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ABRTRACT 

The Bone VaHey formation of Plioceno age, which contains 
most of the land-J>4·bble pho~phatCR, O(!('urs in west-central 
Florida, east of the Tampa Bay rf'J<ion. It unconformably over­
lies the Hawthorn formation of carly and middle Miocene age 
and is covered by a surface mantle of quartz sand~. It containA 
graded bedded pehhly and clayey pho!'\phat.ic Rands in its lower 
two-thirds, which are mined, and a l~s ph()~phatic ma.qsivc­
bedded clayey sand, approximat('ly 8-10 fcet thick, in its upper 
third, which is dil'!csrded. 

The upper part of the Bone Vall(>y formation has been leached, 
altered to aluminum ph08phate~, and enriched in uranium in a 
'Widesproad thouJ,(h diRcontin\lo\l~ zone which averages about 
6-7 feet in thicknes~ and underlie~ several hundred square miles 
of the Peace and Alafia draina~c hasins. The areal distribution 
patterns \\;th respect to the thickness, tonnage, and grade of 
tho aluminum phosphate zone ron form strikingly to the topog­
raphy of the river valleys. 

The Bone Valley fonnation was altered by weathering and 
ground water, and the veitical changes through the aluminum 
phosphate zone show a progref!sive change in mineralogy and 
texture. In typical sections carbonate-fluorapatite still prevails 
at the base, incipiently leached and altered. In the middle of the 
zone, the calcium aluminum phosphateR crandallite and millisite 
are found, and at the top the aluminum pboephate wavellitc 

pre<iominat.cs. The.challge~ have hcen brought about by phos­
phatization of clay and by alumina alteration of apA.tite. 

Milch apatite and clay have been leached and replaccd in the 
aluminum phoRphate zone, and its rock is genflrally whit-e, friable, 
and highly pOroUl't; however, i~ chararter hae been great.Jy in­
fluenced by the primary Bone Valley petrography. Thus, 
where graded bedded pebbly rork is altercd, coarse, frequently 
graded, vcsicularity result.s; where mMSive clayey sand iR altered, 
fine porosity prevails, and aluminum phORphatcs Me more 
common. 

The uranium cont~nt of un~ltf'red ~ock of the lower part of the 
Bone V&lley is approximately 0.008 percent; its PaO, content is 
about 15 percent. Unaltered rock of the upper part of tho Bone 
Valley contains much lesA uranium and P,O,. By contraElt, a 
well-devcloped section of aluminum phosphate zone typically 
has 0.012 percent uranium and approximately 8-10 percent 
P,O,. Within the aluminum phosphate zone, uranium increases as 
calcium docs, and the more calcic phosphates arc more uraniferous. 
In addition, supergene processes have cauRoo a subl,one of bMftl 
enrichment in thc aluminum phosphate zone in which individual 

. apatite specimens contain &8 much &<J O.X percent uranium. 
Except for a Aingle trace occurrence of autunite, no uranium 
minerals have been found in the Bone Valley formation. 

The aluminum phosphate zone is a potentially valuable te­
source 01 uranium, phosphate, and alumina, particularly &8 it· 
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must be stripped anyway to mine the underlying apatite de­
posits, and its rock can be readily beneficiated by removal of 
quartz, the major diluent. 

INTRODUCTION 

In the upper part of the Bone Valley formation, 
Florida, a discontinuous zone of alteration containing 
aluminum phosphate overlies the commercially mined 
apatite which constitutes the land-pebble phosphates. 
This alunlinum phosphate zone has been known for 
many years. In 1949, however, during the U. S. 
Geological Survey's exploration studies for uraniulll, it 
was found to be fairly widespread and enriched in 
uranium; this greatly enhances its value as a potential 
resource, not alone of uranium but also of alumina and 
phosphate. The aluminum phosphato desposits result 
from the lateritic alteration of the Bone Valley forma­
tion hy ground water and represent the progressive 
replacement of clay and apatite in a paragf' oetic 
8equonce which has recently been reported from other 
similarly altered phosphate deposits- those of Nigeria 
(Russ, 1924) and ~n~gal (Capdeconune, 1953). Thus, 
it) addition to its economic interest, the aluminum 
phosphate zone is intrinsically interesting to the geolo­
gist because it represents a general type of alteration in 
the particular petrogenetic domain of phosphorites. 

Much of the work reported hero was originally pub­
lished in an administrative report to the U. S. Atomic 
Energy Commission in December 1949. The authors 
are much indebted to associates in the U. S. Geological 
Survey for more recent contributions to their efforts: 
to J. P. Owens and R. Ivf. Berman for X-ray investi­
gations of pscudowavcllite and millisi~, to E. J. Young 
for field and laboratory studies on the genesis and dis­
tribution of zones of weathering an.d surficial cieposits; 
to J. n. Cathcart, the highlights of whose economic 
studies have heen freely drawn on, and to C. B. Hunt 
for his stimulating gui<.lance and criticism in many of 
the field problelns. 

