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GEOCHEMISTRY OF URANIUM IN PHOSPHORITES AND BLACK SHAIES -

OF THE PHOSPHORIA FORMATION
By Richard P. Sheldon
ABSTRACT

Uranium in the Phosphoria formation of Permian age in the western
phosphate field occurs mostly in phosphorite and in part in black shale.
However, some of the phosphorites and most of the black shales of the
formation contain only negligible quantities of uranium. Most of these
differences in uranium content can be related to lithologic and other
compositional differences of the rocks.

A basic premise to this study is that the immediate source of the
uranium in the Phosphoria formation was the ocean. The widespread dis-
tribution and large quantity of uranium in the formation, as well as
the comparison of the Permian phosphorites with recent marine uraniferous
phosphorites, support this notion. The chemistry of uranium in the ocean
has been little studied, but a number of deductions can be made from the
kﬁown thermodynamic date and the chemical data of uranium in aqueous
solutions. Garrels (1955) has shown that the pH and the Eh control the
oxidation state of uranium in natural water, and a survey of the litera-
ture reveals tgaf increasing pH favors the formation of complex ions
made up of a uranyl ion and anions present in the sea such as

5 -

Poh'3, 003"2, OH", and 804' . The formation of uranyl sulfate complexes

is favoréd'by high Eh.



The phosphatic rocks of the formation are classified according to
the Eh and pH of their depositional environment, and their uranium con-
tents are compared by mesns of & distribution-free statistical test. r
This analysis shows that the phosphatic sediments that.were deposited in
an environment of low Eh are relatively rich in uranium, whereas phosphatic
sediments deéositéd in an envi;onmeht of high Eh are relastively poor .in
uranium. ‘The.pH of the environﬁent where:apamite is stable appafently}
;has.no e’fect on the concentration of u:aniuma Two hypotheses for the
occufrence of uraniﬁm in apatite are reviewed: 1) the substitution of
U(IV) for Ca in the apatite lattice, and 2) the adsorption éf uranyl
ibn.op the surfacesof apatite crystallites. No clear-cut choice between
these two modes of occurrence can be made with the present data, as
both U(IV) and U(VI) are known to occur in the Phosphoris formation.
Multiple regression analyses show that uranium is positively corrélated
with both P205 end fluorine present in the apatite in quantities exceeding
that of lattice requirements. This correlsticn seems to be best explained
by adsorption of both excess flourine and ﬁranium on the surfaces of
aﬁatite crystallites. The size of apatite crystallites was investigaéed
by X-ray diffraction techniques; the results suggest, but do not prove,
that apatite rich in excess fluorine and uranium is made up of the
spallest crystals.

From considerations of these data, uranium is probably deposited in
apatite in one of two ways; 1) low Eh of the depositional environment

causes the highest concentration of U*h ion and thereby more U(IV) is



substituted for Ca in the apatite lattice, or 2) a low Eh of the deposi-
tional environment allows the accumulation of organic matter, which
inhibits growth of apatite crystallites, alléwing more uranyl ion to
be adsorbed on crystallite surfaces.

There are few data available on the mode of occurrence of uranium
in black shale, but from chemical and strafigraphic considerations it
seems possible that the uranium is deposited as disséminated an in a

reducing acid depositional environment.
INTRODUCTION

Marine phosphorite formations the world over contain small amounts
of uranium. In a general way the amount of uranium of these phosphorites
Qaries directly with the phosphate content, but the correlation is not
perfect. Significant differences of uranium content for a given qﬁantity
of phosphate have been found from formation to fbrmation over the world
(Altschuler, Clarke, and Young, written communication), and within the
“Phosphoria formation of Permian age in the Idaho-Wyoming-Montana-Utah
phosphate field (MéKelvey and Carswell, 1956). Similarly, the uranium
contents of black shale formations differ. Some, such as the Chattanooga
shale of Devonian and Mississippian age of the cemtral United . .

States, contain relatively high concentrations of uraniuﬁ, whereas
others contain negligible quantities. Similarly, most of the black
shale of the Phosphoria fqrmation contains almost no uranium, but
several zones of limited extent have quantities of uranium comparable

to that in the Chattanooga shale.



These differences of uranium content are difficult to deal with for
é\nuMber of reasons. First, the uranium in the phosphatic rocks and
black shales occurs in small'amounts, and the host rocks are very fine-
grained. Uranium minerals, if present, generally cannot be seen or
separated, and host minerals of the uranium cannot be cleanly separated
frbm other minerals. Hencé,-iﬁairect methods, such as stg?istical cor-
relation of chemical analyses, autoradiographs, and the like must be
used to study the distridbution qé upanium. Second, uranium can be
féirly easily leached of enriched in_éhosphatic rocks by weathering
processes, s9,thaﬁ genetic studies based on samples collected from
outerops are subject to error. Third, apatite, the host mineral for
most of the uranium, is & compléx minerai, sub ject to many.ionic
substitutions of trace eleménts. In marine rocks it is commonly so
finely crystalline that surface chemical effects can easily play an
importaent part in determininé the composition of the apatite. The
distingﬁion between such structural or surficial phenomena of the
crystals is extremely difficult to make. Finally, apatite, like the
carbonate minersls, is easily subject to recrystallization, solution,
and redeposition during diagenesis of the rocks; hénce, chemical
differences due to differing depositional environments may be erased
by diageénetic processes.

This study of the geochepistry of uranium in the Phosphoria forma-
tion is based on a genetic classification of the uranium-bearing rocks.
Tt was found earlier frpm a s?udy of the physical stratigraphy of the

Phosphoria formation in Wyoming that the sequence of facies of the



black shales and phosphatic rocks was caused by the increase of pH and
Eh of the depcsitional environment from the deeper water sediments in
western Wyoming to the shallow water sediments in central Wyoming
(Sheldon, 1957)o Becguse, the uranium content of the phosphatic rocks
decreases eastward (McKelvey and Carswell, 1956), it seems possible
that the physical-chemical depositional environment may be a control in
uranium concentration. To test this hypothesis, the physical chemistry
of uranium in the ocean is reviewsd in order to determine the effect
of pH and Eh of the sea water on the state of uranium. The uraniferous
rocks are classified according %o the likely pH and Eh of the deposi-
tional environment (Krumbein and Garrels, 1952), and veriations of
their u:anium content are analyzed by statistical methods° This

study shows that the EhAof the depositionsl environment plays a part

in the concentration of urgnium, but the mechanism of concentration

is Sti}l in doubt.
SOURCE OF URANIUM IN THE PHOSPHORIA FORMATION

A basic premise of this paper is that the uraﬁium present in the
Phosphoria formation was mainly extracted from the sea water during the
depdsition of the major constituents of the rocks. Two arguments
support this assumption.

A Perhaps the most convincing argument concerning uranium source is
the amount and distribution of uranium in the Phosphoria. On the
.a3sum§tions,tﬁat the average ratio of uranium to P205 is 0.l x 19_3

(the mean of a fairly lérgersamble of rocks ffom ﬁestern Wyoming) and

that the Phosphoria formation contained 1.7 x 1012 metric tons of
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P205 before Cenozoic erosion occurred (McKelvey, Swaenson, and Sheldon,
1953, p. 56), £hé Phosphoria formation contained about 0.7 x 109 metric
tons of uranium;A This amount is of the same order of magnitude as that
in the ocean today, as dill be discussed later. This uranium is distrib-
uted in phosphatic material of the formation over the area of its full
extent, about 135,000 square miles (McKelvey and Carswell, 1956). It
would seem highly improbable, then, that connate water, a possible
source of the uranium, could supply this guantity, or that magmatic
water, another possible source, could be distributed uniformly in the
formation over the whole area.

