociation constant

_ [HCQ 5[]
[£2503]

- 4,46 x 1077, (10)

A
1]

-~

Thus at pH 7 and 25 C,

-2 3x 102 0.03 _
CO3 = Ty -57 = =
(1x 107 %) 4 1x10°7) 2033

(6.02x 10 '1) (4.46x10° 1)  (6.02x 10° %)

1.48 x 107°M CO4"2.
Using an activity product constant of 4. 68 x 10'9 for calcite(B)
-9
4.68x10 . 3.16 x 107*M Ca®?
1.48 x 10 —
At pH 12 and 25 C,
-2
co -2| . 3x 10 _0.03
s 1 - <% (1x 1079 " 1.0166
(1x10 + X +1 .

(6.02x 10°1%) (4.46x10°7)  (6.02x 10 %)

2.95 x 1072M co "2

and

-9
£.68x10 . 1.59 x107 "M Ca*?
2.95x 107 —

Figure 14 is a graph of these data. The activity product constants used
here(8) are evidently not applicable to these systems or the curve for
fluorite would not overlap that of calcite. The general relationships are
valid, however. Apatite could not be included because of uncertain
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102 -
- FROM GYPSUM
10-3 |-
|o“‘E
(7))
w
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g -
o~ i
+
[ -]
O 0-5L
FROM CaCO3
106 |
i FROM CaFjp
~ —
7 8 9 10 1 12 13 14
pH
FIGURE 14

Relative Amounts of Cat2
from Several Compounds in Equilibrium With
Indicated 0.03 y[_ SO4'2, CO 3‘2 and F- Solutions at Various Ht Concentrations

AEC-GE RICHLAND, WASH,
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composition, and therefore solubility data. However, apatite does replace
calcite in preference to flugrite at higher pH. We may conclude that the
curve for apatite falls below that of fluorite above pH 7.

Figure 15 shows the removal of Sr'Jrz during the replacement
reactions of Figure 13, Note that unlike the anion removals in Figure 13,
Sr*"2 removal always increases with increasing pH, probably due to a tend-
ency toward decreasing hydroxide solubility. Ce+3 also exhibited increased
removal with increased pH, suggesting that the phenomenon is common to

all cations removed during anion replacement reactions.

CONCLUSIONS

These data support the premise that only one reaction product is
stable in a given systemn. Moreover, the rate of formation of this stable
reaction product is directly proportional to the magnitude of the solubility
difference between the initial and final solids. More than one final product
indicates that the reaction has not been completed, or the initial solid
was a mixture of compounds, one of which was less soluble in the system

than any possible reaction product.

The effect of the crystal structure of the final product on srt?

removal is even more evident than pH on anion removal rates. The crystal
lattices of Ser
and Sr-apatite are also of the same structural types. SrCO 3 On the other

and Can are both of the fluorite type, while Ca-apatite

hand, is an aragonite type structure while calcite is not. This difference
in lattice types inhibits the removal of Sr']'2 during the replacement of
gypsum by carbonate-bearing solutions. However, all other things being
equal, the rate of concomitant Sr+2 removal into the lattice of the final

product always increased with increasing pH.

The effect of the various reaction variables on strontium removal
rate was additive, i,e., the effect of given pH change on the strontium
removal rate and the effect caused by a given temperature change could be
summed to give the additive effect on strontium removal rate when both the

pH and temperature changes were made sumultaneously.
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GYPSUM - CO3~2,
Sr+2 REMOVAL

C/Co 2
.05
CALCITE - PO4~3,
srt2 REMOVAL
CALCITE-F ~
Sr*+2 REMOVAL
ol | i l
7 8 9 10 1 12 13 14
pH
FIGURE 15

Concomitant Removal of Strontium into
the Final Reaction Product as Affected by pH
Data from Figures 3, 7 and 9

