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DOMESTIC PHOSPHATE DEPOSITS
By V. E. McKelvey, J. B, Cathcart, Z. S. Altschuler,
R. W. Swanson, and Katharine Lutz

ABSTRACT

Most of ‘the world's phosphate depb’s"_its can be grouped into six types:
1) iéneous apatite deposits; 2) marine pho‘sphoritu;' 3) residual phospho-
rites; 4) river pebble deposits; 5) phosphatized rock; and 6) guano. The
igneous apatites and marine phosphorites form deposits measurable in
ﬁlliqng or billions of tons; ;t.h.es residual deposits are measur'ai:le in
thonsarids or millions ;- and the- other ﬁypes generally only in thonsanjis of
tons.‘_ . . .

Igneoua apatite deposits have been mined on a smll scale in New York,
New Jersey,, a.nd Virginia. : Harina phosphorites have been mined in Montana,

. Idalw, Utah, Wyoming, Arkansas R ‘Eonnessee, North Carolina, Squth Carolina,

Geergia, and Florida. Residual phosphorites have been mined in Tennessee,

Pennsylvania., and Florida. River pebble has been produced in South Carolina
and Florida; phosphatized rqék in Tennessee and Florida; and guano in New
" Mexico and Téxas. Present pro_ducfion is limited almost entirely to Florida,
Tennessee, Montana, Idaho, and Wyoming.
v Inconplete but. recently parhly revised estimates indicate the presence
of about 3 billion tons of phosphatc derposita in the United States that is
minable nnder present economic conditions. Deposits too lean in qn:],i\:y or
thickness to compete with those in the western and southeastern fields

probably contain tens of billions of toms,
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I. INTRODUCTION

Phosphorus has been called the "bottleneck of the world's
hunger® (Rorfy, 1946). This is true for large parts of the world,
particularly Asia, but the ﬁnited States, fortunately, has large
‘reserves of mineral phosphate availible to replace the phosphate re-
moved from the soil by crops and erosion. The chief purpose of this
account of the charactoris;tics, disﬁribution, and reserves of domestic
‘phodphste deposits s to provide a background for the consideration of
problm of phdspéqrgs irrrelatien to‘fe‘rf,‘ilizé;r and crop pro@u’ction;
’h‘t:t:"tﬁe authors wish to show alsé that increa.séd domestic consumption
of phoaphorus fer’bilizer need not be 1imitedbythe phosphate reserves
of the United Statee. |

o ancxm, TYPES OF PHOSPHATE DEPOSITS

o fhogp&oi'us makes ub about 0.12 percent of the earth's crust--in
fact it is the eleventh most abundant element. It forms complek
célpounds with a wide variety of metals—more than 150 minerals are
known that contain 1 percent or more P205. Most of the phosphorus
in the earth's crust, however, is found in one mineral family, the
apatite group (Cay (PO, ‘co3)6(r, Cl, OH),). Due to its essential
content of an anionic ragiicle, the POh tetrahedron, as well as of a
s:l.nple anion, usually fluorine, and a simple cation, usually calcium,
apatite serves as a host for a great many minor substitutions. Thus,
small amounts of V k’ AsQ Si0,;, SO, and CO_ or CO may be present in

KT T 3 4

place of equivalent amounts of POA The fluorine position may be occupied



co'gp*eeely_ or in part by F, C1 or OH. In sddition minor amounts of U,
Mg, Mn, Sr, Pb, Na, Ce;, Y and other fare_earths may substitute for
calcium, The variety of etrncturallelements_ig apatite enhances
the number of substitutions which occur, as cationic replacements
involving loss or gain of valence may be compensated for by anionic
- replacements ef opposite nature. These facts account in great
measure for the rich seite of mine: metals found in many apatite
deposifs and'so important in the agricnltu;al’use of phosphate rock,
In nature phosphate is concentrated by igneous, sedimentary,
weathering, and Siologic processes, The geology of the important
producing types of deposits is treated here to promote gfeater
- understanding of the- petentialitiee of these depoeits in this

'g'country; They are six in number; namely apatite deposits of

'igneoue origin marine phosphorites, residual phosphorites, river-
pebble deposits, phosphatized rock, and guano (Table 1).

1. Aggtite deposits of ;gneous origin

Apatite:deposite/of igneous origin are found as intrusive
masses, hydroehermal veins or disseminated replacements, marginal
differentiations gloné or ﬁear the boundaries of intrusions; and
‘pegmatites.” These depositena?e'general}y associated with bodies
of nepheline syenite, ijolite, alaskite, limestone, pyroxenite,
ilmenite, magnetite, or nelsonite. )

The largest of the apatite deposits of igneous origin are

intrusive sheets associated with syenite, pyroxenite or amphibolite

-
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and in some places with limestone or magnetite, These sheets are
inclined and in some places roughly iq%'.!;leaved around a circular
cors, The apatite-rich layers range in thiciness from tens to
hundreds of feet or more and are t?n.cca.hle t;:r bundreds of feet

or even a few miles, Their P205 coni'znt:is as mich as 35 percmt,
and reserves are measrable in W 1liens of téns, m; higher grade
rock is not beneficiated. Lower-grade rock containing 5 te 25
pofcenh P205 mYy be .bcnaticitod by grinding ard sedving or mag-
netic separation to yield a high-grade a.pa"c.ita concentrate, No
attempt is made to beneficiate the very 19\1 grade magnetite-apatite _
reck for phosphats.. On ;ulting, mh,ivom; yields & phosphate-rich slag.
No important deposits of this type are known in this eounf.ry, but.
three of the laf;eat apatite deposi ts if: fhc ‘mi'ld are of igneous

" origin, nmmely the Xhikin deposits on the Kola peninmla, U. S. S, R,
(Fiveg, 1937); the eastern Uganda depesits (Davies, 1947); and the

.

Palabora deposits in East Tramsvaal (Shand, 1932). The Kiruna
@Mﬁo deposits in Sweden a'qd the Iron Mountain hematite deposits
in Missouri (thought to be mthéed mgnetites) are apatite-rich
1ron ores of this type (Lindgren ’ 1933, p. .793). é

The vein, disseminated, nu;ginal, and pegmatite deposits are
either less extensive or of lower quality, or both, and hence are of

less economic importance. Most of the reserves are msasurabls in

‘thousands rather than millions of tons, and the P205 content of large
" masses is generally less than 20 percent., Examples include the hydro-

thermal apatite-ilmenite (nelsonite) disseminat ed deposits in Virginid.
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(C. S. Ross, l?hllg the apatite veins in Norway (Lindgrm, 1933,
P. T6k); the apctita-ugnetite mginal dcped.ts usoci;tod with
alaskite in the eastern Adirondacks (Lindgren, 1933, ». 794); and '
the apatite pegmatite deposits in southem Ontario (Adams and Barlow,
1910). | .

- The spatite that prgdouinato? in all of these dsp'ai ts is
fluorapatite; chlorapatite is rare in large deposits, i Strontium
and the rare sarths comsonly meke ﬁp lto 3 porécxt of t;hc mineral and

substitute for calcium in the crystal structure (rablo 2), Other

| .nttls are nd'. abunda:t.

2. Mirine phosphorites

Marine phosphorites are believed to be inorganically and organi-

cally precipitated on shelving margins of large ocemnic basins. As

cold water rises from the depths along the continentdl slopes its pH
increases with increase in temperature anc with the decreass in partial
nressure of CO,,and éhoaph;te is then precipitated (hzaku‘r; 19373 and
McKelvey, st al., in press ). The marine phosphorites may be divided
into twq .pringipal.[.’_fad es--gsosynclinal and platform, the one commonly
the stratigraphic emivalent of the other. |

The geosynclinel deposits-;g:: which those of western United
States (Mansfield, 1927; McKelvey, et al., in press), North Africa
(Cayeux, 1941), ad the Kara-Teu of the Soviet Union (Vol'fkovich,
1945) ‘ai;-ls th_c,_._\gp‘;‘,]..d's out standing examples--are associaed with chert,

black carbonaceous shale, and minor amounts of limestone, The phos-—
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phate deposits consist of layers of phosphatic pellsts, generally
less than 0.1 to 2 mm in diamster, that were deposited as blankets
over thousands of square miles. Many of these layers are 3 feet

or more in thickness md contain 25 to 35 percent P05, The fluor-
spatite content in the minable layers of such formations is common- -
1y 3,000 to 25,000 kg per nz, and tl;e finorapn..titc content of the
wholes formation may beA25,000 to 75,000 kg perrnzo

Most of the platform deposits are associated \d.tthinntom 9
Agla.ucmite sand stone, quartz saﬁdmng, and; less éﬁody, clays
some are #ssod.cted with bituminous shal’cyg"‘ and a few are associated
with n.xigmso- and iron-ore deposits. TheA glauconitic marls of
Alabu.a.‘md Migsissippi (ﬁ; A. Smith, 18923 Monroe, 1941) are
examples of the first group; the "blus-rock' deposits of Tennessee
(Smith and Whitlateh; 1940) of the second; and the menganiferous
phospiutic ‘shales of Arkansas (Branner and Newsom, 1902) of the
third, -

The phosphate in the platform depceits generally occurs as
large nodules or pebbles, most of which are 2 to 10 mm in diameter
(but some of which may be 25 or ;m 50 mm in diameter), sparsely
iis;oninitoﬁ in a matrix of non-phosphatic sediment, Some phosphate
is in the form of phosphatized shells or fish remains, In younger,
unconsolidated deposit s, _tho phosphatic particles can be segregated
from the mtrix by washing or flotation. In many platform deposits
the P05 contert of the pebbles is only 15 to 25 percents Ths
ﬂnoumﬂte cantent of such formations generally ranges from 100
to 1,500 kg per 12 but may be as much as 5,000 to 10,000 kg per nz.
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The best platferm deposi ts have resulted from submarine rewcrking of
older;, less pﬁosplatic_fo rmations. They commonly are found as basal
conglomerates of formations formed by transgressing seas (Goldman,
1922; Petitd jenn, 1926; Tazakov, 1937)¢ __ |
The phosphsie mineral in the marine phosphiorit es is gonerally
'wﬁino-auonpauto (Altgﬁuhr and Cisney; 1952). Marine phos-
. Maorites, particularly the geosynclimal facies, eentain a host of
minor constituornts, soms ;ot vhich u-{ important as by-products
‘ecoverabls in the memufacture of fertilizers and chemicals and some
of ihid: are essential to plant mwth Those trace eon-tit;wun |
:[nc.;]_.ﬁo vanadivm, strontium, nickel, molybdmum, sinc, copper, rare~
eartns, silver, aad uranime (Qertel and .Stacq, 1?47; Rokinson, 1948; .
Jacob et al.; 1933; Hill.st al,, 19323 Mébert, 19475 McKelyey.and
Nelson, 1950). =
icurfu of the marine phosphorites are measurable in millions
or billions of tens, mainly accounted for by geosynclinal deposits.
With a few exceptiens; the platform deposits are not of commercial

value at jrosonto

3. Residual phosphorites

. Carbonate-fluorapatite is less soluble than caleite, and there-
fore is residually concentrated during the weathering of marine phos-
phatic limestones. Thess residual ;hosmat.ci deposits are most common
" in humid climtes; those in Tennessee (Smith and Whitlatdr, 1940) and
Kentucky (Phalen, 1915) are good exsmples. Thess deposits

§
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resembls the marine phosphorites, (from which they are
| gmerally dorived) in the composition of their phosphatic
particles; but they differ in distribution and sxtent. Most
of ﬁon- depesit s are at or rear the alnrftu, ad they ocour
on irregilar, desply etched bedrock sirfaces. The P2O5 content
ramges from 15 to 35 percmit or more and the auoupatiﬁ con-
tent may we 1,000 to 10,000 kg per n%,

"lonms" of the residual deposits are msasured in thousmds |
or.:t nost -:}.Jiionsch tons. Some nsi&tl phesphorites, those
in Temnesses for example, are importmt producers veciise af
| ~their high quality and thin cover. "

VO~ ® gits

Soms of the clastié pltosphate thet is left beiind during the-
mtluring of phosphstic limestenes is m«l by runoff to the
streams. n: humid rc‘:lons of low relief, such as rlorldn (Mansfield,

'1942a) snd South Carolina (Mogers, G. S., 1915), phosphato nodules
| ea-ouly mke up the only cparse detritus on the stream bottoms,
Thu; eon;oubrations are know in the industry as river-pebbls
deposits and are easily recoveratls. Neserves are measureable in
aillions ot’tom',_ tnctn' deposits of this type;, howsver; cannot be g
mined now in compstition with cther types because the P20 content
of the nodules is too low (presumably due to leaching in the ttrun),
and the deposi ts are too small md patchy. '

5. Mosphatized rocks

In regions of subtroﬂcal or tropical weathering i\efc docaying
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Vegstation lowers the pH of meteoric waters, the carbonate-fluor-
ap;tite in sedimentary i-ocka,is eventually decomposqd. Some of it
diuﬁpurs in runoff but in some plaées it is reprecipitated after
_tr;velling only a short distance, particularly if the phosphatic
solutions encounter a’lnninqua or ifonébearing rock or limestone in
a different chemical envircnment. - These deposits consist of en-
crustations on surfaces of joints or cavities, or an irregular,
ta@r replacement of bedrock, or residual boulders. The mineral
conpositioﬁ dep‘ends upon th.e 1lithology of the replaced rock. Phos-
phgtiie& limestone generally ;on‘sists of some form of calcium phos-
ﬁhﬁte; whinm iron a.hd aluminum phosphate minerals of the variscite
and petauéiscite series t'as\r; common in éﬁbfaphitized volcanic rocks
ané wavellite and medm‘nllj:te in clays. The P205 contént of
these dopoaih depehda on the degree of replacement. Some depos;_!.ﬁs

have 35 percent .or more Pf20 Klthough minor metals are not abundant,

gallium may be prominent insmve}lite. These deposits are generally
of limited extent and with few excepticns theéir res"efves are measur-
. able in ‘tﬁous‘an'ds‘“ér "nﬂiions"of .tot’ls. Examples are the white-rock
dépogit’s of Tennessee '.(Suith andiﬂhitla’tch , 1940) and the hard-rock
deposits of Florida '(msrield, 1942a). '

'ﬁu; phos‘phate iia'th‘e phosph'aﬂized rocks of most insular deposits
.is derived from guano rather t'ha.n from phosphatic limestone. The
deposits of Fais, Angaur, and Kits-daito (Rodgers, 1948) have origi-

nated in this way,



19

Accumdlations of the droppings of sea{fowl and bats are rich

in nitrogenous materials and phosphates, Leaching or decompositien
of the nitregencus material of this gnano yields a residue rich in )
phosphate. It is interesting to note that the Lar;‘st guano accum-
lations” are fownd in the vicinity of the cold, phosph:t;-ﬁch‘ waters
(Svardmﬁ _o_t. ;i_l_.;l%‘, P. 942) from waich the iagj.n:c;phosphoritu
pr;d.pd.ta.te. The abundmt sapply of phoéphd;o in: these waters
nourit;hu_ a lwmriant plankton growth which in'twn sipports a
larxo fish population on waich the ses fowl feed. Cbntﬂ.fions most
favomblo for the accumulation eof gaano depoo ite are found along the west
cout of ‘the contimts :Ln 1« lt.tif.udes where cold watcrs upwell
and wb‘;e the dry, subtropicel climte inhibits destr ction of the
gaano (Hn‘bchimon, 1950, p. 6) .and auch dopositl ouour dpng the west
- cotsts of Lewer e;n_rmn. South America, and Africa.

The linoralgg of gumno is complex and depends to soms extent
on the stage of é'colposition and leaching., Slightly decomposed
deposits contain s_olnblc ammoxium and alkali oxalates; sulphates, and
'nitratp.s and a variety of ugnesiﬁn ’phbsphat_ea apd ammonium-magnesium phos-
phates. Lirgely deconpooodvguano conaists essentially of calcium '
phosphates. ’

The guano deposita are limited in extent and their reserves are
scldomvnumr-ed in ntllions of tons--in fact most of the rich deposits
- are already exhausted. The P,0; content of guano is generally less
than 20 percent, but, becase the P05 is readily available and

+



because other nutrients, particularly nitro_gen, ) are present, guano
is a valued fertilizer. Minor metals are not dbundant in guano,

Other types

Other ﬁurces of "mineral® phosphates are tons piles found at
ancient salt licks amd water holes; glauconite; and phosphatic iren
ores that yiel?i a basic slag in the mamfacture of steel (Hertzog,
l193 5)e The bone pil.u are no longer impertmt. Glauconite contains
‘only lto 5 porc_uit-?zcs, ut, as it also conta.iml’zo, it . has hos

had some uée as a fertilizer; reserves are mnsuaﬁe in millions
- and bi;lioﬁs ct f.éns. ] Phosphatic ;ronAoz_'cs incdlude ur:].ne deposits
ef‘ the : type. fbund in the Clinton formation as well as apatit.e—rich
‘ ngnttitl db;ic;lifa of igneous arigin, AThc basic slag (Thomas meal)
made fron ﬁzen ares contains 8 pu-ccnt or more ons. Reaerves of
the pbuphd.ic mn-ort source rocks, vhich conta.in only 0.5 to 5§
porcont P205, m nuured in millions of tnns.

l ’.‘*’

IIT, DISTRIEUTIOH AND GEGLOGY OF DOMESTIC. DEPOSITS

All the -~principal typ;s of phosphas dopolits are found in
this country, a-d eonceubrations of one typc or anothq' are round
in 30 of the States (Fig, 1). Only abmth half . ot these States—
Pemnsylvania, Virginia, North Carolina, Sonth Carolina, Georgia,
Alabama, Florida, Tennessee, Kentucky, Arkansas, Idaho, Wyoming,
Utah, and Hoghqa--have ever produced phosphate, G;:rreut produc-
tion of phosphate rock, listed in 'srder of rﬁbod’ Pﬂﬂﬁm \%" '

>
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(Table 2), comes from only four fields: the land-pebble field of
Florida; the brown-rock field of Texmessee; the western field; and
the har@-r’ock field‘ of Florida. . . Because futu«z"d production is likely

to be restricted largely to these same fields , we place the chief

emphasis on them in our description of domestic deposits.
1, Florida land-pebble field

The Florida land-pebble field has produced sbout 117 millien
‘tons during the perieéd frém 1891, when mining began, through 1949
(Table 3). In 1949 it produced about 6.7 million tons (Johnson and
’T\'xck‘er,‘ 1951)—slightly more than one-third of the world's production
and about three-fourths of our domestic‘ ﬁrodnction.

The Florida'lanci—péﬁble deposits are part of the Bonr Valley
formation ‘ot probable Pliocene age uhich extends over an area of
about 2600 squaré \m:l.les,‘ chiefly in Polk and Hillsborough Counties,
in the i'fesﬁ‘-;centralpa‘rt of the Florida peninsula (Eldridge, .1893;
Sellards, 1915; Matson 1915; Roundy, 1941; Hapgfieid, 1942a; Cathcart
et al., in press). The Bone Valley formation was deposited on the
eroded surface of the underlying phosphat.ic Hawthorn formation of Mioggne
age by a transgressing sea that reworked and partly sorted the thick,
residual phospha.tic mantle found on the Hawthorn at the close of the
Miocene. Since its deposition, the upper part of the Bone Valley has
b;en deeplﬁr weathered (Pig. 2). Much of the phosphate in this upper
leache‘rl zone has been removed and some contains phosphatized clay.

The Bone Valley deposits are thus complex--partly residual, partly

b
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marine reworked; and partly phdsphati:ed clay.

All the phosphate recovered from the land-pebble field is in
the lower, less-weathered part of the Bone Valley formation, called
the mtrix. The matrix rests en & "bed clay" at the top of the !
Hawthorn formation whieh.has a karst surface (Fig. 3). The thickness
of the matrix ranges from 1 to 50 feet and averages about 12 feetg
the thickes’r; deposits are commonly in o0ld sinkholes in the Hawthorm
formatien, |

The matrix consists of m wnconselidated wixiure of phosphorite
pall;lt\s and peBhlas—, .bouldars of partly phﬂ."ﬁttiﬂ.d limestons, qnagtz
sﬁxd, and mntnprillonitc clay. The matilix typically:consista of :about
dn-third’ phoaﬁhotito partiﬁi.ﬁ co arser thu 0.1 mm; one-third qna.rtz-
smd, and om-third clay. Dopﬂing partly en thc thickness and the
rchtiw abmﬁance of phosphorite plrticlu in thn mtrix, the content
of recoverable phosphorita rangos from about 500 tons to 35,000 tons
por acre n& Amagas about 5,000 tons per acre in the minable part
of the field, » |

The P205 content of the phosphate particles x?;‘x;;g}os Iron.about.
| 28 to 36 percmt, The P20>5 ceﬁ:tuh’ is higher, 32 to 36 perceant; in
the northern part of the field, and generally lower; 28 to 32 percent,
in the southern part. The northewm part may be further aubdivided
into two general areas: a central area where the phosphate ‘particl;e
size is generally coarss snd the rzes content of the particles is

32 to 33 percent; and a peripheral area where the particle size is

<
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. Pigure 3. The surface of the Hawthorn formation, 0ld Colony Mine,.
~ American Cyanamid Company, land-pebble phosphate

field, Florida. (Data furnished by the

American Cyanamid Company).



26

finer amd the P05 content of the particles is 33 yg-3§ percent.
(Pig. 4)o 9, P. Davidson and 7. K. Houser (unpublished U. S,
Geelegical Survey reports) hu!» showm that ﬁo cearser pu"tichs
are feund en highs on the Hewthorn Zermation,

Rining, at present restricted te the mthm mrt of the
f1eld, is cntircly oy large-scale; lew-eost open-pit metheds.
The phnﬁritc perticles are separated from the mtrix by washing,
screming, wnd flstation,

, The upper part of the Bone Valley las been i&qulrly
ln&:d and altered. This irregular leached sens gemerally rmges
frnn 1 te 15 feet in thiclmsss hewsver it hiy be as thick as 50
R tnt. The ludud gone i‘t ;gnmlly thickut on topegraphic highs,
rrg 70 to 00 pereemt of tho luchu-unc utcri&l is medium to
: 'eotrn qn.rtz smd und the ronindor is minus 153 megh particles, .
‘ﬁu finos censist meinly ct the tluﬂ.nul pospbxto wavellite and
v"thb ctlciul &m phosphite pmudmﬁllitt, minor ameunts of
_‘c;rmto-ﬂuortpltito, and knlin are alse wesent, The ludut-»
‘sone meterial is stripped uﬂ disg&rdodq The minus 150 mesh fx;tction

is sasily separated from the euarts si_nd, and centains 15 to 30 per-

cmt 2205 and & d.i:!.luj ameunt of Aly0;) IS 'is 'possidle that the
- minus 150 mesh fractidnA axy be utilized .ov.tually as a source of
phosphate or alumina,

2, Florida hard-rock field

The hard-rock deposits in nortimestern peminsular Florida have



6543210
EXPLANATION

CQ. Iimits of economic phosphate deposit,

(-1.2+ 0.1 mm) phosphate is less than one,

Areas where the ratio of coarse *+1.2 mm) to fine
% The remainder of the area within the limits of the

economic phosphate deposit has a ratic of coarse to
fine phosphate greater than one., .

@ Iine dashed where uncertain.

Figure 4. Distribution of coarse (¢ 1.2 ‘mm) and fine . -
- 1.2+ 0,1 mm) phosphate in the land-pebble
phosphate district, Florida.

34530
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produced about 13.5 million loixg tons of phosphate rock from 1889,
when mining began, to 1949. Production in recent years, however, has
dropped.to & rate of 25,000 to 50,000 tons a year.

The hard-rock deposits are in the Alachua formation of Pliocene
age whiich outcrops within a belt 5 to 30 miles wide extending about
150 miles southeastward from Tailaha.ssee to the.northern part of
Pasco Coutty (Mangfield, 1940, 1942a), The Alachua forntion rests
on the eroded surfaces of parts of the Ocala and Suwanee limestones
of Eocene and Oligocens gge respectively (Sellards, 1915). It is
probably the nonmarine equivalent, in both age and source, of the
Bone Valley f&métion and consists mostly of the collapsed and -
compacted residue ef the Hawthorn formation of Miocene age (Mansfield,.
1940; Cooke, 1.914'5).‘ The phosphate pr;sent originally as nodules in
the Hawthorn forution h3s been largely dissolved and redistributed
as réplacements af limestons blocks and clay. Some of the immediately -
underlying limestones ef the Ocala and Suwanee have also been phos-
phatized. |

. Most of the hard-rack deposits occur 'in the lower part of the
Alachua (Fig. 2), and are associated with fragments ef chert and
silicified limestone in a mgtrix of fuller's earth, quartz s.a.nd s and
phospha‘!;ic clay (Vernon, 1951). The phosphate is im the form of phos-
phatic claﬁ, detrital pebbles of phosphorite, poéphé.tized fragments
or blocks of~linesto-ne, and irregular masses or plates. Individual
deposits are characteristically small and irregular in shape, but

they contain 33 to 36 percent P205 or more,
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1'!}. hnrd-mckA deposits are -ingd by d:qag‘opon-pit methods,
and the rock is eoncont.rat.éd by washing, a.g:i s_crog’;‘tfnpg Bscm se
of the smll size and irregilar distribution of the remsining
deposits, prup,ocﬁing costs are mch higher than in t&xeﬁ hnd-ﬁcbblo
field, ﬁ:o coarse size and high phosphate cm’oent_ of the ha.rd—
rock make it an ideal farnace feed and a mall catinuing production
mey be expected for that purpose f;'on th_o Punellon area,

The upper part ef the Alachua formation consists of phosphatic
clay and fine-grained weartz smd. Thie zone has been littls -
sﬁnﬁiedbub it, il poni’blc' that it is & leached-zone -ana.logoua to
| . that in the land-pebble field, ‘l'his zono, together with slime |
derived fron mc uuh:l.ng of the hard-rock depesits, yidlds what
| ‘.‘1' knowa in tht i.ndustxy as soft-rock phosphate, About a million
" tons of sott-mck has been produced from this £ield,

“ | | ‘k k!z Té:iibisce brown-rock ﬁ.el
The Tennessee brown-rock field produced 33.3 million long tons
a of phosphate rqck from 18‘;‘, vhen mining began, through léh‘?. Its
| production in 19&9 vas abont l.,la. ni]lion tons, It thus ranks second
to the norida hnd-pehhlo ﬁ.cld in total as well as current amual
production.

The brown-rock deposits are composed of residual phosphorite
particles; quartz sand; and clay derived fmm the chemical decom~
position of platform-typs phosphatic limestones of Ordovician aéo
(Hayes and Ulrich,. 1903; Smith and Whitlatch, 1940; Burwell, 1950).
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These phospliatic limestones, deposlted ia shallgw,. phtfori seas;
have been gently uplifted, arched, and exposed b; erosion in the
contral (Nashville) basin. The ‘phoa)hatic formtions are of wide
extent——the Kentucky brawn-roclf deposits are dcri'..vad from the same
formations—-but residual concentratiens ef present commercial value
‘aré found mainly in the vicinity of Celumbia and Mownt Pleasmt,
hry.w‘bn Tenm, | |

The Local distributiem of the depesits conforms in a general
way te the @u‘ops of the limsstonss from whicg they were derived,

‘The thidest are found as fillings im cerreded’ joints-or “cutters®

lyihg betwem limestone horses. The most extensive (blmkof.)

depesits occur en flat grewnd underlain by the Mermitage, Bigby

and Leipers linetand; Less extensive deposit s are found as rims
on hillside outcrops (Fig, 5). ' |
Although most of the phosphate particles are phqu:l.cs,l residues

from the limestones; in areas of deeper weathering the phosphatic

particles in the upper parts of the deposits have been dissolved |

‘and redeposited as cement or as plate-like replacemsnts of other

utc?ials in the lower p_arts. Such plato-rogk is rich in P205 and
has been selectively mined in many places. The uncemented rock as
mined contains about 15 to 36 percent P205, Most of it is éonezqi-
trated by ncﬁin;-, scr.-'uning, and, in some places, by flotation, te
& prodéuct containing 30 to 36 ptrcn£ P2°5’ ut soms of the rock

is used without beneficiation is electric furnace feed. All of the

brown-rock is mined bf open-cut ‘éhOdSo

M A
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B The watem field

Tho western phesphate field is one of the largest in the
wrld, both in size ad in reserves (Mmstield, 19275 McKolvey,

1949). Mining operations dsto back te 1906 wt only a.buﬁ 6

million long tons were ﬁndnéei through 1949, The mﬁu

importance of the field, hewever, is indicated by the fact that
| {

55 perceat of the tetal productivn cams daring the 1946-1949

The westem depesits are marims, Soms are found in the

‘Brager lilutono of G’Irb;:ni.fmm age bt the.most extensive, md
'tﬁo enly wes we Ml umidor here; occur m ths Phosphoria

tomtion d‘ Pordn ap and :Lts pmul ctuticriphic oqa:l.nlnnt.
in M, ﬂu hrk &ty forutien. The se tomti-ns erop out over

‘an area of almrb 135,000 square miles in Montma, mho, Wyoming
" Utah, ad londl. (H.;, 6). The deposits in the eastern pirt of
- the ﬁold an/thc platform type and thon in the westorn part are of

the geosynclinal type (lb!olvey st al.; 1952).

ho neh of hrlhn age and the overlying and undcr]qing
udi.uta hn hobn eoupruud, folded; npliﬁ.od, and exposed by
crgsion gincs their widespread : deposition on the sea floor, ‘

. Klthough deformation affected the whols area; it wvas more intense
in the westermn part. The fisld may thus be divided inte an eastermn

part of simpls stractwre and a wegtern part of complex structure
(Pig. 6) In the sastorn part, the folds are of the dome and basin

) -
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type; The beds gemerally dip less than 20 do;r-_eb, md closely
spaced faults of large diap]_.acunt uf uncomen, The folds are
randonly oriented xad the owtcrop belts of the phosphatic rocks
are widely separated. In the western _aTes, on the cther hand, the
folds are tightly cqnuod and the ’nds merally dip at hidz
I-ﬂ‘l“, ‘commonly moTe than k5 « The rolda have & parallel orienta~
tien, Kmy are nﬁtﬁ ud are broken by tnlts of both large and

“small daplacement . mme of e close, intense felding and

rcp‘td.tien hy fn]ﬁ.n‘ outmp belts of the ﬁauﬂm;ic rocks are

M Iq'ca og tlne formations of hrd.nn age are phosphatic,
ht tha ncst w ones u-e tmnd in the lowu', phosphatic lhh

unh-r of ’(hc huphorin. rorld'.ion (m. 7). These layers range

-udy in f.ud:uu md 3205 ‘content over the fleld,but the varia-

t:!.on for the nul; part is systmtic. As shown in !‘i;nre: 8and 9,

tht thickneas nd qun.lity of tho phocphatie rocks increase wutnrd

 to v-.xim in nnthoutm Idsho. Information is sparse for areas

fnrbhcr west in Idaha.bnt the fhidmou and quality appear to decrease,
lecka d twq gﬂ.itin are tlncd in the western ﬂ.-ld. 'l'ho ‘

: pr.lnd.ptl prcb.ct:l.on 1n the put ‘has been of add-grado rock, which

contains 31- percent or more 1205 in layers abowt 3 feet in thickness,
Rocks of this quality and thickness are found in northem Utah,
westermmcst Wyoxing, southeastern Yishe, and southwestern Momtana

_(ﬂ-‘o 8); altheugh aaid-grade rock is mined at only five localities,

many others eorﬁdn minable deposits, The second typs of rock; furmace-

P
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Pllanen .,
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. grade; has bem produced in impertant ?ntitiu”qu slnce 1949,
when the first of the eight electric fwrmmces new in eperatien (er
4.«5&:‘0&.«) in the field was Wuilt at Ppcatells, Idahe, by the—
West Vece O, Furmsce-grade reck contains abeut 2i percest or mere
| 9205 M eccwrsin beds & feot or mere thick, Such deposits are
fownd in essentislly the same areas wiers acid-grade recks are.
fowd, Wut present weluction is restricted te twe localities in
sewiheastom Jishe mé e in western Metana. Fer the most part,
;-.a. of Wota qualities mst et the speaitisd 20, cogtcnt'u.
 mimed. Their kigh degree of cementstion and hardiess does not
_Tocement thea for lev-cest bcuﬁ.eutun. |
. Mest rich ank thick doposits can be xiped only Wy undergreund
m bmn of tht stnctunl coqhdtin already described.

'..' &t 3 tat hidl-pdi ﬁpodtu -ume to str.l.’-d.niu in
mthcutm Idahe sad western lMyeming, but most of these are feund
aﬂ\o .ntorn pu't of & 1014 (rig. ‘) vhare the thidkness and
g ;;yt’ are teo lutoﬂo thitdning proﬁmlo new. Some

ot thl‘t dopnd.ts, sadh as those near mml, Utah, may, however,
. hiqu-tmjt preducers in the futere,

Yous of the other puospht o do’od.ta in this ountry is apt te

e an iqort.nt m in the fereseeshls futurs ut & fov rematks

on distrilution my servwe as hd:rmi ﬂar sweciation of our
phosphate remure ptdm. A more complete summary ef information

42
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on these deposi ts may be fourd in papers by Jacob (1952); Jacow
ot al, (1933); md Mamsfield (1940), |

!hitph&c dspesits oo femd in recks of Cretaceews or Tertiary
' l‘lottho &Iutic addnlfcoutal Plain in nearly mry state
fm Huuchuotta to 'ruu. The -uh truuprna are thon of the
marine platforn tm associated with glauconits: smd, sartz smd, |
and Limestene. The moct importast depesit te be-nined in the far
distant tuturo ilii'thq-m.n; formation of Miscens age waich con-
- tains phnhorit‘ farticlia over nurly its whele extent in Morida,
) ;Onr.h, and m cu-oliu. 'ﬂu mt pndnctin depu&n o« tho
Mtal nd.n. uue trn- currcue rodneorc alresdy duerj.hod,
the rina-pmp uu land-rock phosphate déposits in lonth Carolina
' (lopﬂ, o 8¢9‘19‘15) and the riv_tr-pbhh dtpd.tl in nouu .
(h-ﬁ-ii,-‘:.%?i)‘; 'nig Seuth Carolina land-rodc deposits, waich
consist of phosphatized rock in the Nawthorn fermation, produced
9.3 killien tons Wetweed 1867 and 1925, The South Cirolim and
| .ﬁondl, river-pebile depesits, both derived directly or indirectly
throug .ra;m of the Hawthorn fermaticn, produced hel and 1.3
million tolu prior te 1910 and 1911» romctivdy.
Other depesits en the Coastal Main are found in lhtudmutta
. (Soaler, 1888); New Jersey (Mamsfisld, 1922); North Carolina
(Brewn; 1905); Geevglia (Mctallie, 189%); Alanmma (Smith, 18%);
' Moures, 1941); Mississipyl (Stephansen md Merres, 1940 Doy,
' 1686); Arkmess (Bramer and Newsan, 1902); and Texas (Stephenson,
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1929; ﬂ(hrdnu', 1953)., Only the deposits in Sewth Carolima,
Georgia, and Alabama have been mined and their preductien bas

Igueeus spatite dopost ts m;dgm with {lmenite in_
' Wirginia (Stess, 1914 Vatsen nd Taber, 1913) ylelded smallc
 produetiom until 1947 vaen mining ceased (Jeknsen and Tucker,
1950). Wilbur (1883) nprts that auu a-mto of apatite .
assecisted with -ptito were. rema'od in New York and New
ar:c. Similar depesits are feund in Nassachusetts (Wilour,
1883), od Missouri (Nake, 1693).
\, m nst tttumd dopodta 1n tb eontimnul interier
o ary uu urm platform-type, associsted with limestonss of
hleoaic m, ghuonito sands, or black shales, Inqlu 4
 include upau in the Griskany fermstien of Dewenim sge in
~ New York (mlm, 19l4), Peensylvemia (Inlseng, 18%), and
¥irginia (Stese, 1914); the Herdin sanistene mewber of the
© Mssissippisn Chattamesga shalé in Tmnessee (Swith ani Whitlateh,
1940) ani Georgix (Hayes, 1895); the Maguokete shals of @rdovician
' age 1n Dlinois (Wller; 1907), Towa (Bain, 1906), md Wisconsin
(Grmt and nédmd, 1907); several fermations of Ordovician
horizons in eastern Minneseta (Pettijohn) and Arkansas (Branner
and Newsom, 19025 Waggeman, 1913 black shales in the
Pennsylvanian of Kansas (Bunnels, 1949) and Oklahoms (Gakes,
1938); and limestones in the Permian in E1 Paso and Hudspeth
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Ceunties, Tms (t-.A‘L. Slaughter, writtep ce—nniutien). Oaly
the deposits in Tennesses and Arkansas have been mined. The
Tainessee “juit- » Imowm as thofnno-rqék phosphates, produced
1.3 millien teas; the Arkansas deposits produced about 3,000 tenp,
Soeonury dopuits, eoncontratod during the weathering of thc

putfou-tm roch, eccur in north-central Kemtucky (Phalen,’ 19!.5) 3
‘ra_n-ma- (Swith and Whitlatch, 1940); northern (Ross, B. B., 1900)

and nérth-‘ccntral (Mn, 1912)_'mbm; and Pennsylvaniz (Stoss, 1907).
The Keatucky snd northern nabm deposits are similar te the brown-reck
4 ~p‘lz«p‘tn:t'.» of ‘hnneu« and ars derived from the same limestones which

' are Ordovieian in agt. The Teiinessee \hito-mk deposits are phosphn,tiud
lhutonn forud fron tho leaching of the cnrlying blue~rock depositl.
) The narth-ecntrzl thhm and tho Pcan-ylunit doposits are co-posod
ldn.ly of tho aluinu pamhm ‘wavellite fmod tkrond: weathering of

. the phosphatic rocka or Ordovic;l.n and Devénim qc in those areas. -
ﬁm !cntuclq brown-rock, the Tdnnuno white-rock, and Pcmuylmia
'. unllito depesits havs prodncod a few thousand tons each.
. w Muita of bat mno ia caves in ceatral Tms and New
 Nexico have been reported (Pillips, 1901~ Schoch, 1918). Small quanti-_
g tilq'_o:fht ntgriql have been liugé from some of them..