GENERAL GEOLOGY AND STRATIGRAPHY 

The Bone Valley f9rmation of Pliocene age (Cathcart 
and others, 1953) underlies 2,600 square miles in west­
central peninsular Florida, east of the Tampa Bay 
region, in Polk and Hillsboro Counties and extending 
into adjoining counties (fig. 170. The region is gener­
ally flat and exposures are limited to the phosphate 
nunes and to a few spots in the banks of the Alafia and 
Peaee Rivers, which drain the area. A low north­
trendiug ridgo of suhdued karst topography divides 
the Peace and Alafia drainages in the cen ter of the 
region. The BOllO Valley unconformably overlies the 
Hawt.horn formation of early and Iniddle Miocene age 

(MacNeil, 1947) and is covered by a ,mantle of loose 
quartz sand. 

The Hawthorn formation consists mainly of quartzose 
and slightly phosphatic limestone and marl. Its upper 
part has been irregularly altered to dolomite; and its 
clay, normally montmorillonite, has been transformetl 
to attapulgite. The Hawthorn's surface is irregular, 
its rock is solution pitted, and it contains luany small 
slumps, and locally large ones, within which the over­
lying Bone Valley thickens (Cathcart, 1950). In addi­
tion theBone Valley strata drape over irregularities of the 
Hawthorn surface, owing to postdepositional solution 
and slUInping. Probably the Hawthorn was exposed 
and weathered during late Miocene tiIne, forlning an 
irregular karst topography and accumulations of phos­
phatic residuum consisting of prinlary apatite nodules 
and secondary phosphatized limestone pebbles. Marine 
transgression during the Plioceno dolomi tized the 
weathered limestone and reworked the clastic residuum 
and phosphatized limestone into the Bone Valley 
formation, at the same time adding unknown anlounts of 
quartz, clay, and phosphate. Later uplift, continuing 
in the Recent, induced new subterranean solution and 
slumping, and is responsible for the present karst 
topography. 

The Bone Valley formation is a pebbly and clayey 
sand of quartz and phosphate. Much of its clastic 
material is transgressi vely reworked resid ue of the 
Hawthorn. The formation is normally 25- 30 feet 
thick and is characteristically graded bedded in its 
lower two-thirds, which is the pebbly phase that is 
mined and known commercially as matrix (fig. 172). 
The materials in tbe graded bedded phase range from 
pebbly sand through sand, clayey sand, and clay. In 
the upper third of the Bone Valley, the graded bedded 
deposits change rapidly to massive-bedded cla.yey 
quartz sand containing only minor amounts of clastic 
phosphate. This upper zone and the overlying quartz 
sand are discarded as overburden during mining. 

The Bone Valley is composed of approximately equal 
amouuts of quartz, clay, and phosphate minerals. 
Their <.listribution is uneven, however, because the 
upper part of the Bone Valley is 60-70 percent quartz 
sand in a groundmass of clayey cement, and the lower 
part of the Bone Valley is correspondingly higher in 
phosphate particles and lower in quartz. 

The phosphate in Ha.wthorn and unaltered rock of 
tbe Bone VaUey occurs primarily as nodules and pebbles 
of carbonate-fluorapatite (Altschuler and others, 1953). 
The clay in the lower part of the Bone Valley is an 
iron-rich montmorillonite, and in the upper, massiv~ 
bedded Bone Valley it is a kaolinite. The change from 
montmorillonite to kaolinite is a postdepositional 
alteration and does not conform preci8ely to the 



URANIUM DEPOSITS, ALUMINUM PHOSPHATE ZONE, FLORIDA 497 

---T---~Q--
I 

I 

N 

1 
EXPLANATION 

Areas excel9ding 150 ft 
in altitude (atter McNeil. 1947) 

Outline of land·pebble 
phosphate field (after 
Cathcart, 1953) 

10 
I 

o 
J 

20 Miles 
I 

--r 
I 

I 
I 

I 
I 

I 
I 

I 
I 

----1 
I 

I 
I 

I 

FrouRE 17l.-Map of west-centml Florida showlng the outline of the land·pebble phosphate field . Shaded areas are belts ofrldgeland enolosed by lOO-foot contour. 

boundary between the upper and lower units of the 
Bone Valley. 