AEC-GE RICHLAND, WASH.
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Only the application of these replacement reactions to column use was
considered here. Gne advantage accruing to the use of columns for these
reactions is the large volume reduction of contaminated material. On the
order of several thousand column volumes can be passed through these
columns before the initial column material is completely reacted and
thus no longer will remove strontium from the waste solution. Furthermore
the strontium can be removed from wastes containing large concentrations
of extraneous cations and the effluent solution can be recycled to attain
the desired strontium decontamination factors. Fixation of the removed
strontium in a solid is assured along with elimination of off-gas problems
inherent in calcination techniques. Certain restrictions are imposed on
the types of wastes that may be decontaminated by these replacement
reactions due to the necessity for the influent solution to be alkaline in pH 3
and contain the necessary reagent. It is highly probable that a filtration or
settling step must be included after the influent solution is made alkaline
and the reagent added, and before passage through the column. Cther-
wise any radioisoiope-containing precipitates will pass through the column

undecontaminated.

It should be emphasized that only simulated radioactive wastes,
usually containing a single radioisotope, were used in mineral replacement
reaction experiments on a laboratory scale. No actual radioactive waste
applications have been made on any scale. However, strontium decontam-

3 to 106 from simulated high-salt waste were commonly

ination factors of 10
encountered during these laboratory studies. There is every reason to

believe, in the author's opinion, that these mineral replacement reactions
can be successfully adapted to the removal of radiostrontium from actual

radioactive wastes.

ACKNOWLEDGMENTS

The author wished to acknowledge the assistance and helpful sugges-

tions of Olevia C. Sterner in the laboratory work.



10,

-30- HW-66383

REFERENCES

Ames, L, L, Jr. "Anion Metasomatic Replacement Reactions, ' Econ,
Geol., (to be published).

Ames, L, L, Jr. "The Genesis of Carbonate Apatites, ' Econ. Geol.,
54, 829-851, 1959,

Ames, L, L, Jr, "Some Cation Substitutions During the Formation of
Phosphorite from Calcite, " Econ. Geol., 55, 354-362, 1960,

Ames, L, L, Jr. '"The Metasomatic Replacement of Limestones by
Alkaline, Fluoride-bearing Solutions, " Econ., Geol. (to be published).

Ames, L, L, Jr. The Removal of the "Bone-seeking' Group of Radio-
isotopes from Solution by a Calcite-Phosphate Reaction, HW-60412.

Garrels, R. M. Mineral Equilibria, Harper and Bros,, 43-60. 1960,
Hillebrand, W. F., et al. Applied Inorganic Analysis, J, Wiley and

Lattimer, W, M, The Oxidation States of the Elements and Their
Potentials in Aqueous Solutions, Prentice-Hall. 1952,

Rankama, K. and Th. G. Sahama, Geochemistry, Univ. of Chicago
Press, 103-128, 1949,

Stability Constants, Part II: Inorganic Ligands, Chem. Soc, London,

43. 13900.



-31-~ HW-66383

INTERNAL DISTRIBUTION
Copy Number

1 G. J, Alkire

2 L. L. Ames, Jr,

3 C. R. Anderson

4 D. W. Bensen

5 R. E. Brown

6 L. P. Bupp

7 R. E. Burns

8 V. R. Chapman - R, E. Roberts
9 V. R. Cooper

10 J. B. Fecht, Jr. - E, Doud
i1 R. G. Geier

12 K. M, Harmon

13 M, K. Harmon

14 O. ¥, Hill

15 J. F. Honstead

16 H. H. Hopkins, Jr.
17 E. R. Irish

18 P. C. Jerman

19 R. L. Junkins

20 C. E. Linderoth - W. A. Haney
21 B. W. Mercer

22 R. L, Moore

23 J, L., Nelson

24 J. M. Nielsen

25 D. W. Pearce

26 A. M. Platt

27 W. H, Reas

28 A. E. Reisenauer
29 L. C. Schwendiman
30 J. M. Skarpelos

31 R. J. Sloat

32 R. E, Smith

33 R. E. Tomlinson
34 E. E. Voiland

35 M. T. Walling, Jr.
36 300 Files

37 Record Center

38 - 173 Extra

74 - 77 GE Technical Data Center, Schenectady



—

-32- HW-66383

EXTERNAL DISTRIBUTION

Number of Copies

2

p—

DN S NN R e e DO DO D L0 O i e G0 O = DO B GO DO ke

Aberdeen Proving Ground

Aerojet-General Corporation
Aerojet-General, San Ramon (I00-880)
AFPR, Boeing, Seattle

AFPR, Lockheed, Marietta

Air Force Special Weapons Center

ANP Preoject Office, Convair, Fort Worth
Alco Products, Inc.

