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THE GEQOCHEMISTRY OF URANIUM IN APATITE AND PHOSPHORITE
By Z. S. Altschuler, R. S. Clarke, Jr., and E, J. Young
ABSTRACT

Apatite contains only traces of uranium; yet, as apatite is a miﬁor
constituent in most rocks and the major constituent of a few very large
deposits, it accounts, paradoxically, for both dispersal and concentration
of uranium in nature.

Uranium is typically between 0.001 and 0.0l percent of primary
igneous apatite and between 0.005 and 0.02 percent of sedimentary marine
apatite. Marine reworked apatite becomes enriched in uranium to as much
as 0.1 percent., This is demonstrated by the greater uranium contents of
the texturally more complex phases within a single deposit. |

Uranium can be secondarily leached from or introduced into apatite
by ground water. These secondary changes are indicated by the existence
of pronounced concentration gradients within single pebbles of apatite
as well as by thé redistribution of uranium among different mineral hosts
in leached and altered sections of phosphorite. The postdepositional
enrichment of uranium in phosphorite may be entirely residual as in the
Tennessee 'brown-rock" deposits, or greatly enhanced by ground-water
additions as in the South Carolina phosphates. Moreover, the pattern of
enrichment reflects the conditions and intensities of weathering.

Highly acid lateritic weathering has caused supergene enrichment of
uranium in the aluminum phosphate zone of the Bone Valley formation. In
contrast, surficial egrichmenx characterizes the moderately weathered

W

: |
Cooper marl of South Garolina. Isolated fossil bones or phosphate pebbles



11

may contain almost one percent uranium as a result of ground-water
enrichment. Such enrichment is comparable to the postdepositional
uptake of fluorine by bone or insular phosphorite, and in some places
the processes are synchronous and show good mutual correlation as they
are codependent on the same ground-water source.

. It is proposed that uranium replaces calcium in the apatite
structure. This is indicated by several lines of investigation. Uranium
and calcium contents parallel one another in sections of leached and
altered phosphorite. Ionic radii of tetravalent uranium (0.97 A) and
divalent calcium (0.99 A) are virtually identical, and much of the uranium
in igneous, sedimentary, and bone apatite is found to be tetravalent.
Petrographic and chemical analyses and nuclear emulsion studies have shown
that uranium in apatite is disseminated rather than locally concentrated.
In addition, phosphate deposits are essentially devoid of uranium minerals.

Igneous apatites studied have been found to contain from 10 to 66
percent of their uranium as U(IV). In apatite from a suite of related
igneous rocks both the total uranium and the U(IV)/U(VI) ratio vary as
the total uranium in the rock. Thus the U(IV)/U(VI) ratio in igneous
apatite reflects the prevalent equilibrium conditions in the crystallizing
magma.

In marine phosphorite thus far investigated the tetravalent uranium
ranges from a few percent to over 90 percent of the total uranium. Taken
alone such statistics suggest a great variety in the initial U(IV)/U(VI)
ratio of uranium emplaced in apatite. Thus experimental evidence that
bone and apatite pellets can remove uranyl uranium from solution suggests

that much of the U(VI) found in natural apatite may be of primary origin,
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fixed as chemically adsorbed uranyl anions. It is proposed, however, that
uranium in marine apatite is emplaced primarily as U(IV), structurally
fixed. This follows from the fact that the higher U(IV)/U(VI) ratios

are found in the younger, unweathered, marine apatites, and in apatites
recently reworked by marine transgression. U(IV) is readily oxidized to
U(VI), and postdepositional weathering, facilitated by radioactive decay,
has most probably lowered the initially high U(IV)/U(VI) ratio in many
older phosphorites,

Apatite, by effectively removing the small amounts of U(IV) produced
in sea water by reduction of (U0z)*2, causes more U(IV) to be produced
for its own uptake. As the marine apatite is far from saturated with
respect to uranium, it thus interferes with the attainment of equilibrium
while fixing an unusual quantity of U(IV). The name, regenerative capture,
is proposed for this type of concentration in which the fixation of an
insignificant valence species interferes with the equilibrium producing
the ion and thus generates a continuing supply for further uptake and
results, ultimately, in unexpectedly large buildups of the trace element

in the host mineral.
INTRODUCTION

Apatite contains only trace quantities of uranium, typically several
thousandths to a few hundredths of one percent., However, as average rock
has at most a few parts per million and average ocean water only one or
two parts per billion, it is immediately apparent that apatite is an
important concentrator of uranium in nature. The ubiquitous occurrence

of apatite as an accessory mineral in igneous rocks establishes its role
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as an important agent, along with a few other minerals, notably zircon,
monazite, and sphene, in dispersing uranium in rocks during primary
differentiation., This is particularly true because apatite, unlike many
other accessory minerals, is prominent in mafic as well as felsic rocks.
Thus, whereas the uranium content may be low in the gabbros, the
contribution of apatite to the total budget of uranium in the early
differentiates may be correspondingly higher., As apatite is also rather
common in shales and limestones in the form of phosphatic nodules,
concretions, and fossil replacements, it is evident that apatite plays a
major role in the geochemical cycle of uranium.

Beside contributing to the dissemination of uranium, apatite
paradoxically is also one of very few minerals causing immense localizations
of this element. It does so by virtue of its occurrence in vast
accumulations of marine sedimentary phosphate composed essentially of the
mineral carbonaste-fluorapatite (Altschuler and others, 1953). Table 1
illustrates the magnitude and economic potential of these deposits. Thus,
as we annually produce more than ten million tons of phosphate fertilizer
in the United States and as an appreciable part of this is processed
chemically, an opportunity is afforded to mobilize and extract many hundreds
of tons of uranium each year. Indeed, uranium as a byproduct of triple
super-phosphate production is now recovered in several plants in the
United States (Barr, 1955).

The principal aims of this report are threefold: to survey the
uranium contents of a variety of apatite materials and deposits; to
portray the geologic and chemical controls of uranium distribution in
phosphorites of various origins; to attempt an explanation of the occurrence

of uranium in gpatite.
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We shall be concerned largely with the migration and fixation of

an element that seldom exceeds 0.0l percent in the rocks studied. It

1s perhaps best to begin therefore with a discussion of some of the

restrictions which this fact imposes on the approach taken. Owing to

its unique properties of radioactivity and conferred fluorescence,
uranium, unlike most trace elements, may often be followed in the field
virtually as one follows a visible, major, mineral component. The same
properties have allowed the development of analytical methods (Grimaldi
and others, 1952) which permit accurate detection of uranium at extremely
low concentrations. Unlike an investigation of a major element, however,
a study of a trace constituent, in an impure material like phosphorite,

is handicapped by lack of information on bulk composition. Whereas it is
true that one may obtain the general composition of the mineral host with
moderate accuracy--and even here the carbonate-apatite problem is a vexing
intrusion-~the tiny quantities of uranium dealt with suggest that most of
the trace element assemblage be quantitatively determined. Otherwise, the
immediate environment of each uranium sample is but poorly known.
Obviously, it is impossible to overcome this difficulty in most cases,
because of the prohibitive time and money requirements and the fact that
adequate analytical methods are not available for many minor and trace
elements. Reliance must be placed instead on a recomnstruction of conditions

from field and petrographic facts and on selection of several elements for

 ‘specific ahalysis. Thus, in studying the phosphorites, uranium contents

are evaluated mainly in relation to P20s content, Where important,
fluorine, iron, calcium, aluminum or organic mafter may also be studied.