Generally the Bone Valley formation is compact 
although not indurated, and it is gray or greenish gray 
owing to the ever-present clay. In places red-brown 
or ora~ge is superimposed irregularly by oxidative 
weathering of clay. . In the mines of· the Peace and 

Alafia drainage basins, a white zone of leaching and 
alteration irregularly transgresses the upper part of 
the section (fig. 172). This is the aluminUin phosphate 
zone. Its rock is vesicular, friable, light in weight, 
and composed of quartz sand that is cemented and 
indurated by the secondary 'minerals wavellite~ crandal­
lite, and, locally, tnillisite. In the ahtiriin~ phosphate 
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zone, therefore, tho lithology of the section as pre­
viously outlined has been modified by leaching, seeond­
My precipitation, and replacement. These modifica­
tions, as well as the chemical characteristics and 
uranium contents of the rock, depend greatly on 
whether only the upper or both of the prilIltt.ry lith­
OlOhrie zones of the Bone Valley formation have been 
altered. 'fLUf~, coarsely vesicular rock is confined to 
originally pebbly st.ratn (!i~. 172); and beeause these 
were the apatite-rich Inycrs, the calcium ~IUInillum 
phosphates erandu.llite und m.illisite are abundtlllt in 
such rock. 'Vhere the nlt.eration is restricted to the 
upper part of the Bone Valley, however, the ulumiuum 
phORpbate wavellite is the dominant mineral, the 
porosity is more uniform, and the rock is fiuely vesicular. 

So<'.ononry precipitu.tes underlie tIw aluminum phos­
phate zone in irregular, tliH(',()utinuous seams of hardpan 
which cement layers of sund and enCl'llRt upper surfaces 
of clay. The cement cOllsists of dark apatite ano, 
subordinately, of limollite and chert. The chert 
represents silica released during the phosphatization of 
clay to wtLvellite and ·ernndallite. SeamH of silica call 
be seen clos('ly associated with clay in proce~s of such 
alteration higI\{·r in the section. Tho hardpans are 
formed by muteriullcn.ehcd from above and redeposited 
at the ground-wnter tnble during the early stages of 
leaching; henee, apatit e, rather than secondary 
phosphate, prevails. 

Pebbles of apali tc ut the base of the leaehed zone 
record the onset of alteration. They are softened, 
highly porous, and rimmed by a bleuehed and whitened 
zone of crandu.llite and wavellite. \Vithin the next 2 

feet the pebbles are cODlpletely altered and white, and, 
fiually, cavities occur that are comparable in size and 
sorting to the pebbles in the adjoining rock. \Vhere 
the leaching is most intense, holes coalesce, and all 
parts of the rock are affected. Higher in the section, 
unifonnly porous phosphatic sandstone prevails where 
the rock was originally well-sorted clayey sand. 

Another important modification within the alunlinum 
phosphate zone is the fine-grained secondary cemen t 
that coats most fractures and cavities (pI. 11). 1-fuch 
of it is layeroo and built up front the floors of the cavi­
ties in concave, lellglike masses that are devoid of silt. 
The seeolldary cement is a mixture of kaolinite, apatite, 
and aluminum phosphau.~s. Its habi t unplies deposi­
tion frollt clesceudillg SOIUtiOllS from which phosphate 
minerals wcre precipitated; kaolinite, either refonning 
from solution or carried in suspcnsion, was deposited 
synchronously. FroJn bottonl to top of the section, 
the composition of the secondary ecments shows the 
same chunge frOIll ealciwn to aluminum phosphates as 
does the zone u.s a whole. Thus, apatite drops out as 
crandallite and wavellite become successively predom­
inant. ~Iicroscopic examillation revealb waveliite nee­
dles discordantly replacing the previously dl.'posited 
mixtures, thus representing not merely the pereipitation 
of a later phase but progressive alteratioll (pI. 11). 

The precipital.ion of secondary cement is dcp('ndent 
both on dl~gree of leuehillg and stratigraphic position. 
At the base of the alurninuIll phosphate zone, cavity 
fillings are microscopic and secondary cemCll ts occur 
only as fracture fillings and cont-iugs around partly 
leached grains. In the middle of the zone where leach­
ing is more pronounced, secondary cements may con­
stitute 10 pcrecnt of the rock, mainly in the form of 
layered cuvity fillings. Toward the top of the section, 
leaching ha.'4 been lnost pronounced; however, duvia­
tion predominates and secondary centents diminish 
again. In the uppermost few inches a. sharp increase 
ill cement content underlies the boundary with the loose 
sands and probably represents a caliche deposited dur­
ing occa.qional periods of desiccation. 

DESCRIPTIVE MINERALOGY 

The principle Dtinerals of the aluminum phosphate 
zone are apatite, erandallitc, miUisite, and wavellite. 
Of these, <:randallite and wavellite are the most typical, 
because apatite is generally confined to the hasal part 
of the ZO llO and millisite is important only locally. 

