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FOREWORD

The wartime project for development of atomic energy was a re-
markable feat of cooperation and accomplishment by government,
science, industry, labor, and the military services aimed exclusively
at the military application of atomic energy. Our present national
atomic -energy program, expanding upon the previous developments,
is directed not only toward the assurance of national security but
also toward the realization of the immense potential benefits atomic
energy holds for our civilization. The record of progress and the re-
sults of extensive scientific investigations and engineering develop-
ment are contained in the National Nuclear Energy Series. This
knowledge, which offers the basis of world-wide benefits from nuclear
science, is being published in the established scientific tradition, not
solely to meet the precise needs of science but also in support of the
high goals of the American people set forth inthe Atomic Energy Act. .
The work reported in this series is a tribute to all the scientists en-
gaged in both the Manhattan Project and the postwar Atomic Energy
Commission program.

Gordon Dean, Chairman
U. S. Atomic Energy Commission



PREFACE

This volume is one of a series which has been preparedas a record
of the research work done under the Manhattan Project and the Atomic
Energy Commission. The name Manhattan Project was assigned by
the Corps of Engineers, War Department, to the far-flung scientific
and engineering activities which had as their objective the utilization of
atomic energy for military purposes. In the attainment of this objec-
tive, there were many developments in scientific and technical fields
which are of general interest. The National Nuclear Energy Series
(Manhattan Project Technical Section) is a record of these scientific
and technical contributions, as well as of the developments in these
fields which are being sponsored by the Atomic Energy Commission.

The declassified portion of the National Nuclear Energy Series,
when completed, is expected to consist of some 60 volumes. These
will be grouped into eight divisions, as follows:

Division I — Electromagnetic Separation Project
Division II — Gaseous Diffusion Project

Division III — Special Separations Project
Division IV — Plutonium Project

Division V — Los Alamos Project

Division VI — University of Rochester Project
Division VII — Materials Procurement Project
Division VIII — Manhattan Project

Soon after the close of the war the Manhattan Project was able to
give its attention to the preparation of a complete record of the
research work accomplished under Project contracts. Writing pro-
grams were authorized atall laboratories, with the object of obtaining
complete coverage of Project results. Each major installation was
requested to designate one or more representatives to make up a
committee, which was first called the Manhattan Project Editorial
Advisory Board, and later, after the sponsorship of the Series was
assumed by the Atomic Energy Commission, the Project Editorial
Advisory Board. This group made plans to coordinate the writing
programs at all the installations, and acted as an advisory group in
all matters affecting the Project-wide writing program. Its last
meeting was held on Feb. 9, 1948, when it recommended the publisher
for the Series.

vit



viii ' PREFACE

The names of the Board members and of the installations which
they represented are as follows:

Atomic Energy Commission
Public and Technical Information
Service

Technical Information Division,
Oak Ridge Extension

Office of New York Operations

Brookhaven National Laboratory

Carbide & Carbon Chemicals
Corporation (K-25)

Carbide & Carbon Chemicals
Corporation (Y-12) T

Clinton Laboratories 1
General Electric Company, Hanford

General Electric Company,
Knolls Atomic Power Laboratory

Kellex Corporation

Los Alamos
National Bureau of Standards

Plutonium Project o
Argonne National Laboratory

Towa State College
Medical Group
SAM Laboratories §

Stone & Webster Engineering
Corporation

University of California
University of Rochester

Alberto F. Thompson
Brewer F. Boardman

Charles Slesser, J. H. Hayner,
W. M. Hearon *

Richard W. Dodson

R. B. Korsmeyer, W. L. Harwell,
D. E. Hull, Ezra Staple

Russell Baldock

J. R. Coe
T. W. Hauff
John P. Howe

John F. Hogerton, Jerome Simson,
M. Benedict

R. R. Davis, Ralph Carlisle Smith
C. J. Rodden

R. S. Mulliken, H. D. Young
F. H. Spedding

R. E. Zirkle

G. M. Murphy

B. W. Whitehurst

R. K. Wakerling, A. Guthrie
D. R. Charles, M. J. Wantman

* Represented Madison Square Area of the Manhattan District.

1 The Y-12 plant at Oak Ridge was operated by Tennessee Eastman Corporation until May 4,
1947, at which time operations were taken over by Carbide & Carbon Chemicals Corporation.

i Clinton Laboratories was the former name of the Oak Ridge National Laboratory.