However, implicit in some of the work that follows is the assumption that
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uranium in phosphate nodules 1s associated mainly with the apatite composing
the nodules, and that trace to minor amounts of included carbonates, clays,
iron-oxides, quartz, pyrite, and organic matter contain only insignificant
amounts of uranium,

Three lines of evidence validate this assumption.

l. Many phosphorite samples have been analyzed by two different
methods, one, using weak acids, in which apatite dissolves readily, and
clays, pyrite, iron-oxides,or quartz would remain insoluble or dissolve
only on prolonged treatment; the other, using a mixture of hydrofluoric
and nitric acids in which all of the rock dissolves. In all cases the
uranium determined was essentially the same by both methods.

2, Chemical analyses of the minerals associated with apatite in the
Florida and Morocean deposits showed their uranium contents to be
insignificant relative to that of apatite.

3, Nuclear emulsion studies reveal that most of the radiocactivity

in phosphate nodules derives from apatite.
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MINERALOGY OF APATITE

Crystal chemistry

\

It is important in considering the nature of uranium occurrence in
apatite an& phosphorite deposits to understand the possible variations
in apatite composition. Basically, apatite is a hexagonal network
structure composed of POy tetrahedra, a simple anion--usually fluorine,
and a divalent cation, calcium. Beevers and McIntyre (1946) liken the
structure to a honeycomb (fig. 1) with the vertices made up of vertical

Ca-0 columns in which the oxygens are supplied by PO4 tetrahedra intervening

]
between columns and linking adjoining columns together in a continuous ‘

structure. The fluorine or hydroxyl ions occur vertically above each
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other within the channels of the honeycomb, where they are coordinated to
additional calciums (three about esch fluorine) that occur in "caves"
within the irregular walls of the network (op. cit.).

Apatite is host to many substitutions by cations, anions, and anionic
radicals that resemble its normal constituents in size and charge
(McConnell, 1938). As a result it may depart significantly from the
composition of simple igneous fluorapatite, depending on its environment
of genesis, The fluorine position may be occupied wholly or in part by
hydroxyl. (Chlorine may also substitute for fluorine; however, as their
size difference is appreciable, a structural rearrangement occurs in
chlorapatite and it has only limited miscibility with fluorapatite,) In

fossil bone, hydroxyl is eventually replaced by fluorine through ion ‘

exchange. Minor to major amounts of Sr, Mn, Mg, and Pb are known to replace
‘calcium in apatite, and VO4 and AsO4 occur as traces substituting for POs
in apatite and form analogues of normal apatite in the pyromorphite series
(Palache and others, 1951).

Additional variety is effected by the opportunity for coupled
diadochy in which cationic or anionic replacements causing loss or gain
in valence are balancedby replacements of opposite kind. Thus, in
apatites containing rare earths the imbalance created by the substitution
of tervalent cerium for calcium is quantitatively compensated by
substitution of tetravalent silicate for phosphate or by the monovalent
sodium for calcium (Borneman-Starinkevitch, 1938; Volodchenkova and
Melentiev, 1943). An analogous situation exists in many other phosphate

mineral groups. For example, monazite, the cerium phosphate, contains

thorium and silicate in roughly equivalent amounts.
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Composition of the sedimentary carbonate-apatites

The fine-grained microcrystalline carbonate-apatites of the insular
and marine phosphorites are best understood in terms of such coupled
substitutions. This apatite is generally characterized relative to
fluorapatite by a deficit in Pz0s content of 3 to 6 percent, an excess
of F, OH, or both, of 0.5 to 1.0 percent, and by the presence of 2 to 3
percent of carbonate. The exact mode of occurrence of carbonate in
apatite is a controversial question. Hendricks and Hili (1950) have
proposed that the carbonate is adsorbed on the surfaces of discontinuities
within the apatite crystals. It is significant, however, that carbonate
fluorapatite is demonstr;bly smaller in unit-cell dimensions than
fluorapatite (Altschuler and others, 1953). It is felt, therefore, that
the structural difference revealed by the characteristically smaller cell
must reflect the major and equally characteristic chemical deviations, and
that carbonate-fluorapatite is a structurally distinct species as proposed
by Gruner and McConnell (1937). ILacking a precise determination of the
position of carbonate in the structure we shall adopt provisionally the
structural formula which best rationalizes the chemical composition, as
follows: Caio(P04,003)eF2.3. Thus excess fluorine (or hydroxyl) serves
to balance the charge difference created by the substitution of (coa)'a for

(Pos) .
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The chemical and spectrographic snalyses in tables 2 and 3 illustrate
the chemical nature of the sedimentary carbonate~fluorapatites.

Theoretical fluorapatite has the following composition:

Po0s = 42.3
F = 508 (F = 0 = 106)

The analyses portray the deficiency of P20s relative to CaQ (augmented
by Na, K, Mg, Sr, and other divalent metals shown in table 3), and the
excess of F plus (OH). It should be noted in table 2'that the carbonate
is substantially all nonleached and therefore assignable to apatite.
Sedimentary carbonate~hydroxylapatite occurs as nodules or massive
deposits in caves or islands and is indicative of continental origin.
It usually originates as a replacement of limestone by guano solutions.
In the presence of fluorine, carbonate-fluorapatife is the stable form
and it precipitates as such in marine sediments (Kazakov, 1937).
Furthermore, fluorapatites are less soluble than hydroxylapatites, and
carbonate-fluorapatite can replace previously formed hydroxyl varieties

in bone and island phosphorites.
URANTUM CONTENT OF APATITE

Factors affecting equivalent uranium determinations

The occurrence of uranium in phosphate nodules, bones, and other
apatite materials was first demonstrated by Strutt in a remarkable set of
analyses based on radioactivity determinations (Strutt, 1906, 1908). Strutt
pointed out that the determinations were not affected by thorium which is
virtually absent in fossil bone or sedimentary apatite as is born out by

the analyses of phosphorite pebbles given in table 4.
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Teble 2,--Chemical analyses of sedimentary apatite pellets from the
Bone Valley formation. Analyst, R. S. Clarke, Jr.,
U. S. Geological Survey.

B.L.-3, Bonny Lake mine, Wa.-10, Watson mine,
Ridgewood, Florida Fort Meade, Florida
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100.5

1 Analysis by complete decomposition of sample by solution in HNOsz and fusion
of insoluble residue with NasCOs.

2 Partial analyses of same material, Acid insoluble determined after boiling
sample for 20 minutes with 1 + % HCl. Nonleachable carbonate determined
after treatment in 0.5 M tri-ammonium citrate (Silverman, Fuyat, and
Weiser, 1952). -

3 Corrected analysis, free of insoluble residue. Microscopic examination and
the two sets of 810z figures establish that acid insoluble 1s essentially
quartz.
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Table 4.--Thorium content of Florida pebble phosphorite.

(Analyses from U. S. Geological Survey Laboratory)

Tocality Percent Th Percent U
South Pierce mine, Brewster < 0.0005 n.d. 1/
Carmichael mine, Plant City 0.001 n.d. 1/
Bonny Lake mine, Mulberry 0.0007 0.017

1/ Although uranium was not determined on these samples, similar
materials from the same localities contain between 0,01 and 0.02 percent
uranium.

Available analyses of igneous apatite show three or four times more
thorium than uranium, and if rich in rare earths, igneous apatite can
contain as much as 0.38 percent Th, as reported in apatite from Mineville,
New York (McKeown and Klemic, 1956).

