
19437
copy poN.	 -'0't,2G COPY

PIOT TO	 r ;s MOVED
FROM LiCOMMONWEALTH OF AUSTRALIA

DEPARTMENT OF NATIONAL DEVELOPMENT

• BUREAU OF MINERAL RESOURCEC
GEOLOGY AND GEOPHYSICS

     

RECORDS:
RECORDS 1967/37

   

5e.1 "7

THE GEOLOGY OF CHRISTMAS ISLAND

by

John Barrie

The information contained in this report has been obtained by the
Department of National Development, as part of the policy of the Common-
wealth Government, to assist in the exploration and development of mineral
resources. It may not be published in eny form or used in a company
prospectus without the permission in writing of the Director, Bureau of
Mineral Resources, Geology and Geophysics.-

1 5928/65 .



THE GEOLOGY OF CHRISTMAS ISLAND

RECORD 1967/37

by

John Barrie

CONTENTS

Page

SUMMARY 1

CHRISTMAS ISLAND PHOSPHATE SURVEY, 1965-66 3
Objects of the survey 3
Mapping 3

GEOMORPHOLOGY 4

STRATIGRAPHY 5
The limestones 5
The volcanics 5
The pellet limestone 5

STRUCTURE 6

THE PHOSPHATE DEPOSITS 8
Terminology 8
Guano, guano residue 8
Incoherent phosphate 9

The soil profile and ore grades 9
Deep phosphate 10

Coherent phosphate 10
Toms Ridge 10
Golf Course 11
Jump up 12

Pebble phosphate 13
Boulder phosphate 17
Phosphatised volcanics 18
Other phosphate deposits 20

Fracture and cavity fillings 20
Terrace deposits 22
Phosphate, limestone conglomerate 23
Phosphatic tuffaceous limestone 24

The information contained in this report has been obtained by
the Department of National Development, as part of the policy of the
Commonwealth Government, to assist in the exploration and development of
mineral resources. It may not be published in any form or used in a
company prospectus without the permission in writing of the Director,
Bureau of Mineral Resources, Geology and Geophysics.



Page 

GEOCHEMISTRY 	 25

The fluorine problem 	 25
The uranium problem 	 29
Zirconium 	 28
Other trace elements, Ni, Co, Cu, Pb, Cr, Mn, Zn, Cd 	 29

GENESIS 	 32

Introduction 	 32
Time of phosphatisation 	 33
Place of phosphatisation 	 33
Source of phosphate 	 33
Environment of deposition and accumulation 	 34
Conclusion 	 34

DISCUSSION 	 36

Laterite - Crandallite - Millisite
	 36

ECONOMIC GEOLOGY
	

38

Drilling 	 38
Ore controls 	 38
Assessment of ore reserves 	 40
Water resources 	 41
Radiometric data 	 41
Other insular deposits 	 43

ACKNOWLEDGEMENTS 	 44

REFERENCES 	 45

APPENDICES

The Tertiary carbonate rocks of Christmas Island
Indian Ocean, by J.A. Kaulback.

II 	 Chemical analyses, by D.A. Haldane.

III 	 Notes on the genesis of the phosphate deposits,
by H.A. Jones.

PLATES

Christmas Island, Geology and topography 1:27,000 approx.

II 	 Locality map, samples, sections, and test drilling.

III 	 Geomorphological sketch map.

IV 	 Sections and profiles.

V 	 Sections.

VI 	 Radiometric logging of selected auger holes.

VII 	 Christmas Island, topography and bathymetry.



iii

FIGURES

	

1 	 Waterfall Beach - headland and cliff section

	

2 & 3	 Photos of sea birds, their habitats and guano residues

4	 Incoherent phosphate, quarry workings

	5	 West Quarry, South Point, and models of mode of formation
of deep phosphate

	6	 Toms Ridge deposit

	7	 Golf Course deposit

	

8 	 Jump Up deposit

	9 - 14 	 Textures of phosphate and carbonate rocks

	

15 	 Plan of costeans about phosphatized volcanic knoll

	

16 	 Plan of main costean with sample locations and photos

	

17 	 Solution holes, cavity and cavern fillings

	

18 	 Mechanisms of transport of phosphate detritus to terraces

	