§SAM (Substitute Alloy Materials) was the code name for the laboratories operated by
Columbia University in New York under the direction of Dr. H. C. Urey, where much of the
experimental work on isotope separation was done. On Feb. 1, 1945, the administration of
these laboratories became the responsibility of Carbide & Carbon Chemicals Corporation.
Research in progress there was transferred to the K-25 plant at Oak Ridge in June, 1946, and
the New York laboratories were then closed.



PREFACE ix

Many difficulties were encountered in preparing a unified account
of Atomic Energy Project work. For example, the Project Editorial
Advisory Board was the first committee ever organized with repre-
sentatives from every major installation of the Atomic Energy Project.
Compartmentation for security was so rigorous during the war that
it had been considered necessary to allow a certain amount of dupli-
cation of effort rather than to permit unrestricted circulation of
research information between certain installations. As a result, the
writing programs of different installations inevitably overlap markedly
in many scientific fields. The Editorial Advisory Board has exerted
itself to reduce duplication in so far as possible and to eliminate
discrepancies in factual data included in the volumes of the NNES.
In particular, unified Project-wide volumes have been prepared
on Uranium Chemistry and on the Analysis of Project Materials.
Nevertheless, the reader will find many instances of differences in
results or conclusions onsimilar subject matter preparedby different
authors. This has not seemed wholly undesirable for several reasons.
First of all, such divergencies are not unnatural and stimulate in-
vestigation. Second, promptness of publication has seemed more
important than the removal of all discrepancies. Finally, many Proj-
ect scientists completed their contributions some time ago and have
become engrossed in other activities so that their time has not been
avaijlable for a detailed review of their work in relation to similar
work done at other installations.

The completion of the various individual volumes of the Series has
also been beset with difficulties. Many of the key authors and editors
have had important responsibilities in planning the future of atomic
energy research. Under these circumstances, the completion of this
technical series has been delayed longer than its editors wished. The
volumes are being released in their present form in the interest of
presenting the material as promptly as possible to those who can
make use of it.

The Editorial Advisory Board



UNIVERSITY OF ROCHESTER PROJECT FOREWORD

The inception and the organization of the University of Rochester
Atomic Energy Project, which operated under the name University of
Rochester Manhattan Project during the war years, were described
by the former Director, Dr. Andrew H. Dowdy,* in the Foreword to
Parts I and II of this volume. Postwar changes have included the
development of a postgraduate educational program in medical and
biological fields of interest to the Commission. At the present time,
this includes about 80 students in Health Physics, Radiation Biology,
Biophysics, Pharmacology and Toxicology, and Industrial Medicine.
In keeping with this trend, the Department of Radiation Biology of the
School of Medicine and Dentistry was organized in January, 1948, to
administer the Project under contract with the Atomic Energy Com-
mission and to integrate the teaching activities with those of the rest
of the School.

The research program continues to be devoted principally to the
solution of health and medical problems arising from atomic energy
development in the facilities of the Commission and its contractors.
This includes studies in the broad fields of the toxicity of both radio-
active and nonradioactive materials, the biological effects of radia-
tion, therapy against radiation injury, flash burns, and instrument
and method developments in these fields.

Henry A. Blair
Head of the Department of
Radiation Biology and Director
of the Atomic Energy Project
University of Rochester

May, 1952
Rochester, N, Y.

* Present address: Medical School, University of California at Los Angeles.



VOLUME EDITOR’S PREFACE

Parts II and IV of this volume are concerned chiefly with two kinds
of information: (1) the chronic inhalation toxicity of uranium com-
pounds and (2) the mechanism of uranium poisoning., In Parts I and I
the results of the short-term studies are presented; these serve as
the basis for the chronic toxicity tests. It is most appropriate, there-
fore, to retain the same title for the entire presentation. Because
Parts Il and IV were not planned when the original sequence of the
National Nuclear Energy Series volumes was arranged, many com-
plications arose. The decision to present these results as Parts III
and IV of the ‘‘Pharmacology and Toxicology of Uranium Compounds’’
was a difficult one for the McGraw-Hill Book Company to make, but a
decision that has been gratifying to us,

Yearlong inhalation experiments have been carried out using four
uranium compounds; in addition, there was a single 2-year study of
animals breathing atmospheres containing soluble or insoluble ura-
nium compounds for 1 year and then breathing uranyl nitrate dust for
the second year. An extensive experiment is described in which ani-
mals were given uranium compounds by insufflation. Feeding tests of
2 years’ duration using rats and of 1 year’s duration using dogs pro-
vide the necessary correlative data.