Despite the lack of thorium in phosphorite, it is nevertheless
preferable to base a discussion of uranium on chemical rather than radio-
metric determinations., This is particularly true in view of the ease with
which apatite can be postdepositionally leached or enriched in uranium and
thus be out of radiocactive equilibrium regardiess of its age. In addition,
due to a great variation in the size of the inherent crystallites of the
sedimentary apatites (Jacob and Hill, 1953), it is difficult to maintain
the standardization necessary to establish comparable equivalent uranium
results among a variety of materials, regardless of the fact that they may

all be ground to the same apparent size prior to radiometric assay.
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Uranium content of representative apatites

Table 5 presents typical and common values cbtained in a variety
of apatite materigls studied by the U. S, Geological Survey. In all
cases the analyses are chemical }/ and represent the contents of
individual mineral specimens or pure mineral concentrates rather than
total rock and ﬁence are of additional value in the geologic literature
and do not duplicate the excellent summaries available of uranium in
certain phosphorite deposits (Rusakov, 19%3; Hébert, 1947; Davidson and
Atkin, 1953; McKelvey and Nelson, 1950; McKelvey and others, 1955;
Thompson, 195%; Cathcart, 1956).

It is apparent from the above data that uranium content in apatite

materials as a group varies from barely detectable traces to the
concentration of a minor constituent, approaching 1 percent. Nevertheless,
within major occurrences of the same nature, as exemplified by the igneoué
rocks of the Boulder Creek batholith or all of the immense marine
phosphates, the level of concentration is of the same order of magnitude,
0.,00X to 0.03 percent. This range in uranium content may be taken to
embrace the great bulk of apatite in the lithosphere and departures from

it may be safely considered unusual and examples of special history.

}/ The uranium analyses reported in this paper that have been performed
in the U. S. Geological Survey laboratories have been done by fluorimetric
methods. Grimaldi and others (1954) discuss the accuracy of these methods
pointing out that they may be as good as + U4 percent of the uranium content.
They state that under routine conditions, "the error generally is greater and
may range from + 8 to 15 percent of the uranium content. When errors occur,
the results are generally low." The majority of the analyses in this paper
have been done by a fluorimetric-extraction procedure. For this reason, as
well as the nonroutine nature of the determinations, it is safe to assume them .
to be accurate in the range of + 5 percent of the uranium present. ‘
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Table 5.-=Uranium content of representative apatites.

(Analyses from U. S. Geological Survey laboratory)

A. TFluorapatite, Ca,5(P04)sFz, from crystalline rocks (g:igizﬁ)
1. Alkall syenite, Renfrew, Ontario, Canada 0.0022
2. Gabbro, Henderson, North Carolina 0.0006
3. Shonkinite, Mountain Pass, California 0.0049
4. Magnetite deposit, Durango, Mexico 0.0009
5. Magnetite deposit, Mineville, New York 0.0079
6. Syenite, Kola Peninsula, U.S.S.R. < 0.001
T. Tonalite, southern California batholith‘ 0.012
8. Granodiorite gneiss, Boulder Creek batholith, Colorado 0.0069
9. Quartz monzonite, Boulder Creek batholith, Colorado 0.0053

10. Hornblende biotite granite, Boulder Creek batholith, 0.0078
Colorado

1l. Mica granite, Boulder Creek batholith, Colorado 0.0047

12. Quartz diorite gneiss, Boulder Creek batholith, 0.0049

Colorado

B. Carbonate-fluorapatite (F = > 1 percent) Ca;o(PO4,C0s)s(F,0H)2-3

from marine sedimentary phosphorite

la. Pellets, Hawthorn formation, Florida

b. do.
C. do.
2a, Pellets, Bone Valley formation, Florida
bo doo
C. do.

3a. Pebbles, Bone Valley formation, Florida
b. do,
C. do.

0.0061*
0.0075
0.0045

0.009%
0.012
0.019

0.011*
0.016
0.024
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Table 5.--Uranium content of representative apatites.--Continued.

B. Carbonate-fluorapatite (F = > 1 percent) Cajo(P04,C0s)e(F,0H) o g Uranium
from marine sedimentary phosphorite--Continued (percent)
ba, Pellets and oolites, Phosphoria formation, Idaho 0.0061*
b. do. 0.016
5a. Pellets and replaced fossils, Khouribga, French Morocce 0.007
b. do. 0,012%
c. do. 0.023
6. DNodules dredged from the sea floor off southern California
Sample no., 69 .... 0.0089
106 .... 0.0068
(Samples, those analyzed for 121 .... 0.0041
Dietz, Emery, and Shepard, 158 .... 0.0081
1942) 162 .... 0.0125
183 .... 0.0051
C. Fossil bone, carbonate-fluor-hydroxylapatite (F = < 1 percent)
Cay0(P04,C03)6(0H,F)2-3
1. RW-4468, mammalian (sp. unknown), Mayport, Florida 0.0T4
2, W-3841, mammalian (sp. unknown), Miles City, Montana 0.8%
3. Titanothere bone, Hell Creek formation, Camp Cook, South Dakota  0.015
4, Shark tooth, Bone Valley formation, Florida 0.009
5. Manatee rib, Bone Valley formation, Florida 0.006
6. Conodont fragments, Khouribga, French Morocco 0.079
D. Guano-derived phosphorites, carbonate-hydroxylapatite
Ca10(P04,C03)6(0H) 2.3
1. Angaur Island, Pacific Ocean 0.001
2. Mona Island, Puerto Rico 0.001
3, Cuthbert Lake Rookery, Tampa Bay, Florida < 0.001

*Denotes author's opinion of typical value for such material.
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Island phosphorites--secondary uptake of uranium and fluorine

The unusually low uranium contents of island phosphorite, as illustrated
by the Angaur and Mona Island analyses (table 5) are attributable to the lack
‘of uranium in the parent limestones from which they originate by subaerial
replacement. Only rarely do island phosphorites contain more than 0.002
percent uranium; and, when they exceed this value, the uranium in all
likelihood has been acquired postdepositionally from percolating ground water
or from sea water with which such deposits are sprayed or washed by wind and
wave, It is interesting in this regard to compare the fluorine and uranium
contents of such materials, as fluorine, not being a primary constituent of
subaerially formed phosphorites, is a certain indicator of postdepositional
replacement.

It can be seen from table 6 and figure 2 that the percent uranium
bears least relation to the P05 content or, inferentially, to the amount
of apatite present in the rock. Thus specimens 3, Ta, and 8 are all virtually
pure apatite rock yet their uranium contents differ by several hundred percent.
On the other hand uranium generally increases as fluorine, or as the ratio of
fluorine to phosphorus does. The lack of a constant ratio between the |
increases is easily explained by the fact that two independent structural
emplacements are involved, F for OH, and presumably, U for Ca.

It is unfortunate that so few analyses of the required precision are
available for such comparisons, in itself a reflection of the generally
recognized lack of uranium in phosphate deposits of continental origin.
Nevertheless, the facts that secondary uptake of fluorine and uranium are
codependent and related to the same geological process and time of

emplacement seem indicated by figure 3, in which the admittedly few points
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Table 6,--Partial analyses of.cave phosphorite from Mona Island,
Puerto Rico.