Carbonate-jiuorapatite.-The fine-grained apatite in 
the aluminmu phosphate zone, like that in the rest of 
the Bone Valley formation and otlwr marine phosphor­
ites, is characterized by a deficiency iu P206 contont of 
3-6 pereellt, an excess of For (l1'+OHh of 0.5-} per­
cent, and the presence of approximately 3 percent of 
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carbonate (Altschuler and others, 1953; Jacob and 
(,fl-ters, ] 933). In addition, the apatite is demonstra-

smaller jn unit-cell dimensions thnn igneous fluorap­
atite (Altschuler and others, 1953). The structural 
differences revealed by the chnracteristica.lly smaller 
cell dimensions are best explained by the chemical 
deviations, which can be expressed in the formula 
CalO (PO.COa)6F 2-3' 

The apatite always occurs as aggrega.tes of submicro­
scopic crystnls. I ts index of refrnction ranges from 
1.575 to 1.625 nnd is typically about 1.605. It is gen­
ernlly isotropic, but fibrous varieties show birefringence 
of about 0.003, positive elongation, and parallel extinc­
tion. The specific gravity of the pure apatite nodules 
is 2.96-2.99. 

Orandallite [CaAI3(P04)2(OH)5·H20].-Crandallite (pa­
Iache and others, 1951) in the aluminum phosphate zone 
is entirely secondary. It replnces either apatite or kao­
linite and is intimately mixed with them. It inherits 
their fine-grained textures and is predominantly iso­
tropic. It may also be associated with the secondnry 
minerals, miIlisite, wavellite, and goethite. Depending 
on the amount of intermixed minerals, the index of re­
fraction of crandallite ranges from 1.590 to 1.630. Pur­
est varieties are least birefringent a,nd have an index of 
1.615. Crandallite is white to pale gray in reflected 
light and colorless to brown in transmitted light. The 
composition of crandallite departs from the ideal for­
mula in having 11-12 percent CaO instead of 13.55. 
The specific gravity of this crandallite is approximately 
2.75-2.78. 

M1'1lisite [(N aK)CaAI6 (P04)4(OH)g·3HzO}.-MiIlisite 
(Palache and others, 1951) is known to occur as a major 
component of the aluminum phosphate zone within one 
area of several square miles and is present only in minor 
or trace amounts elsewhere. Like crandnllite, with 
which it occurs as a microcrystalline intergrowth, milli­
site is fine grained and virtually isotropic. The presence 
of millisite was demonstrated in X-ray studies of J. P. 
Owens and R. Berlnan, of the Geological Survey. Its 
mass index refraction is 1.630, and it is pale greenish 
whit.e. The specific gravity of millisite in the alunlinum 
phospbate zone is the same as that of crandallite. 

Nlillisite requires alkalies; hence, its restricted ocur­
rence, in contrast to crandallite, is probably related to 
the distribution of montmorillonite. In Inost areas 
montmorillonite had been transformed to kaolinite b~fore 
the phosphatization of clay, and crandallite developed 
in preference to millisite. 

Wavellite [A!a(P04)2(OH)3·5HzO].-Wavellite (palache 
and others, 1951) occurs in the aluminum phosphate 
zone in two ways: as bands of cryptocrystalline fibrous 
material of low birefringence, index of refraction of 
1.580, and as euhedral white bladed crystals, crystal 

aggregates, and spherulites. The euhedral material is 
most common and can be readily identified by its op­
tical properties and nlOde of occurrence. Its indices of 
refraction are a 1.52-1.53, {3 1.535, and 'Y 1.546. Its 
specific gravity is between 2.30 and 2.33. The wavellite 
occurs as druses and vein fillings, as spherules in cavities, 
or replacing clay and apatite (pI. 11). The crypto­
crystalline variety is primarily a clay replacement. 

PETROLOGY 

The nature of the alteration in the aluminum phos­
phate zone is shown in table 1,8. series of chemical 
analyses from the Homeland tnine of the Virginia­
Carolina Chemical Corp., at Homeland, Fla. These 

, samples are representative of the thickest section of the 
aluminunl phosphate zone in figure 172. Sample Ho-20 
is from the basal part of the zone, and Ho-25 is a sample 
of the uppermost material. Quartz and clsty as re­
flected by SiOz content are higher on the avernge in the 
upper part of the section; and CaO, CO2 , and F, all of 
which reflect apatite, drop off sharply fronl bottom to 
top. The relative changes are shown in figure 173 
where the major oxides are recomputed and plotted on 
a silica-free basis according to their stratigraphic posi­
tion. As very little clay remains in this particular 
section, this is equivalent to removal of quartz, which 
being relatively inert, is unaffected by the al teration. 

I t can be seen in figure 173A that CaO and Al20 a 

have a complementary relation in the aluminum phos­
phate zone but that P20l) shows 9. slight, though steady 
decline toward the top of the section, reflecting general 
leaching of phosphate ' minerals. ' The abrupt drop in 
P20 5 in sample 110-22 rtnd the 'corresponding peak in 
A120 3 are due to the presence of' kaolinite in an 6riginally 
thick clay layer. Otherwise, the respective upward 
and downward trends of the A120 3 and CaO curves 
correspond almost exactly to a gradual replacenlent of 
apatite (3.3 CaO: IP20 s) by crandallite and wavellite 
(both 3 AI20 a: 2 P20 IS). Thus, Al20 a increases half as 
rapidly as OaO falls, because Al20 3 in crandallite and 
wavellite requires about twice as much P20S as does CaO 
in apatite. 

The reversal of trend in CaO content in the upper­
most material (110-25) results from the aforementioned 
increase of secondary cenlen"t containing crn.ndallite. 
An increase merely in the amount of cement might repre­
sent only textural control or material introduced from 
above during last stages of weathering. IIowever the 
concomitant increase in calcium phosphate content 
indicates transport of material from below and deposi­
tion by evaporation, particularly as calcium phosphate 
has disappeared in several feet of subjacent section. 

The mineral composition at Homeland is reflected in 
the ratios of CaO to P 20j; and Al20 3 to P20 ti in figure 
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173B. Apatite is not found in any samples above 
Ho-21. Crandalliteis a major mineral only in sample 
Ho-21 and Ho-22. From this point to the top of the 
section crandallite is of minor importance, and the 
ratio of CaO to P201) declines sharply above Ho-21 
and remains small thereafter. Wavellite is a major 
component throughout the section, and the ratio of 
Al20 3 to P205 is large initially and increases upward. 

Experiments by Warrenton, cited by A. L. Du'foit 
(~917), have shown that calcium phosphates in the 
presence of carbonated water can be dissolved by 
aluminum hydroxides with the formation of aluminum 
phosphates. Laboratory and soil fertilization studies 
indicate that clays may be transformed to calcium 
aluminum and alUlninum-phosphates in acid conditions. 
:Field and microscope evidence for such reactions in the 
aluminum phosphate zone have been described above, 
namely, the progressive replacement of clays and apa­
tite by crandallite and wavellite and the occurrence of 
chert seams adjacent to wavellitized clay. We may 
state that these reactions proceed from the top of the 
section downward and are still incomplete at the base. 
This is evident from the vertical sequence. Thus, the 
most acid phase, wavellite, dominates at the top; and 
the less stable, more basic phases, crandallite and 
apatite, are successively more dominant downward. 
also, wavellite needles can be seen replacing earlier 
deposited secondary cements at the base. 

URANIUM DISTRIBUTION IN THE ALUMINUM 
PHOSPHATE ZONE 

The uranium in the Bone Valley formation, and 
indeed in most other phosphorites, is associated inti­
mately and almost entirely with the phosphate nlinerals. 
In 1949 a single trace occurrence of autunite, Ca(U02)2-
(PO.)2·12H20, was found by the authors in the alum­
inum phosphate zone, and C. Arambourg and J. Orcel 
(1951) and A. A. Guntz (1952) have reported trace 
occurrences of torbernite-group Ininerals in Morocacn 
phosphates. These occurrences are quantitatively 
insignificant. In laboratory experiments uranium is not 
differentially leached from apatite or aluminum phos­
phate rock with complexing or noncomplexing acids. 
Further, the clay, quartz, carbonate, and other minerals 
associated with apatite in phosphorites always contain 
less than 0.001 percent uraniulll. 

Unaltered phosphorite in the lower part of the Bone 
Valley formation averages 0.008 percent uranium and 
contains 10-15 percent P20 li • Unaltered clayey sand 
from the upper part of the Bone Valley contains only 
minor amounts of P20l) and approximately 0.002-0.003 
percent uranium. In contrast, typical rock from well­
formed sections of the aluluinum phosphate zone has 
8-12 percent P20 5 and approximately 0.012 percent 

uranium. Fur therlllore , the rock in the aluminum 
phosphate zone generally . contains 60-70 percent 
quartz and 5-10 percent kaolinite, both relatively non­
uraniferous diluents. The aluminum phosphate zone 
has thus had twofold to fourfold enrichment in ura­
nium, even in contrast to the matrix. 

Although there is much and expectable difference in 
the composition and uranium content of the aluminum 
phosphate zone, the distribution of uranium within it 
generally exhibits the pattern illustrated in figure 173 
and reflects the mineral, chemical, and stratigraphic 
relations. As shown in figure 173A, the uranium con­
tent increases sharply just above the base of the zone, 
declines gradually in the middle, and is relatively low 
in the upper half. Moreover the distributions of 
uranium and lime are strikingly similar. Analyses of 
pebbles, cements, and ITlineral concentrates for uranium 
show that the apatite pebbles are the most enriched of 
the aluminum phosphate zone components and that 
the pebbles in the base of the zone are richer than those 
in the middle. Individual pebbles from the base of the 
zone cOffiInonly have tenths of a percent of uranium, 
although pebbles frOln the same strata outside the zone 
of alteration contain only 0.02 percent of uranium. 
Concentrates of crandallite and lllillisite generally con­
tain 0.03-0.04 percent uranium. In contrast, pure 
wavellite contains only 0.002-0.004 percent uranium. 
Despite the low uranium content of wavellite, the upper 
part of the aluminum phosphate zone (table 1 and fig. 
173A) generally contains about 0.01 percent uranium; 
however, this is attributable to minor amounts of 
crandallite. 

Thus, uranium associates most strongly with the 
more calcic phases, preferentially with apatite. When 
apatite is depleted uTanium is enriched in crandallite. 
This is clearly demonstrated by the virtually identical 
curves for uranium and CaOjP20 6 (fig. 173B) for samples 
Ho-20 to Ho-22. Ho-22 is the first sample in which 
apatite is missing, and the OaOjP20 6 drops accordingly 
as the remaining lime is fixed in crandallite. At this 
point the uranium curve abruptly departs frOln the 
OaOjP206 curve although it generally parallels its trend 
through the remainder of the section. 

The correspond~nce between CaO and uraniurIl and 
the basal enrichment of uraniuln in apatite suggest 
that uranium substitutes for calcium in the apatite 
structure. This is plausible on crystallochemical 
brrounds because the ionic radii of quadrivalent ul'aniUlIl 
(1.05A) and bivalent calcium t1.06A) (Goldsehlnidt, 
1954) are virtually identical, and both V. E. MeICelvey 
and J. 11. Nelson (1950) and V. M. Goldschmidt (1954) 
have proposed the substitution. Recent work (Alt­
schuler and others, 1954) demonstrating that mnch of 
the uranium in apatite is quadrivalent essentially 
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TABLE l,-Chemical analyse8 of seven samples from the aluminum ph08phate zone 

[AnlaY8t, F. Cuttftta] 

Constituent H<>-20 H<>-20A 

8io
2 
__________ _ ___ _ ___ __ __ _ _______ _ _______ _ 51. 48 62. 60 A1

2
0

3 
____________________________________ _ _ 

8. 26 5. 98 Fe
2
0a 0 ___________________________________ _ 

2. 76 2. 86 
~nO _____________________________________ _ .70 .53 
~fgO--------- - ------------- - ----- - --- - ---- .01 .01 
CaO _____________________________________ _ 

8.98 8. 25 Na
2
0 _____________________________________ _ 

. 23 .13 K
2
0 ______________________ ________________ _ 

.00 .00 Ti0
2 
_____________________________________ _ .37 .40 

P206-------------------- -----------------_ 19. 72 13. 60 

6. 76 6. 09 
.80 .24 

Loss on ignition b ________________ _ _________ _ 
CO

2 
______________________________________ _ 

F ________________________________________ _ 
1. 15 . 52 Cl _______________________________________ _ 
. 03 .02 

80
3

c -- ---- _______________________________ -- .01 .01 Cr 20 3 ____ - ________________________________ _ .01 .01 V
2
0

5 
_____ _ _______________________________ _ 

.00 .00 U d _ _ ________________________ _ ___________ _ . 01 .03 

Total ________ __________ ___ ________ _ 101. 28 101. 28 
Less F = 0 _________________________ _______ _ .48 .22 Less Cl = 0 _________ ________________ ______ _ .01 . 01 

Corrected totaL __________ ___________ _ 100. 79 101. 05 
H2~(110°C)------------------ - -- - - - ------ .35 . 49 

• This represents totaltron, some 01 which may be present as ferrous tron. 
b The figures for loss on ignltfon Include adsorbed water (H,O-) tmd exclude CO,. 
• This represents total sulfur; no sulfides were found. . 
4 Urtmium Is reported as a metal, as Its valence st8te was not determined. 
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establishes the proof. Considering that uranium occurs 
in apatite in amounts of one atom per several thousand 
unit cells, the excess charge involved in the substitution 
of uranium for calcium can easily be balanced by a 
number of substitutions known to occur in apatite or 
by excess fluorine . The replacements of calcium by 
sodium and of phosphate by silicate are both of far 
greater magnitude than the replacement of ·calcium by 
uramum. The sexivalent ul'anium in apatite can 
usually be explained by postdepositional weathering or 
bv oxidation incident to radioactive decay. Thus ' a 
~echanism is supplied for explaining the zone of basal 
enrichment within the aluminum phosphate zone. The 
amount and manner of enrichment in the entire zone 
are discussed below. 

ORIGIN OF THE ALUMINUM PHOSPHATE ZONE AND 
ITS URANIUM ENRICHMENT 

The following are the distinctive features of the 
aluminum phosphate zone: (1) It transgresses the 
stratigraphy and always extends downward from the 
top of the Bone Valley formation, (2) it is commonly 
underlain by hardpans reflecting old ground-water 
levels, (3) its mineralogic and textural changes progress 
vertically through the section and diminish downward, 
and (4) it is characterized by leaching and reprecipita­
tion involving the depletion of CaO, N 8.20, silicate 
silica, and some phosphate, and the complementary 
increase in Al20 a, coordinated as acid aluminum phos­
phates which yield downward to basic calcium phos­
phates. 

This combination of features implies postdepositional 
lateritic alteration by acid ground water. It also 
implies downward percolation controlled by the ground­
water table. The ground water of thel'egion was prob­
ably rich in humic "acids" derived from soils, bogs, and 
ground-water podzols of Pleistocene age ; "fossil" and 
CUlTent examples of these occur in the area. One of 
the first changes in the alteration sequence is the trans­
formation of montnlOrillonite to ' kaolinite . . Thus, 
although the unaltered clayey sand is kaolinitic, the 
change from montmorillonite to kaolinite transgressed 
the primary stratigraphic horizon separating pebbly 
graded beds frOID nlassive clayey sands. ~10reover, 

minor amounts of montmorillonite a.re found in many 
sections of the kaolinitic clayey sand, and discrete 
residual patches of montmorillonite containing appre­
ciable apatite sand have been found in one section of 
otherwise fresh-looking kaolinitic sand containing only 
minor amounts of apatite. 

Coincident with the alteration of montmorillonite to 
kaolinite, or shortly thereafter, clay and apatite w:ere 
dissolved and the phosphoric acid thus generated re­
acted wi~h clay to produce crandallite and wavellite. 

Aluminum hydroxides reacted with apatite and also 
produced crandallite and wavellite. ,Further, crandal­
lite was precipitated as a secondary cement from acid 
solutions which percolated downward and were neu­
tralized in the more basic zone containing apatite. 
During early stages of leaching, calcium was more 
abundant, and crandallite was the main secondary 
phase. . With additional acid-ground-water percolation, 
the more stable end product (wavellite) gradually re­
places the intermediate phase (crandallite). 

The picture of downward leaching and redeposition 
accords well with the pattern of uranium distribution. 
Uranium is liberated during the leaching of apatite 
pebbles in the upper part of the zone. It is kept soluble 
in the descending acid waters, probably as complexed 
uranyl and uranous ions, and it is secondarily enriched 
(Altschuler and others, 1954) in the porous partly 
leached apatite pebbles at the base of the zone by 
structural replacement of calcium. Work by C. F. 
Baes, Jr., (1954) demonstrates that sexivalent uranium 
can be reduced to quadrivalent uranium by the oxida­
tion of fenous iron in acid solutions and that this reac­
tion is furthered by the presence of fluorine and phos­
phate. Thus, even under oxidizing conditions some 
low-valence uranium could persist after release from 
apatite and be available for uptake in the manner pro­
posed. It is necessary to postulate the presence of the 
uranyl ion because of the thermodynamic relations 
favoring the transformation of U4+ to UO/+ (Ganels, 
1955) and also because of the trace occurrence of aut­
unite which indicates local concentration of U02++. 

Presumably only low-valence uranium would be fixed 
by diadochy, and uranium could also be adsorbed by 
apatite as uranyl phosphate. Experimental evidence 
has shown that apatite can fix appreciable uranyl ion 
(Neuman and others, 1949; Moore, 1954). Valence 
analysis of the uranium in apatite from the base of the 
leached zone has shown. that the ratio of quadrivalent 
to sexivalent uranium is lower than in comparable 
unenriched apatite; however, the total amount of quad­
rivalent Ul'anium may be higher. This indicates that 
the apatite in the aluminum phosphate zone may have 
taken up both uranous and uranyl ions. It is equally 
possible that the initial uptake was largely of uranous 
ion and that continual weathering and decomposition 
of the host apatite have caused oxidation to the uranyl 

. state. 
The mode of occurrence of uranium in crandallite 

and wavellite is not known. It is assumed to be inti­
mately associated as uranyl phosphate. The downward 
secondary enrichment of uranium is based on the prop­
erties of the entire aluminum phosphate zone, however, 
and applies equally to these minerals. L. Capdecomme 
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and R. Pulou (1954) also report uraniferous crandallite 
deposits that are more radioactive in the basal zone. 