Mechanism studies are directed toward two major problems: (1)
the bone deposition of uranium and (2) the inhibition of carbohydrate
metabolism by solutions of hexavalent uranium. The contributions
that these studies make to our knowledge of the normal processes of
calcification and of cellular metabolism should be stressed.

Additional work is included on tolerance to uranium poisoning, on
the chemical complexing of uranium in the body fluids, and on the
modes of pulmonary retention of particulate matter. A partial bibli-
ography, more complete than any previously available, of the biologi-
cal effects of uranium compounds is given in Chap, 27 under two
headings: (1) effects on plants and (2) other references. A few ana-
Iytical methods not given in Chap. 2 are presented. Additional toxi-
cology data concerning certain fluorides (a continuation of Chap. 17)
are described. _

Dr. Carl Voegtlin wrote in the Volume Editor’s Preface to Parts I
and I, “It is fair to say that the study of the toxicology of uranium
compounds herein described represents the most comprehensive ex-
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xiv VOLUME EDITOR’S PREFACE

perimental investigation of an industrial poison ever carried out by
any group of scientific workers in such a short time.’”’ Dr. Voegtlin
had in mind also the investigations reported in Parts IIl and IV, es-
pecially the chronic tests and the work on mechanism, both of which
were completed some months after Parts I and I were written, It is
my privilege to acknowledge the contributions made by Dr. Voegtlin
to every part of this project and to mention the personal price he
paid, As he retired from the Public Health Service in July, 1943,
Dr. Voegtlin looked forward with great anticipation to quiet years of
research in his special field, the chemistry of cancer, in one of the
several university laboratories proffered him. Instead, unhesitatingly
and with complete selflessness, he put aside cancer research for
three years to ‘‘do his bit’’ in the Manhattan Project.

The completion of these studies has made possible the well-sup-
ported recommendation of air concentrations of soluble and insoluble
uranium dusts —maximal allowable concentrations—that men may
breathe safely. Providentially, this highly toxic metal is not easily
absorbed. The studies in Parts IIT and IV present the evidence.

Harold C. Hodge

May, 1952
Rochester, N. Y.



The Manhattan Project Technical Section of the National Nuclear
Energy Series is intended to be a comprehensive account ¢f the sci-
entific and technical achievements of the United States program for
the development of atomic energy. It is not intended to be a detailed
documentary record of the making of any inventions that happen to be
mentionad in it. Therefore, the dates used in the Series should be
regarded as a general temporal frame of reference, rather than as
establishing dates of conception aof inventions, of their reduction to
practice, or of occasions of first use. While a reasonable effort has
been made to assign credit fairly in the NNES volumes, this may, in
many cases, be given to a group identified by the name of its leader
rather than to an individual who was an actual inventor.



PART I

CHRONIC STUDIES
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CUMULATIVE INDEX, PARTS I TO IV

A

AAN/C ratio tests, 1841-1842, 1852~
1853, 1866-1867, 2387-2391
AAN concentration in urine, 528,
1843, 1862-1865, 2387
in normal species, 1842-1848
amino aciduria, 1849-1850
time course of, 1857-1862
compared with proteinuria, 1857
methods, 1842-1843
minimal uranium dose, 1850-1854
1-year inhalation studies, control
values, 1400, 1404-1407
uranium hexafluoride, 1507
uranium tetrafluoride, 1538
response patterne, 1855-1857, 2390
in urine, 1844-1849, 2388-2391
Absorption curves, uranyl solutions, 16
Acetate anion in Ug complexers, 66
Acetate complexer for Uy, 87
Acetate complexes, dissociation con-
stants, 111-112
of Ug, 65-67
Acetate concentration, uranium com-
plexes, 111
Acetic acid, un-ionized, 65
Acid-base effect, on deposition of Ug in
bone, 720-721
on excretion of uranium, 710
on uranium deposition in kidney, 710
Acidity, effect on urine retention, 961-
963
Activation, epitheliail, 214, 227-228
Adenosine triphosphatase, on ceil sur-
face, 2062-2063
effect of uranium on, 792-793
Adenylic acid, 46
effect on action of U, 832-835