19 	 Waterfall section

	

20 	 Waterfall south section

	

21 	 Ross Hill Gardens section

	

22 	 Phosphate/limestone conglomerate, Golf Course area

	

23 	 Relationship of fluorine to uranium

	

24 	 Summary of evolutionary history of the island and the
phosphate deposits

	

25 	 Limestone solution pattern, old C.I.P. quarry

	

26 	 Limestone solution pattern, East Quarry, South Point

TABLRS

	1	 Summary of the properties of seven samples of pebble phosphate

	

2 	 Fluorine in phosphate rock

	3	 Fluorine in phosphate rock - Christmas Island

	4	 Uranium in phosphate rock

	5	 Summary of range and average values of trace elements

	6	 Some alumina to iron oxide ratios for a range of rock types



THE GEOLOGY OF CHRISTMAS ISLAND

SUMMARY 

Christmas Island, situated in the north-eastern part of the Indian
Ocean, is a raised atoll comprising a volcanic core mantled by a sequence of
Tertiary to Recent limestones and overlain by a superficial layer of
phosphatic material.

The sole industry on the island is the exploitation of the phosphate
deposits which are jointly owned by the Australian and New Zealand Governments
and on whose behalf the Christmas Island Phosphate Commission has appointed the
British Phosphate Commissioners as managing agents of the phosphate industry.

The Bureau of Mineral Resources undertook a geological survey of the
island on which to base an assessment of the potential of the phosphate
deposits as a source of phosphate ore, the design of a drilling programme by
which the grade and tonnage of the ore reserves may be determined, and a
review of the genesis of the deposits.

A drilling programme already under way will test the incoherent
phosphate which forms the bulk of the island's deposits. Incoherent phosphate
comprises almost all of the unconsolidated material on the island and is
described as soil in the sense that it is the superficial unconsolidated
mantle of disintegrated and decomposed rock material. The soil supports a
dense tropical rainforest and in section contains distinct horizons which
constitute the soil profile.

The type profile consists of an upper layer of brown earthy
phosphate containing dominantly iron and aluminium phosphate minerals
(crandallite and millisite), a middle light brown to cream granular layer
containing earthy crandallite and millisite and pellets, oolites, and
fragments of calcium phosphate (apatite), and a lower layer of white apatite,
the whole overlying a karst or karrenfeld limestone solution surface.

The remaining phosphatic material is coherent and consists
principally of white phosphatised limestone (with relict textures), variegated
light to dark coloured phosphatised volcanic rock, and cream to brown oolitic,
pelletal, and fragmentary phosphate rock which occurs commonly in a form
described as 'pebble phosphate'.

The reserves of all grades of phosphatic material exceed 200
million tons. The lower layer A grade phosphate and dust recovered as a
byproduct during drying have been the sole products of mining operations.
However, beneficiation experiments have been carried out and pilot plants
erected to exploit the lower-grade middle and upper layer phosphate. The
coherent phosphates, as yet, have not been exploited.

The genesis of the deposits had previously been regarded as due
basically to the phosphatisation of limestone and volcanic rock by bird guano
or the weathering or lateritisation of accumulations of guano. The coherent
oolitic fragmentary phosphate had been regarded as a minor byproduct of
either process. The data obtained during this survey indicate that this
material is an important component of the deposits and must be accounted for
in any genetic study. The essential features of the hypothesis presented in
this paper are that a marine phase occurred between the deposition of guano
and phosphatisation of rock and rock debris and that the final disposition of
the phosphate minerals is dominantly the product of weathering. This
hypothesis is not supported by some of the other geologists who have examined
the deposits and an alternative interpretation is given in an appendix to
this report.
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Christmas Island is situated in the north-eastern part of the
Indian Ocean at latitude 10 °25'19" South and longitude 105 o

42'57" East.

The first recorded landing on Christmas Island was made by
William Dampier in 1688. Entries in ships' logs show that it had been
sighted previously on a number of occasions, notably on Christmas Day, 1643,
by Captain William Mynors of the British East India Company, who gave it its
present name. The island was uninhabited until the establishment of a small
settlement at Flying Fish Cove by George Clunies-Ross of the Cocos (Keeling)
Islands in 1888.