The presented theory of supergene enrichment of 
uranium demands the original presence of 2 or 3 times 
more apatite than now occurs in the aluminum phos­
phate zone. Although the initial content of apatite in 
the zone was undoubtedly higher than the amount 
remaining, it is not possible to assume a twofold to 
threefold increase in percent of apatite in view of the 
primary stratigraphic change to a less phosphatic 
clayey sand that can be observed in relatively unaltered 
outcrops. It is known from field and laboratory evi­
dence, however, than an originally thicker section was 
available for leaching of apatite to provide the present 
enrichment in uranium. Briefly, the contacts between 
the loose sands and the upper part of the Bone Valley 
are gradational in detail, and the sands of both zones 
are virtually identical in size, sorting, and heavy­
mineral content. Therefore, · part of the loose sand 
mantle is a blanket of lateritically weathered and 
eluviated upper part of the Bone Valley and hence not a 
Pleistocene deposit, and the present contact is a lowered 
one. 

J. B. Cathcart mapped the regional occurrence of the 
aluminum phosphate zone and established that its 
isopach and isograde con tours generally conf~rm ~o the 
topography of the river valleys. The zone IS thiCkest 
and richest in uranium under the outer slopes of the 
flood plains, and the changes in grade and thi~kness. of 
the zone nligrate upstream in most of the trIbutarIes 
and toward the master streams on aU the interfluves in 
the manner of topographic contours. 

The degree of accord between equivalent uranium 
and chemically determined uranium in the aiunlinum 
phosphate zo;e indicates that the zone and its distri.bu­
tion and grade patterns originated in Pleist,ocene tune 
and are probably preglacial. Precise ages cannot be 
proposed at this time. 

The relation of the aluminum phosphate zone both 
to the ground-water table and to the stream valleys in­
dicates that the weathering and leaching are related to 
stream incision and a lowering of the ground-water 
table, probably caused by slight regional uplift during 
Pleistocene time. The downcutting and the adjust­
ment in the ground-water system would have been most 
pronounced in the lower reaches of the rivers, and the 
resultant ground-water leaching and deposition are 
therefore most profound on the slopes of the master­
stream valleys. The formation of postdepositional sub­
terranean solution caves and their collapse reflect the 
present topography, cause supratenllous folding in the 
Bone Valley, and are related to this initial uplift as well 
as t.o later movement. 

ECONOMIC GEOLOGY 

The aluminum phosphate zone underlies sey-ernl 
hundred square miles in the valleys of the Peace and 
Alafia Rivers, and it averages 6- 7 feet in thickness. 
Kno,vll reserves pxceed 800 mi1lion tons according to 
V. E. McKelvey (and others, 1953). Several million 
tons of aluminum phosphate zone rock are stripped 
annually in mining the calcium phosphate deposits. 
The aluminum phosphate zone generally averages 0.01-
0.02 percent uranium and is therefore a potential source 
of tens of thousands of tons of uranium. 

The average content of phosphate minerals in the 
aluminum phosphate zone is 20- 30 percent. The po­
tential reserves of alumina and phosphates with which 
uranium is associated are thus hundreds of millions 
of tons. 

Certain petrographic features of the aluminum phos­
phate zone are, particularly auspicious for eeonomic 
exploitation. The rock is a friable phosphatic sand­
stone. 1\10re than 60 percent of the rock is qunrtz that 
is coarser than 150 mesh (0.1 mm). Virtually all of the 
phosphatic materinJ is finer than the quartz or can be 
reduced to finer size during disaggregation. Thus, by 
a separation into appropriate eoarse and fine fractions , 
a twofold to threefold concent.cation of the phosphate, 
alumina, and uranium can be obtained with moderately 
high recovery. Furthermore, because of its eharacter­
istic basal enriehment in uranium, the aluminum phos­
phate zone can be easily delimited in prospecting by 
shallow radioactivity logging. 

In view of the auspices under which these discussions 
are assembled, it is appropriate to emphasize not only 
the inherent geologic interest of the aluminum phos­
phate zone but also the benefits that would result f~~m 
its utilization. The added stimulus of great quantItIes 
of recoverable uranium nlakes possible the exploitation 
of vast deposits of alumina and phosphate whieh would 
normally be lost or unused, and much research is c:u­
rently in progress in the United States on the extractIOn 
of uranium and the production of alumina and phos­
phate fertilizer frOID the aluminum phosphate zone. 
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