Altschuler, Clarke, and Young'(written communication) report that
nodules dredged from the sea floor off California cogtain as much as
0.012 percent uranium, which is comparable to the uranium content of
phosphorite from the Phosphoria formation. There is no doubt that the

vranium in the nodvles was derived from the ocean.
URANIUM IN THE OCEAN

A beginning to the understanding of the distribution and chemistry
of uranium in the ocean has beep made by recent investigations. Ocean-~
ographic studies indicate that uranium has a distribution somewhat
comparable to that of phosphorus, silica, and seversl other variable
constituents of sea water. The chemistry of uvranium in sea water has
not been directly investigated, but several deductions can be made
from thermodynamic calculations and from knowledge of the behavio; of

uranium in agueous solutions.
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Amount and distribution

6

The average content of uranium in the oceans :j.'s about 3.3 x 10~
grams U/liter, according to Rona and others (1956, p. 699). F. F. Koczy
(1956, p. 95), usiﬁg a less accurate method of determination, found that
the content of uranium in surface waters of tile oceans 1is fairly constant

-6

over the world. His average content was sbout 1.1 x 10™° grams U/litei'.

With depth this content increases and at about 1,000 meters reaches a

6

maximum of sbout 1.4 x 107~ grams U/liter. With greater depth the

content falls and near the sea bottom amounts to about 1.2 x 10'6 grams
U/liter (Koezy, 1950). Thus the distribution of uranium in the ocean
appearsﬂ to follow that of such components as phosphate ,- nitrate, and
silica, which also reach maximum contents at about 1,000 meters and
either decrease or remain constant with greater depth (Svérdfup 3
Johnson, and Fleming, 1942, p. 241-245). However, Koczy and others
(1957, p. 86) report a correlation between uranium content and
salinity in the Baltic Seg. On the assumption that the oceans contain
on the average 3.3 x 10-6 grams U/liter (Rona, Gilpatrick, and Jeffrey,
1956, p. 699) in a volume of 137 x 107 xm3 (Sverdrup, Johnson, and
AFlieming, 1942, p. 15 , 220), the total amount of uranium in the ocesn
would pe gbout 4.6 x 109 metric tons, or only @bout seven times the

assumed original content of ura.nium in the Phosphoria.
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Chemistry

" Garrels (1955, p. 1009} has analyzed existing thermodynamic data and
shows that uranium in natural solutions will be present as either U+b' ion
or U02+2 ion, and that the ratio between the activities of these ions is
controlled by pH and Bh of the solution and is given by the expression:

by
a,002+2 agt
Cagth

Eh = - E° + 0.03 log

which can be rewritten as

0 +2
Eh £ - E + 0.03 log *0,™ - 0.12 pE

&
gl

where E° is equal to - .334 volts (Latimer, 1952, p. 30L)

Ly

Thus, the ratio U02"'2 /Ut will decrease with decreasing Eh and pH. In

water at 20° G, at pH of 7.5 to 8.4 and Eh of 0.2 to 0.4, uranyl ion will
be from sbout lO25 to about lO37 times as gbundant as the tetravalent ‘
uranium ion. In an environment of pH = 6, Eh = - 0.3 uranyl ion will be
gbout 100 times as sbundant as tetravalént uranium ion.

As a further complication the uranyl ion can combine with the sulfate,A
carbonate, phosphate, and arsenate anions to form a number of -uranyl
c§mplex ions (Seaborg and Katz, 1954, p. 169). Uranyl ion also hydrolizes
to form further polynuclear complex ions (Ahrland, Hietanen and Sillen, 1954).
U (IV) also forms a carbonate complex ion (McClaine, Bullwinkel and Huggins,
1956). Some of the complex ions so far reported in the literature and that

possibly form in sea water are given in table 1.



13

Table 1.--Complex ions and molecules of uranium

Complex ion Remarks Reference
[Wox(co3) 5 (Hgo)_a '~ McClaine, Bullwinkel,
; - d Huggi 1956
@02(003)3 2 and Huggins, 195

6 Do.
U (Co3)5 ~ Formula uncertain Do.
U0,(80),) 52

2(80))2 Ahrland, 1951

v0,{80y,)5™" Do.
UOQ(OUOQ}n*a can be written as Ahrland, Hietanen,

s » . +2 .
110 2{_(05)21302 )n ~and Sillen, 1954

uranyl pyrophosphate complex ion Neuman, Neuman, Main,
and Mulryan, 1949b.

The eguilibrium constants for the formation of some of these ions are
given in table 2.

Knowledge of the' chemistry of uranium complex ions is far from
complete, so it seems inappropriaste at this time to attempt any
mathematical analysis of these data. However, a number of important
qualitative deductions can be made. First, these uranyl complex ions
have different degrees of dissr')cia.‘cionu Seasborg and Katz (1954, p. 166)
report that the more bvasic the anion or the more readily it combines witim
the hydrogen ion, the less the degree of dissociation of the uranyl com-
plex ion or salt. This generalization is well shown for all of the anions
listed in table 2, except P04"3 , for which there is insufficient data.
The uranyl phosphate complex ion or ions should be the least dissociated

3

because P()l; most readily combines with Y. Of the remaining ions,



Table 2,~-Equilibrium constants of uranyl cémple:x ions in agueous solutions

Equilibrium constants ___ Temperature Reference

' -2
5102(003)2(1{20)3 ] =~ 4 x 1014 25° ¢ | McClaine, Bullwinkel,
EOQQJEOB-QJ . and Huggins, 1956

N o _] N ‘ I
ESZ:(%E;% —= 2 x 108 25° G Do,

@O2(504] 22 50 | 20° ¢ | Anrland, 1951
202" B0 ]

EOZ (s0,) 2'2:'

A 350 20° ¢ ! Do.
@02#.] [Szoz,-z_—]
[002(80,) 574 ] A= 2500 20° ¢ Do.
[ BT
2 .
BUoz)go‘rQlE*J = 10-6.05% 0.1 20° C | Ahrland, Hietanen, and

Sillen, 1954

]

2 .
wyon ] r
EOZ(OUOQ)n ¥+ 1 _ - 10—6.354_' 0.1 ; 200 C Do.
42 +2
E102 I ‘Uoz(OUOZ)n J
Dissociation constant of uranyl | 'Neuman, Neuman, Main,

pyrophosphate complex

P 5 x 10-8 and Mulryan, 1949b.
on =5 x 107 '
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2

C03™* most readily combines with H", and it combines mpst readily with

& - +
anrgo OE combines next most readily with H , and it correspondingly

combines next most readily with UOE+20 804-2 combines least readily

with both H+ or U‘O+2o Second, the proportion of uranyl ion tied up in
such complex ions will depend on the concentratioﬁs of the various anions.
These anion concentrations are dependent on both tﬁe total phosphate,
carbonate, and sulfate concentrations, and the pH of the water. With
decreasing pH, increasing proportions of the anions combine with H+,
resulting in g decresse in the concentration of the anior. Thus, with
decreasing pH the ratio of uranyl ion to uranyl complex ion will increase,
that is, the concentration of uranyl ion will increase. In a similar waYy,
the ratio of U“EJ'“L to U(IV) carbonate complex ion will increase with
decreasing pH. In addition to a pH dependence, the concentration of SOA-Q
is dependent on the Eho At low Fh values, sulfide rather than sulfate

is more likely'to occur; thus, z lowering of the Eh of a solution would

sguse an increase in the proportion of uranyl ion to uranyl sulfate com=

plex ion.
URANIUM IN THE PHOSPHORTA FORMATION

Tﬁe mineralogic occurrence of uranium in the Phosphoria is dbscure.“
The rocks contain uranium in amounts up to 0.06 percéﬁt.(Thompson, 1953,
p. 56), but in general the more uranifefous rocks contain only about
0.01=0.02 percent uranium. As in similar marine deposits (MgKelvey, Everhart
and Garrels, 1955, p. 514), the Phosphoria contains only two types of

significantly uraniferous rocks, phosphorite and carbonaceous black shale.
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Radloactive equilibrium of uranium in the Phosphoris formation

'Befox:e discussing the distribution and mode of occurrence of uranium
in the Phosphoria it is important to briefly examine possible secondary
effects thet may have a.d.d.ed or removed uranium from the rocks. The
absence or unimportance of such seconda;,xy effects are av premise of ’chei
study that follows.