The island was annexed by Great Britain in 1888 and in 1891
Clunies-Ross and Sir John Murray were granted a 99 year lease of the island.
In 1897 the lease was transferred to the Christmas Island Phosphate Company
Limited. The island was incorporated for administrative purposes with the
Straits Settlements in 1900, and the laws of Singapore were generally applied.
Japanese forces occupied the island from 31st March, 1942, until the end of
the war. The Straits Settlements (Repeal) Act 1946 of the United Kingdom
ended the existence of the Straits Settlements as such. Subsequently the
Singapore Colony Order-in-Council of 1946 decreed that the island of Singapore
and its dependencies, the Cocos Islands and Christmas Island, be governed and
administrated as a separate colony known as the Colony of Singapore. From
1st January, 1958, Christmas Island was administered as a separate British
Crown Colony until 1st October, 1958, when it became a Territory of the
Commonwealth of Australia under the "Christmas Island Act 1958-1963".

The present population of the island about 3000, consists mainly of
persons recruited for employment in the phosphate industry, which forms the
basis of the island's economy.

The presence of phosphate deposits was recognised in 1887 and mining
was commenced by the Christmas Island Phosphate Company Limited in 1897. The
industry was acquired in equal shares by Australia and New Zealand in 1948 and
the Christmas Island Phosphate Commission was set up to manage and control the
working of the property on behalf of the two Governments. The British
Phosphate Commissioners act as managing agents for the Christmas Island
Phosphate Commission.
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Mining has been carried out at two localities, Phosphate Hill, and
South Point. Of the annual output for 1964, 621,000 long tons of phosphate
rock were shipped to Australia for processing by manufacturers into super-
phosphate and approximately 65,000 tons of phosphate dust were shipped to
Malaysia as a direct application fertiliser for use on the rubber plantations.
Preliminary figures for 1966 show that Australia imported 781,303 long tons
from Christmas Island or 24 percent of her imports of phosphate rock which
totalled 3,285,667 tons. The remainder came from Naura (1,230,000 tons),
U.S.A. (755,000 tons), Togo (207,000 tons), Gilbert & Ellice Islands (205,000
tons), Senegal (74,000 tons) and Morocco (33,000 tons).

The principal reports of previous geological investigations are
C.W. Andrew's Monograph on Christmas Island which includes extensive data on
the flora and fauna (Andrews, 1900) and N.A. Trueman's geological and
mineralogical investigation (Trueman, 1965).

CHRISTMAS ISLAND PHOSPHATE SURVEY 1 1965-66 

Objects of the Survey

Christmas Island represents the principal source of phosphate raw
material for Australia. Since 1963 demand for raw material has exceeded the
combined production from Nauru, Ocean and Christmas Islands and corsequently
plans have been formulated to increase production from Christmas Island.
Trueman's report highlighted the need for a comprehensive evaluation of the
deposits on Christmas Island, and to this end made several recommendations to
the British Phosphate Commissioners (B.P.C.).

The Bureau of Mineral Resources, Geology and Geophysics (B.M.R.)
was approached to provide the preliminary geological work for such an
evaluation. The B.M.R. proposed that to provide a satisfactory programme
for testing the phosphate deposits, the following work should be carried out.

1. Design of a drilling programme.

2. Detailed geological and morphological survey of
the island.

3. Marine geological reconnaissance of the shelf
surrounding the island.

4. A review of phosphate genesis and assessment of
potential.

This report deals with items 2 and 4 above.

Mapping

Christmas Island is covered by a dense tropical rain forest with
the exception of those areas which have been cleared for habitation, quarrying,
and access. To provide a basis for mapping, a set of aerial photographs was
taken in November, 1964, and from these Aerial Surveying and Mapping Pty. Ltd.
compiled a map of the island at a scale of 1000 feet to the inch showing, in
addition to basic planimentry, contour lines at 20-foot intervals. It is
understood that these contours are of the tree top canopy. In some areas at
least it is known that the value of the contour and the RL of the ground
differ by as much as 100 feet. The 20-foot contour lines have therefore been
deleted from the base used for the geological map leaving only the 100-foot
lines which are effective as 'form lines' for the topography.