Allis-Chalmers Manufacturing Company
Argonne National L.aboratory

Army Chemical Center

Army Chemical Center (Taras)

Army Chemical Corps

Army Signal Research and Development Laboratory
Atomic Bomb Casualty Commission

AEC Scientific Representative, Japan
Atomic Energy Commission, Washington
Atomics International

Babcock and Wilcox Company (NYOO-1940)
Battelle Memorial Institute

Bettis Plant

Brookhaven National Laboratory

BAR, Goodyear Aircraft, Akron

BAR, Grumman Aircraft, Bethpage
Bureau of Medicine and Surgery

Bureau of Mines, Albany

Bureau of Mines, Salt Lake City

Bureau of Ships (Code 1500)

Bureau of Yards and Docks

Chicago Operations Office

Chicago Patent Group

Combustion Engineering, Inc.

Committee on the Effects of Atomic Radiation
Convair-General Dynamics Corporation, San Diego
Defence Research Member

Department of the Army, G-2

Division of Raw Materials, Washington
duPont Company, Aiken

duPont Company, Wilmington

Frankford Arsenal

General Electric Company (ANPD)
General Electric Company, St. Petersburg
Gibbs and Cox, Inc.

Goodyear Atomic Corporation

Grand Junction Operations Office



_33- HW-66383

EXTERNAL DISTRIBUTION (contd)
Number of Copies

Hawaii Marine L.aboratory

Iowa State University

Jet Propulsion Laboratory

Knolls Atomic Power Laboratory

Los Alamos Scientific Laboratory

M & C Nuclear, Inc.

Mallinckrodt Chemical Works

Maritime Administration

Martin Company

Massachusetts Institute of Technology (Hardy)

Mound Laboratory

National Aeronautics and Space Administration,
Cleveland

National Bureau of Standards

National Lead Company, Inc., Winchester

National L.ead Company of Ohio

Naval Research Laboratory

New Brunswick Area Office

New York Operations Office

Nuclear Development Corporation of America

Nuclear Metals, Inc.

Oak Ridge Institute of Nuclear Studies

Office of Naval Research

Office of Naval Research (Code 422)

Office of Ordnance Research

Office of the Chief of Naval Operations

Office of the Surgeon General

Olin Mathieson Chemical Corporation

Ordnance Materials Research Office

Patent Branch, Washington

Phillips Petroleum Company (NRTS)

Power Reactor Development Company

Pratt and Whitney Aircraft Division

Public Health Service

Public Health Service, Savannah

Rensselaer Polytechnic Institute

Sandia Corporation, Albuquerque

Schenectady Naval Reactors Operations Office

Sylvania Electric Products, Inc,

Tennessee Valley Authority

The Surgeon General

Union Carbide Nuclear Company (ORGDP)

Union Carbide Nuclear Company (ORNL)

Union Carbide Nuclear Company (Paducah Plant)

U. S. Geological Survey, Albuquerque

U. S. Geological Survey, Denver

el S i

Bt b TN QO P 2 e DN R - e b b e b e e b T B S R D) G0 S B



-34- . HW-66383

EXTERNAL DISTRIBUTION (contd)
Number of Copies

Geological Survey, Naval Gun Factory
Geological Survey (Nolan)

Geological Survey (Stringfield)
Geological Survey, Washington

Naval Postgraduate School

Naval Radiological Defense Laboratory
Un1vers1ty of California at L.os Angeles
University of California, Berkeley
University of California, Livermore
University of Puerto Rico

University of Rochester

Walter Reed Army Medical Center
Watertown Arsenal

Westinghouse Electric Corporation (Schafer)
Wright Air Development Center

Yankee Atomic Electric Company

Office of Technical Information Extension
Office of Technical Services, Washington

cacoag
Lnnnnn

o e e e DG RO DD P B b e

w
-3 N
oo