Sample no. (piﬁgin%{ (pegcéét) (pezcgét) ons ¥ 100 Pst * 10,000
Mona 6 26.3 0.07 0.0003 0.27 0.11
Mona Tb 15.8 0.06 0.0003 0.38 0.19
Mona, 3 bk 0.05 0.0005 0.12 0.12
Mona 4 32,4 0.24 0.0011 0.7k 0.34
Mona 8 38.6 1.08 0.0028 2.80 0.73
Mona Ta 37.1 0.65 0.001% 1.75 0.38

1/ Analyst, A. B. Caemmerer, U. S. Geological Survey.

2/ Analyst, G. Edgington, U. S. Geological Survey.

3/ Analyst, C. L. Johnson, U. S. Geological Survey.

exhibit a trend that originates at the point of zero content for both
percent of fluoridation and uranium content.

Similar accord between uranium content and the percent of fluorine
of Cenozoic bones, in which the fluorine is unquestionably of secondary
origin, has been noted in the studies of Oakley (1955a,b)s

If we note also that marine apatite nodules of recent origin contain
appreciable uranium (table 5), it seems evident that the large marine
phosphorites derive much, if not all, of their uranium from the ocean

water at the time of their formation.
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PROBLEMS OF OCCURRENCE OF URANIUM IN PHOSPHORITE

Possible modes of occurrence

Two large problems are posed by the analyses given in table 5. In
what form and manner does uranium occur in phosphorites? How may its
variations within the same deposits or among different deposits of
essentially similar material be explained? Thus, the apatite nodules
from Florida and Morocco are compositionally and petrographically quite
similar, yet those from Morocco contain two or three times as much
uranium. Isolated pebbles from the land-pebble field contain as much as
0.2 percent uranium in contrast to the normal concentration.

Regarding the nature of uranium in phosphates several mechanisms may
be postulated. The uranium may be present in a separate phase such as
UO2, UF4, or Ca(U0z)2(P04)2+8Hz0 (autunite). It may be present as isolated
U+% ions or (U0z)T2 radicals, chemically adsorbed om surfaces or internal
discontinuities (Hendricks and Hill, 1950). It may be present by
structural substitution of Ut* in apatite as proposed by several
investigators (Michael Fleischer, personal communication, 1949; McKelvey
and Nelson, 1950; Davidson and Atkin, 1953; Goldschmidt, 1954) on the
grounds of theoretical plausibility in view of the fact that the ionic
radii of U'* (0.974) and Ca’® (0.99A) (Green, 1953) are virtually identical.
Lastly, it may be substituted structurally in apatite as (U0z)'" since it
has been demonstrated that the uranyl radical will be abstracted from
solution by glycol-ashed bone. Such uranium uptake occurs by displacement
of two moles of calcium per mole of uranium and also renders su¥face

phosphate "... non-exchangeable to the extent of two moles per mole of
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uranium," (Neuman and others, 1949a; 1949b). These are puzzling facts
for divalent uranyl. Moore (1954) has shown that phosphate can also

+2
remove appreciable (UOz) from cold water solution and that the extracted

uranium cannot be washed out.

Absence of uranium minerals

It is a fact of signal importance that uranium minerals are virtually
unknown in phosphorites. Uranyl phosphates and vanadates are common in
other deposits, and they are readily found by virtue of their habit as
highly colored "paints" and the fact that many of the species fluoresce
brilliantly, thus allowing detection of pinpoint disseminations. Yet these
minerals have been noted in only three or four local concentrations in
phosphorites (Altschuler and others, 1956; Arambourg and Orcel, 1951;

McKelvey and others, 1955).

Relation of uranium content to composition of phosphorite

In efforts to understand the occurrence and variation of uranium in
phosphorites, as well as to concentrate it for commercial use, many
attempts have been made to correlate it with physical and chemical
properties of apatite and phosphorite. Materials from the Bone Valley and
Phosphoria formations and from the Moroccan deposits have been fractionated
according to their variation in specific gravity, magnetism, color, luster,
and particle size. None of these separations led to any positive or
consistent correlation with uranium. This is not surprising, however,
as it is not to be expected that uranium present in the order of 0.0X or
0.00X percent, or 1 atom per several thousand unit cells of apatite, could

sensibly alter the properties of the host rock.
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Fluorescence and uranium content

The property of fluorescence is a notable exception, however, and it
was found that a consistent relation could be observed between intensity of
fluorescence and uranium content within certain samples. In table 7,
uranium analyses are given for composite samples of apatite nodules
hand-picked on the basis of their fluorescence under ultraviolet light of
3650 A wavelength.

Each of the composite samples in table 7 consisted of many pellets or
pebble fragments, and the fluorescence was characteristic of the entire
pellet, or pebble, rather than pinpoint or spotty. The correlation of
increased uranium content with enhanced fluorescence is, therefore, further
indication of the absence of separate uranium phases in phosphorites, even
below the limits of microscopic detection, as it illustrates a change in
an inherent property of the host mineral, apatite.

Table T7.--Comparison of fluorescence and uranium content in apatite

nodules from the Bone Valley formation, Boyette mine, Florida.
Analyst, Harry Levine, U. S. Geological Survey.

Number of composite

Fluorescent color Percent U samples
Yellow 0.017 - 0.021 2
Yellow to brown 0.009 1
Pink or peach 0.006 - 0.010 2

Purple or lavender- . 0.003 - 0.006 L
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Lack of preferential solution of uranium

In solution studies of rock from the Bone Valley and Phosphoria
formations'with'nonoxidizing solvents such as sulfuric, phosphoric, and
citric acids, it was found that the percent of uranium extracted was
always proportional to the percent of Po0s extracted. This result prevailed
regardless of whether the samples were slimes or crushed pebbles, whether
calcined or treated raw, and with high acidity or with small volumes of
dilute weak acid (Igelsrud and others, 1948, 1949).

It seems evident that uranium in phosphate deposits cannot be accounted
for by discrete uranium phases, by absorption, or by loosely adsorbed ions,
radicals, or phases. This is indicated by three lines of evidence--the lack
of uranium minerals, the fluorescence of uraniferous apatite, and the
inability to concentrate or separate uranium by physical or chemical means

in the laboratory.
Relation of uranium to Pz0s

Most investigators have found that uranium varies approximately as
P05 content in phosphate deposits but that a close correlation does
not exist between the two. The Moroccan deposits illustrate both the
general accord and the lack of detailed agreement., Figure U4 is a scatter
diagram in which P205 is plotted against U for 18 samples representing
‘the average daily production from various beds and locations in the
Oulad-Abdoun Basin., They thus represent large tonnages. The tendency
for the two factors to be related is apparent from the plot, in which

most of the points fall between narrow limits, bounding a region of well-
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defined slope. However, when only high-grade samples are studied,
that is, those grouping closer together and containing more than 0.011
percent uranium in figure 4, it can be noticed that more scatter prevailss

The approximate dependence of uranium on phosphate content is to be
expected on two different grounds. previously discussed:

1. Phosphorites are notably devold of separate uranium
mineral phases,

2. Uranium is intimately associated within apatite as
revealed by lack of preferential solution and by
fluorescence.

Furthermore, the other mineral constituents of the major phosphorites,
generally clays, carbonates, and quartz, almost universally contain less
than 0,001 percent uranium. Rarely, samples of clay contain more, but in
these instances such clays have been phosphatized or contain primary,
admixed apatite, and their phosphate can be dissolved with dilute nitric
acid leaving a pure clay residue that is relatively uranium free. The
ratio of uranium to phosphate dissolved 1s the same as in the apatite
associated with such clays.