In the field it was found to be difficult to locate oneself
accurately from the photographs; ground control for the geological mapping
was achieved by the use of pace and compass, survey pegs, and adaption, in
part, of existing maps, as well as the use of aerial photographs.'

Plates I and IV show the distribution of the rock units in plan and
section respectively.

The geological boundaries between unconsolidated material, limestone
pinnacles, and limestone are transitional, particularly in the plateau area,
and the boundaries shown on Plate 1, are therefore approximate.

Ground which could conceivably be cleared and quarried has been
classed as 'unconsolidated material' even though it may contain some pinnacles
or small outcrops of limestone. Pinnacle ground is that which prohibits the
free access and movement of tracked vehicles because of the density of
pinnacles of limestone, yet does contain small areas of minable phosphate.
Limestone is dominantly rock outcrop, pinnacled for the most part, but also
occurring as rubble.

H Limestone 	  Pinnacles
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Unconsolidated material
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Where an element of doubt occurs pinnacle ground is shown on the

map rather than unconsolidated material. This conservatism is deliberate
since the area of mapped unconsolidated material is used as a basis for
calculating resources of phosphate. This principle had been demonstrated. in
practice already by the clearing of drill lines in the southern portion of
the island: drill lines have extended into ground marked as limestone
pinnacle on the geological map.

Plate 2 is a locality map for samples collected, studied, and
held in the B.M.R. Museum, Canberra.

GEOMORPHOLOGY

A geomorphological -study was carried out early in 1965 by the
B.M.R. photo-geological group (Rivereau, 1965, Plate III).
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Field observations have shown that modifications or amendments to
features shown on this map are warranted. However, such alterations would
not significantly affect the sense of the map as used in this report.
Furthermore it is felt that a review of the map would be better carried out
by mapping at a scale of 400 feet to the inch. At this scale for example the
few hundreds of lineations due to faults and fractures could be recorded and
those lineations that significantly control stratigraphic displacement and
distribution of ore could be delineated adequately. Mapping at a scale of 400
feet to the inch will be carried out by the B.P.C. concurrently with their
assessment drilling programme.

STRATIGRAPHY

The oldest rocks observed in outcrop are volcanics consisting
dominantly of basalt overlain by a thin irregular cover of pyroclastics.
These are overlain by thin Eocene limestones and conglomerates followed by
a thick sequence of Miocene limestone which form the ramparts of the island
terraces and the plateau. Recent fringing reef limestone crops out almost
continuously about the coastal terrace. The limestones are differentiated by
their foraminifera with the exception of the reef limestone which contains
pellets and pebbles of phosphate.

Andrews (1900) recorded limestone interbedded with the Eocene
volcanics. Although no specific occurrence of this was observed it is
considered that it almost certainly is to be expected. Trueman (1965) records
volcanics interbedded in the Miocene limestone sequence based on exposures
adjacent to and 6buth of Flying Fish Cove, on the slope from the edge of the
plateau to Dolly Beach, and the occurrence of phosphatised volcanic material
on high ground in the western part of the island, particularly on Murray Hill.
The exposures of volcanics in the Flying Fish Cove and Dolly Beach areas are
windows of pre-Miocene or early Miocene volcanics due to either faulting or
wave cutting. The origin of the phosphatised volcanic material on high ground
is open to question and is discussed later. No undoubted occurrences of
volcanics interbedded in Miocene limestone were observed.

The limestones are briefly described by Kaulback in Appendix I of
this report, which, also contains data on individual samples'collected during
the survey. Sample numbers with the prefix K were collected by J.A. Kaulback,
other samples by . J. Barrie; description of samples is by Kaulback, while
paleontological determinations were carried out by D.G. Belford (BMR.).

The volcanics have been described by Andrews (1900) and Trueman
(1965). No additional study of specimens has been carried out. From field
examinations during this survey, particularly the sections at Waterfall and
Sydney's Dale, it appears that vulcanism was active up to Eocene time
producing Hawaiian type basaltic flows, that it died off during the Eocene
producing dominantly explosive type activity, and was virtually concluded by
the beginning of the Miocene. The Oligocene record, which is missing
throughout most of the south-east Asian area as well as Christmas Island,
appears to have been.a period . of erosion. It is thought that the island was
a seamount during these times and that emergence did not occur till late in
the Miocene.