Adrenaline effect on proteinuria, $15
Adrenaline oxidase, effect of uranium on,
793-796 5
Adsorption of ethane on surface area,138¢
Age effect, on deposition of Ug in bone,
717-720
on radioactive phosphorus uptake,
1970-1979, 1986-1990, 2402-2403
on toxicity, uranyl nitrate, 286-288,
1236-1248
on uranium toleration, 43, 732-733
Albumin, egg, as complexer for Uy, 86
as complexer for Ug, 84-86
crystallization, 767-768
effect on action of Ug, 831
in fluorophotometric process, 160
precipitation by uranyl acetate, 761-
762
serum, effect on oxidation of Uy, 95
Alkali administration, effect on uranium
toxicity, 710
Alkali in uranium poisoning, 785
Amino acid nitrogen, 22, 32
in proximal tubule, 22
ratio to creatinine, 22
in urine, 528
Amino acid serine, 81-82
Amino acids, effect on action of Ug, 831
effect on action of uranyl acetate, 863-
855
reabsorption, 972
Ammonia, excretion of, 23
Ammonium diuranate, 420
in inhalation studies, 666-872
Ammonium salt, analysis of, 667-668
Ammonium sulfate, buffered, in crystal-
lization of albumin, 767
Amylase, salivary, effect of uranium on,
797

(Book 1, p. 1-524; Book 2, p. 525-1084; Book 3, p. 1085-1838; Book 4, p. 1838-2433.)
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PHARMACOLOGY AND TOXICOLOGY OF URANIUM

Analysis, statistical, limitations, 205
Analytical section, 6
Anemia, 2-year inhalation studies,
1608-1634
uranyl nitrate, 1627-1630, 1634
Anhydrase, carbonic, effect on action of
uranyl acetate, 855-859
in kidney, 857-859
Anhydrous silver perchlorate, 176
Anions, buffer, effect on dissolving of
protein, 765
Anodic wave, acetate media, 132
noncomplexing media, 125
Anuria in uranium poisoning, 22
Arginase, 788
effect of uranium on, 797-788
precipitation by uranyl acetate, 768
Arsenic, cumulative action, 9
Ascorbic acid, effect on action of Uyg,
830-831
effeet on uranium poisoning, 979
effect on uranyl acetate, 92
oxidation, effect of Ug on, 886-887
in oxygen-reduction reactions, 89
in reduction of U, 93-94
Ascorbic acid oxidase in tissue, 881-883
Atrophy, tubular, 210
Autoradiographic studies of bone dep-
osition, 1916-1928, 2395
Autoradiographs of kidney, 712-713,
959
Autunite, 56
Azotemia, 23, 51

B

Back-titration method, 1167
Bacteria, effects of uranium on, 2262~
2265
BAL for uranium poisoning, 2092-2093,
2099-2100, 2408-2409
experiments, animals used, 2092
with HgCl, intoxication, 2093-2095
with uranium intoxication, 2095-
2100
Base-combining power of Ug, 80
Beckman pH meter, 74, 770
Becquerel effect, 98, 114-115, 119-120,
123
BET adsorption equation, 1377-1379

Bibliography of biological effects of
uranium, 2266-2289
Bicarbonate, as antidote for uranium
poisoning, 785
complexer for Uy, 87
effect on uranium clearance, 870-971
effect on Ug poisoning, 790-791
effect on Ug, U, potentials, 98-101
physiological importance, 84-86
uranyl complex, 1102-1107
Bicarbonate solutions in polarographic
analysis, 75
Biochemical findings after inhalation,
of high-grade ore dust, 627-628
of sodium diuranate, 657-661
of uranium dioxide, 617-618
of uranium peroxide, 650
of uranium tetrachloride, 592-594
of uranium tetrafluoride, 606-608
of uranium tritaoctoxide, 674
Biological effects of uranium (see
Uranium)
Biopsy, renal, of dog, 619
Black oxide, 60
Blending method for UFg, 444-445
Blood, determination in kidney brei,
859-861
uranium content of, 389, 707, 956- 958
Blood clotting, effect of Ug on, 791
Blood count, 10-11
Blood level, 059
Bloor’s method, fluorophotometry,
150-153
accuracy, 152
apparatus, 150-151
Body temperature in uranium poisoning,
983
Bone, deposit in, of fluorine, 1035, 1048-
1050 '
of hexavalent uranium, 716-721
of uranium, 41
storage of uranium in, 958
Bone deposition studies, 716-721, 1911~
1916, 2394-2395
age effects on radioactive phosphorus
uptake, 1970-1979, 1986-1990,
2402-2403
radioactive data, 1980-1985
autoradiographic, 1916-1923, 2395
calcium exchange in, 1959-1970,
2401-2402