Although vranium has not bhean selectively leached from phosphorites
in lsboratory experiments. it has in nature. Some evidence that uranium
has been leached from the Phosphoria formation near the surface has been
presented by McKelvey and Carswell (1956, p. 485-486). More definite
evidence of such leaching has been presented for some Florida phosphste
rocks (Altschuler, Clarke, and Young, written communication), Moreover,
Altschuler and co-workers have shown that uranium has been enriched in
other Florides phosphate rock.

Lezhing of uranium from phcsphate rock possibly can be detected By
determining if uranium is out of radiosctive equilibrium with ité daughter
products (Phair and Levine, 1953). If the chemically determined uranium
(U) is equal to the radiometrically determined uranium (eU), the uranium
may be assumed to be in radiocactive equilibrium with its daughter products.
To test this equivalence, U and eU of each sample analyzed from western
Wyoming are plotted on & scatter diagram in figure 1. A regression
analysis (Hald, 1955, ch. 18) (table 3) shows that the slope is not
significantly different from 1.0, and that the y-intercept, or the value
of ﬁ at eU = 0, is significantly different from zero. The line of the
regression equation is plotted on figure 1. This relationship shows then

that the average value of U is somewhat less than the corresponding value of eU.
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Table 3.,-~Regression analysis, Relation between the percentage of radio-
metricaily determined uranium (el) x 103 and the percentage of chemieally
determined uraniwm (U) x 103 in Wyoming phosphatic rocks of Permian age,
Abbreviations used are: n, the rumber of observationssy S, the sumj
SS, the sum of squares; SSD, the sum of the_squares of the deviations
from the mean; f, the degrees of freedom; s, the variance,

el U
n 386
S 2316 1821
S 19618 15369 16600 = SP
S2/n 11389 8591 10926 = SeuSu/n
SSD 5832 o778 8674 = SPD
b, 972
SPD*/SSD .y 5520
SSD ) el 1258
f , 384
52 3,276 s = 1,810
S/n 6,00 472
T = 4.72 4 -.972(eU -6,0) = =1.11 & 972U
§2g = ,0083 Sy = 0921
%, = ,00056 sp = L0237

% Tests: b = 1,0

P = me_elin =11 f =
% 1,181, 384

t(‘05, f = 384) = 1»97

Because t is less than t( o5, ¢ = 38,), the hypothesis that b = 1.0 is
- accepted at .05 probability level.

a = 5,83

t:5,83—4.72=12 f_—_
=T .0, 384

t(.05,,'381+) = 1,97
Because t is greater than t( 84%3 the hypothesis that a = 5,83 is
187 at

rejected, Thus the value o = 0, is not 0, with a probability
of less than 5 percent being wrong.
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The reason for this cannot be determined without further investigation,
but it may be that the accuracy of either the eU or U determinations is
slightly off, or perhaps & small amount of radioasctive material other
than uranium and its daughter products is present in the rocks. It does
not appear likely that leaching could cause the difference, because it
would be difficult to explain how a constant amount of uranium was leached
regardless of the amount of uranium in the rocks. Several of the samples
Pall far below the regression .Line so that eU is much higher than U, and
it seems likely that uranium has been leached from these rocks. The bulk
of the rocks, however, are in radioactive equilibrium, so that recent
surface leaching of the uranium in the rocks studied in this report has
not been so extensive that it affects conclusions about the original
distribution of uranium.

It is possible, however, that diagenetic processes or weathering
oceurring as late as early Tertizry time caused changes in uranium
content, because énough time has elapsed for radiocactive equilibrium to
have been re-established. An example of older wee;.thering may be seen
at the exposure in Laketown Canyon, Utéh, where 1;he Meade Peak phosphatic
shale member of the Phosphoris formation lies just below a widespread
BEocene{ ?) erosion surface and is so leached that essentially no organic
matter remaiﬁs in the rocks, and in all probability uranium was leached
from the rocks. The analyses of U and eU (Cheney, and others, written
cqmnunica.ﬁion 1953) s howévger, show that q}ie‘ uranium is now}?aq.ioactive

equilibrium with its daughter products. !
sy o ! '
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Uranium in a.ga.t,ite

The uranium in phosphorites of the Phosphoria formation is associated
with carbonate fluorapatite. Two lines of evidence support this conclusion.
First, uranium in a general way varies directly with the apatite content
o-ff the rocks as deteimined from the P205 analyses (McKelvey and Carswell,
1956, p. 485). Second, uranium cannot be beneficiated in phosphorite by
usual methods of ore beneficiation or by infrasizing, elutriation or
flotation in liquids of appropriate specific gravity, and the amount of
uranium dissolved on acid treatment of phosphorites is proportional to
the amount of phosphate dissolved (Igelsrud, Stephen, Chocholak, Schwartz,
and Austin, 1948, p. 27-29).

This conclusion that the uranium in phosphorites is combined with
apatite is basic to the arguments that follow. It will be shown that
phosphorites rich in organic maitter contain more uranium than phosphorites
lean in organic matter. One might conclude from this that the organic
matter rather than the apatite contains the extre uranium. .Stud:!.es by
Thompson (1953) rule out this possibility. She found that for groups of
"close" samples from five phosphorite beds, the rocks richest in uranium
were also richest in organic matter. Yet the statistical correlation of
uranium with 1=205 was best and with organic matter was worst in rocks with
the greatest uranium content. The exact opposite results would be expected
if a large part of the uranium in the most uraniferous beds were conbined
with organic matter. Her results are somewhat clouded by differing ranges
of P 0. values within each group; but her gbove conclusion is valid even

275

if the two groups with slight range in P are discarded.

205



Relation between sedimentary eﬁvironment and uranium content

The Permian rocks of Wyoming may be classified according to the
probable pH and Eh of their depositional environment as follows:
1) rocks that contain benthonic fossils such as phosphatic brachiopods
and gastropods, or are light-colored (color value >5), are assumed to
have been deposited in an oxidizing environment (Eh0); 2) rocks that
are dark colored (color value<h), contain authigenic pyrite and hé.ve
none of the attributes of (1) above, are assumed to have been deposited
in a reducing environment (Eh<0); 3) rocks that contain less than 20
percent carbonate are assumed to have been deposited in an envirpnment
with a lower pH than 4) rocks that contain carbonate in excess of 20
percent. The justification for the cla.s;sification of depositional
environments with respect to pH and Eh has been presented by Krumbein
and Garrels (1_952), and the application of their concept to the
Permian rocks of western Wyoming has been given by Sheldon (1957)..
It is beyond the scope of thiﬁ paper to discuss these arguments in
detail, but several comments should be made. The color of the rocks
is a rough index of the quantity of organic matter in the rock
(Patnode, 1941); the darker the rock the greater the amount of
orga,nic matter. Those rocks with intermediate color values of
Lk and 5 have been excluded from this analysis, so that only the dark
and 1light rocks are treated. There is little doubt that the organic
matter in the dark rocks wes deposited in the original sediments
(McKelvey, Swanson, and Sheldon, 1953, p. 59-60), so that the abundance

of organic matter indicates a reducing enviromment. The absence of
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organic matter Vax;d the fossil evidence of oxygen-consuming animals on
the sea floor, on the other hand, indicate an oxidizing environment.

| The pH of theA depositional environment influences the deposition of
apatite and carbonste; in the ocean todsy carbonste cannot precipitate
unless the pH is above about 7.8 (Krumbein and Garrels, 1952), whereas
apatite is stable at pH values over 7.0 and can precipitate at a lower
PH than carbonate (Krumbeln and Garrels, 1952; Rubey in McKelvey,
Swanson, and Sheldon, 1953,. Thus, non-carbonatic phosphorites are
deposited.in an envircnment with lqwer pH than phosphatic carbonate
rocks. ¥Furthermore, when cea.rbona;’::,e‘and. apatite coprecipitate, the

ratio is very high in favor of carbonate (Krumbein and Garrels, 1952);
this conclusion is supported by the fact that rocks in the Phosphoria
formetion with a composition int=rmediate between carbonate rock and
phosphorite are very rars [R. A. Gulbrandsen, oral communication).