Pellet Limestone.' A raised fringing reef limestone crops out almost
continuously about the margin of the island and is particularly noticeable as
a capping to the sea cliff limestones. Its age is described as Recent. The
most notable feature of the limestone is that it contains varying quantities



Competent block of
limestone

Incompetent
tuffoceous material—i.
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of pellets and pebbles of phosphate rock which have been derived from the
phosphate deposits on the island. Outcrops of limestone break away at joint
planes, and since joint planes are commonly filled with derived phosphate
cemented to the walls of the joint it is necessary to break open suspected
pellet limestone outcrops to ensure that the pellets and pebbles of phosphate
are not superficial, but occur throughout the rock. Examples of phosphate
detritus caught up in the growth of coral and algae have been observed in
many places. The pellet limestone is illustrated in figures 12 and 19.

STRUCTURE

The limestones are typically flat lying, but in several places,
principally about the terraces, both depositional and slump-fault dips occur.
The maximum lateral extent of' any observed dip was a few hundred feet.
However, viewed from a mile or more offshore, the surface of the Egeria Point
peninsula dips gently to the south east.

North West
	

Tom es Ridge
	 Murray Hi//

Point

1-r-r

SL
Egeria Point

View looking north - east 	( traced from photo)

Also, Rivereau deduced from his study of the terraces that the
island had risen in an irregular fashion, there being greater movement in the
north than the south. The apparent dip of the Egeria Point peninsula may be
a result of this differential uplift.

Numerous lineations can be seen on the aerial photographs and on the
ground these have been variously interpreted as faults, fractures and joints.
Rivereau described the principal lineations as 'readjustment' faults on an
unstable basement. This interpretation is confirmed by field observation. The
'instability' could be due to either one or both of  the following  situations:- -

4r



Small cliff section
above Waterfall Beach.

7.1.7.4'k A

A. Pellet limestone

B. Tuffaceous limestone

C. Volcanic conglomerate

D. Basalt

Fig. 1

Southern headland of Waterfall Beach showing differential
erosion along limestone-volcanic contact (arrowed).
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The inherent weakness of the tuffaceous material and/or selective
dissolution of this zone following weathering could provide a slip plane for
the overlying limestone block. Actual movement of the block could occur by
creep or could be triggered by tectonic earthquake activity, associated with
the Indonesian archipeligo.

A- B = Plane of differential erosion

Following emergency of the island ground waters move downwards
through the limestone and outwards along the volcanic contaOt. Weathering
of the contact following subsurface exposure to air and water would produce
a slip plane.
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PHOSPHATE DEPOSITS

Terminology

Before describing the phosphate deposits some reference must be made
to the terminology used in descriptions of insular phosphate deposits.
Hutchinson (1950) gave a detailed review of deposits of this type and defined
certain terms which. later were reviewed by White (1964). White's classification
of types of deposit into 'guano, phosphatic guano, phosphatic crust and
phosphate rock, with tabulated description of each, helped to clarify the
terminology. However some further modifications are warranted.

In the context of this report 'guano' is considered to be the fresh
excreta of birds or animals while 'guano residue' is the residue resulting
from aerobic decay and/or leaching by rain or sea waters (including sea spray)
of guano. It is preferable to use the term guano residue for this material,
rather than 'phosphatic guano' (White), since it is more specific and avoids
any implication that the material is a direct product of birds or animals.
(For that matter probably any guano could be termed phosphatic). Furthermore
it should be borne in mind that during the development of guano residue the
material may be added to or contaminated by extraneous materials such as
detritus from surface run off, sea spray, volcanic and other dust.

The waters which leach guano may remove a certain amount of
phosphorus (Hutchinson, White) which then may replace underlying rock material.
Where the underlying material is calcareous sand or other debris it may be
cemented and/or more or less phosphatised to form a thin 'crust' ambiguously
referred to in earlier literature as 'crust guano' and defined by White as
'phosphatic crust'. The retention of the word crust is warranted since such
material certainly appears to form a specific type of deposit. Although
phosphatic crust may be associated with guano residue as products of the
leaching of guano the two terms should be kept separate since it is conceivable
that phosphatic crust may be formed by other processes, such as evaporation of
sea water or as a 'front' to some source of phosphate which may be one or more
steps removed from guano. No phosphatic crust was observed on Christmas
Island.