(Book 1, p. 1-524; Book 2, p. 525-1084; Book 3, p. 1065-1838; Book 4, p. 1839-2433.)



CUMULATIVE INDEX, PARTS I TO IV

Bone deposition studies, diet effects,
1923-1927, 2395-2396
effect on resorptive processes, 1958-
1959, 2401
following insufflation of UgOg, 1816~
1822
following insufflation of uranyl nitrate,
1804-1816
in vitro adsorption, 1928-1936, 2396-
2398
ion competition, 1942-1949, 2399-2400
ion exchange, 1936-1942, 2398-2399
recrystallization of bene mineral,
1850-1957, 2400-2401
Bone marrow (see Marrow)
Bone salt, 984-990
Boron deposition in animal tissues, 2309
Boron halides, determination of, in air,
2328-2329
method, 2329-2334
inhalation toxicity of (see Inhalation-
toxicity studies)
Boron metal (see Inhalation-toxicity
studies)
Boron trichloride (see Inhalation-
toxicity studies)
Boron triflucride (see Inhalation-
toxicity studies)
Boron trifluoride —methyl ether complex
(see Inhalation-toxicity studies) .
Breeding test, 344-348
Brei, respiration of, affected by uranyl
acetate, 849-850
British Cascade Impactor, 30, 463-477
Bromsulfalein, 23
Brown oxide, 58-59
Buffer, carbonic acid—sodium bicar-
bonate, 72
citrate, effect on potential of Ug, Uy, 101-
102
glyceryl phosphate —disodium glyceryl,
70
lactate, 68
maleate, 70-71
maleic acid -monosodium maleate, 68~69
monosodium maleate —disodium
maleate, 69-70
pyruvate, 68 - :
sodium bicarbonate ~sodium carbonate,
72
Bureau of Mines, Pittsburgh, 4

C

Calcium exchange in bone deposition,
1859-1970
Calcium oxide in thorium nitrate titra-
tion for fluoride, 176
Calibration curve, ferrisal method,
fluoride determination, 192
spectrochemical determination of
uranium, 168
Carbides, uranium, 15
Carbohydrate metabolism, 33, 1867,
2301.2393
in dogs, exposed to hydrogen fluoride,
1891-1892, 1895
exposed to uranium salts, 1867-
1868, 1880-1891, 1898-1899
exposed to uranyl nitrate, 1878~
1880
in rats, 1868-1872
exposed to alloxan, 1895-1899
exposed to hydrogen fluoride, 1891~
1895
exposed to uranium salts, 1867-
1868, 1890-1891
exposed to uranyl nitrate, 1872-
1878
Carbon dioxide in uranium poisoning,
858
l-year inhalation of uranyl nitrate,
1442, 1445, 1448-1449
Carbonic anhydrase, effect on action of
Us, 855
effect of uranium on, 799-803
effect of uranyl acetate on, 801-803
Carcinoma, 951
Carnotite, 15, 55-56
Catalase, AAN/C ratio in urine com-
pared, 1862-1865
effect of uranium on, 805<806, 889
in human urine, 934-94% '
in rabbit urine, exposure to uranyl
nitrate dust, 1445, 1450, 1455
urinary, determination, 891-8985
source, 895-898
von Euler method for determination,
go1
Catalase levels in kidney, 861-866
Catalasuria, 32, 48-49
effect on, exercise, 936-939
inhaled uranium, 922-934

(Book 1, p. 1-524; Book 2, p. 525-1084; Book 3, p. 1085-1838; Book 4, p. 1839-2433.)
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