In view of the essentially exclusive association of uranium with the
apatite within unweathered phosphorites, almost perfect positive correlation
between uranium and any parameter of apatite content would be expected
within a group of related rocks. However, detailed studies of the relations
among uranium and the other chemical constituents of apatite show frequent
and striking departures from pronounced positive correlation. The
prevailing relation in the Bone Valley formation is for coarse pebble to

be richer in uranium and poorer in Pz0s content than the finer pebble.
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Cathcart (1956) demonstrated this relation and found that a moderate
negative correlation (-0.64) exists between Pz0s and uranium for samples

of +150 mesh pellets and pebbles throughout the land-pebble field. Such
negative correlation has not been found elsewhere; and, indeed, deposits
even within the laﬁd-pebble field, containing 10 percent Pz0s, will contain
less uranium than deposits with 20 percent Pz0s. In the Moroccan deposits
uranium is uniformly distributed through all size grades, as table 8
demonstrates. In the Phosphoria formation McKelvey and Carswell (1956)
have demonstrated that maximum uranium content is regionally associated
with areas of thickest and highest grade phosphate accumulation.

An equilibrium condition may exist between apatite and uranium in sea
water during the precipitation of apatite; however, such equilibrium may
vary greatly with time and marine environment. Thus, assemblies of data
from different parts of the same formation may represent a variety of
different equilibria and an average of such varied groups of data may have
the effect of masking, rather than demonstrating, a universal relation.

The work of Thompson (1953, 1954), who has explored the relation of -
uranium to apatite composition in a series of closely spaced, contiguous
samples from the Phosphoria formation, was designed to overcome this
difficulty. Her results are reproduced in table 9.

The results developed, and noted by Thompson, are that samples with a
higher average uranium content show the best positive correlation with
Pz05 content. The same samples also show the best positive correlation
between COz and Po0s and the best negative correlation with organic matter.
All samples showed excellent positive correlation between F and P20Og. This

last is expectable as the phosphate mineral is a carbonate-fluorapatite;
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Table 8.--Size distribution and uranium contents of nodular
phosphates from Khouribga, French Morocco.

Uranium percent

S VT NS et ek custie,
32 0.630 2.0 0.015
Ll 0.437 2.3 0.015
8l 0.210 35.2 0.016
120 0.149 28.4 0.015
200 0.074 25.9 0.016
325 0,04k 2.9 0.015
< 325 < 0.0k 3.4 0.012 1/

}/ The finest fraction contains clay diluent. All other fractions
are composed entirely of apatite.

and, although free fluorite is common in the Phosphoria, it was not detected
in any of these samples (Thompson, 1954). One is struck by the spread in
the correlations between eU and P05 and by the fact that the samples from
Reservoir Mountain, which show negative and very poor correlation, do not
differ greatly in average eU content from samples WI 603 which show

pronounced positive correlation.
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Equally arresting is the fact that the two groups of samples showing
best correlations do so for all of the constituents compared. This suggests
that all of the factors are covarying with the same set of environmental
conditions and therefore that these 2 sets of samples have sustained the
least postdepositional change. This follows from the fact that the rocks
are polymineralic, containing organic ﬁatté?, carbonates, and apatite as
separate phases, As the relations among these in primary marine deposition
would differ considerably from those that would prevail under subaerial
weathering or metamorphism, the COpz, eU, and Pz0s correlations in sets
2 and 3 may all reflect the carbonate-fluo;apatite content in relatively
unaltered rock, On the other hand, the poor correlation between COz and
P20s in sets 1, 4, and 5 may reflect secondary alteration in terms of the
highly mobile calcite; and, as during such alteration uranium may be added
or subtracted, and apatite may be affected, eU-P20s correlations are also

notably poorer,

Marine versus ground-water origin of uranium in phosphorite
General statement and review

Evidently, comparisons based on composition alone do not yield
consistent explanations of the occurrence of uranium in phosphorites.
Davidson and Atkin (1953) after surveying the bewildering variation in the
available chemical data, concluded that in most 'instances the uranium in
phosphorites is postdepositionally emplaced from percolating ground water
as a proxy for calcium., This explanation adequately accounts for the

uranium content of isclated bones and some guano deposits and may account
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for some part of the uranium of other materials, but it is not tenable
when applied to the preponderant occurrences--the marine phosphorites,
plus the phosphatic shales and limestones.

Ground-water percolation as the major source and mode of uranium
‘emplacement demands that uranium content would increase significantly
with age. Lénoble, Salvan, and Ziegler (1952) observe that
radicactivity increases with age in the Moroccan deposits., However,
they stress the minute nature of the variation, and Guntz (1952), in
discussing the same deposits, emphasizes thelr regularity of grade,
which suggests to him uranium coprecipitated during sedimentation. It is
significant also that the Senonian Moroccan apatite contains appreciably
more uranium than apatite from the Permian Phosphoria, which is much

older, and has had a more varied history.
Evidence of young phosphorites and submarine nodules

Regarding the question of marine versus ground-water origin, it is
most noteworthy that apatite nodules dredged from the Gulf of Californila,
(table 5) contain as much uranium as the pellets from the Permian Phosphoria
and Miocene Hawthorn formations. Both of the latter have been exposed
subaerially, whereas the nodules from southern California waters have
remained submerged and, although they may have undergone submarine
reworkiné, most of them are thought to be of Quaternary age.(Dietz and
others, 1942).

Further information on the magnitude of ocean-derived uranium in
recent deposits may be gleaned from the analyses of slightly phosphatic

materials dredged from the Gulf of Mexlco during recent U, 8. Geological
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Survey studies (Gould, H. R., written communication). Table 10 presents

a few of many hundred similar analyses., The samples represent contemporary
accumulations of very slightly phosphatized shell and marl, and it is most
significant that the ratio of uranium to phosphate in them far exceeds that
of most highe-grade marine phosphorites.

Table 11 contains arnalyses and U/P205 ratios of representative large
deposits and individual samples of apatite, all of materials not demonstrably
enriched subaerially.

Although the mechanism causing the high uranium concentration in the
phosphatized shells and merls can only be conjectured, the fact remains
that enrichment of such magnitude can occur in a purely marine environment.
It shoﬁld also be noted that the nodules dredged from coastal California
waters may contain as much uranium relative to phosphate as the relatively

rich large deposits in Florida and French Morocco.
Necessity of geologic interpretation

Neglecting the trivial occurrences in guano and bone, spectacular as
the actual uranium concentration in the latter may be, it can be stated
that most of the uranium in marine sedimentary phosphorite is of marine
origin. The neutral to basic nature of apatite makes it susceptible to
alteration under the prevailing acidities of most vadose waters. It is
thus to be expected that the primary marine uranium may be redistributed
by a variety of secondary processes, as indicated by conflicting and varied
relations of uranium to composition in the same and among different
deposits, and by the evidence of laboratory uptake of uranium by bone and

phosphorite. Therefore, it appears that the uranium content of apatite
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Table 10.--Phosphate and uranium contents of bottom samples from
the Gulf of Mexico.l/

Laboratory Depth North West Percent  Percent
no. (fathoms) latitude longitude U P20s Description
105916 2k 26950.17  83°16,11 0.0002  0.13 Shell sand
105917 30 26%52,11  83033,5¢ 0.0002 0,11 Shell sand
105918 35 26°50.7t  83°46.1¢ 0.0002 0,11 Algal sand
105919 L5 26°50.1'  83957.91 0.0002  0.09 Algal sand
105920 63 26%1.5'  84%8.0! 0.0003  0.28 Shell sand
105921 100 26%52,21 84032, 71 0.0002 0.2k Foraminiferal
sand and
shell
105922 8o 26°34.8'  84°15.0! 0.0002  0.20 Foraminiferal .
sand and
shell
105923 62 26931.3'  83%57,9¢ 0.0002  0.18 . Foraminiferal
sand and
shell
105924 7 26°18.7  83°12.5! 0.0001  0.09 Shell sand
105925 8  26°20.0' 83°22.,1'  0.0005 0.08  Quartz sand

1/ Analyses from U. S. Geological Survey Laboratory, (Gould, H. R.,
written communication).
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Table 1l.--Relative contents of uranium and P05 in marine

phosphorites.

Percent U Percent Py0s U/P205
Gulf of Mexico, 1/ bottom
samples, range: 0.0001-0,0003 0,08-0,28
arbitrary mean: 0.0002 0.185 - 1/925
Pacific Ocean off Sample no. 162 0.0125 22.43 1/1800
southern California, 2/ do. 69 0.0089 29.56 1/3300
phosphate nodules ~ do. 158 0.0081 29.09 1/3600
do. 106 0.0068 21,19 1/4300
do. 183 0.0051 29.66 1/5800
do. 121 0.0041 28,96 1/7000
Hawthorn formation, Florida,3/
primary apatite pellets 0,0075 37 1/4950
0.0045 37 1/8200
Khouribga, French Morocco,4/
phosphorite 0.015 33.0 1/2200
0.014 33.6 1/24,00
0.013 33,0 1/25.0
0.013 33.6 1/2580
Land-Pebble field, Florida 5/ 0.018 30.7 1/1760
clastic apatite 0.014 33.4 1/2380
composities 0,010 34.5 1/3450
0.010 35.2 1/3520
0.009 33.0 1/3660

1/ Analyses from U, S. Geolcglcal Survey Laboratory, (Gould, He R.;”
written communication).,

2/ P0r and sample numbers from Dietz, Emery, and Shepard (1942);
uranium on tge same splits by R. S. Clarke, Jr., U. S. Geological Survey.

2/ Uranium by R, S. Clarke, Jr.; P?O5, assumed average for such pure
apatite nodules, will yield conservative U concentration.

4/ Deily production averages at four stations in Oulad-Abdoun Basin,
French Morocco,

5/ Weighted averages of nodules and pebbles from five areas each
representing a minimum of 100,000 long tons of phosphorite (data converted
from Catheart, figure 34, 1956).
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can be explained only in terms of the total geologic history of the
deposits. The following sections are devoted to an examination of
specific deposits and the geologic processes which have governed thelr
uranium content, in hopes of déveloping a set of principles to explain

the range and variation of uranium in most phosphorites.

CASE HISTORIES OF GEOLOGIC PRINCIPLES GOVERNING URANIUM

DISTRIBUTION IN PHOSPHORITES

Uranium in phosphorite during weathering

Florida Land-Pebble phosphates--general geology

The Land-Pebble phosphates eof Florida present an opportunity to study
apatite in a variety of geologic circumstances and thus to evaluate its
uranium content in terms of both petrography and petrology. These deposits
are mainly in the Bone Valley formation of Pliocene age (Cathcart and others,
1953) and subordinately in the underlying Hawthorn formation of early and
middle Miocene age (MacNeil, 1947). The surface of the Hawthorn is
irregular, its rock is solution-pitted, and it contains many small slumps
and locally large ones within which the overlying Bone Valley thickens
(Cathcart, 1950). The Hawthorn was exposed and weathered during late Miocene
time, developing an irregular topography and accumulations of phosphatic
residue containing primary apatite nodules, inherited as such from the
Hawthorn, and secondarily phosphatized limestone pebbles. During.a period
of Pliocene marine transgression this residuum of the Hawthorn was reworked
into the unconformably overlying Bone Valley formation with additions of

quartz, clay, and probably phosphate (Altschuler and others, 1956).
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The Bone Valley formation is approximately 30 feet thick and
consists of two units (fig. 5). A pebbly and clayey sand which is
characterized by graded bedding comprises the lower two-thirds and
is the unit mined. Grading upward from this is a massive-bedded,
less phosphatic quartz sand, which, together with an overlying surface
mantle of quartz sands, is discarded as overburden during mining
operations,

The upper part of the Bone Valley formation has been leached,
altered to aluminum phosphates, and secondarily enriched in uranium
in a widespread, transgressive zone which, though discontinuous,
underlies several hundred square miles in the Land-Pebble district.
This aluminum phosphate zone is the result of lateritic weathering
and ground-water alteration, and sections through it exhibit a
progressive variation in mineralogy and texture (fig. 5). In typical
sections pebbles of carbonate-fluorapatite still prevail at the base,
ineipiently leached and altered. The calcium-aluminum phosphates,
crandallite and millisite, are found in the middle of the zone. At
the top, the aluminum phosphate, wavellite, predominates (Altschuler

and others, 1956).
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In the Land-Pebble deposits we may thus study and contrast the
uranium contents of sedimentary apatite of the following types:

1. Simple structureless nodules from the Hawthorn formation.

2, Nodules from Hawthorn that have been reworked into the
Bone Valley and are thus in a second cycle of sedimentation,

3. Simple pebbles of phosphatized limestone from the Bone
Valley formation.

L, Complex, reworked pebbles from the Bone Valley formation
illustrative of several subcycles of sedimentation,

5. Leached and altered pebbles.

6. Secondarily enriched pebbles.

Illustration of leaching

In a conglomerate rock composed of pebbles resting in a matrix of
finer grained material, the pebbles usually cause zones of increased
permeability in adjolning matrix by disturbing the packing arrangement
of the smaller grains. These areas would be zones of better circulation
and as such would be the preferred loci of any leaching or enrichment
that occurs within the rock. Thus, the uranium, or the secondary
phosphate, might be distributed according to the texture within the
phosphate pebblerock., This type of control was pointed out by Graton and
Fraser (1955), who noted its influence in gold and copper deposition, .

To test the influence of texture on the distribution of uranium,
six pebbles were selected and quantitatively analyzed for percent of

uranium in zones from the surface to the center. The pebbles were selected
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from the aluminum phosphate zone of the Bone Valley formation, and the
data given in table 12 are described according to the sampling scheme
. shown in figure 6.

The figures in table 12 reveal a striking increase in uranium
content from the surface inward, in all of the pebbles. With the single
exception of zone B in pebble 1, this increase is constant and of steep,
although nonuniform gradient, and values at the center are easily 100
percent higher than those at the outside.

This graded distribution suggests leaching of the uranium from
phosphate pebbles of originally more uniform richness., In this connection
it is interesting to note that the sharpest increase in uranium content is,
in every case, between zones A and B. Beyond the B zone the increase is
of smaller magnitude. This is precisely what would be expected as the
surface zones would be more easily attacked.

It is evident that subaerial leaching can effect large changes in the
primary uranium contents of marine deposits. The leaching illustrated
above occurred postdepositionally in the course of ground-water alteration;
leaching can presumably be equally effective during subaerial transport
and reworking of similar materials. In this latter case the leaching
would not be confined primarily to conglomeratic material énd would
probably show more pronounced effects in the finer materials of an
assemblage, as these have a greater ratio of surface to volume. In any
event, the demonstration that leaching did affect the rock's uranium
content could probably be accomplished in the same manner or through the

use of autoradiography.
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Table 12.--Chemical analyses showing distribution of uranium within
phosphate pebbles.

Pebble 1 - Selected at random; a small flattened spheroid 2.5 x 2 x 1. cm.
The pebble is a micro-conglomerate, made up of precipitated phosphate,
phosphate pellets, quartz grains, and still smaller pebbles of similar
composition. The other pebbles are similar in character,

Zone Percent U 1/
A - 0,011
B - 0/;025
¢ - 0.020
D - 0.021

Pebble 2 - Selected at random,

A - 0.007
B - 0.026
c - 0.028
D - 0.033

Pebble 3 - Selected because of high fluorescence, a small fractured pebble
of originally high roundness; original central portion is now exposed
surface, hence only surface and median zone were sampled.

A - 0.020
Cc - 0.028

Pebble 4 - Selected because of high fluorescence.

A - 0.011
¢ - 0.032

Pebble 5.- Selected because of high fluorescence; surface encrustation of
brown phosphate which was obviously deposited by circulating solutions since
some of 1t occurs as a circular ridge outlining the area of previous contact
with another pebble.

A - 0.012
B - 0.019
D - 0.026

Pebble 6 - Selected because of high fluorescence.

A - 0 .007
B - 0.013
C - 0.015

1/ Corrections were made for the percent of quartz in each portion
tested. Analyses by staff of U. S. Geological Survey Laboratory.
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'«— A -~ Surface zone

<— B - Qutside zone

= ( « Median Zzone

Central zone
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Figure 6.--Sample scheme used for study of uranium distibution in
pebbles.
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Postdepositional enrichment

l. The aluminum phosphate zone:  lateritic weathering and supergene
enrichment,--The Bone Valley formation offers instructive examples of
enrichment as well as leaching. Unaltered phosphorite in its lower part
contains an average of 0.008 percent uranium and 10 to 15 percent of
P20s. In contrast, typical rock from the aluminum phosphate zone has
0,012 percent uranium and 8 to 12 percent Pz0s. In effect it has
sustained roughly a two-fold enrichment in the phosphatic fraction.

There is much variation in the composition and uranium content of
the aluminum phosphate zone. Nevertheless, the distribution of uranium
within it closely follows the distribution of calcium, as shown in
figure 7. The uranium content is greatest in the base of the zone,
declines gradually toward the middle of the zone, and is relatively low
in the upper half. The zone of basal enrichment corresponds to the zone
containing apatite pebbles, and analyses for uranium in pebbles, cements,
and mineral concentrates within the entire zone show that the apatite
pebbles are the richest uranium components of the zone and that the
pebbles in the base of the zone are richer than those in the middie.
Figure 8 illustrates these relations and shows the contribution of the
various textural components to uranium content of the total rock in a
section through the aluminum phosphate zone.

Additional evidence of secondary enrichment may be obtained by
comparing the uranium contents of composite samples of pebbles from rock
of orginally identical petrography above and below the base of the
aluminum phosphate zone. Pebbles from within the zone were found to

contain 0.056 percent uranium in contrast to their analogues just outside
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the zone which had only 0.023 percent uranium. Furthermore, individual
pebbles from the base of the zone contain as much as 0.25 pércent uranium, ]
Concéntrates of’crandallité and milli%?e from thé middle of the éluminum
phosphate zone generally contain from 0.03% to 0.05 percent uranium. In
contrast, pure wavellite, the dominant mineral in the upper part of the
zone, contains only 0.002 to 0.004 percent uranium. Despite the low uranium
content in wavellite the upper part of the aluminum phosphate zone

generally contains from 0.005 to 0.0l percent of uranium (fig. 7). This
fact has led some authors to assume that "...radioactivity is as characteristic
of wavellite.,.as it is of apatite...”" (Davidson and Atkin, 1953, p. 13).
However, analyses of the wavellitic part of the aluminum phosphate zone
usually reveal the presence of trace to minor amounts of calecium (fig. 7)
which reflects the presence of small amounts of crandallite which can be
seen microscopically and in which mueh of the uranium resides.,

The aluminum phosphatq zone is commonly underlain by fossil ferruginous
hardpans, relict of old ground-water levels. It is also characterized by
secondary leaching and vesicularity and by mineral changes which progress
vertically through the section. At the bottom, the zone is characterized
by softened and bleached apatite pebbles. In the middle, holes represent
former pebbles, and crandallite has replaced clay cement and has been
deposited from solution within pebble cavitieé. Upward, wavellite needles
replace the clayey crandallite deposits and the original clay cement
(fig. 9). This alteration has caused a depletion of Cal0, silicate SiOg,
and some phosphate in the upper part, where there is a complementary
increase in Als0s (fig. 7) combined in acid aluminum phosphate, wavellite,

Al3(OH)3(P04)2+5H20. The wavellite yields downward to the intermediate
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2. The Cooper marl--residual enrichment.--We have found that unusual

.

and widespread subaerial enrichment of uranium in apatite also occurs in
the phosphate deposits of the Cooper marl in the vicinity of Charleston,
South Carolina. Being composed principally of limestone, the Cooper marl
is only slightly phosphatic., However, it has been postdepositionally
weathered and ﬁhosphatized; and in the exposures in the vicinity and along
the banks of the Ashley River, between Drayton and Middleton Gardens, the
deposits are characterized by a thin uppermost zone of nodular induration.
The induration takes the form of irregular, discontinuous encrustation
and replacement by secondary phosphate. It is obvious that the process
was accompanied by moderate leaching, as the indurated fragments that are
loose or easily broken out of this zone are marked by cavernous irregularity
and prominent pebble and fossil molds, although its fine texture is
similar to that of the unweathered underlying rock.

The unaltered Cooper merl "commonly contains about 75 percent lime
carbonate and about 2 percent lime phosphate,” (Rogers, 1913, p. 187). . The
Cooper marl was exposed and eroded during Oligocene to Miocene time and
later exposed and weathered during Pliocene to Pleistocene time (Rogers,
1913, and Malde, in press). During the last period of weathering the
calcite was both leached out of the section and replaced by apatite. The
fact that apatite could reprecipitate as a stable phase during weathering
suggests that the ground-water alteration was only mildly acid. This is
further indicated by the absence of aluminum phosphates or even the
intermediat3 calcium-aluminum phosphates, despite the fact that the region

contains appreciable clay.
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An immediate consequence of the reforming of apatite at the site of
alteration is the refixation of any uranium mobilized by prior solution.
This establishes a residual pattern of enrichment. The pattern may be
construed as follows:

1. Mildly acid ground water dissolves calcite and apatite.

2, Some, if not much, of the phosphoric acid in solution is
immediately neutralized by reaction with the remaining calcite
of the marl, producing secondary apatite.

5+ Most of the uranium in solution is taken up by the newly

formed apatite.

This scheme indicates a disproportionate enrichment of uranium as a
result of its preferential uptake in the apatite structure. It has been
possible to develop conclusive data in support of this in the phosphates
of the Cooper marl. Malde in his study of the Cooper marl noted that
"...the uranium content is rather uniform, ranging between 0.001 and 0.005
percent, rarel& as much as 0.007 percent and averaging about 0.003."

In contrast to these observations of the prevailing tenor in the
unaltered marl, table 15 presents analyses illustrating the overall magnitude
of enrichment in the hardpan collected in the area between Rantowles Creek
and Ashley River.