Virtually all the phosphate on Christmas Island occurs as phosphate
rock which is divided into coherent phosphate and incoherent phosphate.

Coherent phosphate is massive,
a wide variety of textures. The various
basis of their mode of occurrence. They
point of view of ore reserved but are of
of the deposits is considered.

rubbly, or pebbly material displaying
types are subdivided mainly on the
are of minor importance from the
great significance when the genesis

Incoherent phosphate is the superficial layer of brown, mottled, and
white, soft, earthy and granular phosphate which mantles the plateau and
terrace surfaces. 	

,1•16

residueGuano, guano 

The principal guano producing sea birds at Christmas Island are the
Abbott's Booby, the Red-footed Booby and the Brown Booby; the Christmas
Island Frigatebird and the Great Frigatebird; and the Noddy. Watson et al
(1963) give figures indicating a maximum population of about 50,000 birds
for the six species.



fig. 2

Looking south from edge of
inland cliff near Steep
Point. Boobys and frigate
birds favour tall semi-
deciduous trees for nesting.
Height of trees increases
inland hence apparent slope
of terrace.

Booby nest with two eggs
(foreground) and chick near
sea cliff. Note white
veneer of guano residue.

2

Ground Booby on nest Booby chick



fig. 3

Lily Beach - rare
view of frigate 
birds resting on
ground.
Note displacement
of raised fringing
reef on either side
of beach.

Noddys and nesting
area on edge of sea
cliff.
Note white guano
residue leached by
rain waters and sea
spray.

•

Collecting guano 
residue, taking
special care to
avoid contamination
from limestone,
organic matter, dust,
soil etc.



fig. 4_

Above: part of the workings at
Field 5 EF. Appreciable
quantities of phosphate are not
recovered by mining operations.

Left: Field 17 showing stages
of development.
1. vegetation cleared
2. overburden stripped by

scrapers - stockpiled
3. Grab bucket cranes remove

ore - load trucks for
first stage of transport
to dryers.

•

Left: East Quarry, South
Point. Large holes such as
this remain unbottomed. The
floor of the hole, though
A grade, is either too deep
or too hard to be worked by
the grabs.

•
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Rapid passage of phosphate solutions
minor replacement of limestone
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Model 2

Porous limestone beds more

phosphotised than dense limestone

Dense limestone

Porous limestone

fig. 5

West Quarry looking south
showing benching method
for recovery of deep
phosphate

West Quarry looking north
towards benched area. Note
high degree of shattering
of limestone pinnacles
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At

The island is wet for most of the year, hence no accumulations of
fresh or nitrogenous guano occur. Thin veneers of guano residue occur around
ground nesting sites and beneath tree rockeries (figs. 2 and 3). It was noted
that where a fresh track was cut beneath a tree rookery of some twenty birds
a few square yards of the ground became almost completely 'whitewashed' in
about one week. It was also noted that rain water quickly removed such
accumulations where soil was present.

Four samples of guano residue were obtained for chemical analysis
(see geochemistry).

Incoherent Phosphate (fig. 4)

The soil profile and ore grades. Sufficient assay data have been gathered
during mining and testing operations on Christmas Island to show that all
unconsolidated material, with the exception of certain volcanic soils and
limestone detritus, is phosphatic. The bulk, if not all, of this material,
is soil in the sense that it is the superficial, unconsolidated mantle of
disintegrated and decomposed rock material. The soil supports a dense tropical
rain forest and in section contains distinct horizons, due to differences in
the product of weathering, which constitute the 'soil profile'.

The colour of the soil ranges from grey to red, brown, and black.
Its texture ranges from clayey (plastic when wet) to pelletoid material, and
all types contain lesser or greater amounts of pebbles of phosphate rock.
The distribution of the unconsolidated material is shown on Plate 1.

The horizons of the soil profile are referred to by the B.P.C., and
also in this report, in terms of C, B, and A ore grades, not in pedological
terms. Thus:

Type Profile Synonyms Characteristics

Colour Chemistry Mineralogy

C grade Overburden "brown" dk. brown
to brown

high R 0
low 

P2
6
5
3

Crandallite
Millisite

B grade B
grade

"grey" It. brown
to cream transition Cran. Mill.