N Hesteg stytes ‘ _’ : 4 o -
~ In additien te tho prcvimly déncribod extensive phosphate §
dmﬁto i ﬂn W rornﬁieq, nrino phosphates are rotmd
" dm m Snan Poak quartsite of the Ordm:i.ciu (nmti.eld),
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1927) and the Brazer limestens of thlo}ﬁ.'l_aiuippim in nerthern
Utah (Mlackwelder, 1910) mit southeastern Idahe (Mmsfield, 1927);
the Deseret Linsstene of the Mississimpian in Utah (Gilluly, 1932);
-cmmd lecalities iz ¢astem lmm (pmi.uy equivalents of the
.huyhori: formation); ad &t numereus localities in the rocks of
* ‘Tertiary age in califomn (Rogers; A. F., 194l;- h-ry and Diets,
19%0; Reed, 1933; Bests, 1931; Woodring et al., 1946). None of
thess depesits has ever: bosn mined,
I@mn apatite dcposits aro found in Colorsdo (Jacod ot al.,
1933), um, (mk., 18%)s nnd Nevada (Stane, 1920), None of these
dqod.ta hn bnn ained either.

IV, RESERVES

lnorvn of dou-tic dopod.ts are list.ad in ‘rablo 2. Mest of
| these utiutet were publishsd urlior b:r Manafield (l9lq2b) and
Jacob (1952). The estimates for the Florida land-pebble field and
the western field; howeverjare reviaod ’ prelinini:y estimates, based
_on recent, unpublished resmlts of the Uy S, Geologioal Sirvey investige-
tions, ioeme the syuthod.a of our Florida data is well advanced,
thi utiltu p'eauxted harc are ncarly final. As the compilation o
of new data on western deposits is not complete, the estimates pre-
sented are by no means ﬁnﬂ.g bat they do imdicate order of magni- -
*ﬁ""»"v i ;if' ~4
An effort has been made in this cupilation to separate min-
able reserves tn- reseurces *boo low in quality or too deep to be
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mined o-cquli.any' st the presemt 'w-. Some o f the reserves
indluded in the seeond cabegory sre net much less valuable than
thess in the first, For examle, the tennages in the western
© fie1d listed as net minshle new are of the same thickness amd
Qality as these epnsidered minable but lie st greater idoptl:u
alew the surface, A mich larger velums of material of lewer
_quality is net reperted, Others, such as the Hawthern depesits
and Tennessee limestens,are of much lewer quality than these
- ,thich are mcd 1n thin c«nd’.ry. Iv is safe te asoums; hewever,
o that many of thuo dopesits as well a3 tremmious reserves in
ffoth.r leaner depesits net reported will be nined later when the
curnubly l:lnabln dcpaits aro oxhlutod‘ The separatien between

;vl:i.m.hlc ud Mﬁlo dopoaits lhm here is thus not of J.onr-

\_ ‘jj ‘tm ad.piﬁ.caneo, M cq:huisn the fact that sems of our

up»its eo-t mere to nm tm others,

- _rzo

m utint« pruontod show that owr reserves of minable |
)ho:phltu (uuuod, indictud, and inferred categerims) total
sbo\:h 5 bi].lien tons of ro* contining about 1.5 villion tm of
. 5o Knm depedts tmlablc for ni.nin‘ vhen ﬂxen are u‘haustod
' total nearly 50 w1lien tons of rock comtaining 12 billien tons of
' 205. At the prcunt-uto of consumption these resources will
’ qpply ourneeds for about 4,500 ysars. It is common knowledge
that present consumption of phosphate is not adequate to replace
the phosphate annﬁally removed from the soil by crops md eroeion,

These estimated reserves indicate that our resources will sipport




'Y ud hmuod prohctd.cn.
This picture of large reserves is mads ovan id‘tor ¥y the

prewebility What, despite tho long history ef prespecting in this B
" oswntry, new disesveries of phosphate depesits will W melse,
RNrticelarly premising ;ro poseibilities o r discevering high~
Fade igneeus spatite 'dfpd.ta in areas such as Magnet Cove,
Mmg n&hm-éoitrd Meotmaj cemiral Sslerados soxthern
cclitomus and other alimlic ignesus roek provinces. It seems
likely, tos, that geomyaclinal phosphcrites may we found, perti-
; cuhrly st depth on the Gulf Geastal Plain. We thus mey comsider
- oW resources of this erftical elament as relatively inexheustible,
hnyotom-conuanonﬁom l.ﬂuloﬁ.ul&rnym '
md,.m; in am Piosphate investigations in the western | .

.i‘tnd norlds tiulda, R it a plnmrc to acknowledge their centri-

hﬁmto the fundofmwinforuuen drawn on in this STy,

| ‘m mn.n 1t 1s.not possible to mention them all by nams, The

recent uvutiptiuu of donntic dopodta% been supported

. partly by the Atomic mu-y Comaiseion aad the Buresu of Reclamstion.
: mo mpport of thou mnciu ia ;ratcmlly acknovlod;od | |
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