The analyses in table 13 demonstfate enrichment of both apatite and
uranium, the latter quite pronounced. The selective enrichment of uranium
may be shown by comparing analyses of unaltered marl and the overlying
fragments of cavernous hardpan from the same exposure (table 1k). It
should be observed that the enrichment in P20s is only 6 fold whereas

that in uranium is 15 fold.
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Table 13,--Examples of phosphate- and uranium-enriched hardpan in
Cooper marl near Charleston, South Carolina.

Location Percent U 1/ Percent P20s 2/
Magnolia Gardens, exposure on west bank of 0.048 22,1
Ashley River
Andrews, borrow pit on west side of State 0.061 28.3
Highway 161, half a mile north of Andrews
Ashley River banks, west bank at road from 0.048 2k .8
0live Branch Church '
Ashley River banks, east bank 1.25 miles south 0.038 25.8
of Lambs
Bulow Mines, 2 miles southwest of Fort Bull 0.043 27,1

on Fort Bull-Red Top Highway

’ Micah Jenkins Nursery, U. S. Highway 61, 0.087 2k, 7
half a mile west of 8t. Peters Church

1/ Analyst, G. J. Daniels, U, S. Geological Survey.

2/ Analyst, A. R. Schrenk, U. S. Geological Survey.

Table 1h,--Comparison of phosphatized and primary Cooper marl from
Lambs, South Carolina (300 yards above old railroad terminus
on west bank of Ashley River).

Percent U 1/  Percent Pz0s 2/

(a) Unaltered marl 0.005 L,0

(b) Phosphatized hardpan 0.0k 25.9

(¢) Enrichment factor (b/a) 15 6
’ 1/ Analyst, G. J. Daniels, U. S. Geological Survey.

2/ Analyst, A. R. Schrenk, U. S. Geological Survey.
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Another illustration of preferential uptake of uramium during
weathering of apatite is obtained by comparing different nodules from the
same hardpan samples of phosphatized Cooper marl. At several localities
contiguous fragments differed markedly in color, from dark brown to light
tan or gray. The lighter color was ascribed to the bleaching effects of
oxidative subaerial weathering. On the assumption that the lighter
fragments had thus undergone more of such weathering, light and dark
fragments were analyzed separately with the thought that differences in
uranium content would be shown and that differences in other constituents
would reveal the relation of the uranium content to weathering history.
The chemical results are given in table 15. Table 16 gives the composition
of the same samples by semiquantitative spectrographic analysis.

The two samples are located. approximately 4 miles apart amd are
representative of hardpan and weathering conditions over a wide area;
nevertheless, the chemical changes illustrated by the two comparisons are
remarkably uniform for secondary subaerial processes, It is apparent from
the spectrographic analyses that the differences between the contiguous
dark- and light-colored members of each palr are due to weathering. In
each pair the relative quantities of Si and Al increase and the iron
content drops in the light member. The changes are not large and are of
comparable magnitude in each pair. The fact that the carbon content is
the same for both members of one pair and is even greater in the 1ight-colored
member of the second pair in table 15, proves that the color change was
not brought about by oxidation of organic matter as coriginally supposed.
Instead, it is obviously the result of leaching of ferric iron. The

persistence of ferrous iron in each case indicates that the leaching was
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accomplished by reducing solutions, a fact further indicated by the
persistence or increase in organic carbon.

It is suggested that mildly acid humate solutions, derived from the
organic-rich soils which are common in the Ashley River flood plain,
removed the iron by the formation of organo-ferric complexes and thus
effected a partition between ferrous and ferric iron, The solutions
dissolved out slight amounts of the other soluble constituents, apatite
and undoubtedly calcite. This is demonstrated by the uniform decrease in
P05 content in both pairs. This caused a slight residual enrichment in
the relatively insoluble constituents, quartz and clay; hence, Si and Al
both increase in the light members (table 16).3/ Thus, the light members
of each pair reflect substantially more contact with ground-water solutions,
and during such contact, appreciable quantities of uranium were taken out
of solution by the apatite. The fact that the bulk chemical changes are
small (for example, P20s and table 16) proves that residual enrichment
cannot explain the 2- to 3-fold uranium enhancement of the light over the
dark nodules. Patently, the residually enriched uranium of the nodules
throughout the region is frequently augmented by significant additions of

uranium from ground water.

2/ It is possible that in the Ninemile sample only the relative
proportions of Si and F have been reversed. However, in view of the
systematic changes in Fe and Al being demonstrated for both samples,
it is believed that the Si in the light member of the Ninemile sample
actually has increased as in the unambiguous case of ILambs.
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Contrasting modes of enrichment in mild versus intense weathering.--In

comparing uranium distributions within the Bone Valley formation and the
Cooper marl, it becomes evident that two largely different patterns of
regional enrichment prevail during weathering, despite the fact that the
primary mechanism of enrichment is the same, namely, the takeup of uranium
from ground water during weathering., The patterns of enrichment are governed
by the mineral assemblages which in turn reflect the diverse conditions
and enviromments of weathering, Figure 11 summarizes and ¢ontrasts the
results.

 In South Carolina the picture is a simple one of uranium enrichment
occurring concurrently with the production of apatite at the zone of
weathering. The weathering does not appear to have been very intense, as
the zone it has affected is quite thin and the mineral transformations are
not profound, involving merely the leaching of calcite and apatite and the
reprecipitation of apatite. As a result, the zone of enrichment, coinciding
with the zone of appreciable weathering is restricted to the uppermost part
of the section and migrates only as weathering reduces the section to inert
constituents (fig. 11).

In Florida, and in Senegal (Capdecomme, 1953) and Nigeria (Russ, 1924),
the prominence of aluminous phases implies a regime of highly aéid, lateritic
weathering such as would be expected in these tropical areas. The development
of purely aluminous phosphate (wavellite) in the upper parts of the
weathering zone in turn excludes the concentration of uranium, and the
enrichment zone migrates to where calcic phosphates occur (fig. 11), and,
accordingly, uranium content increases progressively down section,

achieving moderate concentration in the crandallite zone and causing a
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supergene enrichment in the base of the entire zone where weathering is
incipient and spatite still -abounds.

The deduction of two different intensities of weathering, strongly
and weakly acid, from two different gross petrographies, might be questioned
on the grounds that the South Carolina section, containing primary calecite,
would have so much greater neutralizing capacity from the Florida section
that acid phases could not be generated. In answer to this it can be noted
that the Senegalese deposits contained limestone and dolomite but were
nevertheless altered to crandallite and other aluminum phosphates. In
addition it has been shown that the excessive enrichment of some of the
Cooper marl nodules must represent ground-water enhancement beyond the pure
residual enrichment of adjoining nodules. This ground-water enhancement
implies considerable additional ground-water seepage; yet,the apatite, a
basic to neutral compound, has remained as a stable phase despite the fact
that clays abound in the overlying marls and metasomatic alteration of
apatite to aluminum phosphates is rather common under similar conditions
in soils, Presumably the acidity was quite low, as even traces of aluminum
phosphates or intermediate phases ére absent in hardpan of the Cooper marl.

Brown-rock phosphates of Tennessee--residual concentration,--The 'brown-

rock phosphates" of central Tennessee are a prominent example of residual
phosphate accumulation and they were studied for residual concentration
of uranium. The brown-rock deposits occur mainly as a residual blanket
surmounting the Bigby formstion of Middle Ordovician age, (Hayes and
Ulrich, 1903) crossbedded formation in which apatite occurs sparsely
concentrated within topset an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>