Ap

A grade A grade "white" cream to
white

low R00,
high P

2
d
5

Apatite

Limestone

The Synonyms arise from loose field terminology. For example the
Asian Imandorl supervising the earlier drilling referred to the horizons as
brown, grey, and white even though the 'grey' material may actually have been
creamy brown. During quarrying operations C and B grades may be termed
"overburden" in one quarry where only the A grade is required while in another
quarry where B grade is used to blend with A grade the terminology becomes
'overburden, B grade, and A grade'.
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All three grades are not always present; for example C grade only
will occur where the underlying rock is volcanic, while in some areas C grade
may have been removed by erosion and only B and A grades are present.

The R
2
03 content, commonly referred to as the 'I and A', is theprincipal measure of grade and forms the basis of blending material for

shipment.

A grade material is distributed for the manufacture of superphosphate
while the 'overburden' of C and B grades removed during mining operations is
stockpiled pending beneficiation. The object of the beneficiation programme
is that B grade will be washed and screened to separate the dominantly
apatite fraction from the crandallite/Millisite fraction. Thus B grade will
produce an A grade product for superphosphate manufacture and a C grade
product to be added to the natural C grade for calcination and direct
application to soils.

Deep Phosphate. At West Quarry, South Point, a considerable tonnage of
phosphate has been won from beneath limestone pinnacles. Several drill holes
in the area penetrated todepths of nearly 200 feet in phosphate. This
material is characteristically low in iron and alumina but high in calcium
carbonate. It may be regarded as a special development of A grade due to the
relative ease of penetration of phosphate solutions (in this instance in a
shatter zone) to a considerable depth resulting in a greater degree of
phosphatisation of limestone bedrock. Photographs of the occurrence in West
Quarry and two models of mode of formation are shown in fig. 5. Obviously
many variations of this theme could be obtained from differences in rock
type, degree of primary and fracture porosity/permeability, the relative
position of the water table, and the availability of phosphate solutions.

Although the exact figure is not available it is understood that a
quantity in excess of one million tons was recovered from these 'deep' workings
before the quarry was shut down due to increasing lime content in the ore. This
type of phosphate warrants consideration in mining operations since economic
tonnages may be available in other parts of the island. The topic is
discussed further in the economic geology section.

Coherent phosphate 

Several type of coherent phosphate occur on the island. The
nomenclature adopted in . describing these deposits is purely descriptive.
Although the deposits represent probably less than 10 percent of the total
tonnage of phosphate some at least form mineable bodies and all are
significant to the genesis of the phosphate.

Massive phosphate rock in situ was observed at three localities -
about survey station AS11 on Tom's Ridge, 6,000 feet south of the Golf Course,
and 1500 feet south west of Waterfall Pumping Station. In all cases the
outcrops have weathered down to blocks, boulders, cobbles and pebbles, but
sufficiently large blocks remain to indicate their once massive nature.

The Tom's Ridge deposit extends north-west along the ridge from
AS 11 and covers an area of approximately 60,000 square yards. The phosphate
is grey, crustiform, brecciated and massive with corals, gastropods, and
minor pelecypods which have been replaced by phosphate. A detrital origin
for the parent limestone material is suggested by the broken nature of coral
masses and irregular orientation of gastropod casts but this cannot be
determined with any certainty since the deposit has undergone a considerable
degree of solution and:yedeposition, and autobrecciation. The texture of
the phosphatised limestOne contrasts with the underlying dense foramineral
limestone which crops out through the rubble about the margin of the deposit
as pinnacles. Fig. 6 contains photographs showing the blocky nature of the
deposit and two sections, section A factual and B section interpretive.
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Line of blocks extending for 200 - 300 feet
along northern edge of ridge suggesting
bedding of least 8 feet thick

Block
20'

'' ,(2) 	 -	 •••

7-020'

Sketch - not to scale

Auger drill hole in
approximately this
position (projected ).
Limestone of 20'

Bedding of phosphate rock
disturbed by subsurface
solution of limestone

A

Flat topped ridge

439

fig. 6

Tom's Ridge Deposit 

Top left - large block of
phosphatised limestone on
shoulder of ridge

Bottom left - phosphatised
limestone boulder-strewn
slope with pinnacle of lime-
stone

Below - enlargement of
limestone pinnacle
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Trueman, in describing the deposit and his sample No. M1{7 of
'massive calcium phosphate rock' concluded 'The crustiform banded texture,
the mode Of occurrence and grain size of this apatite are suggestive of
deposition from ground water and probably represents a spring deposit.' It
would appear from reading his description that his sample was not representative
of the deposit but was taken from some of the secondary encrusting apatite which
is strictly of local origin.

Perhaps the simplest explanation that can be offered for the
formation of the deposit is as follows:

The wave cutting of terrace 6 (Plate III) exposed dense white
foraminiferal limestone which later was covered by a layer of either reef
limestone or limestone debris thrown up by wave action during the retreat of
the shore line to terrace 5. Upon emergence the deposit became the site of a
large rookery leading to the phosphatisation of the relatively unconsolidated
limestone. The differences in solubility of the phosphatised limestone and
the underlying dense limestone in the subsequent weathering cycle have led to
the present occurrence of blocks of phosphate rock overlying a probable karst
topography.

However, one must admit to certain reservations when considering the
fact that Trueman's sample 1\iH7 gave one of the highest fluorine and uranium
assays of all the Christmas Island phosphate rocks analysed. This must raise
the question of the source Of these trace elements and the possibility that
they were derived from sea water, and further, the possibility that the Tom's
Ridge deposit was formed by submarine phosphatisation of a limestone reef
cannot be ignored. Ames (1959) found that concentrations of 0.1 ppm phosphate
or greater will replace calcium carbonate in a calcium saturated environment,
and D. Freas (pers. comm.) has described the deposition of phosphate by
'impalation' and replacement,in areas of strong currents. These data, coupled
with the probability that phosphate rich waters existed about the island when
the Tom's Ridge deposit was developed, suggest that submarine formation of the
deposit is feasible. At this level of investigation, of course, this is mere
speculation and warrants at most this mention.

The Golf Course deposit, situated approximately 6000 feet south of
the golf course, at R.L. 450 feet, forms a low ridge between two terraces.
Elsewhere in the area the terraces are separated by limestone outcrop butibr
some 600 feet phosphatised limestone similar to the Tom's Ridge deposit occurs.
The nature of the outcrop and some phosphatised organic structures are
illustrated in fig. 7 and in the following section.

Ploteou
1000'

500'

SL

Scale I" = lood	
1967/37
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The phosphatised limestone ridge is unlikely to be a recent
development from guano since ridges in similar positions about the island
are composed of unphosphatised limestone. It is considered that the
formation of the deposit is ancient, and probably developed at either terrace
A or terrace B stage, or a combination of both. For example:-

The evidence for the detrital origin of the phosphate backing the
phosphatised limestone is covered in the following sections.

The Jump Up deposit located approximately 1500 feet south west of
Waterfall Pumping Station was first referred to as the 'Jump Up' deposit since
the access track to the area rises sharply where it passes over this deposit.
It is convenient to continue to use the name to distinguish it from a deposit
of boulder phosphate situated above Waterfall.

The deposit is similar in outcrop to the Tom's Ridge deposit but
smaller in extent. The phosphate rock is distinctly different from the Tom's
Ridge phosphate in that it is red-brown to white and contains a predominance
of red-brown oolites, oolitic pebbles, and angular to sub-rounded white
fragments, some with relict limestone texture. Photographs of the deposit
are shown in fig. 8.



fig. 7

Golf Course Deposit 
Slope, between two
terraces of phosphatic
soil, strewn with
boulders of phospha-
tised limestone.

Phosphatised tubular ?coral - side and end views

Concretionary structures - algal?



fig. 8

General view showing blocky nature
	

Preformed phosphate pebbles in
of outcrop. 	 oolitic fragmental matrix.

Large block broken by bulldozer showing white fragments in brown matrix.
Note size range, angularity, and hard outer shell.

Concretionary structures - algal?
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Evidence of detrital origin:

The rock has a distinctive fragmental texture. