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INTRODUCTION

The Bone Valley Formetion is & shallow-water, marine and
estuarine phosphorite of Pllocene sge. It underlies about 2000
square miles of the coaestsl plein, inland from Tampa Bay, Florida,
ané is one of the world's most IiImportant sources of phosphate.

The formstion occurs on the southern flank of the Ocala uplift as
& thin blanket of pebbly end cleyey sande composed of guartz and
clastic phosphate. This deposit is en excellent example of marine
transgresslon during which the rthosphate was derived, by rework-
ing, from the underlying, weathered, Eawthorn Formation.

The southeastern coastal plain has been traditionally viewed
as & very stable and undisturbed domain of shelf sedimentation.
Study of the Bone Valley Formstion, however, shows the Florida
shell io be & region of both tecionlc and gecochemical instebility.
Linear belts of structural uplifi have teen active in the regicn
since the mid-Tertiery. Thie uplift has influenced the scenic
rresent-dey karst topography and has determined the Bone Velley's
lithologic &nd faunal facies differentiation

Weathering has transformed phosphstic cleys and clayey sands
cf the Bone Velley Formation to lateritic sluminum phosphetes, hes
created zones of supergene uranium enrichment, and alsc hes caused
& regicnal traneformation of montmorillonite to ksolinite. Pro-
longed weathering leads tc breakdown and removal of cley, and
ultimetely creates apparently unconformable msntles 0f residual
quartz sand, which have been regarded as Fleistocene terraces.
Geologic study in this area is characteristically plagued and
enlivened by weathering which has destroyed real unconformities
end creeted epparent ones.

Trips into the open-pit phosphate mines of the region will
review recent studies of the U. S. Geologicel Survey, emphasizing
the above aspects of the geology. It 1s pertinent to note that
many of the interrelstions and problems reviewed, however funda-
mental snd interesting in themselves, were dlsclosed in the course
of Geclogicel Survey investigetlions of phosphorites as radioactive
rew materials. These studies of phosphorite were motivated, in
turn, solely by the occurrence of uranium as a trace substituent
in the structure of apatite.

Many geologic studies pertinent to the area are cited in the
following pages. A number of these, however, warrant special
notice 8s synoptic or reglonal studies., Cooke (1945} in & classic
and indispensable treatise covering the entire staie; Vernon (1951)
presents & cogent regional study of the Ocala uplift; and impor-
tant data and observations on an area of comparable lithology and
problems in the "hardrock” belt to the north, are presented in
Egpenshade and Spenser (1963%).
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GENERAL GEOLOGY

Regional Structure

Peninsular Florida is strikingly subdivided across the middle
into a northern clastic platform end a southern basin mainly of
carbonate deposition, the Scuth Florida Embayment of Pressler
(1947). The slope between these two major provinces is, in effect,
an immense monoclinal flexure, roughly coinciding, perhaps signi-
Ticantly, with & line joiring the Canaveral coastal salient with
the coastal indentation of Tampa Bay (figure 1).

Although limestone, clay, and send are common throughout the
subsurface of Florida, the essential contrast between the northern
and southern provinces is thet of & thin clastic platform and &
thick carbonate basin. For example, beds of Austin ege are differ-
entliated into & sand end shale facies in northern Florida, an inter-
mediate marly facies in central Florida, and a limestone facies in
southern Florida (Applin and Applin, 1G4L). As another example,
clastic beds of Wilcox age in northerrc Florida grade, both east and
south, into an appreciebly thicker carbonate facles, the Oldsmar
Limestone (Applin and Applio, 1944), These relations are clearly
shown by the regional stratigraphic cross sections of Puri end
Vernon {1959) and Goodell and Yon {1960).

A number of large structural domes have been superimposed
upon the northern platform. Florida geclogy is often discussed in
terms of the contrast between the largest of these, the Peninsular
erch of Applin {1951), and the South Floride Embayment. However,
we feel it more proper to consider the entire platform &as a Pro-
vince, adjoined by the embayment province, much &s & stable shelf
region adjoined by a marginal basin. Although the Peninsular arch
determined the distribution of Cretaceous sediments in the northern
province, the arch was covered during the Lete Cretaceous by Austin-
age beds (Applin, 1951). During Tertiary time Central Florida
structure and stratigraphy were strongly influenced by another
structure, the Ocals uplift, in the southwestern guarter of the
clastic platform . '




Stratigraphy end Structural History cf West Central Florida

The Ocela uplift iz a broad, elongate dome composed of the
Tertiary and Quaternary rocks of the Floridan plateau and under-
lein by a core of Precambrian end lower Paleozoic rocks. This
dome trends southeasterly and plunges to the southeast. On the
crest, the top of the Ocala Limestone bas an sltitude of 150 feet.
In the vicinity of Clearwater it drops to 4SO feet below ses level
and 1in Monroe County (southernmost) it ies 1200 feet below sea level,
an apparent average dip of about 5 feet per mile over the entire
region (Parker and others, 1955), Near the -rest of the arch the
dip of the Ocele Limestone exceeds 5 - 10 ‘eet per mile (Vernon,
195L) These stratigraphic dips mey not reflect the actual structural
steepness, however, as the slope of the "basement" underlying the
Scuth Florida Embayment 1s thought to exceed 100 feet per mile (see
Murray, 1961, for review and references).

Formations of Cligocene end Miocene ege flank the Ocals uplift,
dip eway from it in all directions, &nd thicken to the south and
east. Formaitions of Plioccene and younger age, 1in contrest with
Hawthorn (Miocene) end older strate, are simost a1l thin and flat-
lying blankets of transgressive clastics in the lowland aress of
central and northern peninsular Floride.

The Bene Valley Formetion and & number of other rhosphate
cdeposits are 2 part of, or immediately underlie, this upper Tertiary
blanket. These deposits occur:

1. wherever subseriel weathering has leached the wnderlying
sparsely phosphatic Hawthorn limesione to produce sinke,
with pinnacles of limestone (karrenfels) and residual
pockets of the less scluble phosphate nodules;

2. where Iluvietile reworking has further concentrated
weathering residues to form "river pebble" deposits:

3. where marine transgression has reworked residuum into
extensive bedded deposits imown as "land-pebble" phos-
phate; or

4. where leaching through a thin cover of Hawthorn has
phosphatized subjacent limestone, to form "hardrock”
phosphete.

The phosphates of the Bone Valley Formation, together with small
amounts of underlying residuum, comprise the land-pebble deposits.
The reserves and characteristics of some of the above types of
deposits are reviewed by McKelvey and colleagues (1953).



Table L.-- Summary of stratigraphy and lithology, land-pebhle phosphate district, Florida,

Ape

Format ion or «deposit

Litholegy:  "Normal” Section

Lithology:- Tntensely weathered Sectlon

Fleistocene

Fleistocene (7) sand

Uoconsobidated quartz sand, massive.

CONTACT LOWERED OR A WEATHERING BOUNDARY

ar Some organic material at surface.
Recent or May have ground-water podsol.
Residual sand mantle Dverburden
Green clayry sand, minor apatite
particles that are more abundant al
Hpper Unit base. Finely bedded, graded bedded,
and crosshedded. Clay mineral,
montmorillonlte, weathered to kaolinite
at top of unit.
w ES Overhurden
©= [ -
8 53
g Rt CONTACT GRADATIONAL
] > o
— H
o glg Fhosphorite. Sand, clay, and gravel
- lower Unit containing very abundant phosphate
particles, Bedded, graded hedded,
and crossbedded., Greeun, bcown, and
black.
Matrix
CONTACT UNCONFORMABLE
Sandy, eclayey, phosphate-hearing
limestone, Dolomltic near surface,
. g Buff, white, or ¢ream. Contains
wo interbedded sand, clay, or sandy
£ @ clay.
U &
3k
Eo Bedrock
a
o
']
v
0
-
x

Unconsalidated quartz sand, massive. Some organic
material at surface. May have ground-water podsol.

Qverburden

White clayey sand, teached and iodurated. Second-
ary aluminum phosphate minerals replacing clay

and apatite. Clay 1s kaolinite. Basal layers
may he vesicular, where the lower wnit [s altered.
Aluminum phosphate alteration extends only partly
inte lower unit, but may replace partz of Haw-
thorn and Tampa Fermations where they are close

to the surface.

Leached or Aluminum Phosphate Zone

Tampa
Limestone

Sandy and clayey limcstone, contains
chert nodules and trace amounts of
phosphate. May form the hedrock in
northern part of district. Tampa
fossils reported from the Tenoroc
mine,

Oligocene

Suwannee Limestone

WEATHERING BOUNDARY ——————1
Fhosphorite, as in unweazthered section.

Matrix

CONTACT RELATIONS UNCERTAIN (CONFORMARLE TO SOUTH, DISCONFORMABLE TO NORTIl)

WEATHERTNG BOUNDARY

Resfdual calcareous, sandy clay, contalning
abundant phosphate particles; lower part grades
into carbonate rock. FPossible development of
aluminum phosphate minerals, particularly in
the northern part of the district, where the
overlying formations are thin ot abseat.

Bedclay

Calcareous clay and sandy clay containing chert
and phosphate, Aluminum phosphate minerals
ptesent when the formation is very close to

the surface.

CONTACT UNCONFORMABLE

Limestone, contains minor sand and
clay, but no phasphate. Caert pre-
sent,

Eocene

Ovata Limestone

Secondary chert replacing limestone near the
surface.

CONTACT UNCONFORHARLF,

Very pure Fimestone.

Kanownr anty in subsurlace.,




The formations exposed in the land-pebble phosphate district
(table 1) are the Suwannee Limertone of late Oligocene age {Cooke
and Mansfield, 1936; MacNeil, 1947); the Tempa Limestone of early
Miocene ege (Cooke, 194S; MacNeil, 1947); the Eawthorn Formastion
of early and middle Miocene age (Cooke, 1945; MacNeil, 1947); the
Bone Valley Formation of middle Fliocene age (Simpson, 1929;
Brodkorb, 1955; Cathcart and others, 1953), end surficial sends
mapped as Pleistocene and Recent by Cooke (1945) and MacKeil (1950).
More recently the surface sands in most areas above 100 Teet have
been portrayed as residual sand plains and their age 1s considered
related to that of the underlying formations (Altschuler and Young,
1960). It should be noted that only the youngest and lowest of
these send plaine, the Silver Bluff, at 8 - 10 feet {(MacNeil, 1950),
end the Pamlico, at 25 - 30 feet (Cooke, 1945) are parellel to the
present coast and contain marine fossils (figure 3); an anslogous
situation exists zlong the entire emstern seadboard, Thus, the con-
cept of residuvel origin for higher sand mantles in Florida may
have widespread consequence. It would explain the general absence
of marine fossils above the Pamlico as an effect of leaching, end
indicete that the laiest extensive marine iransgression wes limited
to the Neogene.

The post-Eocene strata generally occur in offlep relation on
the flanks of the Ocala uplift. East of the uplift, the Eocene
Oczla Limestone is unconformably succeeded eastward by the lower
and middle Miocene phosphatic dolomites of the Hawthorn, and
Terther east the Hawthorn beds are overlain by upper Miocene
phosphetic sediments (Espenshade, and Spenser, 196%3)., Within the
land-pebble district the Suwannee Limestone crops out at the Hills-
borough River in the northern part of the seciion, the Tampa Lime-
stone is exposed in Blackwater Creek 4o the south, and still ‘arther
south, the Hawthorn Formation is exposed along the Alsfis and Peace
Rivers (figure 2). This offlap relation could be due:

1. to uplift continuous with 2eposition,

2. 1o uplift alternsting with deposition, but positive in
net effect, or

2. to post-depositional doming =néd erosion.

It should be noted that the Ocala and Suwannee Limestones have karst
end highly eroded surfaces, marking extensive weathering intervals
prior to Oligocene and Miocene deposition. The Tampa-Hawthorn cor-
tact 1s irregular and disconfermable in the northern part of the
area. To the south, however, the contact is more regular, and
drilling indicates that the contact is gradational. The contact
between the Hawithorn Formation and the overlying Pliocene is uncon-
formable and very irregular, except where it has been obliterated



by pest-depositionel leaching through the Bone Valley Formation,

The preceding deta indlcate a history of uplift and major
subaserial exposure at the end of Eocene and Oligeocene times,
alternating with marine transgression end deposition durlng
Cligocene and Miocene time. The regressions and transgressions
appear to have become successively less extensive to jJudge by
the conformity between the Tampa and Hawthorn Formetions to the
south, the relatively limited outcrop erea of the Bone Valley
Formation (fig. 2 and 3), and the restriction of the Celoosa-
hatchie Formation to southern low-lying areas of the Florida
peninsula (Puri and Vernon, 1959). 1In effect, all of post-
Miocene time may represent the latest major cycle of uplift
and weathering, except for restricted periods and areas of
transgression.
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Figure 2. Crose-section A-A' through land-pebble phosphate
district showing general structure and stratigraphy.
Location of this section is shown in figures % and 12,




GEOMORFHOLOGY

The surface of most of peninsular Floride ie remerkebly
flat in consequence of its reletive youth, the blanket of
highly porous end permeable senés which underlie it, and the
extensive solution networks in the subjJacent limestone and
lolomite. As Vernon (1951) noted, much of the 5C to 7C inches
of annuel rainfall is dissipated in seepage and subterranean
flow; dissection and sculpturing by surface streams are mirimized.

This near lack of surface erosion is reflected in the simpli-
city with which verious synoptic works heve ireated the gecmor-
phology of Florida. Thus, Cooke (1959, 19ks ) subdivides peninsuler
Florida into but Z major regions, Coastsl Lowlends and Central
Highlands. The Coastal Lowlands. are defined as the flat plains,
less than 100 feet in altitude, which cover most of the scuthern
half of the state and extend north glong the two coastal belts.
Coske's Central Highlands, which extends through the center of
the peninsule from the Georgia line, comprises & diversified area
renging in altitude from LC to 225 feet, and includes externsive
swamps, hills, thousends of lakes, and all the higher terreces
recognized by Cooke (1945, p. 8). Vernon's (1951 terms Terreced
Coestal Lowlands, and Tertiary Highlands are pertly eguivalent
to Cooke's subdivisions but differ in thet all terraces recognized
by Vernon are included in his Coestel subdivieisn. In addition,
Vernon separated the major river valleys into a distinet category,
River Valley Lowlands.

The land surface of west-central Florida rises Very monotonously
inland from the Gulf of Mexico %o form, in effect, a continuous
merine plain, with few conspicuous interruptions, in the form of
small elongete ridges snd bare of low relief, or moderate discorntin-
usus scarps. In low-sltitude aress twe sets of SCErpSs QOCCUr more
regularly and define two belts of plains parallel with the coast
and underlain by marine shell beds. These are the Pamlico (25—30
feet) and Siiver Bluff (8-1C feet) shorelines. "The Pamlico terrace
++«..1s the most extensive plein in Florida. It covers most of
Floride south of latitude 27° as well as broad stripe elong both
coasts north of that line" (Cooke, 1945, p, 11). The Silver
Bluff 1s a nerrow littoral bench in the Pamlico terrace thought
10 record & still stand of the waning Pamlico see. It is not well
preserved in the Tampa Bay region.

Above 25 feet, however, the merine plain is not notably dif-
ferentiated in the area east of Tampa Bey and the flights of
‘erraces depicted in the region by Cooke (1945) and MacNeil (1950)
before the eres was fully mapped topographically cannot be identified
with any assurence (Altschuler an@ Young, 1960; Espenshade and
Spenser, 1963),
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The area of the lend-pebble phosphate district is composed
essentially of three principal types of terrain (fig. 3); poorly
drained and virtuelly undissected send pleins end "hemmocks";
long, narrow ridges rising 50 to 200 feet above the surrounding
plains and trending approximately N.N.W.; and the slightly
rolling elluviel plains and shallow valleys of the Peace, Alafia
and Hillsborough rivers.

The sand plains are coextensive with the cosstal lowlards,
above the Pamlico terrace and rise progressively from these to
altitudes of 130 feet in the pleins north of Plant City and
Lakelend. They are spattered with shallow irregular ponds and
cypress swamps (fig. 4), which lose water only downward or by
evepo-iranspiration, es seepage is too high and the land is too
Tlat for surface stream development. The plaine are extensively
colonized by saw-gress and clumps of palmeito-palm, and, in drier
areas, by stands of pine. In tracts distant from ridges or
msjer stream valleys, the surface gradients are as low ag 1 - 3
feet per mile and stream development is limited to poorly de-
fined, swampy interconnections beiween lakes; virtuslly no
extended conseguent flow exlsts (see particularly the eastern
half of figure 4; and also the Bay Lake, Rock Ridge, and Brench-
borough topographic quadrangles, U. S. Geol. Survey). These
tracts probebly ere juvenile end undissected parts of & regionslly
uplifted merine plain.

Near the river valleys surface gradients are 5 - 20 feet
ver miie and the topography 1s somewhat rolling and hilly owing
to gully and interfluve development. The valley floors, however,
are highly alluviated throughout the regicn and commonly are
occupled by extensive belts of dense cypress swamp. The combination
of rolling velley sides, moderstely incised channels, and flat-
flocred valley bottoms with extensive strips of swamp, creates a
distinctive topography called River Valley Lowlands by Vernon (1951).
This topography is clearly displayed at highway crossings of the
Peace River neasr Bartow and Ft. Meade,

A number of well-defined long and narrow ridges rise abruptly
above the sandy palmetto flats in centirel Florida (fig. 3). They
range in altiiude from 90 to more than 250 feet within the land-
pebble district, end they contrast markedly with the lowlands as
areas in which sharp relief renges locally from 50 to 100 feet,
The ridges are realms of karst (figs. 5 and €), and contain chains
end clusters of round sink-hele lakes. Whereas lakes of the low-
land are shallow, swampy, and often interconnecting, the lake
besins and dry sinkholes in the ridges are deep, steepwalled, and
generally connected to an underground drainasge network which it-
self has caverns up to 40 feet in dimsmeter (Stewart, 1659). The
luxuriant vegetation over the ridges may obscure karst features
in areas where the basins are not filled with leskes. However, a
careful observer can easily see (fig. 5) the large number of
shallow, undrained, bowl-shaped depressions that dominate the topo-

10



P \\\\“ Fb.‘z _—.__-_—_(:@ l__z—_

, :
T\ (] : u: ' _% % \ = N
= — W s = -
— Il : " =, y e===
s N B} @\E § : ,:_:ts\\ N " § = & N% ‘ii ,
ES . P P I B i, iy an
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graphy in the lower Ilanks of the ridges, the general alignment
of many of these basins, and theatre-like enlargements, "uvalas',
of many headwater streams,

Felations of Topography io Facles and Pleistocene History

The differentiation of central Florida into ridgeland end
lowlends, is genetically related to regional differences of
lithology, sedimentclogy, and paleontolegy, end has influenced
the economic develcpment of the region. It is thus of considerable
interest to discuss the origins of the ridges.

The rldges have been considered Tertiary erosional remnants
ty most writers. Cocke (1945), Vernon (1951), and MacNeil (1950)
believed thet they beceme islands during the Pleistocene inter-
glacial submergences, at which time they presumsbly were terraced,
and bodies of littoral and marine sands were deposited upon them.
This view is endorsed by White (1958) and Bishop {1956) in their
discussions of the ridges, and has been widely accepted among
geologists working in Florica. The proponents of high terraces
differ both in the number and the altitudes of the shorelines
recognized. All cite the indistinctiness of the higher and older
terraces, which may have been modified by siream dissection ang
local terrestrial deposition. MacHeil (1950) erd Vernon (1951)
have each modified Cooke's (1945) proposal of 7 ierraces to 4
terraces. Nevertheless, as recently noted, ithese theories all
shere certain implicit assumptiions.

1. As the presumed terraces are mapped by altitude
accordance, post-depositional uplift is not per-
missible.

2. As they revresent interglaciel deposits, they muast
be transgressive, and unconformable or disconformable.

2. They must be Pleistocene in age.

L. Their meterials "must be differentiated in a pattern
and et altitudes consistent with the terrace hypothesis”
(Altschuler and Young, 196G0).

A number of the above essumpiicns have been tested in
sedimentological studles of the so-celled Pleistocene terrace
sands. Field descriptions of the contact between the sand
mentle and the underlying clayey sands by Sellards (1915), Ketner
and McGreevy (1959), and Altschuler and Young {1960) have all
ncted its irregular and gradational nature, its hummocky surface
determined by concretionary development, and the irregular patches
- of clayey sand sbove the 'contact', and the eluvieted nests of
gquertz sand in the clayey sand below., The logse sands are totally
devcid of visible structures, thermore, size anslyses and
heavy-mineral analyses of paired samples ecross the contact, in an
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TABLE 2.COMPARISON OF "PLEISTOCENE MARINE TERRACE"and "RESIDUAL" HYPOTHESES, FLORIDA
{Shoreline altitudes in feet)

tor i Citrus and Levy West-Central Florida
Proposed Ages of Terraces Florida Florida Counties, Alschuler and Young
Cooke, 945 McNeil, 1950 Vernon, 95| 1960 '
Early Nebraskon and possibly Citronelle fm.
Pre-Nebraskan Brandywine, 270 Regional and
Nebraskan (glaciai) SUBAERIAL EROSION difterential
. ) _ Deposit of )
Aftonian (intergiocial} Coharie 215 Coharie, 220 uplift,
Kansan {glacial ) SUBAERIAL EROSION weathering,
i it of
hds Yarmouth {interglacial) Sunderland, 170 Okefenckee, |50 8:;25[:;'(28 150 and
Ilinoian (glacial ) SUBAERIAL EROSION formation of
. . Wicamico, 100 . residual
Sangaman (inferglacial) Penholoway, 70 Wicomico, 100 Wicomico, 100
Talbot, 42 sand
c Glacial stode SUBAERIAL EROSION plains
= ' .
c Inferstade Pamlico, 25 | pgmlico, 25-35 | Pamlico, 25 Pamlico, 15 —35
o Silver Bluff, 8
wn
¥ | Glacial stade SUBAERIAL EROSI! ON
< Altithermoal Modern littoral, | Silver B, 8-10 | mogern tittoral, | Modern littoral,
o | Present Sea level Modern littoral Sea level Sea level
14 Sea level




&rea in which the underlying clayey send is d:fferentiated into
graded beds, show the sand blanket o be virtually identical to
the send fraction of the underlyirg Bone Valley Formation
(Altschuler and Young, 1960, fig. 2-93). Thus, the sand blanket
appeers to be eluvial, an insoluble weatherirg residue of the
Pliocene Bone Valley Formation, and neither transgressive nor
Pleistocene (Sellards, 1915; Ketner and McGreevy, 1959; Altschuler
snd Young, 1960}, Pleistocene end Recent ceposite are restricted
in most higher areas (asbove 10C') of the lard-pebble field to &
“ew channel and dune deposits and to the toprmost veneer {about 6")
cf wind reworked material {Altschuler and Young, 1960). The
relationship of this view to the verious terrace proposals 1s
given 1in tatle 2,

Variation of particle size with topcgraphy

The size differentiation of the sand blsnke: in relation to
tcpography is encther, end independent, mesns of testing the terrace
crigins of the surface sands. The reconstrusiicns cf Cooke (1545),
MacNeil (1930), and Vernon (1951) porirey the larger ridges ac
islends in the interglacial seas. We may thus expest their subaerielly
veathercd surface and sireem deposiis (Ver:o:, 1951) 4o be reworked
with the sands of coeetal currenis irto the bars and beaches and
dunes that are stated to characterize the merine intergleciel
terraces (see Flint, 1940, for 100 oot "Suffolk" scerp in Virginia;
Cooke, 1945, for the Talbot terrece; and Magelell, 155C, for the
Crefenckee shoreline).

In studies of particle size distribution in the land-pebble
district an asccord detween particle coarseness and surface elevation
nas been detected for the clestic phosphate of Bone Valley Formation
(Davidson, 1952a; Cathcart and others, 195%) and for the surface
sends (Davidson, 1352b), This reletion of size to topography was
studied in detell by Altschuler and Young {1960). They examined
the size distribution of 100 samples from 9 townships straddling
the Lakeland ridge, the dominent feature in the land-pebble field,
end the surrounding lowlands. By contouring aresl plots of size
deta they found (ses fig. 7} & relation between size and present-
dey topogrephy in which "coarser sands mantle the ridge, end the
coersest deposits form barlike accumulations on the ridge flanks,
The firer sands are lowlend depositis, flooring the valleys and
straddling the lower parte of the ridge, Transitions between fine

nd coerse deposits are gradusl except near the 'bars'. Despite
thie general relation of medien size %o topography {exhibited slso
by quartile, skewness, and sorting dets) the sand differentistion
1s discordant to any of the proposed Pleistocene shorelines and to
ebsglute altitudes. Note that the 160-foot contour outlining the
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Bradley
Junction 4

Figure T.--Map showing median size distribution cf sand in surface

rantle in parts of Polk and Hillsborough Counties, Fla.
Data obtained fram cumulstive frequency curves.
grade contour interval = 0.01 mm.
160- and 180-foot topographic contours.

and Young (1960, fig. 89.2).
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ridge cuts directly across both the coarsest end finest deposits.
In other words, the grede-size distribution cf the body of send
is completely independent of the previously rproposed Coharie {215
Teet), Sunderland (170 feet), or Okefenckee (150 feet) terraces.
It reflects the size differentiation of Bore Valley time and
sugzesis thal the modern ridge existed es & eghellow gubmerged
ridge Quring Bore Valley time." Figure 7 shows these relations.

The lower Bone Valley is also much coarser and more conglomeratic
in the ridge than in the surrounding lowlands (fig. 13). We may
thus infer that the ridge existed ss en ares of shoaling, and locus
of winnowing, throughout Bone Velley time. This fect is further
reflected in the ralececology, and even in *%e nmme of the formation.
The regicn of the ridge from Mulberry tc Bariow and south through-
out the general ares of Range 24E, is the pert of the lend=-pebble
Tield in which, during the early days cf miring, an ebundant estuarine
vertebrate faune was found. The fauna includec peiagic forms such
as sherks, whales, and dolphins; estusrire s cies, such as crocodiles
and menatees; and terrestrial animels, of whiech elephant, mammoth,
camel, horse, tortoise, and many others have teen Tound (Kellogg, 192G;
Simpson, 1330; Case, 193L; Cooke, 154%).

These very coarse depocsits of phosphate =nd stundent bomes on
the crest and flanks of the ridge were originelly ramed the Bone
Valley "gravel". With the develcpment of vhosphate flctation in
the mid-thirties, finer grained deposits could be mined and *x
exploitation shifted %o tracts off the ricdge. Only & small nu-ber
of previcusly found fossils have been rencrted from these mines in
the lowlands; and terrestrial species are ncx impor<ant in the
total assemblage., It seems clear from faunal and textural date
that the Bone Valley Formation is differentisted intc a ridge
facies of coerse, shallow, possibly estiuarine deposits, and a lowland
facles of finer and deeper deposits end a more characteristically
aquatic faunal assemblage. The probable paleogeogravhic setiing
for this complex of deposits is *ha< of = large south-Zacing
coactel embeyment.

Origin of ridges

Insight into the structure of the ridges is obtained from
drilling data whnich show the Bone Valley Formation to be continuous
across the ceniral part of the land-pebbie Field. As shown in
cross sectlons of Cethcert and coworkers (1953) and Altschuler and
Young (1960) the altitude of the Bone Valley Formation parallels
the surfece topography. Although the formstion is only 30 to 40O
feet thick, the maximum altitude of its base in the Lakeland ridge
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exceeds its eltitude in the Pemsce Valley by more than 80 feet
(f1g. 13). These facts have been interpreted to indicate that
the ridges are linear uplifits in which the Bone Valley Formation
was bowed up efter deposition (Altschuler and Young, 1960}. In
this view, the ridges were inltiated as subcdued and submerged up-
lifte and caused a localizetion of coarse phosphatic gravels by
winnowing in early Bone Valley time end continued to influence
the deposition in late Bone Valley time, localizing coarser
cleyey sands. Subseguent renewal or continuation of uplifi
enlzrged the ridges and accounts for the fact that the present-
day sedimentation pattern is discordant to contemporary esltitudes
or presumed Plelstocene shorelines, as the residual sand plain
over the region preserves the original sediment differentiation.
The concentration of sinkhole lakes on the ridges and their
reletive absence in the surrounding lowlands haes been ascribed
to the fact that the uplift in the ridges increeses the "head"
in the underground drainage systen end intensifies sclutional
downcutting end collepse. (Altschuler and Young, 1960)}. The
relstionship of the sinkholes 1o structural uplift in the ridges
is also indicated in the linearity and alignment of the ridges
and of the sinkhole chains withkin them, &s though on Jjolnt and
fault iraces.




STRATIGRAPHY AND FRTROLOGY

The unconsclidated nature and near-surface cccurrence of
the Bone Valley Formation, coupled with its exposure %o a warm
climate of high, seasonal rainfall, heve caused it <o be pervesively
gltered et severel stiasges of its development. This alteration has
obliterated or transformed primery stratigrephic contacts in most
erees of good percolation to an extent that, inmanylocalities,
criginally unconfermable contacts now appear gradational, and in
other localities, irregular weathering bounderies create gpparent
unconformities,

Ore consequence of this post-depositicizl histery on geclogic
studies hes been the necessity of interpreting stratigraphy through
petrologic information, and conversely, of distinguishing secondary
from primery lithologies through siratigraphic control. Accordingly,
siratigraphy and petroleogy will be discussed together, first in
terms of the primary zonation and its minerasls, &nd second in terms
of the changes in zonation and minerslogy imposed by weathering.

The lithology end zonetion that cen be observed in the mines
of the land-pebble district ere shown in figure £, and table 1.
It should be noted that three kinds of subdivision are depicted.
First, the stratigraphic subdivision, is simply that of the Pliocene
Bone Valley Formation overlying the Miocene Hewthorn Formation, and
being overlain by a deposit of loose quartz sand. The second category
of subdivieion is related to post-depositional alteration, and has
erisen from the need to distinguish obvious secondery deposits
produced, in situ, by leaching and elterstion. The types of
deposit so distinguished include "bedcley”, "residuun", and "leached
zone" or "sluminum phosphate zone". The third category of subdivision
is economic, and utilizes the terms "matrix" and "overburden'.
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Definitione

A number of terms used in this report ere pecullar to the land-
pebble district, or vary from accepted terminology. These terms
are defined below. (For more details see Altschuler, Clarke, and
Young, 1958, end Cethcart, 1963a).

BFL: Bone phosrhate of lime {Ceg(P0¢)z). Equals
percent Pz0g5 x 2,185,

Matrix: That part of the calcium rhosphate zone from
which phosphate particles can be economically
recovered, Equal to "cre".

Overburden: All rock overlying the matrix,

Pebble: Coarse phosphate product, +1 mm in size. Where
used in this sense in this report will be in
guotes--1.e.--"pebble"”,

Concentrate: Fine phosphate product,- 1 mm + C.1 mm in size.
Separated from guartz by flotetion.

Tailings: Quartz sand, - 1 mn + 0.1 mm in size. Separated
from phosphate particles by flotation.

Slime: -0.1 mm meterial. Includes clay minerels, qQuartz,
and phosphate minerals (apatite, crandallite, ard
wavellite),

Calcium phosphate zone: That portion of the Bone Valley and the under-
lying Hawthorn Formations enriched in spatite
pellets.

Aluminum phosphate zone: Zone of supergene leaching and alterationm,
characterized by white color, high porosity,
and aluminum phosphate minerals.

Leached zone: Synonymous with sluminum phosphete zone; sometimes
used by the mining companies for the lower, possibly
economic, part of the aluminum phosphate zone.

Bedclay: Flastic, water-ssturated calcareous clay containing

rhosphate particles, Residuum of ergilliaceous
carbonate rock of the Hawthorn Formation.
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Bedrock:

Pnosphorite:

Nodule:

Pellet:

Apatite:

Hard, calcarecus substrate of the matrix,
usually of the Hawthorn Formation except
at a few locelities in the northern part
of the district where bedrock is the Tampa
Limestone.

Rock name, called phosphate rock in the land-
pebble district, Used in this report teo

denote a2 rock or specimen containing substantilal
amounts of sedimemtary apatite,

Rounded, irregular mase of any size. The term
mey apply to rock fragments, as well s apatite
particles.

General term for rounded, oviform sedimentary
spatite particles, commonly sand to granule in
size,

Used in this report to mean the minersl carbonate-
fluorapatite,




Primary Zonetion

The Hawthorn Formstion - bedrock

The Hawthorn Formation 1s lmown &5 "bedrock” in the land-pebble
digtrict, apd it underlies most of the Bone Valley Formstion. Very
little of the Hawthorn Formation is exposed during mining, and
icformatisn on the formation is restricted to samples from its upper
few feet in mine exposures, and to well cuttings from deep drilling.
The uppermost Hawthorn is composed of fine-grained, sandy and marly
dolomite, and delomitic sands and merls, ell sparsely phosphatic.

The clay in the uppermost Hewthorn is generally s mixture of
attapulgite and montmorillonite (Altschuler, 1$52; Carr and Alverson,
1959; Espenshade and Spenser, 1963). At moderate depth the clay is
principally montmorillonite, and the carbonate is entirely caleitic
(Berman, 195%). It is not known whether the dolomite in the upper
zone 1s - post-depositional or primary. However, the eassociation
cf attapulgite and dolomite in bed clay and eguivelent bedrock
over & wide area, despite the regionel dip of the Hawthorn, suggests
8 replacement of montmorillonite by attapulgite, and cof calcite
by dolomite.

The Hawthorm-Bone Valley Contact

The undulating surface of hard, yellow or tan dolomite exposed

in ditches or floors of the mining pits is genmerally equivalent

to the natural boundary between the Hawthorn and Bone Valley Formetions.
ts upper surface 1s irregular in detail, marked by solution features,
and was an eroded kerst surface at ihe time of Bone Valley deposition
(Catbcart, 1963b). The top few feet of the Hawthorn Formation often
is found to conslst of recemented solution breccias, rich in residual
sand, pebbles, and internal molds of fossils. Some of the pebbles
and fosslls are corroded. Where the Hawthorn is not decalcified,
the Bone Valley Formstion rests unconformsbly or nonconformsbly upon
it. In some localities the bedded Bone Valley Formation is draped
over the irregularities cf the underlying dolomite surface et angles
as large as 15°. These dips are mainly post-depositional , caused
by later periods of sclution and subseguent siumping of the Hawthorn
Formetion.
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The Bone Valley Formaticon

Name and definition - The name Bone Valley Formation stems
from the 'Bone Valley gravel" used by Metson and Clapp (1909) o
describe the commercially mined phosphorite in what is now the
center of the land-pebble district. Sellards (1510, p. 33} first
used the name Bore Valley Formation, and Cooke (1945) formally
applied the term "formation” to the clastic phosphate deposits that
overlie the Hawthorn and are mantled by loose white sands of pre-
sumed Fleistocene age. Thus defined, the Bone Valley 1s typically
between 30 and 40 feet thick tqrough the center of the district,
elthough it thickens considerably in many of the karst depressions
surmounting the Hawthorn formation.

The Bone Valley is considered Pliocene cn the basis of mammelisn
fauna described by Simpson (1929) and Coocke (1945), the avifaunsa
recently described by Brodkorbd (1955), and & number of horseteeth of
the genera Neghipparion end Nannippus found during recent investi-
gations of the U. S. Geological Survey (Cathcart and others, 1§52),
and cbserved to occur in bedded phosphorite above the Hawthorzm.

Bedding and primary structures - The unsltered lower Zone
Valley is characterized by green color, by pedbbly and clayey textures,
and by crude graded bedding (fig. 8). The upper Bone Valley, approxi-
mately the upper third of the formation, is a massive bedded or finely
graded-bedded clayey sand. In the individual graded sets, the
lower clastic layers are made up of apetite and guartz sand and
apatite pebbles which grade upward to clayey guartz and phosphate
sands, or quartzose clays. Although locally the lithology and
thicknesses of beds vary greatly, the sequence of coarse phosphorite
grading upward to sendy clay within each bed persists throughout the
land-pebble area., The upper and lower Bone Valley are further differ-
entlated in that greded sets ere both thicker and coarser, and cross-
bedding is more common, in the lower strata {Fig. 8).

Composition - The compositiorn of single beds of the lower
Bone Valley ranges from zlmost pure montmorillonite clay to almost
pure apatite conglomerate or sand, but the average composition of
the deposit falls within the following ranges:

Apatite (carbonate-flucrapatite) 25 - 40 percent
Clay {montmorilionite) 20 - 25 percent
Quartz and minor chert %5 - LO percent




Rature of the apatite
(The following discussior is teken from

Altschuler, Clarke, snd Young, 1956).

"Apetite [ commonly - Ca (PO )eF2 ] iz host to many
substitutions by cations, enions, and aniocnic redicels that
resemble iis normal constituents in size and charge {McConnell,
1938). As & result it may depart significently from the com-
position of simple igreous fluorapatite, depending on its
environment c¢f genesis. The fluorine position may be occupled
wholly or in part by hydroxyl. (Chlorine may also substitute
for fluorine; however, as their size difference is appreclable,

8 structural rearrangement occurs in chlorapatite and it has only
limited miscibility with flucrapetite). In fossil bone, hydroxyl
is eventually repleced by flucrine through ion exchange. Minor to
zajor amounts of Sr, Mn, Mg, and Pt are known to replece calcium
in epatite, and VO, and AsQ, occur as traces subsii uting for POg
in apatite and form analogues of normal spatite in the pyromorphite
geries (Palache and others, 1951).

"Additional variety is effected by the opportunity for coupled
diadochy in which cationic or eanionic replecements causing loss or
gain 1p valence are balanced by replecements of opposite king. Thus,
in apatites containing rare earths, an imbelance created by the
substitution of tervalent cerium for celcium is guantitatively
compensated by substitution of tetravalent silicate For phosphate,
or by the monovalent sodium for celcium (Bornensn-Starynkevitch,
1938, Volodchenkova and Melentiev, 19k3),

"Composition of the Sedimentary Carbonate-Apatites, The fine-
grained microcrystalline carbonate-apatites of the inmsular and marine
phosphorites are best understood in terms of such coupled substitutions.
This apatite 1s generally characterized relative to fluorepatite by
a deflcit in Pp05 content of 3 to 6 percent, an excess of F, OH (or
both) of 0.5 te 1.0 percent, and by the presence of 2 to 3 percent
of carbonate. The exact mode of occurreace of carbonate in apatite
is a controversial gquestion. Hendricks and Hill (1950) have pro-
posed that the carbonate is adsorbed un the surfaces of discontinuities
within the apatite crystals. It 1s significant, however, that car-
bonste fluorapatite is demonstrably smaller in unit-cell dimensions
than fluorapatite (Altschuler and others, 1953). It is felt therefore
that the structural difference revesled by the characteristically
amaller cell must reflect the major ang egqually characteristic
chemical deviations, and that carbonate-flucrapatite is a structurally
distinct species as proposed by Gruner and McConnell (1937). Lacking
& preclise determination of the position of carbopate in the structure




Tatle 3, --Chemical anelyses of sedimentary apatite, Bone Valley Formation.

(from Altschuler, Clarke, and Y , 1958,
Analyst, R. 8, Clarke, Jr.§

B. L.-3, Fine Pebble Wa,-10, Pellets

Bonny Ileke Mine Wetson Mine

Ridgewood, Florids Fort Meade, Florida

1 2 3 1 2 3

Acid Inso. - 6.6 - - 2.4 -
Cal 43,5 - 52.9 51,5 - 52,7
20y 34,9 - 37.3 36.6 - 37.5
CCa 2.1 2.0 2,2 1.9 1.7 1.9
5102 (total) 6.7 - - 2,9 - -
$i0s (soluble) - 0.8 0.9 - 1.1 1.1
305 .3 - o3 1 - L1
41504 1.k - 1.5 1.1 - 1,1
FEQOs . L - . L 9 - . 2
Hes0 .1 - .1 .2 - W2
Xo0 L1 - L1 .2 - .2
HaC (+) 1.6 - 1.7 1.8 - 1.8
420 (=) 1.0 ) 1.1 .7 5 .7
J L0186 - L 017 L0075 - . G077
T 2,8 - 4,1 2,8 - 3.9
Tctal 101, 9 - 102.6 101, 7 - 102.1
=0 1.6 - 1.7 1.6 . - 1,6
Corrected total 100, 3 - 100. 5 100, 1 - 100, 5

1. Analysis by complete decomposition of sample by solution in HNO3 and
fusion of insoluble residue with NagCls.

2. Partiasl enalyses of same material. Acid Iinsoluble determined after
boiling sample for 20 minutes with 1 + 3 HCl. Nonleachable carbonate
determined after treatment in 0,5 M tri-emmonium citrate (Silverman,
Fuyat, and Weiser, 1952).

3, Corrected analyses, free of insoluble residue, Microscopic examina-
tion and the two sets of Si0z figures establish that acid insoluble
1s essentlally quartz.




we shall adopt provisionally the structural formula which best
rationslizes the chemical composition, as follows: Caf POg,C05)a 2 5.
Thus excess fluorine {or hydroxyl) serves to balance the charge
difference created by the substitution of (CO0s)-2 for (PO, )-3.

“The chemical and spectrographic analyses in tables 2 and 3
(see tables 3 and 4) 1llustrate the chemical nature of the sedi-
mentary carbonate-flurcepatites. Theoretical fiucrapetite hag the
following composition:

Cal = 55.5 (includes F for 0 = 1.6)
P05 = 42.3
F = 2.8

The analyses portray the deficiency of PpOs relative to Cal (augmented
oy Na, Mg, Sr and other civalent metals shown in table 3 L teble 4 here .),
and the excess of F plus (OH). It should be noted in table 2 (table 3
bere) that the carbonate is substantially all nonleached and therefore
assignable to epatite,”

There are ihree essential varieties of clastic apatiie in the
Bone Valley Formation although & great number of intermediate textural
varieties may be seen throughout the district.

1. Simple, structureless, ovoidal pellets, inherited
from the Hawthorn Formetion and reworked into the
bedded sand deposits of the Bone Valley;

2. Simple relatively monomineralic pebbles of apatite,
which probably originated 2s metasomatic replace-
ments of relatively pure Hawthorn rock;

>. Complex and impure pebbles containing fragments of
other pebbles and illustrative of several cycles of
revorking of leached Hawthorn rock.

The important dlstinctions in composition which are reflected in
the regional facjes differentietion, and which greatly influence the
patterns of mining, beneficiamtion, and the economices of recovery,
are essentially related to nature and smount of impurity. Thue, the
coarser materials, being dominanily of replacement origin, contain
relatively high emounts of the more insoluble Hawthorn camponents--
quartz, clay, and chert. In addition, the coarsest pebbles, and the
basal conglomersatic material, are less likely to be completely phos-
phatized, and therefore may contain calcite and dolomite as relict
inclusions (table 5 and fig. 9).
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Table 4.--Semiquantitative spectrographic analyses of sedimentary
apatite from the Bone Valley Formation.

(from Altschuler, Clarke, and Young, 1958)
[Analyst, Katherine V. Hezel, U.S. Geclogical Survey]

Welgrht percent B.L.-3, Fipe Pebble, Bonny Lake Wa,-10, Pellets, Watson Min
mine, Ridgewood, Florida Fort Meade, Filcride

Over 10.0 Ca, P Ce, P

10.C-5.0 Si -

5.0-1.0 Al -

1.0-0.5 - 5i, Al, Fe

0.5-0.1 Mg, Fe, Na Na, Mg

0.1-0.05 Sr, Ti Ti, V, Sr

0.05-0.01 Fb, Mn, Cr Mn, B, Y, Cr

0.01-0.00% ' Ba Ba, La, Ni

0.005-0.001 Cu, V, Y Zr, Yb, Cu

0.001-0.0005 ir )

0.0005-0.0001 Yb ) A8, Be




Teble 5.--Mineral distribution in the land-pebble phosphate district

(8 = secondary, m

minor, tr = trace)

Quartz
Accessories

Residual patches of clay and apatite {m)

Upper Bone Valley

Leached and altered

>Surface sands

Unleached
Quertz Quartz Keolinite
Kaolinite (s) Crandallite Gibbsite (tr}
Montmorillonit» Wavellite Attapulgite (tr)
Apatite Millisite Manganese oxides (tr)
Accessories {(m) Apatite Accessories (m)
Vivienite (m, s)
>}bne Valley
Formation
Matrix zone
Apatite
Montmorillonite
Quartz
Chert {m)
Accessories (m)
Celcite (as constituent of pebbles at base)
.
Bedclay zone
Attepulgite (s ?7) Quartz Apatite
Montmerillonite Chert (s) Dolomite (s 7)
Opal (s) Calcite (m)
Bedrock zone
>ﬁawthorn
Montmorillonite Quartz Dolomite (s7) Formaticn
Chert Calcite (m)
Cpal (s8) Apatite (m)
Attapulgite (s7)
Deeper bedrock
Montmerillonite Quartz Celecite
Chert Dolomite (m, & 7)

30

Apatite (m}




Table 6.--Chemical enalyses of commercisl "pebble” and
concentrate, land-pebble phosphate district.
(Average of 10 "pebble" and 9 concentrate samples.

Analyses by company chemists, Catheart, 193e
and unpublished data)

Element "Pebble" Concentrate
Cal Lg, o8 4g, 76
Mg0 .19 .29
Ml . 048 . Ol
K=0 .13 .10
Nas0 .2l .2k
P20s 22,07 3k, 21
V20a .01k .C10
As20q . 0011 . 001k
COz 2.07 2.59
S04 .59 .52
Si0s g.31 5.68
A1 204 1.29 £ 95
.?6203 1.57 X, 51
Ti0s 076 .105
Cl"ao:g . OOT . 007
UaGy .018 . 010
F 3.68 2,81
cl . 013 .C1k
H50 1.88 1.52
Organic . 053 -
Ca0/P20y 1.465 1.455
F/P20g .115 L111
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The analyses in tsble 3 illusirate the ebcve distinctions.
Bl~3% 1s a composite sample of fine pebble materisl. It contrests
markedly with sample Ws-10, composed entirely of sand-size pelletal
apatite, in having low P;0s and appreciable silice, The correction
of the analyses, after determinatiocn of the acid insoluble portions,
and of the acid soluble silice, reveals that the apatite of each of
these materials is virtuslly identicsl,

Thus, the following very ilmportant econocmic and petrologic
characteristics of the phosphate of the lend-pebble district are
determined by the petrograpby of the replaced material. (See section
on Ecornomic Geology and table 6).

1. The "pebble” frection is lower grede than the
concentrete fraction.

2. Pg0s and size vary inversely among the various
size fractions of the land-pebble deposits (Cathcart,
1956,

2. The gquartzose nature of the “pebble” fraction makes
it sultable &s eliementsal phosphorus furnace feed,
ipasmuch as guariz muet normelly be added tc electro-
lytic smelters Ilcr sequesiratior of lime in pseudo-
wollastonite, The guartzose pebbles are also suitable
for weil-process &cié treatment, Inesmuch &ss the gquartz
remains insoluble.

Neture and Composition of the Clay

The clay in the Bone Valley Formation occurs es intergranular
matrix and cement throughout the Formation, and as the clayey upper
mexber of each graded bed, The color zonation of the formation is
conferred principally by the clay, and hence of interest as & field
indication of mineral trapsfcrmation during weathering,

The clay in the base of the formetion snd throughout the un-
sltered Bone Valley is generally monominerallic iron-rich, dioctahedral mont-
morillonite., It is tlue-green or bright green on fresh surfaces,
but alters rapidly to dull green and becomes rust stained on exposure
tc elr and particularly on expcosure to perceolating meteoric water.
Graded bedding controls the intimste ground-water circulation and
hence the initial stages of clay alterstion. Thus, as the clay becomes
iron-stained and mottled by oxidation, the beds become varicclored in
accordance with their itexture, and solutions percolating through
pebble layers paint the subjscent clays with vivid orange stain caused
by the precipitation of goethite,.
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The compeosition of the primary clay is given in teble 7. In
the upper part of the Bone Valley Formation the green montmorillonite
yields irregularly or gradually to a light green to grey or white
ksolinite. The color and mineralogical changes iransgress the bedding
and are therefore post-depositicnal in origin., These changes, and
other aspects of alteration, are discussed under "Weathering” below.
In terms of the mimeralogy and chemicel zonetion of the Bone Valley
Formation, it is important to stress that the clay sequence from
the base to the top of the formetion is pure monimerillonite, mont-
morilionite plus kamolinite, and pure kaolinite. Iaterally thece
zones shift downward, with weathering.




Weathering and Secondary Zonation

Weathering of several different kinds and epochs 1s manifested
in a variety of ways in the mines of the land-pebble district. Sub-
aerial leaching and reworking of limestones is inferred from the
deposits overlying the solution-pitted limestones of the Hawthorn.
This weathering 1s mostly pre-Bone Valley in age, although its
effects have been extended by Quaternary groundwater ectivity.
Post-Bone Valley weathering of a regionsl nature is expressed in
clay slteration in the upper part of the section, by color zonation,
mottling, and merging contacts with the overlying surface sands. A
more resiricted and more intense variety of post-Bone Valley weather-
ing 1s seen in the discontinuous white zones of leaching and altera-
tion which occur within the color-zoned and "normally" weathered
clayey sands. This latter variety creates zones of secondary
aluminum phosphste minerals which are best developed in the river
valleys.

The characteristics and products of the above types of
weathering are discussed in the following sections. Additional
details and discussions have been presented by Altschuler, Jaffe
and Cuttitta, 1956; Carr and Alverson, 1959; Ketner and McGreevy,
1959; Espenshade and Spemser, 1963; and Altschuler, Dwornik and
Kramer, 1963,

Fre-Pliocene, or post-Hawthorn and pre-Bone Valley weathering
Post-Hawthorn westhering is implicit in:

1. The irreguler and solution-pitted surfece of the
Hawthorn Formation;

2. The nsture of the clastic material of the Bone
Valley Formation;

Residual accumilations of less-soluble Hawthorn
clastic material in post-depositional surface
depressions.

\M

The pebble fraction of the Bone Valley Formation is chiefly
composed of rounded #nd phosphatized fragments of Hawthorn limestone.
Incompletely phosphatized pebbles in ihe coarse, poorly sorted bhasal
conglomeratic zone still contain calcareous matter internally. In
addition, the pebbles display compressed textures regulting from
the differential leaching of calecite from the nermally slightly
rhosphetic Hawthorn (see fig. 9). Evidence of the process may be
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seen in the Hawthorn rocks exposed st the bese of the mines in
the land-pebble field. Such rock often 1s bleached and mottled
by secondary leaching and the bleached partis are softer and con-
tain relatively high concentretions of sand-size primary apatite
pellets. In areas of accelerated drainege such differentisl
solution has created extensive pockets of non-bedded highly
phosphatic residuum in karst depressions on Hewthorn surfaces.
Thus, from the textures In the basal conglomerste of the Bone
Valley Formation, we infer that the Hawthorn was "exposed and
weathered during late Miocene time, forming an irregular karst
topography and accumulations of phosphatic residuum consisting
of primary apastite nodules and secondary phosphatized limestone
pebbles. Marine trensgression during the Pliocene dolomitized
the weathered limestone and reworked the clastic residuum and
ptosphatized limestone into the Bone Valley Formatiorn, at the
same time adding unimown amounts of quartz, cley, and phosphste,”
(#1tschuler, Jaffe and Cuttitta, 1956). In places, pockets of
residuum were trapped in surface depressions in the Hawthorn

and overlain by well-bedded Bone Valley strate. Where the
overlying bedded material does not slump into the residuum, the
residvum cleerly derives from pre-Bone Valley weathering.
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sample locations for analyzed clays {table 7).
From Altschuler, Dwornik, and Kramer (1963, fig. 1).
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Teble 7.--Chemical anaiyses of c¢lays, Bone Vealley
1
Formation, Saddle Creek, Florida —/

(From Altschuler, Dwornik and Kramer, 1963)
[Analyst, E. Kramer, U. S. Geological Survey

Constituent ac 1 sc 2 sC 12
Si0p 5£.91 51.59 L7.38
Ti0z €5 1.03 2.01
E105 22,65 3C.78 %5.1G
F8203 6.29 2.5 1.56
Fel 11 .21 .20
Mgt 3,62 2.19 .8¢E
Cald 1.L7 .32 .2F
HasC .18 .12 .0€
¥=0 LT4 .32 .52
Lis0 .03 01 .01
HoO 5 7.34 3.8g 11.94
Total 99.99 100.01 99.99

1/ Apalyses were made of clay fractions (-2u) settled

T from clays containing quartz, apatite, and accessory
minerals. Anslyses have been corrected for identified
apatite apd crendellite after chemical determination
of leachable P05, Cal, anc AlpOs.

Samples: SC 1, moptmerillonite, basel part of the formationp;
8C 2, Kaolinized montmorillonite, upper part of
formation;
8C12, kaolinite, completely trensformed, stratigraphic
equivalent of sample SC 2.
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The conversion process has widespread geochemical and economic
consequences. In the Citronelle Formatlon the asbsence of fossils
has been teken to indicate terrestrial deposition. However,
silicified oysters found st Mascotie, in sirata irmmedietely under-
lying transforming cley revesl that some, and possibly much of the
Citronelle or Unnamed Coarse Clestics originsted as a fossiliferous
merine sequence (Alischuler, Dwornik, and Kramer, 1963). Tre
silica released during alteration enriches the ground water, or
precipitates as opal or chert, by replacement of subjacent limestones
or of any calcareous fossils that heve escaped prior leaching.
Ledges of chert in the uppermost perts of the Hawthorn Fermation,
and the Tamps end Suwannee Limestones, are usually of this derivation.
The development of major deposits of keclinite throughout peninswler
Floride mey be attributed to the conversion process.

The development of the residual send mentle in the land-pebble
field and probably elsewhere in peninsular Florida may be the most
striking geomorphic end stratigraphic conseguence of the supergene
groundweater slteration. The clayey sands are made much more »orous
and frigble by the voclume losses incident 1o cley transformaticn and
leaching, and oy loss of swelling property. More voids are then
created by clay trenslocation or downward physical removel. This
process is evident in secondery clay cements called cutans, (Brewer,
1960) which floor cevities, cost fractures, and build up minor cley
hardpans throughout the weathered zone in the region {Altschuler,
Jeffe, end Cuttitta, 1956). The combined effects of clay degradation
and clay trenslocation ultimately creste & completely eluviated
quertz sand blenket over the region. Where weathering hes not

ossly eltered the momtmerillonite, the overlying sends are thin
Altschuler, Dwornik, and Kramer, 1963).

Many aspects of the westhering process can be observed in
the so0il profiles of the ground-water podzols which are extensively
developed on poorly dreined plains in the ares. The profiles exhibit
eluviated quertz send zones, 1-2 feet thick, irmediately underlying
the topmost (6 inch to 1 foot) zone of soil end grass. Under the
eluviated, or pallid zone, & zone heavily impregnated with trans=-
located orgenic metter extends for enother 1 to 2 feet. Beneath
this zone the clayey sands are being actively degraded by drainage
through the overlying organic-rich layer. Total clay content is
minimel just under tke organic layer, and & foot or sc below it
is found & zone I1n which clay pans and secondary iron concretions
are deposited in previously weethered and iron-steined clayey sand.
As the zonatlion is extended downward with continued degradstion,
the thickness of surmounting loose sends increases.
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Table 8.--Chemical analyses of seven samples from
a profile through the aluminum phosphete zone.
(see fig. 11 for stratigraphic relations)

(from Altschuler, Jaffe, and Cuttitta, 195€)
[Analyst, F. Cuttitta)

Constituent Ho-20 Ho-20A Ho-21 Ho-22 Ho-23 Ho-24 Ho-25
SiCo 51.48 £2.60 Lo.gz 57.24 €9.u6 €5.08 51.32
Alp0s o 8.26 .98 12.L8 14.17 8.16 g.ko 14,91
Fes0n 2.7€ 2.86 2.61 2.17 1,32 1.33 2.13
MnC 0.70 0.53 2.14 0.16 0.16 0.1k 0.13
M0 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cald 8.33 g.25 8.00 2,10 0.90 0.20 1.20
Nap0 0.23% 0.13 0.12 0.15 0.06 0.0k 0.03
Kal C.00 0.00 0.00 0.00 0.00 0.00 0.00
TiCa 0.37 0.40 0.63 0.63 0.31 0.42 0.€5
Pols 19.72 13.60 20.79 12.79 11.61 11.32 1€.35
Loss on b

ignition £.7€ £.09 11.72 9.96 7.91 5.18 13.24
COa 0.80 0.2k 0.26 0.05 0.02 0.02 0.05
F 1.15 0.52 0.63 0.59 0.51 0.70 0.53
ci 0.03 0.02 0.04 0.C1 0.03 0.02 ¢.01
S0a © 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Crola 0.01 0.01 0.01 0.01 0.01 0.01 0.0
V205 0.00 0.00 0.00 0.00 0.00 0.00 0.00
U e 0.0l 0.03 0.02 0.01 0.01 0.01 ¢.01
Total 101.28 101.28 100. 39 101.06 100.549 100.89 100.65
less F = C 0.48 0.22 0.27 0.25 0.22 0.3%0 0.22
less C1 = © 0.01 0.0l 0.01 0.00 0.01 0.01 C.00

Corrected total 100.79 101.05 100.11 100.81 100,26 100.58 100.43

KO (ll0°C) - 0.35 0.49 1.13 0.64 0.73 0.39 0.88

ga) This represents totel iron, some of which mey be present as ferrous iron.

b) The figuresfor loss ou ignition include edsorbed water (HoC) and exclude COz.
(c) This represents total sulfur; no sulfides were found.

(d) Uranium is reported as & metal, as its velence state was not determined.
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Iateritic weathering - the aluminum phosphate zcne - The
upper Bone Valley commonly 1s compact, but unindurated, and light
gray cor greenish gray, owing to the secondary development of keolinite
throughout the ares. In many srees red or orange colcration is
irregularly superimposed on the clayey sands. However, in the mines
of the Peace and Alafia drainsge basins the upper part of the section
1s irregularly transgressed by & white zone of leaching and altere-
tion in which the rock hes become vesicular, friable, or indurated,
and very light in weight. This is the aluminum phosphate zone. It
is composed of quartz sand, cemented and indurated by the secondary
minerals wavellite, crandallite and, locally, millisite (fig. 8)
(Altschuler, Jaffe, and Cuttitta, 1956).

. The alumdnum phosphate zone 1s the product of mere intense
leaching and alteration than normally oprevails in the southeast.
The zone is essentilally lateritic. This is evident chemically in
the apprecilable vertical changes from & zalcle and silicete-rich
rock to one in which all bases and silicates other than quartz
heve been leached, It is seen texiurally in the extremely porous
and vesicular rock whose open spongelike texture is indurated,and
mainteined, by secondery minerale and cements,es in the classic
laterite of India. At the same time the character of the aluminum
phosphate zone is greatly Iinfluenced by the primary Bone Valley
texture and petrography. Where graded-bedded pebbly rock of the
lower Bone Velley is altered, coerse vesicularity, with relic
greded texture results, and as these layers were rich in apatite,
they become rich in calcium aluminum phosphates. Where the
alteraticn is resiricted to the upper, more clayey unit of the Bone
Valley Formatiorn, the pure sluminum phosphate, wavellite, dominates,
and the rock is finely vesiculsr,

At the base of the zone, carbonate-flucorspatite and clay still
cceur, though both are incipiently leached and altered. Higher in
ihe section pebbles are gone and lerge cavitles display the original
pebbly texture. In the middle of the zone, bases and silicates
are substentially diminished and the calcium zluminum phosphates
crandallite [ CaAla(POy)o(OHg B0 ] and millisite [ {Na,K)CaAlg
(POg)o(OH), *3E20 ] prevail. The crandallite end millisite in the
middle of the zone generslly occur as & microcrystalline intergrowth
within the clay beards they replace (Ovens, Altschuler, and Berman,
1959). At the top of the zone the rock is essentially quartz sand
cemented by intergranular wavellite [ Al,(PO,)2(0Ha*5H20 ]. The
wavellite has therefore replaced the former intergranular clay,
as well es the secondary celcium phosphates which represented an
earlier stage in the replacement process. The wavellite of this
origir occurs as bands of cryptocrystalline fibrous material
{(Altschuler, Jaffe, and Cuttitta, 1956). Wavellite also occurs
as euhedral druses, veln fillings and large spherulites (Bergendahl,
1955)., Microscopic seams of chert occur discontinuously in layers
of replaced and wavellltized clays, but the quantity of such chert
1s small.
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in a profile through the aluminum phosphate zone.
From Altschuler, Jafte, and Cuttitta (1956, fig. 173).
For analyses, see table 8.




The chemical changes in the aluminum phosphate zone further
portray the phosphatization of clay, and aluminum rhosphate metasomatism
of spatite. It can be seen frcm the analyses in table 5 and from figure
.11, which is a plot of these analyses according to stratigraphic position,
that Al0g,on the whole, varies inversely with CaO.

Trends through a vertical section correspond very closely to
replacement of apatite (3.3Ca0:1P0g) by wavellite (3A1504:2P20s).
Thus, Alz0s increases half as rapidly as Ca0 falls!

Secondary precipitates are important products of the lateritic
modificatlion, and provide an insight into the nature of the process.
Secandary precipitates of chert, epatite, limonite, and goethite under-
lie the aluminum phosphate zone in the form of discontinuous seems of
bardpan, cementing porous sands, and encrusting the upper surfaces of
clay (Altschuler, Jaffe, and Cuttitta, 1956). The hardpane are &
sample of the lablle materials removed from the overlying leached zone
by ecid groundwaters and deposited in the unleached zone below, where
groundwater is neutralized by the basic caelcium phosphates still pre-
Bent in the section.,

An additional variety of fine-grained secondary cement occurs
within the leached zone. It is composed of kaolinite and the sluminum
phosphate minerals. It visibly coats frectures and builds layered
accumulations on the floors of most large cavitles. ts hablt indicates
deposition from descending solutions from which phosphete minerals
were precipitating, and kaolinite was reforming from solution or rede-
positing from suspension. Cement composition changes throughout the
zone in the seme menner as the enclosing rock. Microscopic examinstion
reveals wevellite needles growing discordently across accumulations
in floors of cavities mnd replacing the calcium aluminum phosphates
of previocusly deposited mixtures. This demonstrates the progressively
more alumincus replacement with continustion of alteration.



ECONCMIC GECLOGY

History of Mining and Production

The first discovery of phosphate rock in Floride was made near
Hawthorn, Alschua County, apparently in 1873 (Day, 1886; Wright,
189%3). The initial find was a low-grade, phosphatic limestone or
marl, probably of the Hawthorn Formstion. A guarrying operastion was
started in 1883 and abendoned sometime before 1886.

In 1881, Ceptain J. Francis leBaron cf the Army Engineers dis-
covered phosphete pebble placers along the Peace River (Devidson,
1892). These deposits were not exploited until 1888, when the
Arcadla Phosphate Co. shipped the first phosphate rock from Florida.
Production that year was about 3000 icns. The river-pebblie discovery
did not cause much excitement, but in 1888, high-grede phosphatized
limestone (hardrock deposits) wes discovered near Dunnellon, and
production of this meterial began in 1883. This discovery set off
a mining and prospecting boom in Florida &and, by 1892,18 river-pebble
mines and 88 hardrock and land-pebble mines were operating. Most
of these mines were in the hardrock field. The discovery of lang-
pebble phosphete followed the river-pebtle discovery, &s the
companies engaged in *the mining begen io move from the river tars,
first into the floodplains and, later, completely ewey Irom the
rivers. The first proepecting for lend-pebble deposits probably
tock place in 1890, as the first recorded production was in 1891.

The phosphetle discoveries attracted foreign as well as domestic
companies, and from the time of the discovery of phosphate until
World Wer I, French, Belgian, and English compenies mined rhosphete
in Fleride. Dey (1891), for example, reported that in 1890, the
largest mine in the land-pebtle eres was that of the "English
company”, situated on the Peace River sbout 7 miles souh of Bartow.
French compenies mined extensively in the are: south of Lakeland
near Medulle and Christina and in the valley of the Peace River,
and a tract of land in the Peace River valley area is still known
&s tbhe French property. Belgian compenies operated in the hardrock
fleld and one mine continued operation until World Wer II.

Exploitatlion gravitated from the low-grade placer bars along
the rivers (river-petble) to the hardrock district, where the ore
deposits consist of karst-controlled regiduum and replaced limestone,
These deposits are small (50 to 100,000 tons), but of very high
grade. As the demand for phosphate fertilizer increased, mining
shifted to the much larger and more continuous ores of the lend-
pebble district. Today there are no river-pebble mines, and only
one hardrock mine; 8 companies are mining in the land-pebble district,
end 3 companies are remining old tailings snd washer debris mounds
in the land-pebble district.




River-pebble material was mined from 1888 to 1908. Pro-
duction reached & maximum of 120,000 tons in 1893, and total
production was about 1,25 million long tons. Mining cessed,
owing to competition with the higher grade land-pebble material,
and because of the tax levied on the river-pebble by the State
of Florida (Wyatt, 1894, p. 78).

Leand-pebble phosphate mining began in 1891. The first
separate production figures are for 1892, when about 22,00C tons
was produced. Production has increased steadily and is accelerat-
ing. In 1963, an estimated 15 million long tons of beneficiated
phosphate was produced, valued approximately at 7 dollars per ton.
Pnosphate is the third most important industry in Florida, and the
land-pebble district is the world's major rreducer of phosphate
rock. Total production from the land-vebble district amounts to
268 million long tons.

The first recorded production of phosphate rock in the United
States was in South Carolina in 1867. Only & few tons, valued at
£6.00 per ton, were produced. It is & tribute to the efficiency
of the phosphate mining industry thet the aversge velue of the 15
million tons produced in Florida almost 100 years later was not
much greater -- about 7 dollars per ton (far less in "econstant"
dollars) despite the continuous rise of land and mining costis.

Recovery and Beneficiation

The economic zone or "matrix” of the land-pebble district
includes the lower, unweathered unit of the Bone Valley Formation
and the underlying residual phosphorite of the Hawthorn Formation.
The thickness of the matrix ranges from O to 50 feet and averages
about 12 feet; the thickest deposits commonly are in depressions
in the Hawthorn surface (Cathcart, 1963b, compare figs. 11 and 12).

The matrix is an unconsolidated mixture of phosvhate pellets
and granules, cobbles, and boulders of phosphetized limestone,
quartz sand and silt, and clay. The matrix mined consists, on the
everage, of about egual parts of recoverable phosphate particles
{"pebble" and “concentrate"), quartz sand (tailings), and slime
(-0.1 mm material, including clay). Dependent on the thickness
of the matrix and the relative sbundance of phosphate particles,
the content of recoverable phosphate (P,0s) ranges from about S00
tons to about 35,000 tons per acre, and averages sbout 5000 tons
per acre.



The phosphate particles are beneficlated by washing,
screening, and flotation into "pebble” (+ 1 mm) and - “con-
centrate” {- 1 mm + O.1 mm) products. Because there is little
or no quartz coarser than 1 mm, the "pebble” fraction becomes
& beneficisted product merely by screening. The fine fraction
(- 1 mm) omst be deslimed for removal of the -0.1 mm material.
It is then treated by flotation methods to separate the sand-
gized phosphate (%oncentrate") from the quariz particles. (See
simplified flow sheet in road log.)

Economic Factors

The factors deitermining the economic value 2f phosphete
deposits are not absolute, and vary in detail with different
companies (Cethcert and McGreevy, 1959; Cethcart, 1963a). But
in general terms they are as follows:

1. Phosphete particles should contein more than 66 percent
BPL (=30 percent P>0s) and less than about 5 percent
of combined Fepla and Als0a;

2. The recoverable phosphate, as & particulate product,
should exceed 40O tons per acre-foot, and the thickness
of the matrix must exceed 2 feet -- the minimum thicke-
ness minable by large dragline;

3, The volume of material mined per ton of product recovered --
expressed as cubic yards per ton of product -- should be
lees then 25;

L, The maximum thickness mined -- overburden plus mairix --
is a function cf the digging depth of the draglines, and
if it exceeds the digging depth, the area can be mined
only by putting the dragline on & previously mined bench --
a generally prohlbitive reguirement.

These are discussed in detail, below.

The economics of grade and recovery are controlled by the
geology and mineralogy of the deposits in an interesting manner. As
noted elsewhere, particle size and grade are inversely related. How-
ever, as the coarsest materials can be beneficilated solely by screen-
ing, "pebble” deposits of lower grade than sand size deposits may
be profitably mined. This is not always true for "pebble"” deposits
in residuum or bed clay. These latter have not been reworked, are
therefore not as extensively phosphatized, and hence conisin calcite
diluent which is deleterious in the acld production of superphos-
rhates.
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EXPLANATION

~

Approximate limit of land-pebhle phosphate
district

Area where the rotic of coarse fo fine
phosphate is grecter than |,

Areg where the ratio of coarse fo fine
phasphate is less than |,

Figure 12.--Map showing extent and distribution of coarse and fine
phosphate, land-pebble phosphate distriet, Florida.
Section A-A' and B-B' are shown in figures 3 and 13.
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The contents cf FepOa and A1504 in the phosphate particles
are generally low &nd uniform (table 4), except st the top of the
matrix or the bese of the aluminum phosphate zore (fig. 8). Here
the phosphate particles are softened and rimmed by bleached borders
of wavellite and crandallite (Alischuler, Jeffe, and Cuttitia, 1956).
Thls material is referred to &s "soft white phosphate” or "transition
zone" by the companies. The zone may or may not be minable, depend-
ing on the amount of slumine, the flotation characteristics, end
whether or not the replecement rims slime in rrocessing.

Iron content is prohibitively high only locally, where
Eecondary lron oxide cement impregnates the matrix. The secondary
goethite 1z & byproduct of clay transformation, resulting from
metecric water percolstion. Its effects are therefore more intense
in the upper part of the section.

Recoverable particulate rhosphate varies considerably 1in total
amount and in its reletive propertions of "pebble" and concertrate.
On the ridge, "pebble" tonreges ere Tar higher than concentrate
lonnages, and in the lowlands the reverse is true. Boih fractions
are present in each area. The total tonnage varies with thickness
of the mairix, end is somewhet higher in the lowlends area <han in
the ridge area.

The ratio of cubic yards mined to ton of product depends on
the total thickness of the overburden and the relstive emounts of
waste products (sand tailinge and slime) and recoverable product
in the matrix. This ratio is somewhat higher on the ricdge than on
the lowlands, because of the generally greater overburden thickness,
and the poorer sorting of the more pebbly facles on the ridge.

Size Distribution of Phosphate Particles

The areal distribution of coerse and fine phosphate can be shown
most conveniently by plotting the ratio, in tons per acre, of pebble
to concentrate (fig. 12)., The shaded area on the figure is under-
lain by phosphorite that has a ratio of pebble to concentrate of
less than 1; tre unshaded aree is underlsin by rhosphorite that
has & ratio of pebble to concentrate of more than 1. The figure
clearly shows the predominance of concenirate in the lowlands
adjacent to both the Peace and Alafis Rivers and the predominance
of coarse phosphate in the Lakeland ridge.

These relations of phosphate product distribution to topography
are shown in a profile across the land-pebble district (fig. 1%).
The valley floors of the major rivers are sdditional loceles for
deposits of low-grade pebble phosphate. These "river-pebble"” deposits
are placers, winnowed of clay end fine phosphate particles by current
action. The profile also shows the limit of phosphate deposition
ocn the western flank of the Winter Haven ridge.
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Chemical Composition of the Phosphate Particles

Only a few samples of commercially beneficiated products have
been completely analyzed. They are of great interest as guides to
potential recovery and elso as indications of effectiveness of pro-
cessing. The aversge compositlions for 10 pebble and 9 concentrate
samples are listed on table £.

The compositicnal differences between 'pebble’ and "concentrate”
(table 6) are significant in the mining, processing, and sale of
Phosphate. Most important economically is the fact that the pebble
fraction is consisiently lower in Po0s. This chemical variation is
due princlpally to differences in content and nature of diluting
inclusions. In the pebble from resicdually enriched Hawthorn dep osits
calcite 1s also an important diluent. In the Bone Valley Formaticn
the principal diluent is eilt-size cuartz (table 2). Figure 9
1llustrates development of & coarse phosphate pebble from limestone
of the Hawthorn Formation. As shown, much calcite may be present
in the nodule prior tc reworking. As phosphatization continues,
all of the calcite is eventuslly replaced by phosphete, and pebbles
rewcrked into the Bone Valley in the ridge area generally are
coxpletely phosphatized, and guartz becomes the principal diluent.
Thus, industrial anzlyses of Done Valley beneficiation products
show high negeative correlation between acid insoluble content and
grade of Pa0Og (Cathcart, 19632s, fig. 13).

The content of FepOn and Alz0s (reported together &s percent
"I and A" in production analysis) is consistently between 2 and 4
percent, In both the pebble and concentrate fractions, except in
the weathered upper pert of the section where the Al-Cs content
may be very high -- as much as gbout 10 percent.

The abundences of most of the minor elements in phosphorites
(tatles % and 6) are not known <o differ greastly in pebtle or
concentrate frections, but some small differences may be signifilicant.
One noteble example 1s the consistently higher uvranlium content of
the pebble frection in any single depcosit. Uranium 1s discussed in
detail below. Other minor element data are given in Jacob, Hill,
and others (1333); McKelvey, Csthcart, and Worthing (1951); and
Waring end Mela (1953).

The P20g content of the phosphate particles ranges from 20 to
a meximum of sbout %7 percent (teble 2), and is higher in the northern
part of the district, in Polk end Hillsborough Counties, and lower
in the southern part of the district, in Hardee and Manatee Counties.
In the northern part of the district e further division on the basis
of Po0g content can be made. Here there is s ceniral area where the
phosphate particles contain from 30 to 33 percent Fpls, and peripheral
areas where the Po0c content of the particles ranges from 31 to 3
percent {Catheart, 1956, fig. 172). This is yet ancther economic
effect of the previously discussed facles differentiatlion in relation
to topography during Bone Velley time.
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Uranium. The relation between UgQ, and P05 content in the
phosphate particles of the land-pebble phosphate district has been
exanined in some detzil by Cathcart (155 ) end Altschuler, Clarke,
and Young (1958), and reviewed by Davidson and Atkin (1953), and
McKelvey, Everhart, and Garrels (1955). In general, the Uz0, content
of coarse particles 1s higher then the UaOy content of finer particles,
and there is a definite areal distribution -- the highest Us0y content
of the phoesphate particles is in the srez of the Lakeland ridge
(Cathcart, 1956, fig. 169). The relstion between P20 and Ua0y is
inverse when all phosphate particles are considered, though for
individual samples the relation is not consistent. For example,
when glzed samples of phosphate particles were compared in local
areas, coefficients of correlation renged from direct and strong to
inverse and weak, and when nodules of a restricted size from many
&reas are compared, the correlation is direct, but weak. The inverse
correlation between urasnium and phosphate content is demonstrated,
however, ir summery data, which irons out local ané individual
tendencies. In a low-grade deposit of about 10 million tons, the
welghted average P05 content of its products is 31 percent, the
UaG; content is 0,019 percent. In & medium-grede deposit of 26
miilion tons, the averasge Pzls content of 1ts procducts is 32 percent
and the U0y content is 0.0k percent, and in & high-grede deposit
of 42 million tons, the average Pz0gs content of total product is
3L.5 percent and the averege Uscg content is 0,Cl2 percent {Cathcart,

1956 ).

Altschuler, Clarie, and Young (1958) heve shown thet uranium
is more abundant in the reworked and texturally complex pebbles
of the Bone Valley Formation. These pebbles are coarser then
simple nodules, and have gone through several cycles of deposition
and accretion, during each of which new uranium was acquired by
older parts or inclusions in the pebbles. Autoradiographs of such
pebbles reveel their uranium distribution engd thereby demonstreate
the reexposure to marine sources of urenium by reworking (Altschuler,
Clarke, and Young, 1958).

Gamma-ray Logs

Characteristic grmma-rey logs in the land-pebble district of
Florida reflect much of the petrogrephic history of the deposits,
Some of these are compared in figure k.

At hole A, the highest radiocactivity {equivelent to uranium
cortent) is at the base of the aluminum phosphate zone, in the zone
of soft white phosphate. Radioactivity is very low in the surficial
"sand and the calcareous clay at the base of the hole, and is medium
to low in the matrix, jusi below the zone of soft white phoerhate.
This is a characteristic log of & thoroughly leached section.
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Ey contrast, log B represents & hole at 2 location where the
deposit has not been leached. The highest radicactivity is at the
base of the matrix in a sand of phosphaie and quartz, and the radio-
activity drops off sharply in the underlying celcareous clay. The
unconsolidated sand at the surfece is very low in radicectivity,
the clayey sanc beds above the matrix sre low in radicactivity, and
the matrix above the basal bed is fairly high in radiocactivity,

The very high radioactivity in the aluminum phosphate zone is
characteristic of the land-pebble phosphate district, where uranium
has been concentrated in the bese orf the aluminum rhosphate zone,
by secondary enrichment from sclutions which have leached apatite
and uranium from above. The uranium is emplaced by ilon exchange in
the partily altered and highly vorous epatite, in eerly stages of
alteration at the base of the aluminum phosphate zone (Altschuler,
Jaffe, and Cuttitta, 1956).

Potentisl Byproducts of the Land-Pebble Phosphate District

Aluminum phosphete zone:- The aluminum phosphate zone is a
potential resource cf phosphate, and possibly of uranium and
elumina. Much research work has been done on recovery of Fpls from
the aluminum rhosphate zone by the Tennessee Valley Autherity, but
rock from the zone is being discarded with the cverburden at the
present time. The following brief description of a orocess to make
Tertilizer from the aluminum phosphate zone is besed on Hignett,
Siegel, Kelso, and Meline (1957).

The raw aluminum phosphate zone material is calcined and uraniuz
end P05 are extracted with & mixture of nitric and sulfuric ecid.
After filtraticn, the extract is concentrated by evaporetion and
mede into feritilizer by centinuous ammonieticn and grenulation.
Potash is added to meXe a three component fertilizer. Urarium can
be recovered from the extract prior 1o the ammonisation step.

Aluminum: - Alumina is not recovered in the above process; about
half of the total slumina goes intc the fertilizer and the rest to
waste. However, alumina is being recovered fromp aluminum rhosohate
minerals in Senegal, and is =2 potential byproduct in the aluminum
phosphate zone which is an easily beneficiated resource of hurdredc
of m%llisns of tons of the element (Altschuler, Jaffe, and Cuttitte,
1956).

Fluoripe:- A lerge tonnage of phosphate rock is treated to
maxe phosphoric acid in the land-pebble phosphate district, and in
the wei process the 3 to 4 percent flucrine in the phosphete rock is
liberated. Fluorine must be eliminated from the stack gases to re-
duce air pollution and a pert of this fluorine is being recovered as
fluosilicic acid by Virginia-Carclina Chemical Corp. The product is

scld to Keiser Aluminum Company and is treated further at their
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plant near Mulberry. Additional fluorine is recovered as sodium
fluosilicate by Swift and Company and U. 5. Phosphoric Products
Company.

Uranium: - Uranium was recovered experimentally from phosphoric
acid at several plants in the land-pebble district. The process
of recovery was too costly to compete with the high-grade uranium

ores of the western United States, and no uranium is now being
recovered,




CRIGIN OF THE PHOSPHATE DEPOSITS

The phosphate deposits of the land-pebble district are of
complex derivation: partly residusl, partly reworked, and sub-
stantlially altered by post-depositional lateritic weathering to
aluminum phosphates,

The Eawthorn Formation, an extensive body cf open shelf car-
bonate deposits underlying vest aress of the southeast coastal
plein, is the immediate source of secondary phosphate deposits
of Floride. The primary precipitation of merine phosphorite such
as that in the Hawithorn has been related by Kazakov (1937) to
the upwelling of deep phosphate-rich ucean waters along steeply
inclined continental slopes onto the relatively shallow areeas
of the continental shelves. This theory is a cogent synthesis
of oceanographic data. It is known that agueous phosphate
solubility varies inversely with pH. Dissclved phosphate in
ocean water therefore varies directly with dissolved COp, and
is high in the cold waters of deep ocean besins (Atkins, 1923;
Sverdrup, Johnson and Fleming, 1642). The upwelling of such
deep water to shellow, more agiteted and warmer zones ceuses
loss of dissolved CO», increase in pH, and supersesturation of
phosphate, and would further the precipitetion of apatite.

Too little is known of the stratigraphy and phosphete
distribution within the Hawlhorn Formetion to werrant sn inter-
pretation of its lithology in terms of Keazskov's theory. How-
ever, &s & number of other phosphate deposits in the eastern
United Stetes sre of economic interest largely because of second-
cycle enrichment or reworking, or both, these processes of second-
ary concentration merit careful study. The phosphate deposits of
Tennessee, Arkansas, North Carolinas, and Soutk Carolina are all
examples of such multistage concentration.

The Hawthorn Fermetion in the land-pebble district was
deposited in shallow water on the flanks of the Ocela uplift.
In this area the formation contains minor amounts (2 - lO%} of
low-grade, silt- and sand-size phosphnate pellets dispersed in a
metrix of fine-grained znd partly tio-clastic limestone and
dolomite. Exposed parts of the Hewthorn Formation were leeched
of carbonates during &n erosional interval preceding Bone Valley
.ime. The insoluble residue, further enriched in phosphate cements and pellets

ta, end clay, accumulated on the surface, particulerly in

solu ion depressions. Such deposits zre mined today from trapped
pockets underlying the Bone Valley Formation, if their tonnage
and grade are adegquate.
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Most of phosphatized and residually enriched weathering debris
on the Hawthorn surface was reworked during marine transgressicm,
into the crossbedded and graded-bedded, pebbly and clayey sands
of the Bone Valley Formation. The phosphate 1s differentiated
into low-grade coarse material on the central basement ridge and
high-grade, fine-grained material in the lowlands adjacent to the
ridge. This ridge, which underlies the contemporary Lakelend
ridge, existed es part of the submerged topography ai the time of
phosphate reworking, and coarse pebbly phosphate is a lag deposit
of the submerine winnowing of fines from this shellow ridge area.
The ridge influenced deposition throughout Bone Valley time and
has been uplifted considerably since then.

The phosphorite fills low areess on the Hawthorn surface. It
was not deposited east of the Winter Haven Ridge, just east of

the Peace River, and was restricted on the north by the Hillsborough

high, a positive element during lower Bone Valley time. It was
partly restricted on the west by the ridge near Veirico. To the
south, the paleogeogrephy is not known., However, the regional
slopes of both the Hewthorn and the present land surfaces, end
the lack of known structural or topographic uplifts to the South,
make plausible the assumption of open-water marine conditions.
The generel paleogeography at the time of deposition of the Bone
Velley was that of a wide, south-facing, marine embayment, or
estuary, or both -- & shallow-wster near-shore enviroument.

leteritic weethering aliered the phosphorite and formed the
aluminur phosphate zone, a secondary feature. The economic phos-
phate deposit is also a second-stage deposit, and +he origin of
the phosphate in the Bone Valley can be accounted for by (1)
weathering of the source limestone tc remove carbonate, concentrate
the phosphate particles, and phosphetize surfaces and fragments of
limestone and dolomite. ) S
" (2) revorking in & marine environmen® to further concentrete the
vhosphate perticles and to enrich them in PpCs and uranlum; and
{3) post-depositional zlteretion to form the aluminum phosphate
zone.

Ketner and McGreevy (1953) heve suggested that the sequence
of lithology in central Florids, descending as follows,

guertz sand

clayey gquartz sand

clayey gquartzose phosphorite

quartzose and clayey phosphatic limestone {or dolomite)

mey be the expression of & single weathering profile developed
continuously or &iscontinuously over the area.



There is apprecisble evidence that the upper sand mantle 1s
residual (Altschuler and Young, 1960), and that pockets of
phosphorite of entirely residual origin fill large and small
solution depressions in the surfece of the Hewthorn. However, a
resldual origin for the entire Bone Valley, or a large part of it,
seems untensble In view of 1ts content of Pliocene vertebrates
(Simpson, 1929; Catheart and others, 1953; Brodkorb, 1955); the
evidence of appreciable increese in primary stratigraphic structures
in the Bone Valley Formation overlying leached accumulsted Hawthorn
(fig. 7); the evidence of unconformity; and the changes in minera-
logy concurrent with unconformity (see section on Primary lithology).

The Search for New Devosits

The search for other deposits of similer type must teke into
consideration favoratle source areas and favorabie conditions for
secondary enrichment.

1. FPhosphatic limestones and marls like those of the Hawthorn
Formation and the Duplin Marl are generally open shelf deposits
eaédjolining or inland from steep continental slopes, and thus
auspiciously situsted for the precipitation of phosphate from
upwelling currents, as suggested by Kazakov (1937). McKelvey
(1964 ) has discussed the geologic and meteorclogic consegquences
of upwelling of cold nutrient-rich waters.

2. The geologic opportunities for enrichment by subserial
weathering, and by marine reworking, may be delineated through
eppralsal of epochs, and extent and location of both weathering
and marine transgression. Locales of residual concentretion
may be anticipated through understanding of groundwater
drainage, joint systems ang stratigraphic or geochemical
evidence of subaerial exposure. Loceles 57 mechanicel enrich-
ment may be anticipated through study of sedimentary structures
which reflect wave and current activity.

3. The search for deposits of favorable grade and tonnage should
take cognizance of the influence of structural position and
peleogeography on the amount of clastic diluent, and the thick-
ness of the deposits,

L, The nature and paleogeography of younger deposits must also
be studied as a means of predicting areas of tolerable over-
burden thickness.

58



Prospecting Methods

As lerge areas of the southeastern United States might
contain sedimentary phosphorite deposits, the possible dimensions
of the search efforts, in terms of time, area, and cost become a
8ignificant problem. The extensive use of gamma-ray equipment to
detect phospherite by its radioactivity greatly minimizes the
problem. Marine phosphorite has mich more uranium (generally
renging from 0.005 to 0.015%) than the closely associated
limestone, sand, and shale (0.001 to C.005%4). This is particularly
true of reworked deposite in which new increments of marine urenium
may be secondarlily emplaced in the apetite by ion exchange {Altechuler,
Clerke, and Young, 1958), Thus gemma-ray logging of water and oil
wells can generally provide cheap but relisble informetion on the
occurrence or phosphate. Airborne radiomctivity logging is another
quick means of discovering or extending phosphate deposits under
shellow burial (Moxham, 1954). Redioectivitiy meesurements by
Geiger Counter may be used to monitor stream placers and thereby
to quickly assay neturally integrated samples of broad arexs through
& watershed.

Chemical determinations for phosphete and uranium should be
made a part of any radlosctivity prospecting program as & means
of establishing the quantitetive reletionships among eguivalent
uranium, actual uranium present, and PpOs. Such enalyses alsd
provide & safeguard sgzinst misleading measurements due to dis-
equilibrium induced by leeching or post-depositional enrichments.
A convenient semiquantitative field test for phosphate has been
deviied by Leonard Shepiro of the U. S. Geological Survey (Shepiro,
1852).
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PATTERN OF THE FIELD TRIFP

The land-pebble phosphate district of Florida covers about
2000 square miles in Polk, Hillsborough, Hardee, and Manatee
Counties. The surface in this area is blanketed by quartz sand;
exposures of the phosphorite are confined almost entirely to the
nine pits. The major rivers-the Pemce and Alafis--flow, in
part of their courses, on the Hawthorn Formetion, but slumping of
the banks hes covered the overlying Bone Valley Formation, and
sand bars along the rivers cover most exposures of the Hawthorn
Formation. Road cuts in the district seldom expose even tre top
of the Bone Valley Formation. We therefore, depend on mine
exposures for the exposition of stratigraphy and economic
geology, and we wish to thank the phocphate companies for their
cooperation in allowing mccess to their mines. All mining
companies in the district--The American Agricultural Chemical Co.,
Armour Agricultural Chemical Cc., American Cyanamid Co., Davidson
Chemical Division of W. R. Grace and Co., International Minerals
and Chemical Corp., Smith-Douglass Co., Inc., Swift and Company,
and Virginia-Carclina Chemical Corp., have cooperated to the
Tullest extent.

During the course of the field trip, we will cross the
central Lakeland ridge several times, and observe features of
the regional geomorphclogy. The ridge area hes karst topo-
graphy, controlled by joints and feuwlts. It abounds in round
sinkhole lekes, which are particularly evident in the city of
Lakeland. The contrast with the lowlands will be evident.

The lowland area between the ridges and the valleys of the
present streams 1s a flat to gently reolling sand plain, dotted
with irregularly shaped, shallow ponds, called "bayheads."
Cyprese pends, one form of "bayhemds,” are well developed in
the area northeast of Lakeland, and we will be able to observe
several cf these so-called "cypress domes.”

The visits to the mining pits in the area will be based
in part, at leasi, on logistics. Driving from Tempa, for
example, makes it logical to visit the westermmost mine first,
and to proceed in an orderly manner from that mine toward
our overnight destination--Lakeland. For this reason, the
last stop of the first dey will be at the mine closest to
Lakeland, the Orange Park mine.

We will be able to contrest the overall festures-the

eimilarities and the differences--of the mines on the ridge and
the mines in the lowlands as follows:
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1. Ridge mines contain very sbundant "pebble", lewlands
mines contain abundant concentrete, but individusl beds in eech
area may be "pebble" or concentreie beds or a mixture.

2. The phosphete particles tend to be dark-colored in the
ridge mines and light-colored in the lowlands mines, although
all colors are present at all mines.

5. Crosshedding and graded bedding are present at =all
mines, but these features are much more prominent and easily
seen in the mines in the ridge.

- 4. Tne ridge mines are sandier then the lowlands mines,
and the lowlands mines at the west and north fringes of the
district tend to have more clay than those in the Peace River
Valley.

5. Ridge mines are deeper than lowlands mines; the over-
burden in the ridge mines is thicker, and in many places the
matrix is thicker.

6. Quartz sand of the overburden tends to be coarser
greined in the mines in the ridge then in the mines in the
lowlands.

Mining with large draglines in unconsolidated material ic
extremely repid, and land rehabilitation is carried on con-
currently with the mining, so the mined-out pitis are rapidly
back-filled and are not aveilable for examination. For this
reason, the guidebook does not contain a road log, which will
be made Just before the trip is taken, mimeographed, and passed
out to the perticipants at the start of the trip. Even using
this method, stratigraphic sections, taken about 2 week prior
to the trip, may be covered, but should represent the sections
to be seen at the mines, The road log will show directions
and distances to the mine offices only, not to the actual
exposure et the mines. For anyone desiring to repeat this
trip at a later date, incuiries must be mmde at the mine
office for permission tc enter the mining area, and for
directions to the mining area. Hard hats and safety glasses
are required for visits to the mines. These will be provided
for the field trip through the courtesy of the mining companies.
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