Thus rcxks with less than 20 perzent carbonate incluvde mostly non-~
carbonstic phosphorites, and rorks with more than 20 percent carbonate
.include the ra,re‘ rocks of intermediste apatite~carbonate composition
and the slightly phosphatic carbonste rocks. It then seems likely that,
even though there are exceptions, the pH of the depositional environment
of the rocks containing more than 20 percent carbonate was higher than
that of the rocks containing less than 20 percent. Finally, the precision
of the class divisions of Eh = O and pH = 7.0 is low indeed. The experi-
mental and theoretical data used by Krumbein and Garrels (1952) were for
a temperature of 25° C, whereas the temperatures prevailing in areas of
- phosphate deposition in modern seas are much lower. Also the high ioniec
strength of the ocean mskes the application of thermodynamic data only

approximate.



One hundred and forty-six beds were selected for the analysis of
relation between uranium gontent and the depositional environment. Only
those beds that were analysed for PQOS’ elJ, and U could be used, and of
these, beds that consisted of two or more sub-units of differing rock
type were discarded. Also, those rocKs whose chemical U and €U differed
by more than .002 percent were discarded in order to eliminate as nearly
as possible any effects of leaching or enrichment of uranium. The 146
‘beds were divided into four zlasses according to the Eh and pH of the
depositional environment: 1) Eh greater than O and pH less than 7.8;

2) Eh less than O and pH less than 7.8; 2) Eh greater than O and pH
greater than 7.8; and 4) Eh less than O end pH greater than 7.8. The
chemical U is plotted agsinst P205 for each of these groups in figure 2,
end the rocks of differing Eh and pH depositionsl enviromments are
contrasted in figure 34 and 3B raspectively.

It is readily apparent thav for a given amoun®t of phosphate, there
is more ursnium in the rocks deposited ir & reducing environment than in
an oxidizing one (fig. 3A). Although less apparent, the pH of the
environment seems to have bad little effect on the amount of uranium
relative to phosphate (fig. 3B). Because some doubt may arise as to
the vg;idity of this ju&gment, the data were analyzed statistically.

A distribution-free test was used.

| A regression analysis would be more discriminating, but'it did not
seem warranted because the variance of U given Pg0s {assumed to be
independent variable) sppears to depend on the value of the P205° A
nunber of transformations of -the varisbles were tried, but none appeared

to stabilize this variance Zor all groups. The distribution-free test
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used is as follows. Th.e question investigated was of whether the uranium
content, allowing for P205, is systematically higher or lower in 1) rocks
deposited in an oxidizing environment than in 2) rocks deposited in a
reducing environment. It is hypothesized that so far as the relation of
U to 1’205 is concerned both types of rock may be regarded as equivalent;
a‘ line is then fitted to the combined data. The method of fitting is that
of Mood {1950, p. 40O6-408). A rock yielding a point sbove the line is
regarded as being relatively rich in ursnium (in this sample) and any
rock yielding & point below the line as being relatively deficient in
uranium. If indeed rocks of type 1 and rocks of type 2 are from a common
population, then the fraction of "high" type 1 and "high" type 2 should
be about equal. |

Table 4A shows how the numbers of "high" and "low" rocks are
classified by type (Eb> O vs. Eh<O, or pH< 7.8 vs. pHDT.8).

The actual values for the Eh comparison are displayed in table LB
and for pH comparison in table 4C. In each case the quantity has a chi

N

( Jad-be]- 2 )2N (1)
(a4c)(b+d)(a+b )(c+d)

squared distribution with one degree of freedom.
The value of (1) for the Eh comparison is 30.312. This is very

highly significant (far beyond 0.001 level of significance) and leaves
little doubt that the two types of rock are not drawn from a common
population, and that higher values of U (for given P205) occur in the
reducing enviromment. The validity of this conclusion rests in part

on the fact that the distribution of P205 values is much the same in both

the Eh Y0 and Eh 0 rock classes.
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The same kind of test was carried out with regard to the pH comparison.
“Here only rocks with P205< 23 percent were counted in order to make the
P05 ranges of the classes essentially equal (fig. 3B). The value of (1)
was 2.853; thus the hypothesis that the two classes are from the same

population cannot be rejected at the 0.05 level of significance.
Hypotheses of occurrence of uranium in aspatite

In order to explain the dependence of uranium concentration on the
Eh of the enviromment of deposition of the phosphatic rocks, it is of
paramount importance to know how the uranium is tied up in the apatite.
Two mechanisms have been ddvanced to explain the occurrence of uranium
in apatite. Altschuler and co-workers (written communication) have put
forwsrd. the first conclusive evidence that U (IV) does occur in apatite
and probably substitutes for calcium in the apatite lattice. Neuman and
his co-workers {19W9e and. b) have showm tﬁat the uranyl ion can be
adsorbed on surfaces of apatite zrystals in bone. Both of these

mechanisms are reviewed below.

Substitution of U( i’:v) for calcium in the agatite lattice.~-Altschuler
and his co«workers (wri‘cten'communication) have shown by‘chemical enalysis
that some of the uranium in apatite, of both marine and iéneous origin, is
four valent, and they present several lines of evidence to show that it
probably substitutes for calcium in the apatite lattice. In many of the
samples of marine apatite analyzed, over half of the uranium is four valent

and in some as much as 90 percent is four valent. Particularly significant
1s the fact that four valent wranium in apatite nodules dredged from the sea

floor off California makes up 55-T4 percent of the total uranium. Two

Phosphoria samples were analyzed and 18 and 24 percent of the uranium is tetra-

valent,
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Adsorption of uranyl ion on crystal surfaces.--There is no doubt that

apatite can take up appreciable amounts of uranyl ion. Moore (1954, p. 65k4)
found that phosphate rock from Cokeville, Wyo. extracted 63 percent of the
uraniuvm from & solution of uranyl sulfate containing 200 ppm uranium. The
phosphate rock contained 0.028 percent U before and 0.11 percent U after the
experiment. Moore does not discuss the valency of the uranium after it had
been removed from solution by apatite, but there is no reason to suspec‘q it
to be other than U (VY). Newwman and others (1949a and b), using uranyl
acetate solutions, found that ashed bone could remove up to 4.8 percent
of the uranium in solu‘i:ion. Igelsrud and others (1948, p. 29) placed
synthetic apatite in & 0.05 ‘pei'cent uranyl acetate solution; after aﬂ.sézp-
tion, the solution contained only _0.0001& percent urenium. Leaching
experiments on this gpatite with nitric gcid indicated that the adsorpe
tion was mot physical because only about one percent of the uranium in
the apatite was dissolved for 50 percent dissolution of the apatite.
This result differs frbm natux’é.l rock, however, in that uranium dissolves
proportionately with the natural apatite.

The way in which the uranyl ion is adsorbed on the apatite has been
investigated by Neuman and others (1949a .and b). They found that the
most likely mechanism of adsorption is the chemisorption of uranyl ion

by two surface POI;3

groups to form a structure analogous to uranyl
pyrophosphate. In order to do this, the uranyl ion must replace two calcium
ions as shown by the fact that the adsorption of one mole of uranium
reduced the amount of exchangeable phosphate and the exchangeable calcium

each by two moles.



31

The amount of uranium cﬁemisorbed is reduced both by higher bicarbonate
concentration in the solution and by higher hydroxyl concentration, a fact
attributed by Neuman and his co-workers to uranyl complex ion formation.
That is, the complexing of the uranyl ion by csrbonate and hydroxyl ion
reduced the concentration_and thereby the chemisorption of the uranyl ion.
The amount of uraniur chemisorbed on a given amount of apatite, being
a surface phenomenon, is dependent on the crystal size of the apatite.

Heazdricks and Hill 71950, 1951)-/ have postu1a£ed that the chemical

_/ The facts uncovered in this study fit well with the Hendricks and

Hill hypothesis, yet are unegplained or £it with difficulty into alternate
hypotheses. Although several objections on the basis of structural
considerations can be reised to the hypothesis {Altschuler, oral commnica-
tion, 1957), no definitive work has been published to discount it entirely.
Until such work is done, the Hendricks and Hill hypothesis remains as a

real possibility, and is so treated in this paper.

coﬁposition of’ apatite is inf;uenced by crystal size and suggest that in
marine phosphorites the fluorine present in excess of the lattice require-
ments of fluorapatite is due to the small crystal size of the apatite.

It is true that marine apatite is formed of very small crystals, as shown

by the fact that the material for the most part is isotropic under crossed
nicols; igneous fluorapatite, on the other hand, is more coarsely crystalline
and anisotropic and contains no excess fluorine. It should be expected then
that a correlation should exist between excess fluorine and uranium in

apatite if the uranium is adsorbed on crystal surfaces. This is found
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to be the case. In order to test the relation between fluorine and
uranium, a2 group of 86 samples that had been analyzed for F, PQOS’ eU,
and U was selected from the literature on the Phosphoria formation
(O'Mnlley, and others, written communication, 1953; McKelvey, and
others, written communication, 1953; Swanson, and others, written
communicatioh, 1952 3 McKelvey, and others, writtem communication,
1952). These samples were collected from scattered localities in
the phosphate field and were selected for this analysis simply because
they are available. Only thosg samples whose eU and U values differed
by 0.002 percent or less were sélected in order to minimize the chance
of including secondarily leached or enriched rocks in the group. A
few rocks that contain fluorite or have excessively high F/P205 ratios
were excluded from the group, and a few rocks that contain so little
fluorine that the calculated excess fluorine i; a negative quantity
were excluded. The excess fluorine was calculated by the formula

Fy =F - .089 P0;
yhere Fy is excess fluorine, F is the total fluorine and P205 the total
phosphorus pentoxide in the rock with all quantities stated in percent.
The &oefficiént 0.089 was cbtained by assuming that there are 6 Po, -3
groups in the unit cell, whose formuls is CayoF, (PO) Jg Altschuler
and co-workers (in press) have used a coefficient‘of 0.1 calculated from the

assumption that the CO3'2 present in épatite substitutes for Poh'3 in the
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unit cell. In the analyses that follow, this difference should have
slight effect. A multiple regression (Hald, 1955, ch. 20) wes carried
out with F, and P205‘the independent varisbles and eU the dependent
variable; this gave the regression equation (teble 5)
| gﬁ‘ = 443 + 2.215 Po05" + .7098 Fy'

where Po0g equals .1 P05 and Fy' equals 10 Fy, a transformation used
to simplify the arithmetic in the regression analysis, and éﬁ' is the
value of uranium (x 1000) predicted by the independent variables.
Both regression coefficients are significantly different from zero.
The multiple correlation coefficient is 0.633, whereas the partial
correlation coefficient of eU' to P,0g' with F, ' constant is 0.514,
and of eU' to F,' with Py05' constant is 0.337. The regression
éomputaxions are shown in table 5. In order that these results may be
more easily visualiiea, eU is plotted against P05 (fig. 4), F, (fig. 5),
and QE, the value obtained by substitution of the P205‘ and F,' values of
each Qample iﬁto the regression equation (fig. 6).' Notice that the best
relation is eU against éﬁ. | .

A similar regression analysis was carried out with the data presented
by Thompson (1953, 1954). The resulting regression equation is:

&' = 1.803 - .00k P05 + 24.013 Fy

The reg;ession coefficient of P205 is not significantly diffefent from'O,
whereas thg regression coefﬁiciént of F, is significantly different from
0. The regression computations are shown in table 6. It appears straﬁge,

at first glance, that Thompson's data show no correlation of €U with P205.

(Text is continued on page 4l.)



34

Table 5,—Regression analysis, Relation between P205 x 0.1 (ons'), excess
fluorine x 10 (Fy') and equivalent uranium x 107 (eU') in samples from

Phosphoria formation in western phosphate field,

= 1147.164, £ = 83

eU!

664,

7044
5126,7
1917.3

P205' eU’

1816.85

1578,00
238,85

Fy! el?

2225,10
1885.45
339.65

7:721

PO, F'
n 86
s 204, 38 244,,2
SS 577,368 1014, 54
S2/n 485,711 693.41
SSD 91,657 321,13
Py05' Fy!
SP 630.815
Sx15%2/n 580, 344
SPD 50, 47
SP
Sx;Sx5/n
SP
S/n 2,376 2,839
91,6570 # 50,47y = 238,85
50,47b1 $3R1.1%0n = 339,65
Ppy0st, Fy' = 26886.8
by = 2.215 b, = .7098
SDeUz] PQOS" Fxl
N\
U = 7.721 4 2,215 (Py05' - 2,376) 4 .7098 (F,! - 7.721)
N\
eU' = 443 4 2,215 P,0.' + .7098 F_!
S2 = 13,821 s = 3,718
S2, = 1607 s, = +4009
2. = .,1651 = 406
2- = =
8<p, = 0471 ” 271

52 by = =+0259
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Table 5,--Regression analysis, Relation betwesn Py0s x 0.1 (Py0s5'), excess

fhwhexm(%QaMewﬁﬂmﬁwwﬁmeBbW)MSmefmm
Phosphoris formation in western phosphate field,--Continued.

t Tests:

b1=0

t = 2,2

°

22 = 5,452, f = 83

e W

s significantly different
at ,05 probability level

g B

Thus
from

o]

by = O

t g L7098 _ -
7L T 2L

Thus b, is significantly differen®
from U at ,05 probability level.

Correlation coefficients
reUgy P2051 = g570
reU’, F' = 433

TP, !,F, ! = «R%

275

5137

I"P205 t, el 'kFX?

I‘an P eU'lP205' - . 03372

0637

il

rpzosi, 3xq eU?

T ' v = +034
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Table 6,--Regression analysis, Relation between Pp0s, excess fluorine
(FX) and equivalent uranium {sU) x 107, Data from Thompson (1953, 1954)

Fx P205 el?
n 120
S TR .45 3467,78 1943
Ss 48,680 106248, 501 43607
s2/n 43,742 100212, 484 31460.4
SSD 4,938 6036, 017 12146.6
F Po05 F_elt
SD 2163,158 1291,65
Sx1Sx3/n 2093, 572 1173.09
SFD 69,526 118,56
PzOseU'
SD 57836,29
Sx; Sxy/n 56149,14
S/n , 6037 28,898 16.19
4—0 ‘938}4‘_‘_ +’ 690 526’539 = 1180 56
89, 526b7 + 6036,0170; = 1667,15
DF,, Py0g = 24s975.692
b, = 24,003 b, = 0004
SSDeUQ’ Fys PoOs = 9300, £ = 117
&0t = 16,19 } 24.013 {F_- ,6037) - 0004 (P05 - 28.898)
0t = 1,203 4 24,013 F_ ~ 0004 PO,
82 = 79,49 s = 8,915
%, = 0,662 5, = .814
2 . P
- lgoz - o 8
s by = i1 sbl 4,383
szb2 = 0.0137 sp, = 1254

P p = =213
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Table 6,--Regression analysis, Relation between P505, excess fluorine

(Fg) and equivalent uranium (eU) x 103, Data from Thompson
{1953, 1954).--Continued,

1 Tests: Correlation coefficients
bl - ¢] rFxp eU: - 0484'
24,013-0 . £ =1 = .1
7383 5,479, £ = 117 rPZOS’ Ut = «195
Thus b, is significantly different from TFy, Py05 = 403

0 at ,05 probability level

200040 _ 3 x 1072
L1254

Thus b, 1s not significantly differeut
from O at ,05 probability level.
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Perhaps this may be due to her methods of sampling. Thompson's samples
were "close" samples, collected from only five stratigraphic units of the
type sampled by the western phosphate project persomnnel. Within each suite
of samples, Thompson reports no correlation to good correlation of eU to
P205 » & fact that appears to depend in part on the range of P205 content.
(See Thompson, 1953, p. 62). Apparently the five suites. of samples were
collected with the aim of obtaining as large a range in uranium content

as possible in between the five beds of high-grade phosphate rock. If
this is the case, there would be no reason to expect a correlation 'pf

el with P205 for the combined data. Regardless of the explanation of

the lack of correlation between eU and P205 in this group of samples,

it 1s significant that the uranium is directly correlated with F, with

& correlation coefficient of 0.48. King {1947) has described and sampled
the Phosphoria formation irn the southern part of the Wind River Mountains
in Wyoming. His analyses indlcate that the apatite has & high amount of
excess fj.uorine, yet the uranium content of these rocks is low. Therefore,
these samples do notvfi‘s with the regression analyses presented. The
reason for this is not clear; either the fluorine analyses are too high,

or a factor that has not been taken into account in this study is operative.

Hypotheses of concentration of uranium by apatite

The analysis of the relations between uranium and the environment of
deposition of the host rocks shows that apatite deposited under reducing con-
d:gtions generglly contains more uranium than apatite deposited in an oxidiiing
environment. Furthermore, the pH of the environment plays little part in
governing the amount of uranium in gpatite. These cbservations could be

explained in two ways depending on the valence of the uranium.
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A lower Eh of the sedimentary environment would result in a greater
portion of the dissolved uranium being U"‘l’ ion. Thus, more U(IV) could be
incorporated into the apatite strueture. The effect of pH on the concen-
tration of U’*‘l’ would be marked. Increasing pH increases the ratio of
U(VI) to U(IV) and would further decrease the effective concentration
of U* by the formation of U(IV) carbonste complex ions. One might
expect, then, a smaller concentration of uranium in apatite in dark
phosphatic limestones than in dark non-carbonatic phosphorites; however,
this is probably not the case. A correlation of U(IV) with excess fluorine
would be difficult to explain. Altschuler and co-workers (written communi-
cation) consider that the excess fluorine is present in the apatite struc-
ture, and they examine but reject the possibility that it combines with
U(ITV') to form a complex similar %o the compound UF) as an integral 'pg.;'b
of the apatite structure. Such & complex could f&x@lain the correlation
between excess fluorine and uranium, although there is more excess fluorine
than would be required for the formation of UFh’ especially if only U(IV)
rather then total U is considered. On the other hand, it is possible
that excess fluorine and U(IV) are indirectly related by a third factor.

Concentration of U(VI) in apatite probably results from its chemical
adsorption on gpatite crystal surfaces. The amount would increase with
decreasing crystal size. The darker phosphorites are finer grained,
pmba.hly because the organic matter in the rocks tends to prevent
diagenetic recrystallization of apatite to larger crystals (Sheldon, 195"( N
p. 123-12k). PFurthemmore, it seems possible that original cf’yétal growth
was inhibited by films of organic matter. The effect of Eh on the céncena-

tration of uranyl ions in sea water is slight because over the pH range of



stability of epatite, dissolved U(V‘I) in one of its complexes would always
be at least 1,000 times as abundant as U{IV). Variations in pH would have
a direct effect on the uranyl ion concentration due to the formation of
uranyl phosphate and carbonate complexes at higher pH values with a
resulting decrease in uranyl ion concentration. As in the case of
U({IV), one would expect carbonatic rocks to contain less uranium in
apatite than non-carbonatic rocks, but this was found to be unlikely.
A correilation between U(IV) and excess tluorine could be explained
by the Hendricks and Hill (195C, 1951) suggestion that excess fluorine
increeses as the cz'y;éfal size iecreases; thus s correlation between
U(VI) and excess fluorine would not be a direct one but one due to the third
factor, crystal size.

A possible direct measure of relative crystallite size of apatite
can be obtained by m;aasurement o¥ the broadening of gpatite x-ray
diffraction lines (Klug and Alexander, 1554, p. 491-538). Four samples
from the Meade Peak phosphatic shaie member of the Phosphoria formation
that had approximately the same P05 content and exhibited a sizeable range
in content of eU and excess fluorine were selected. The apatite line at
20 of 33.15° was chosen for measurement because it was free from interference
of lines of other minerals present in the rock. The study was made using
& North American Phillips x~-ray diffraction unit, and the line was step

scanned at l/8° per minute. The results are shown in table T.
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Table T.--Relation between broadening of x-ray diffraction line of
apatite, uranium, and excess fluorine contents of apatite.

P05 Excess F eu Breadth of line Iot Sample
(percent) (percent) (percent) 20 = 33.15° at 3  number number
' - maximum intensity

(degree 20)
31.8 .00 .007 .210k 1206 ‘ 178-VEM-L47
31.6 .22 007 2000 1206 26L-VEM-LT
32.4% .32 .008 | . 2400 1210 36-RAW=-4T
32.6 .66 .019 21400 1236 110L-RAG

These data show enough scatter that the nunber of samples is inadeqguate to
state confidently that a relation exists between line broadening and the
chemical properties of apatite. These preliminary results do suggest,
however, that the apatite with greater excess fluorine has the broader
X-ray lines. The broadening of the line may be interpreted in two ways.
First, the smaller the apatite crystals, the greater the broadening of
the peak; and second, the greater the distortion of the apatite lattice
due to ionic substitutions, the greater the broadening. It is impossible
to differentiate between the two interpretations with the present data,
but it is theoretically possible to distinguish between them by varying
the wave length of the x-rays and observing the effect on the line '
broadening {Klug and Alexander, 1954, p. 491-538). Thus, further investi-

gation using x-ray technigues would probably help to solve this problem.
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The rela.ﬁiy/e importance of the two processes of,f(iranium concentration
in the Phospﬁoria apatites, the adsorption of U{VI) and the substitution of
U{IV) for Ca, is difficult to assess, although it appears likely that both
are operative. The itwo analyses of uranium in the Phosphoria show that
only about one quarter is U(IV) and thus probsbly substitutes for calcium.
It is possible that the rest 1s adsorbed uranyl ion. Available analyses
show that modern marine phosphatic nodules contain more U(IV) thsn the
Phosphoria rocks, go‘perha.ps the Phosphoris sediments originally contained

more U{IV).

o Uranium in black shale

7
Some of the uranium in the Phosphoria formation is not associated with

apatite. Two zones of black shsle a few feet thick and conta.j,ning up to
C.012 percent uranium, have been found in western Wyoming. These are beds
of the Meade Peask phosphatic shs.lei member of the Phosphoria formation and
lie Jjust below a widespread phosphatic zone that occurs near the top of the
Meade Peak over most of the Wyoming Range. Although little analytical
work has been done on these beds, it can be said that they are essentially
non~phosphatic and non-carbonatic. They are made up almost wholly of
quartz silt, clay and carbonaceous material. Thus, it would appear that
these rocks are similar lithologically to the uraniferous rocks in the
Chattanooga shale of Devonian and Mississippian age of the southeastern
United States.

Théir position within the Meade Peak phosphatic shale is interesting.

They are among the most transgressive beds deposited during the first

transgression of the Phosphoria sea across Wyoming (Sheldon, 1957). As
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such, they are a deep water facies of the Permian rocks of the area. The
black shale facies of the Meade Peak grades eastward or shoreward into
phosphorite and the phosphorite in tum grades into chert, and the chert
into carbonate rock and sandstone. This sequence of facies can best be
interpreted as a sequence of sediments deposited on an eastward shoaling
sea bottom whose chemical enviromment changed progressively eastward from
low to high pH and loy to high Eh (Sheldon, 1957). With this in mind,
it is profitable to examine the possible physical chemistry of the
deposition of the uranium.
Physical chemistry of the deposition of urenium
in black non-phosphatic shale

The uranium in non-phosphatic shale must be in a mineral phase other
than apatite. The mineralogy of the bdlsck shales rich in carbonaceous
matter and also urﬁniferous » such as the Chattanoogs shale, has been
investigated by many people. Irn a summary article, Breger and Deul
(1956, p. 507) state, "Recent studies of the U. S. Geological Survey
indicate physical rather than direct chemical a.ssociatipn of uranium
with the organic components of certain shales .... .it has been proposed
that the decomposition of the organic matter under reducing conditions
leads to the formation of bydrogen sulfide, which is known to reduce
the uranyl ion to the insoluble uranium dioxide (Gruner, 1954). The
carbonaceous material, in this instance, would have only an indirect
association with the urenium, but the possibi_lity cannot be overlooked

that the organic matter complexed and carried uranium down from the sea,



thereby serving as a primary precipitant . If this was the mechanism of

_/ This mechanism has also been suggested by Koczy and others (Koezy,
Tomic, and Hecht, 1957) in explaining the deposition of uranium in Baltic

Sea sediments.

fixation, then the chemical bonds between the uranium and the organic
compounds have been broken since the time the shale components were
deposited.” Gruner's experiments (1954} on the reduction of uranyl ion
to tetravalent uranium by HoS were performed at a pH of about 3 or less,
an acldity never attained in the ocean.

Some deductions about the depositional enviromment of the uraniferous
black shales can be made. First, the sbundance of organic matter indicates
that the environment was reducing. Second, the absence of apatite coupled
with the fact that these Mesde Peak black shales are interbedded with
phosphatic sediments indicates that the pH of the depositional environment
was low, and perhaps acid. The non-deposition of apatite is due to one
of two things. In an alkaline env'ironment of low pH the concentration of
POh"3 will be less than ‘required for the solubility product of apatite to
be exceeded because of reaction of P0,+~3 with H* to fom HPO)_L""2 and
HQPOu". If the pH is low enough for the environment to be acid, apatite
cannot precipitate becaﬁse it is no longer the stable form of calcium
phosphate (Kazakov, 1950). Acid-reducing environments have been reported
from marine environments, and they are perhaps more common than realized
because the neutral point falls at higher pH with lower temperature, due to

the decrease of the ion product of water with decreasing temperature.
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Garrels (1955) has shown that UO, is the stable uranium oxide in both
acid and a;kaline reducing environments in the range of pH and EH values
found in ocean waters; whereas, UO,(OH)p is stable in acid and alkaline
oxidizing environments. Actually, the stability boundary between these
two compounds falls to lower Eh values for increasing pH. In the pyrite
stability field, in terms of pH and Eh, only U0, is stable. Furthermore,
+t

at the concentrations of U’ " ion in the sea as calculated from Garrels' equa-
tions; the product EJHH [OH"E']A exceeds the solubllity product except where
Eh>0 and pH<6.5, and the lower the Eh the more the solubility product |
is exceeded. Thus, the more reducing the environment, the more favorasble

are the conditions for precipitation of U0 In reflucing alkaline sea

o°
water, however, the concentrgtion U"'i* would be -:affectively decxeased by
the formation of a U (IV) carbonste compiex and also by oxidation of
U (IV) to U (VI); hence, U0, probebly cculd not precipitate. In an
oxidizing environment U02 is no longer stable wheress UOQ(OH)Q is.
But UOQ(DH)E could not precipitate because of undersaturation of
UOo(OH)2 in oxidizing acid environment and because of the formation of
uranyl carbonate complexes in oxidizing alkaline environments. Thus,
the only physicé.l chemical environment in which a uranium oxide or
hydroxide would be stable and in which its sqlubility product might be
exceeded by appropriate lons would be a reducing acid environment .w_here
0, could precipitate.

In the above calculations the concentration of urenium ions in sea
water has beeﬁ used, whereas the activities of ‘ch_e ions should have been

used. ILack of data on these activities in solutions with the ionic

strength of sea water, sbout 0.7, makes such calculations impossible at
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the present time, but certainly the aetivities will be much smaller thgn
the concentrations. Whether they are sufficiently smaslle? to negate the
arguments preseﬁ’ced is unknown and awaits future experimentation. But if
the ocean is undersaturated at all pH and Eh conditions with respect to
the various inorganic uranium compounds, then either precipitation of
urenium orgenic complexes as suggested by Breger and Deul (1956, - 507)
and by Koczy and others {Koczy, Tomic, and Hecht, 1957) or adsorption of
uxfanium by orgesnic compounds mugt cause the concentration of uranium in
black non-phosphatic shales. Tn either of these events the pH and Eh
of the depositional environment would still play a large part, because
+the resctions of uranium ions with orgenic compounds sre dependent on
the activities of the uranium ions. It is likely, then, that an acid
reducing environment would be the most favorable for these reactions.

An gppsrent inconsistency in the distribution of uranium in black
shales 1s presented by the mesny carbonaceous sheles of the Phosphoria
that are only slightly uraniferous. These present no problem in that
most organic matter probably accumulates in only slightly reducing
neutral to alkaline environments, all of which would be unfavorable

for U0y precipitation.
Conclusions

The distribution of uranium in the Phosphoria formation is closely
dependent on the depositional environment of the Phosphoria sediments.
These environments probebly changed progressively, from the deeper basin
parts towards the shallow shelf parts of the Phosphoria sea, from acid-

reducing to aslkaline-reducing to alkaline oxidizing. In the acid reducing



environment uraniferous carbonaceous shale was deposited, and the uranium
possibly is present as finely disseminated ‘U02e In the alkaline reducing
environment, carbonaceous phosphorite and carbonate. rock were deposited,
and the uranium is present in apatite, in part as U (IV) substituting

for calcium in the apatite lattice and in part as uranyl ion adsorbed to
gpatite crystal surfaces. In the alkaline oxidizing senvironment, non-
carbonaceous sediments accumulsted, and uranium is sparingly present in

-

apatite, possibly as both U (IV) and U0 (VI).
ACKNOWLED GMENTS

Many members of the U. S. Geological Survey have been very helpful in
the criticism of this report; among these Z. S. Altschuler has been &
particularly excellent and..constmct_ive eritic. ' Dr. Lincoln E. Moses of
Stanford University has very kindly advised me at many stages of the
statistical analyses in this paper. This work is part of a program
conducted by the U. S. Geological Survey on behal® of the Division of

Raw Materials of the U. S. Atomic Energy Commission.



51

REFERENCES CITED

Ahrla.nd, Sten, 1951, On the complex chemistry of the uranyl ion, V.,
The complexity of uranyl sulfate: Acts Chemica Scandinavica,

v. 5, no. 7-8, p. 1151-1167.

Ahrland, Sten, Hietanen, Sirkka, and Sillen, L. G., 1954, Studies on
the hydrolysis of metal ions, X, The hydrolysis of the uranyl ionm,
0,2*; Acta Chemica Scandinavica, v. 8, p. 1907-1916.

Breger, I. A., and Deul, Maurice, 1956, The organic geochemistry of
uranium: U. S. Geol. Survey Prof. lf’a.per 300, p. 5057510.

Garrels ’ R. M., 1955, Some thermodynemic relations smong the_a uraniuvm
oxides snd their relation to the oxidation states of the uranium
ores of the Colorado Plateau: Am. Mineralogist, v. 40, p. 1004-1021.

Gruner, J.. W‘., l95’+,‘Furthler experiments on the symthesis of uraninite,
in Annual report, April 1, 1953 to March 31, 1954: U. S. Atomic

Energy Comm. RME-3094%, p. 28-30, issued by U. S. Atomic Energy

Comm. Tech.Inf. Service Extension, Oak Ridge, Tenn.

Hald,.Anders » 1955, Statistical theory with engineering applicationms:
New York, John Wiley and Sons, Inc., 783 p.

Hendricks, S. B., and Hill, W. L., 1950, The natu:é'e of bone and phosphate

rock: Natl. Acad. Sci. Proc., v. 36, no. 12, p. T31-T37.



J 52

Hggdricks,,s. B.,-and Hiil;”ﬁ?fiw,'lﬁﬁi,;The natu;; of bone and phosphate rock:
Conference on metabolic interrelations, transactions of the Third Confer-
ence, Caldwell, N, J., Progress Associates, Inc., p. 173-183.

Igelsrud, Iver, Stephan, E, F., Chocholak, John, Schwartz, C., M., and
Austin, A, E,, 1948, Chemical process to recover uranium from
phosphate rock: U, S, Atomic Energy Comm,, BMI-JDS-126, 29 p.

Kazakov, A, V,, 1950, The fluorapatite system of equilibria in the
conditions of formation of sedimentary rocks: Akad Nauk SSSR,

Trudy Instituta Geol, Nauk vyp. 1i4, Geol, ser. mo, 40, p, 1-21,
1950, Translated by V, L. Skitsky, U. S, Atomic Energy Comm,,
U, S, Geol, Survey TEI-385, 1951,

King, R, H,, 1947, Phosphate deposits near Lander, Wyoming: Wyoming
Geol, Survey, Buli, 39, &, p.

Klug, H, P,, and Alexander, L, E., 1954, X-ray diffraction procedures-~for
polyerystalliine and amorphous materiasls: 716 p., New York, John Wiley
and Sons, Ine,

Koczy, F, F,, 1956, Geochemistry of the radiocactive elements in the ocean:
Deep Sea Research, v, 3, no, 2, p, 93-103,

Koczy, F, F,, Tomic, Ernst, and Hecht, Friedrich, 1957, Zur Geochemie des
Urans im Ostseebecken: London, Geochim, et Cosmochim, Acta, v. 1ll,
nos, 1 and 2, p, 86-102,

Koczy, Gerta, 1950, Weitere Uranbestimmungen Meerwasserproben: Akad, Wiss,
Wien, Math,-naturwiss. k1,, Sitzungver, Abt, IIa, 158 Band, 1-5,

Heft, p., 113-122,
Krumbein, W. C., and Garrels, R. M., 1952, Origin and classification of

chemical sediments in terms of pH and oxidation-reduction potentials:

Jour. Geology, v. 60, p. 1-33.



53
Latimer, W...M"., 1952, The oxidation states of the elements and their
. pétentials in aqueous solutions: 24 ed., 392 Pes New Y‘ofk,
.Prehticg-ﬂa;ll, Inc.
McClaime, L. A., Bullwinkel, E. P., and Huggius, J. C., 1956, The
| carbonate chemj.stry of uranium: theory and a.pplica:tions: in
P'roduction technology of the material used for nuclear emergy, v. 8,

Proc. Internat. Conf. on peaceful usé‘s of atomic energy, Geneve,
1955, United Nations, New York.
Mchl\'rey, v. E., and Carswell, L. D., 1956 ,' Uranium in the Phosphoria
| formation: U. S. Geol. Survey Prof. Paper 300, p. 483-487,

McKelvey, V. E., Everhart, D. L., and Garrels, R. M., 1955, Origin of
uranium deposits: Econ. Geology,’ 50th Anmivefsa;& Volume, 1305~
1955, pt. I, p. 464-533.

M@Kelirey, V. E..f, Swanson, R. W., and Sheldon, R. P., 1953, The Permian
phosphqrite deposits of western United States: Internat. Geol.
Cong. 19th, Algiers, Comptes rendus, sec. 11, 'fa‘sc. 11, p. 45-6k.

Mood, A. M., 1950,' Introduction to the theory 'of statistics: h33 Py
New York, McGraw-Hill Book Co., Inc.

Moore, G. W., 195k, Extfactj.on of uranium from aqueous solutions by
co;.i ahd some other materials: Econ. Geblogy, v, h-é, P 652-@58.

Neuman, W. F., Neuman, M. W., Main, E. R., and Mulryan, B. J., 1949a,
The deposition of uranium in bone, V, Ion exchange studies:

Jour. Biol. Chemistry, v. 179, p. 335-3L40.
19}11-9‘0, The deposition of uranium in bone, VI, Ion competition

studies: Jour. Biol. Chemistry, v. 179, p. 341-348.



54

Patnode; H. W., 1941, Relation of organic matter to color of sedimenty.ry
rocks: Am. Assoc. Petroleum Geologists Bull., v. 25, p. 1921-1933.

Phair, G., o.nq. Levine, H., 1953, Notes on the differential leaching of
uranium, ‘radium, and lead from pitchblende in HpSO) solutions:
Econ. Geology, v. 48, p. 358-369.

Rona, Elizabeth, Gilpatrick, L. O., and Jeffrey, L. M., 1956, Uranium
defeh;xination in ‘seia water: Am. Geophys. Uaion Trams., v. 37,
mo. 6, p. 697-T0L1. | |

Seaborg, G. T.; and Katz, J. J., 1954, Actinide elements: 1st ed.,
New York, Mchaw;Hill Book Co., Inc.

Sheldon, R. P. , 1957 s f'hysiéa.l stratigraphy of the Phoqphoria formation
in northwestern Wyoming: U. S. Geol. Survey Bull. 1042-E, p. 105-185.

Sveidrup,"ﬂ.:U., Jobnson, M. W., and Fleming, R. ﬁ., 1942, The oceans,
their physics, chemistry, and generel biology: 1087 ‘p;, New York,
Prentice~Hall, Inc.

Thompson, M. E., 1953, Distribution of uranilm in rich phosphate beds
of the Phosphorie formation: U. S. Geol. Survey Bull. 988-D,
p. 45-67. ‘

1954, Further studies of the distribution of uranium in

rich phdspha.ﬁe beds of tixe Phosphoria formation: U. S. Geol.

S\lI‘Vey Bul].- 1.009-]), Pi 107"'123 .




