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CONTINENTAL PHOSPHATE DEPOSITS AND THE
SEARCH FOR PHOSPHATES IN AUSTRALLL

INTRODUCTION

Slnce the discovery at the beginning of the centuzy of the
rich island phosphate deposits of Nauru and Ocean Islands in the Pacific
Ocean and of Christmas Island in the Indian Océan, most of Australia's
increasing phosphate requirements have been met from these sources. The
1life of these deposits is severely limited however and the hope of
finding other island deposits of equivalent size and richness is now very
slender. Before the island deposits were discovered small deposits of
phosphate rock were worked at a number of places on the continent.
Production ceased at most of these centres in the early 1900s and there
has been no impetus.for further exploitation or for further prospecting
for this type of deposit,

Tt is interesting to compare Australia's phosphate reserves
with those of the United States of America. Australia uses at present
about 1% million tons of phosphate rock annually. We depend entirely
on these external sources whose lifey; even in the unlikely event of a
steady rather than a sharply rising demand for phosphate, will not be
more than 30 years., The United States with an annual consumption of
over 12 million tons, on the other hand, has estimated reserves of phos-
phate rock on the continent of over 40,000 million long tons* (Anon 1948).
Most of this enormous tonnage is contained in what may be regarded geo-
logically as two deposits; the residual deposits of Florida and the
deposits of the Phosphoria Formation of the western states - Utah, Idaho,
Wyoming and Montana. Itis also worthy of note that the aggregate thick-
ness of the phosphorite beds in the latter formation is only 28 feet and
that the thickest of them is nowhere more than 7 feet thicke.

It is clearly important that deposits of this kind on the Aus-
tralian mainland should not go undstected. What follows is a brief
review of the different types of continental phosphate deposits; par—
ticular examples are described and their associated rocks noted as an aid
to the recognition of similar deposits which may exist in Australia.

PHOSPHATES AND SUPERPHOSPHATES

History

Phosphatic materials have been used as fertilizers for a very
long time; bird dung was used by the Carthaginians before 200 B.C. and
its use was recommended by Roman agricultural writers Cato and Columella.
The value of guano was recognized by the Peruvian Incas even bofore the
Spaniards conquered their country; in fact it was so highly prized that
it was a capital offence to kill young birds on the guano islands.

Guano was first introduced into Europe in 1840, when a firm of Lima
merchants sent a cargo of Peruvian guano to London, This was not the
first use of phosphatic fertilizers in Burope, howevery bones were so
gencrally used in England by this time that battlefields ori*the Contl-
nent had been dug up to supply the dcmand.

In 1840 the Duke of Richmond suggested that the value of bone
as a fertilizer lay in its phosphate content and in the same year the
German chemist Baron Liebig suggested dissolving bones in sulphuric
acid to make their phosphate content more soluble and available to
plants. However, in 1842 John B, Lawes patented a process for treating
bone ash with sulphuric acid and to him must go the credit for discove-
ring superphosphate fertilizers. In the short space of 20 years
the annual production of supsrphosphate in England had reached 200,000 .

*Figure includes latest estimates of tonnages in the Phosphoria Formation -
see later section.
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tons, Mined phosphate from the Cretaceous coprolite beds of Suffolk and
Cambridgeshire was used as the raw material,

Natural rPhosphates, Available Phosphates and Superphosphate

The process of superphosphate manufacture renders available to
the plant the phosphate of 'natural phosphates' (such as phosphate rock,
apatite, bone and dry guano) by making it soluble in water. In natural
phosphates much of the phosphate is combined with calcium and is practically
insoluble. If natural phosphates are applied directly to the soil, how-
ever, particularly if they are first finely ground, the phosphate becomes
slowly available through the action of soil acids.

So called 'available phosphates' are produced as by-products of
industrial processes (notably .the basic slag produced when iron is smelted
from phosphatic ores) or by specific processes, such as calcining and de-
fluorination of phosphate rock. These phosphates are only sparingly
soluble in water but readily dissolve in weakly acid solutions, such as
are’ present in some soils. Their value to crops is not universally
accepted; certainly the phosphate in them is not so readily available to
the plant as it is from superphosphatc, The strength of these 'available
uvhonnhate! fertilizers is ewprasssd as their solubility in a 2 per cent
gsoluticn cf citris acid or neutral ammonium citrate.

In superphosphate manufacture, raw phosphate rock is treated
with sulphuric acid and the insoluble tricalcium phosphate of the raw
rock is converted to a mixture of soluble monocalcium phosphate and gypsums

Ca3(PO4 + 2H)80, + 6HO - CaHZ(PO + 2H

)2 250, 402 2 4
This is the basic reaction, but the chemical composition and the nature of
the superphosphate vary with the original rock. Superphosphate contains
less phosphate than the original rock (17 per cent to 22 per cent P.O. as
against 34 per cent to 38 per cent P20 ), but the phosphate is soluglg.
Triple superphosphate (containing 40

0 + 2(CasO .2H20)

peér cent to 48 per cent P.0.) is
prepared by acidulating phosphate rock with concentrated phOSng ic acid
instead of sulphuric acid. It is a popular fertilizer in America, where
its low bulk cuts down freight costs., It has not, I believe, been manu-

factured so far in this country.

The relative value of natural phosphates, available phosphates
and superphosphates as fertilizers is a matter of opinion. Certainly
the immediate spectacular incresses in plant growth and crop yield associ-
ated with the use of superphosphatec are not generally found with the slower
acting fertilizers. However, some maintain that, since plants draw their
sustenance from a soil sclution which is relatively dilute with respect
to plant nutrients, highly soluble fertilizers may be neither necessary
nor desirable. ' Moreover, propcrtionately more phosphate is lost by
fixation when a water-soluble phosphate is applied to a soil.
(Fixation is a process by which eoil constituents, notably freec iron
oxides and alumina, form insoluble compounds with the phosphate).
Soluble phosphates suddenly produce a strong solution of phosphate, much
of which is washed through the soil and fixed by precipitation in lower
goil horizons. Sparingly soluble phosphates on the other hand release
P O5 at a rate more nearly conforming to the rate at which the plant can
use”it, so that proportionately less is washed through, precipitated and
lost to the plant.

Chemical Composition of Phosphate Rock

In most phosphate rock the phosphate is chemically combined with
calcium and to a lesser extent with iron and aluminium. The superphos-
phate manufacturer objects to rock with a high iron and aluminium content
for two reasons : '

(1) These impurities give rise to hygroscopic products which clog
seed drills when the superphosphate is spread. '

(2) They cause reversion of the phosphate to an insoluble form
(CeS.I.R.0., 1943),
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There is, however, considerable difference of opinion as to
the maximum amount of iron and aluminium that can be successfully han-
dled in rock for superphosphate manufacture. Weggaman (1952) quotes the
Opinion of various authorities as ranging from 2 to 5 per cent total iron
oxides and alumina. Pebble phosphate and rock phosphate from Florida
has between 23 and 36 per cent PQQ and between 1 and 4 per cent iron
oxides and alumina, but is generally sold with a guarantee of not more
than 3 per cent iron oxides and alumina. In the 'black rock' phosphates
of Arkansas the percentage of iron oxides and alumina is as high as 9.5
and in the 'brown rock' and 'blue rock' phosphates of Tennessee, upper
limits of 8.0 per cent and 7.0 per cent are reported (Waggamang 1952),
although Tennessee rock is apparently not sold with higher than 6 per
cent iron oxides and alumina.. It is generally agreed that increased
care and experience are necessary to process successfully rock with high
iron oxide and alumina content, Phosphate rock from Ocean Island and
Nauru generally contains less than 1 per cent total iron oxides and
alumina, and generally the maximum considercd possible for superphos— ’
phate manufacdture in this country is 3 per cent, although during the war
rock with up to 6 per cent of these impurities was accepted.

Another common impurity in phosphate rock is calcium carbonate.
When calcium carbonate forms =bout 5 per cent of the rock, tue carbon
w7l formed during acidulaiion has a desirable lecavening effect on the
superphosphate formed. ~If more than 5 per cent calcium carbonate is
present, acid is wasted in rezction with it.

Natural phosphates also contain significant amounts of fluorines
for example Florida phosphate has between O and 4.4 per cent CaF,_,; Ocean
Island phosphate has 1 per cent CaF 3 Christmas Island phosphaté 3.44
per cent CeF,, and Morocco phosphat§ from 5.2 to 9.4 per cent Cal'.. The
amount of fluorine present appears to control the solubility of pﬁosphate
in natural phosphates and some processes are in operation or proposed,
which produce available phosphate by de~fluorination of natural phosphates,

IYPES OF CONTINENTAL PHOSPHATE DEPQSITS

Phosphorite, phosphate rock, or rock phosphate is a sedimentary
rock composed mainly of phosphate minerals. A phosphatic rock or a
phosphatic formation on the other hand, is a rock <> formation in which
phosphate minerals form a notable though subordinate part. (Pettijohn, 1949).

Phosphate deposits occurring on continents may be of three

(1) Primary bedded phosphoritess
(2) Secondary phosphorites;
(3) Phosphate deposits of igneous origin.

The primary phosphorites are commonly thin beds of great areal extent,
interbedded with other marine sediments. The secondary phosphorites
are produced by secondary enrichment when a phosphatic sediment, often
containing phosphate minerals in only minor amount, is weathered.

They are commonly found in place on the surface of the eroding formation,
but they may be partly or wholly transported and they may also be

moved in solution and redeposited. Deposits-of igneous origin are
commonly segregations of apatite in large basic alkaline intrusions.

Each of these types of deposit will be examined in some detail,
mostly through the description of a well known example of esach type.

1+ PRIMARY BEDDED PHOSPHORITES

Some phosphate deposits have formed as part of marine sequences.,
Such deposits are known from many countries of the world and in rocks of
many ages; for example in the U.S.A.y North Africa, Britain, Belgium,
France, Spain, Russia, Brazil, Alaska, South Africay, Poland and Mexico.
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Permian Phosphorites of the Western United States

The best known deposits of this type in the world are the Per-
mian phosphorites of Montana, Idaho, Wyoming, Utah and Nevada. The
Phosphoria Formation and its partial stratigraphic equivalents cover
1355000 square miles (See Fig. 1 - from McKelvey ¢t al, 1953), The
Formation and its equivalents show two distinct faciess in the western
part of the arca they dre part of the strongly folded Cordilleran
miogeosyncline and consist of black phosphorites, phosphatic mudstones,
cherty mudstones and chert; but in the eastern part of the area they
lie on the structurally simple platform bordering the miogeosyncline and
are composed mainly of carbonate rocks and a few interbedded cherty,
sandy, glauccnitic end weakly phosphatic layers, The approximate
boundaries of the two facies are shown in Fig. 13 further to the cast
the Formation and its equivalents tongue into continental red beds. The
relationships between the different members and their relative thicknesses
are shown in Fig. 2 (adapted from McKelvey et al, 1958). Two phosphatic
shale members are now recognized; both reach their maximum development in
the Montpelier Canyon ares of south sastern Idaho close t¢ the boundary
o tvaen the two facies, ’ :

The mein, lower, phosphatic shale member is up to 150 foet
thick and contains some 20 phosphorite bedsy, none individually more than
T feet thick and together having en aggregate thickness of only 28 feet,
However, the beds are persistant and they contain enormous tonnages of
phosphate, Recent estimates of reserves in Montane and Wiyoming indicate
14,000 million tons of phosphorite with an average grade of 24 per cent
P20 in units less than threc feet thick, and a further 21,000 million
tong with an average grade of morc than 18 per cent P.O. in units greater
than three feet thick. (Swanson 1960 and Sheldod 1960 ).

The phosphorites are composed chiefly of colloform carbonato-
fluorapatite, quartz and clay. In addition to phosphorus and fluorine
thoy contain significant amounts of several metals, notably uranium,
vanadium, chromium, zinc and the rare carths. ‘

Conflicting theories have been advanced to explain the phospho~
rites of the Phosphoria Formation. Mansfield (1920), who did much of
the earlier descriptive work on the Formation, advanced what has been
termed the biolith-diagenetic thecry in which the essential process is
one of replacement. He thought that first an oolitic limy deposit had
formed on the sea floor and that this had later been replaced by the
phosphorus of sea water. In later papers (e.g.s Mansfield, 1940), he
emphasised the role of fluorine in rendering the phosphate insoluble and
suggested that periods of phospherite formation were linked with periods
of vulcanism, during which fluorine wculd be freely supplied to the '
waters of the basin.* :

The alternative theory, that of direct_procipitation of the
phosphate from sea water, has been developed by McKelvey and others
from the work of Kazzkov (1937,,1950 - quoted McKelvey ot al 1958).
Kazakov suggested that where the deep waters of the ocean basins, which
are rich in phosphate, well up onto the continental slopes, the phosphate
they contain may be precipitated by an increase in the pH of the ascen-~
ding waters as the temperature increases and the partial pressure of
carbon dioxide decreascs. Kavakov suggested that, in such ascending
waters, calcium carbonate would reach saturstion point first and would
begin to precipitate and that this would be followed by simultancous
brecipitation of calcium carbonate and calcium phosphate after the
latter's saturation point hed been reached. He suggested upper and lower
limits of such precipitation o¢f calcium phosphate as 50 and 200 metress;

Evidence of phosphatic replacement on the modern sea floor has recently
been found in a. sample of phosphatized wood dredged during a survey by
the Scripps Institution from a 410 metre terrace in the Gulf of Tehuantepec
(S.W. coast of Mexico). The zood is a dicotyledon and is thought to be
more than 28,000 years old (C1 date). The wood was found partly embeded
in clay and only the protruding part had been phosphatized (Goldberg and
Parker, 1960),
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below 200 metres the waters would not be saturated with regard to calcium
phosphate and at less than 50 metres most of the available phosphorus
would be used by the plankton population,

McKelvey (ilcKelvey et al, 1953) has proposed four important modi-~
fications to Kazakov's hypothesis, Firsty, the solubility curves of
apatite and calcium carbonate overlap but do not coincide completely, so
that either may be precipitated independently of the other. Second,
that apatite is generally precipitated at lower pH and temperature than
calcium carbeonate, the recverse of Kazakov's proposition. Third, phos-
phorites mey not be completely the result of chemical precipitation, but
may in part be derived from the decay of organisms; since the phosphate
of orgenisms dying near the surface and sinking through water essentially
saturated in phosphate would not be resorbed; but would accumulate on the
bottom. And, fourthly , the depth at which phosphate is being deposited
on the sea bottom at present (Dietz, Emery and Shepard, 1942) suggests
that the upper and lower limits of the zone of phosphorite formation may
be 200 and 1000 metres, rather than the shallower depths envisaged by
Varakova

McKelvey also found a close correspondence in areal distribution
between phosphorite and chert in the Phosphoria Formation, although the
full significance of this is not yet clear.

Calcium phosphate probably accumulates only slowly on the sea
floor and phosphorites, of this typey; form only where clastic sedimentation
is proceeding slowly and where the formation of other chemical precipitates,
notably calcium carbonate, is inhibited by the physico-chemical environment.
McKelvey envisages the Phosphoria Formation accumulating in a large,
snclving basing bordered by lands of low relief contributing little detritus
to the sca. The cold phosphate-rich waters welled up into this basin from
an ocean basin to the south or south-west., As the water rose the partial
pressure of CO, decrecased and the pH increased until precipitation of
phosphate began. Finally, at even shallower depths and closer to the
shore, phosphate precipitation gave place to carbonate,

In later work McKelvey (1959) suggests & fundemental relation-
ship between the occurrence of oil and the occurrence of phosphorite., He
says that the up-welling, richly-nutrient coldwaters produce exceptional
blooms cf phytoplankton, which in turn may produce important accumulations
of carbonaceous material in the sediments. The accumulations of car-—
bonaceous matter are the source of oil and, therefore, we can expect both
oil and phosphorite to occur in lateral and vertical association with
bedded chert, black shale and marine evaporites. He quotes American
examples of their association to support his view, '

As regards prospecting for phosphorite, he suggests a search

in areas of coastal plain sediments adjacent to areas of modern up-welling
Ocean currents, since he believes that neither ocean currents nor the
continental mergins have shifted a great deal since the Cretaceous,

The North African Phosphorites

A series of vast phosphorite deposits cccur in the Upper
Cretaceous and Eocene rocks of the North African countries of Morocco,
Algeria, Tunisia and Egypt. In the last few years large related
deposits have alsc been found and are now being worked in the Negev
Desert of Israel. The North African deposits are mostly thin beds of
incoherent oolitic phosphate in thin sequences o limestone, marl and
chert. The phosphorites contain fish and reptile remains and it was
first suggested thet the deposits had formed as a result of mass mor-
talitics of fish with changes in water circulations in a shallow sea.

Cayeux (1950) studied the North African deposits in considerable
detail, He made various deductions as to the enviromment of deposition
but of .particular interest is his conclusion that bacteria played a major
part in the precipitation of the phosphate, He studied thin scctions of
the North African phosphate at the largest available magnifications but
did not recognisc thc bacteria until he tried using infra~red illumination.
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He then found his slides epowdod with small spherules .5 to 2.5 mcrons
in dismeter.

Charles (1953) follows Cayeux in stressing the part played by
orgenisms in the precipitation of phosphate., He envisages a zone of
formation, where algae are active in extracting the phosphate and a 2zone
of accumulation at some distance from the zone of formation, where the
phosphate accumulates.

Salven (1953) describes the Moroccan d=posits and favours a
theory of chemical precipitation similar to that proposed by Kavekov. He
tentatively, and rather hesitantly, proposes that the source of the phosw
phate in the sca weter is under-sea vulcanism,

A striking feature of the North African deposits is the very
thin seqguence in which they ocecur, This:sequence of at least partly
chemically precipitated limestones, marl and chert is without obvious
erosion breaks but stretches through the upper Cretaceous and into the
F-.cene, A fundamental :icuirement for the accumulation of workable
pnosplhate deponitn is that clastic sedimentation should be at & minimum,

Australian Ocourrences

The deposits at Phosphate Hill, Howe's Creek, and ¥Whitfield in
the kansfield district of Victoria (Fig. 4) occur with bedded fossiliferous
rocks of upper Cambrian age. (Prichard, 1951; Howitt, 1923). The.
phosphorite beds are associated with radiolarian cherts, fossiliferous
slates and shales. The rocks are folded, crumpled and faulted and strata
are crossed in all directions by filaments of wavellite, turquoise and
Grealt2 . The phosphate is principally aluminous although locally calcium
phosphatce predominates, The phosphate is unsuitable for superphosphate
manufacture hecause of its low grade and high aluminous content. The
percontage of P, C. varies between 1 and 23 per cent - 12,012 tons of ore
removed between 1916 and 1920 averaged 16 per cent PZO with 19 per cent

5
Al 0, and F6203.

273
No resecrves are stated, but they wonld certainly be .small. The
occurrence does not give any hope of finding larger or more continuous
bodies in the same strata elsewhere.

A marire phosphorite deposit also occurs at Dandaragan, Western
Adustralia, about 100 miles north of Perth (Fig. 6). Two beds, each about
two feet thick, of phosphate nodules in a matrix of glauconitic chalk
(Woodward, 1917). The beds occur over an area 24 miles long by 4 miles
wide; bt with 2 20 foot stripping limit they would yield less than a
million tons of low grade phosphate. L1lso the phosphate is high in iron
oxides and alumina, 2nd can not be readily bensficiated.

SECCUDARY PHOSPHORITES

During a pericd of prolonged erosion; an exposed phosphatic
limestone may have its phosphate content concentrated on the surface ag-
the carbonate of the limestone is removed by solution. The phosphate forms
a blanket of pebbles and small grains lying on the irregular etched
surface of the limestone.

THE FLORIDA DEPOSITS

The best known secondary phosphorite deposits in the worid are
those of [Mlorida. It is generally agreed {hat these were formed as the
-phosphatic limestone of the Miocene Hawthorn Formation was eroded, probably
during the late Miocene. The undisturbed insoluble rcsiduc of phosphatic .
pellets and nodules, quartz sand and montmorillonitic elay, concentrated on
the surface of the Hawthorn Pormation or on the underlying Ccala limestone
(Eocene), are knowm as 'land pebble' phosphates (Fig. 3).  They occur under
a shallow cover of Pliocene and Pieistocene sand and gravel along much of
the contral -part of peninsular Florida (see Fig.4). .'Land pebble!' phosphates
that have been transported, and commonly concentrated, by rifer érosion,
arc termed 'river pebble! deposits and spread to the south and west of the
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'land pebble! areas; 'hard rock' deposits, in which some of the phosphate
has been dissolved and re-precipitated, ocecur in a curving belt following
the Gulf coast in the north-west of the State.

The 'residual' theory of origin of the Florida phosphate
deposits is confirmed by the fact that mincrals present in the underlying
limestone persist upwards into the overlying deposits in accordance with
their solubilitios. The least soluble constituents are most abundant in
the highsr bedsy the uppermost bed consists of quarts sandy the next
below is of quartz sand and aluminous phosphatesy next below that is
sand, clay and apatite, and immediately above the limestons is a 'bed clay!
of sand, clay, apatite and carbonate. Another characteristic that
points to a residual origin is that cross-sections show that the unconsol-
idated material of the phosphats Gcpdsits econforms generally to the
irregularities in the underlying limestone, rather than tending to £ill
depressions and thin out over highs.

The alternative depositional hypothesis was proposed by
Sellards (Sellards 19152, quoted in Cathcart et al, 1953). He explaing
the vertical changes in the phosphate deposits by supposing that the
lower unit (sand, clay ard ~»atite) was deposited in Fliocene time in
< e LOW marine evviromment, the material coming from erosion of the
Hawthorn Formaiion at the end of the Miocenc. The upper unit of the
phosphate deposits (sand and aluminous phosphates) was, he supposes, laid
down in a marine offshore envircnment. Subsequently; the succession was
eroded and surficial terrace sands were formed during the Pleistocone.

. The solution and re-depositicn of phosphate to form the
'hard rock' deposits appears to take place if the groundwater contains
humic acids.  Early experiments by Graham (1925) suggest that, where
natural waters contain CO, , caeleium carbonate is dissolved more easily
“ew clacium phosphate (ifi the ratio 13100 33 P50 $0a0); but where humic
acids are present a considerable quantity of phosphate is also dissolved.
As long ago as 1892, Reese suggested that phosphate was dissolved by
water containing dissolved organic matter, but if this soclution was
allowed to stand cver calcareous bedsy; the phosphate re-deposited
(Reese, 1892, quoted, Sellards 1915b),

'Land pebble' and ‘river pebble! deposits occur over some

2,600 square miles of Florida. The measured reserves of the fields
in the State sre around 2,000 million long tons (Mansfield, 1942),
The grede is between 25 percent and 33.5 percent PO cand, as the
deposits are generally of loose gravel and sand unger)very little over-
burden, they can be worked cheaply {commonly by sluicing) and the ore
can be easily beneficiated by flctaticn, washing and screening.

Similar deposits occur in South Carolina, North Carolina
and in Tennessee. The Tennessee deposits contain much re-deposited
phosphate.

Australian Occurrences

‘ Small residual phosphate deposits occur in a 200 mile long
meridional belt in Scuth Australia, from Carrieton in the north to
Myponga in the south. The deposits appear to have formed during a
Tertiary weathering cycle on the surface of Cambrisn and Precambrian
limestones. The phosphate varies from a massive rock to a chalky powders
broceia, mamillery crusts and cavity fillings are also common. It is
mostly an anhydrous lime phospbate, but in some placcs replacement of shale
and slate has produced a predominantly aluminous phosphate.

Reserves in the whole belt do not seocm to total more than
120,000 tons and the material is said to be mostly too high in iron oxides
and alumina for superphosphate manufacture.

APATITE SEGRIGATIONS

The Khibina Tundra

‘ Probably the largest phesphate deposit of igneous origin in
the world is that of the Khibina Tundra, Kola Peninsular, U.S.S8.R.. Reserves
are said to be morée than 2,000 millicn tons (of apatite) and production
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during 1956 was estimated at 3,690,000 tons.

The apatite of this deposit is segregated in & large basic
igneous intrusion.  As mined the ore contains about 30 percent PZO
and is chiefly contaminated with nepheline, aegerine, titano—magnet?te
and splenca The ore is concentrated by a flotaticn preocess to remove
these impuritiesy +this concentrate contains 40 percent P?05°

Other deposits of this type occur in Norway, Sweden (Hores—
jobera), Canada (N. Burgess and at Nemego,'Ontario) and in Brazil.
Recently a deposit has been discovered at Sukulu, necar Tororo, Uganda
where there are said to be reserves of 200 million tons with an average
grade of 13 percent P20s. Interestingly enough, this deposit was
largely ignored by the geclogist who first mepped the areca.

Australian Occurrences.

In South hustralia, concentrates of apatite in copper—
bearing pegmatites have been nceed from Moconta and Wallaroo and at
Boolcoamata Station, north of Olary, granite pegmatites contain consider—
able masses of apatite, These have been prcuopccted and found to be
*elmificant economicaliy . {David, 1950 Vol II, p. 350).

DISTINCTIVE FEATURES AND COMMON ASSOCIATIONS OF PHOSPHATE DEPOSITS

Distinctive Features

Bedded primary phosphates are characteristically black.
Oclites and concretionary nodules are nearly always present and in some
deposits 211l the phosphate is contained in them. An imperfect concret-
icnary structure is characteristic, but is not always present. The oolites
commenly show a concentric structure only in their outer shellsy they
never have the inorganic nuclei (sand grains etc.) nor the radial structure,
so characteristic of calcareous colites.

Residual phosphates may be white, yellow or, more rarely,
brovm and may be composed of clay, sand, and pebble-size material in
various preportions. Phosphate 'pebbles' or nodules aro commonly
irregular in shape, with a mamillated outer surfaces Brokom surfaces
have the typically socapy appearance and unctuous fesl of cellophane, and
may be black, brown, white or grey. The black colour is commonly most
intense near the outer rim of the pebble. Many pebbles are crowded with
oolites.

Hycdrocarbons are commonly included in phosphoritus and produce
a fetid odour when the phosphorite is strucks

The high fluorine content of phosphorites commonly leads to
high fluorine in greundvters associated with them. Burkelow (1946) records
between 1.0 and 3.4 ppm of fluorine in groundwatars of Sarasota County,
Florida, which flow through the miocene Hawthorn Formation (see section on
Florida deposits).. The fluorine content of water supplies in Llgeria,
Korocco and Tunisia is high enough to ceuse fluorosis among the inhabitants.

Recently an unexposed phesphorite deposit in Beaufort Coumty,
Nepth Carclina was accidentally located during an underground water survey
(Brown, 1958). Groundwater from the phosphorite is significantly higher
in halogen content end the limits of the phosphorite can be delineated by
a study of the ehenical analyscs of the groundwater.  The phosphorite,
tentotively regnrded as middle Miocene in age, is buried under 45 to 250
feet of late Miocene marl, The deposit varies from a few feet to a maximum
cf 90 feet thicky it lies unconformably on a limestone of Bocene ages
and is a loose sand containing between 8 and 31 percent P2O5. The main
diluent iz sendsize quartz, but the phosphorite also contains some silt, clay
and orgenic meterial., The associated rocks are glauconitic sand,
argillaccous gand and impure limestone.

Geochemical enrichment of primary phesphorites in uranium,
along with other metals such as vanadium, chromium, zinc and the raro
carths, has already been noted in the scction cn the Phosphoria Formation.
The radioactivity associated with this enrichment of phosphorites in uranium
may serve as an aid to the recognition of phosphorite horizons, particularly
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‘by the examination of gamma ray logs of drill holes. (See "Wilgunya

Formation" in Recommendations Section).

Mineralogy

The minerals present in phosphorites are often conveniently
referred to by the general name 'collophane's The collophane of a
number of phosphorites has been shown to be a crypto-erystalline member
of the apatite group, close to fluor-apatite ( CagFy(PO )6Ca4). In the
Florida phosphorites, the dominant mineral is commonlylégancolite, which
is a carbonate apatite with flucrine, and dahllite, which is a carbonate
apatite with hydroxyl (McConnell, 1950, 19585. Where the phosphorite
contains aluminium, it is probably present at the mineral crandallite
(CaAI3(PO4)2(OH)5.H20).

Collophane is opaline in appearance, with a dense, layered
or collof'orm structure, and greyish white, yellowish or brown in colours
Dana (1957) gives the hardness as between 3 and 4, but in my experience
this hardness is commonly exceeded.

Chémical Spot Test for Phosphate. ' o )

The best test for collophane cr any of the phosphate minerals
is a apot test for the phosphate radical. The following test
(Hicks, 1927) is sonsitive and will detect phosphate in small quantities:

(1) Moisten fresh rock surface with a drop of nitric acid (S.G. 1.2)
. (2) Place 2 small crystal of ammonium molybdate on the spote

(3) 1f phosphate is present a yellow colour (ammonium phospho-
molybdate) gradually spreads throughout the crystal and over
the rock surface.

The same test may be made by crushing a little of the rock
and placing it in a test tube with & few drops of nitric acid (8.G. 1.2),
diluting with a little water and adding ammonium melybdate solution in
OXCeS8S, If phosphate is present, ammonium phospho-molybdate forms a
yellow precipitate. :

To a limited extent the intensity of the yellow colour or
the volume of the precipitate may be used as a guide 1o the amount of
vhosphate present.

COMMON ASSOCIATIONS OF PHOSPHATE DEPOSITS

(1)

(2)

Three things which, either together or separately, are
comnonly asscciated with bedded phosphorites and have some significance
in prospecting, will be mentioneds:

(1) Glauconite and greonsand g
(2) Surfaces of unconformity or disconformitys

(3) Thin sequences of thin bedded, chemically
precipitated sediments without intervening
clastics.

Several authors have noted the association of marine phosphorites
with glauconite and greensand.  Goldman (1922) points out the association
between the two and relates the occurrence of both to unconformities or
periods of non-deposition of clastic sediments. Glauconite is asscciated
with the Tenncssee phosphorites, with beds of phosphate nodules in the
Cretaceous of England (Fishggg 1873, quoted by Pettijohn, 1949), with the
sandy phosphorites of theﬁﬁﬁper Cretaceous of Russia (Bushinsky, 1935) and,
to a limited extent; with the platform facies of the Phosphoria Formation.
Teall (1900) records glauconite in the phosphate deposits of North Africa.
In the deposits of the Eocene c¢f Dahomey, on the other side of the Sahara,

he association of glauconite and phosphorite is strorgly marked (Slansky,
Camez. and Millot, 1959). In an interesting new find in North Carolina
(Brown 1958), he phosphorite is asscciated with glauconitic sands.

Grabau (1919) has pointcd out the important relationship
betwoen bedded phosphate deposits and surfaces of disconformity.
He explained the phosphorite occurring at such horizons as a concentration
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of phosphatic matorial that had originally been scattered threugh a
formation now missing (sec "Secondary Phosphorites")s. He also notes
that the common bedrock of phesphate deposits is limestone.

The Phosphorite beds of. the Miogeosynclinal Zone of the

Phosphoria Foermation are associated with black shale, chert and limestones

The phosphorite in this type of deposit occurs in a thin sequence with
no coarse clastics associated with fine bedded chemically precipitated
limestone and chert. The whole sequence is thin and individual beds
within the sequence are thin but continuous over long distances.

In North Alaska; a recently discovered bedded phosphorite

occurs in a very similar sequence in the black shale and chert member
of a limestone of Mississipian age (Patton and Matzko, 1959).

The vast deposits of Morocco, Algeria and Tunisia are
similarly of thin beds in thin sequences mainly of marl, limestone and
chert,
to the base of the Lutctian) is only 25 metres thick and contains 6

In the Khonribgs deposit (Morccco) the sequence (Maestrichtian

phosphoritc beds (Salvan, 1952).

The main phosphorite bed has an

average thickness of 1.7 metres and is seldom nmoro

,than 2.7 metres thick

(TLawscn, 1931).

Chert is essociated with the Upper Cretaceous phosphorites

of the Negev Desert, Israel, which have only recently been discovered

and are now being worked (Hoffman and Mariacher, 1961 and Bentor, 1954).
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UVLTRSEL PHOSPHATE DEPOSITS

Phosphate nodules are forming at a number of places on the
The ncdules vary in size from oolites to boulders
¢ then three feet in diameter and they seem generally to form a single

scu and ocean floors.
mas
leger over the sea-floor where they are found.

s

In enviromments where

little detrital material is being added important concentrations of these

ncdules exist.

The best knowm cccurrences of this kind are those off the
coast of California.
undortaken by the Scripps Insititution of Oceanography, so much bottom

sampling has been done in the area that it is now possible to delineate

accurately those arcas over which concentrations of phosphate nodules
OCCUT
these deposits.
of mining them by drag dredging and by hydraulic dredging.

Recently interest has been aroused in the possibility of mining
Mero (1959,_1960 and pers.com.) has examined the economics
Interest centres

Over the last few yoars, largely because of research
J 9 )
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on one deposit, the Forty Mile Bank deposit (40 miles west of San Diego).
The phosphorite averages about 29% P205 and reserves are thought to be
about 3.1 million tons in water averaging 600 feet deep. lMcro concludes
that it would be possible to dredge this deposit profitably provided that
a market for 40,000 tons of phospherite per annum can be found.

These deposits of phosphate nodules on the contincntal shalf
are thought tc have formed by a similar mechanism to that proposed by
Kavakov and later McKelvey et al for the bedded phosphorites (See Section
on Phosphoria Formatlon) The process. is illustrated in Fig. 5.
Off-shore winds from a continental margin cause a circulation of water in
a vertical plane with cold water from the deeper ocean welling up to take
the place of the warmer surface water, which is moved by the wind out to
sea. The cold bottom water, which is rich in phosphate, rises over the
continental slcpe and on to the continental shelf depositing its phosphate
as it loses CO and its pH changes.

Some geologists, however, explain the off-shore Californian
occurrences as residual deposits formed by some process of undor-sea
erosion or solution of a phosphatic limestone.

. In contrast o tae information available abeut the bottom
deposits of off-share CaLL’uInld, the amount of information available
about Austraiia’s continental shelf is meagre. Mero (1960) notes that:
phosphate nodules were dredged from the continental shelf off the east
coast of Australia by scientists of the Challenger Expedition in 1874.

I have not been able to confirm this report or to find a more precise
description of the lOCdlitJo In the "Degp Sea Deposits" volume of the
Challenger Reports (Murruy & Renard, 1891), the authors state: "During
the Challenger Hxpedition phosphate of lime was produced at many of the
shallower stations arcund continental shor s" (8 396). At eight statlons
Yoff Sycdney! in a triangle between 33°57'S, 151 9L, 34° 13's, 151°38'E"
end 34°8'S, 152°0'E (Stations 163D to 164B3, green sand and green mud are
roported. This is the same asscciation as that of the phosphate nodules
of the Agulhas Bank, off the Cape of Good Hope, but phosphate nodules are
not definitely noted for the Australian stations.

There are two basic lines of approach to the problem of
locating accumulations of -phosphate nodules on the continental shelfy
one is to prospect systematically over the shelf by dredging samples;
the other is to study water movements to locate vertical 01rculat10ns of
the type described earllor and shown in Flg. 5e

With regard to the first, we can expect that much more inform—
ation will become available during the next few yecars from bottom sampling
on the shelf. Lt present, with the exception of the 1960 Scripps
Insgtitution work in the Timor Sea, virtually nothing is known from dredging.
The 'Challenger' only crossed the Australian continental shelf in a few
places - in Bass Strait, along the east coast as far north as Sydney, and
again on the cast coast near Cape York.

: In modern surveys, the information laboriocusly obbained at
a few fized stations by dredging can be augmented by under-sea photography
between the stations. The indications shown on Admlrulty charts are

from material adhering to the greased base of the sounding lead and have
ve. v little significance. '

Water movements off the Australian coasts have only been
studied in detail in a few places. The Marine Biology Laboratory of the
Couzonwealth Scientific and Industrial Research Organization's Division
of Figheries and Ocoanograrhy at Cronulla, New Scuth Wales, im constantly
engaged in research in this and in allied fields, but Australia has a long
coastline and a prodigious amount remains to be investigated. In at
lesst one 1nstunce, however, a vertical circulation similar to that of
Fige 5 has been notedes ' During four winter monthsg (May to August),
consistent off-shore winds and off-shorc water movements have been recorded
betvoen 1953-1956, by drift card releases from elght stations bhetween Bvan's
Head and Eden aleng the New South Wales Coast (Chau, 1957). Ovservations
on the variation with depth, of water temperature, phosphate content,
and oxygen content, were carried out at stations in line at right angles
to the ccast. These confirm that a vertical circulation of water is
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peecurring, with upwellin~ cold water taking the place of surface water
forced out from the shore by winds,

The continental shelf in this arca should ceftainly be sampled
by dredging at the ecarliest opportunity.

RECOMMENDATIONS

General

The main purpose in preparing this report has been to draw
attention to Australia's acuie need of new phosphate reserves and to
present information on the appearance and common association of
phosphorites which may assist in finding deposits on the meinland.

Three points should be stressed s

(1) The very large tonnages that can be contained in
very thin beds.

(2) The great cconomic value of bedded phosphorites.,
(3) The 4ifficulty of recognizing phosphcrite.

(1) The tonnages contained in bedded phosphorites are commonly very
large. Roughly a bed 3 feet thick extending for one square mile would
contain about 4 million tons of phosphorite. Primary bedded phosphorites
are characteristically thin beds of great arecal extents therefore, any
occurrence of phosphatic material, however inconspicuous; is significant
and should not be dismissed without careful appraisal.

(2) The great economic value of phosphorites is inberent in the

fact that such thin beds can contain such vast tonnages. The value of
phosphorites should be brought to the notice of prospectors, along with
information of the kind contained in this report to help in identification.

(3) Phosphorite isnct easily recognised; it is very easily mistaken
for limestonc. One island deposit was described by a geclogist, who had
very considerable experience on coral islands, as a silicified oolitic
limestone, even after thin sections of the material had been made and
although he was at a loss to explain the silicification. Any dense,
dark or black limestone, particularly if it has an oolitic structure, is
worth testing chemically.

Specific Targets

Known Deposits

There seems to be very little peint in revisiting the known
occurrences of phosphorite on the continent. The extent of each deposit
appears to be established and none scem likely to be more extensive or
t0 re-appear elsewhere., Recently the Kapunda - Robertstown area,

Scuth Australia,where small phosphorite deposits are known, was prospected
thoroughly for ashestos and phosphorite, but no important finds were made

(Forbes, 1959).

The known deposits are- summarized in Table II and the localities
are shown in Fig. 6.

v .worts of phosnhatic horizons

Two formations from which phosphatic material has been reported
should be investigated furthers:—-

(1). The Wilgunya Formation
(2) The Bulgadoo Shale

{1) The Wilgunya Formation

During 1949, a Bureau of Mineral Rescurces field party mapped
o poorly outcropping fine--grained rock in the Boulia area, which was later
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found to be quite strongly phosphatic (Casey et al, 1960), The outcropping
rock is thought to be part of the Wilgunya Formation, a formation dominantly
of dark shale, siltstone, calcareous siltstone and limestone, in the

Lower Crectaceous sequence of the Great Artesian Basin. The Vilgunya
Formation contains the Toolebuc Member, 30 fest of fossiliferous limestone
and calcareous siltstone, which has been recognized in a number of bores
because of a gamma-ray count which is 3 to 4 times normal background count
(Reynolds et al, 1961.) The association of high radiocactivity with
phosphorite beds has alrcady been noted. Also interesting is the fact that
the Toolebuc Mcmber changes lithologically towards the south and becomes

a glauconitic limestone.

The Wilgunya Formation should be examined in outcrop and in
core and cuttings from completed drilling. Any proposal for drilling
likely to penetrate the Wilgunya Formation should take into account the
- significance of the formation as a possible source of phosphate.

(2) The Bulgadoo Shale

The Bulgadoo Shale is a formation in the Byro Group in the

Lower Permian (Artinskian) of the central area of the Carnarvon Basin,
Yiestern Australia. The Bulgadoo Shale consists dominantly of carbonaccous
shale and siltstone with minor quartz greywacke and limestone beds (Condon
Y, It contains a nuchor of thin beds of probably phosphatic siltstone,
which charactariztically show a reticulating pattern of one lithology in
another dominant lithology, for which Condon proposes the name "network
beds". The unusual form of these "network beds" is thought tc be due to
shrinkage, but no definite evidence has been found in the deeply weathered
outcrops so far oxamined. Simpson (1926, p.93) records T.35 per cent,
P'ZOr in a specimen, which was from an outcrop of the Bulgadoo Shale on the
Mlnflya River west of Wandagee Homestead.

The Bulgadoo Shale should be examined in outerop and in core
and cuttings from drilling. Phosphate estimations should be made on
specimens sclected sysitematically across the thickness of the shale.

Localitics with High Fluorine Content in the Groundwater

The apatite mineral of phospherites is commonly close to
- fluor-apatite and phosphorites arc commonly esscciated with high fluorine
concentrations in groundwator (See.Section 3 Common Association end

. inctive Features). /

The medical and dental professions are interested in the
fluorine content of water supplies, since the prolonged drinking of water
with hish flucrine content produced dental abnormalities (fmottled enamel!
and melformation of teeth) and, in severe casesg of fluorine poisoning,

spteosclurosis.  On the other hand, the presence of a certain amount (about
1 ppm) of fluorine in the drinking water is believed to be advantageous,
particularly to growing children, in preventing dental caries and the
atdition of fluorine to town water supplics to achieve this level has been
advocated.

As a result of this interest, a certain amount of information
has beon collected on the amount of fluorine in groundwaters in Australia.
The available information is from scattered localities only, but does indicate
a muiber of places with particularly high concentrations of fluorine in the
groundwater, Localities with greater than 1 ppm of fluorine are shown in the
the scocompanying table (Table 3). For comparison it should be noted that
7ater of Sarasota County, Florida, has between 1.0 snd 304 ppm of
lne (Burkalow, 1946)., It is not possible to give an average figure
for =mcundwater as the available data relate to 'domestic water supplies',
whether groundwater or surface water, _ )

Ward (1954), who records the high flucorine content of water
from “eores near Maree leaves open the question of a source for the fluorine.
He ccunsiders, but discounts, the possibility of a magnetic or volcanic source
and I mentions the possibility that the fluorine is derived from phosphate
beds. but notess "So far as is now known, there are no phosphate horizons
in th. water-bearing beds".

The high fluorine water is described by Ward as "carbonated
water of eastern origin in the principal aquifers of the Great Artesian Basin"
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By contrast the water from eight bores, intersecting aquifers carrying
water of western origin, along the western edge of the Basin in South
Australia average only 0.6 ppm of flucrine.

The occurrences of high fluorine in groundwater near Naree
should be examined carefullys in particular any new boring undertaken
there should be logged by a geologist on the spot and CuutlnLS should
be chemically tested for phosphate, The first step is to identify a
phosphate horizon in the succe531on, if one is present, and then to
congider where the horizon is likely to crop out at the surface.

The other localities listed in Table 3 are also of interest.
The Great Artesian Basin localities in New South Wales are also towards
the edge of the Basin and may have a rolated origin to the Marce boresz.
The localities in Western Australia may be related to a Permiar suocession
containing the Bulgadoo shalc.

Table 3+  Localities with high fluorine in groundwater.

Fllorine

Basin State Localit m— - Reference
Lasin 2Late Z20callvy (Pop-;n-y B
Great Artesian Sed 25 Bores near
) to Maree .
“(average) - 4o Ward (1954)
highest 13.5 .
Great Artesian Qld. %ﬁ;igizindah ;.g Dept. of Health
eSO ‘ File 100/3/1
Great Artesian N.S.W. Carinda _ 1.15 Jones (1949)
: \ Horee 2.20 -
Warren 125
Hurrey Vic,  (Kanivae 1.0 ; Dept. of Health
‘ (Whill 1.0 File 100/3/1
Sehs  { Bordertown 141 Ward (1954)
( Waracoorte 1e2
Unneamed S. 4. Wanilla 1.3 Dept. of Health
(Tertiary) : File 100/3/1
Carnarvon W.he Area north High = Dopte of Health

of Geraldton File 100/3/1

* "Toxic concentrations in isolated localities'.
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TABLE I s SUMWARY TABLE OF CONTINENTAL PHOSPHATE DEPOSITS

Type of Deposit

Common Association

Distinctive Features

(1) PRIMARY (a) Platfomrm

(v) Geosynclinal

Glauconite, greensand, limestone

Thin sequences, oolitic structure, marine
transgression. Dark colour

Chert, black carbonaceous shale and smaller
amounts of limestone

Thin sequencess +thin bedded black shale, lack
of clastics. O0Oolitic structure. Dark colour.

(2) SECONDARY

Underlain by limestone, contains clay, sand
unconformity

Oolitic structurey mamillary crusts of
collophane. Pebbles of cemented oolites.
Uneven thickness of deposit.

(3) IGNEOUS

Nepheline Syenite intrusionsg nepheline,
asgerine, magnetite, sphens etc.




TABLE II.

PHOSPHATE DEPOSITS ON MAINLAND AUSTRALIA

Previous Production

. E Assoeiated B Hstimated Reservss
Deposit State Locality Occurrence Bods Age Yesrs Tonnage % P205 % Asz8 in tons References
‘ +Fe
! _ 273
|
PRIBARY § f s No tonnage stated
Phosphate Hill Vic. [Fear Mansfield | Lenticular bodies incrumpled Chert, slate, Upper 191620 | 12,012 16 19 Grade botween Howitt (1923)
strata. Bedded fossiliferous shale Cambrian 1921-26 1 & 23¢ PZO
phosphate rock. 5
i
Howe's Creck - - Related but smaller deposit Unworked ‘
i
: T
Dandaragan W.A. | 100 miles N.,of |Lower phosphatz beds Ph.nodules 691,000 of 6% Woodward (1917)
Perth and fragments of wood replaced ferruginous Cretace~- ¥IL ;P205 (High in (1907)
by apatite in greensand overlain | sst., glaucon- ous ' Fe and Al.) Campbe11 (1907
by glanconitic sandstone and itic sst., chalk, ‘
underlain by ferruginous sst. greensand | !263,000 of
| Upper phosphate bed: Ph.nodules ( ' 11% P,0
i in glaunconitic chalk. Overlain i 25
by chalks underlain by greensand. . Equivalents
1 954,000 of 7.5%
| 2%
SECCHDARY i
Orroroo S.A. | Deposits are in Erosion of Cambrian and Upper limestone Tertiary 1943/4 1,210 - Dickinson
. " s belt from Precambrian limestones during (1943)
Clinton R . . . - - -
Carrieton in a Tertiary weathering cycle
Ton's " the North to to 1919 20,000 18.7 to 23 20,000
: lyponga in the 19.5
t " Q -
St. Kitt's South . to 1919 20,000 ‘
)1919-22 j (202P,0
4,349 20 to 22 | 76,000 75
)1943-44 ’ 7T 10foxiden )
Koonunga n to 1919 3,000 i - g
) ; 18, 5%P205
T t " — - i ( <
Klemm's 22,200 High
oxides)
Lower Hermitage n 1941,43,44 862 Good, -
¥yponga " - - -
TGNEOUS
Alcoota Sin,. N.T. Apatite and magnetite at Negligible.
limestone/begmatite contact.
Boolecoomata Stn. S.As | N,of Olary Granite pegmatites contain Prospected but
congiderable masses of apatite found uneconomic
lioonta n Near Wallaroo Apatite occurs in copper -
bearing pegmatites
Nl




o FISS 6
Y/ o , . |
AUSTRALIA & NEW GUINEA AT = v
SEDIMENTARY BASINS SN
with NIEUW |, NORTH NEW UINER BASI
Localities Mentioned GUINEA '\ W GUINEA o
Vizd a b ‘
RECORDS 196/,/120 V% . ! earua
- i'PAPUA BASIN .
ZC;Z P =
. . | ' E:V'CAPEB\;gGEL 1 <
200 0 200 400 600 PORT MoResaPx S

BARKLY

CANNING Y ,
BASIN GEORGINA
8 ASI,N

E;32 D %

N  GREAT
& ‘/ BASIN

, N ARTESIAN \
. N
............ 1 S BASIN
CARNARVON —1=1 ) )
BAQN [} OIIIIPoe SURA

MARYBOROUGH BASIN

' © Thargomedah
OFFICER \BASiN

oY ey )
— I
i S
= ‘1 \.)

~ -

RISBME

FSWICH- CLARENCE Basiy

H EUCLA BASIN COONAMBLE
PERT /> BASIN
Carinds
BAS\N<
PERTH

DNEY BASIN
W SYDNEY

? Reference OTWAY BAS)

A Localiries for /oﬁospﬁa/“e 3 6IPPSLAND BASIN

©  Report of hysh Auorme in groundwster ‘ %
X

e

TASMANIA ‘BASIN

. OBART
Burea.:  of Miners/ Resources, Geology and Geophysics.




	Front Cover
	Title Page
	Table of Contents
	Introduction
	Phosphates and Superphospates
	History
	Natural Phosphate, Available Phosphates and Superphosphate
	Chemical Composition of Phosphate Rock

	Types of Continental Phosphate Deposits
	Primary Bedded Phosphates
	Permian Phosphorites of the Western United States
	North African Phosphorites
	Australian Ocourrences

	Secondary Phosphates
	The Florida Deposits
	Australian Occurrences

	Apatite Segregations
	The Khibina Tundra
	Australian Occurrences

	Distinctive Features and Common Associates of Phosphate Deposits
	Distinctive Features
	Mineralogy
	Chemical Spot Test for Phosphate
	Common Association of Phosphate Deposits

	Undersea Phosphate Deposits 
	Recommendations
	General
	Specific Targets

	References
	Tables
	Table 1
	Table 2
	Table 3

	Text Figures
	Fig. 1
	Fig. 2
	Fig. 3 
	Fig. 4
	Fig. 5
	Fig. 6




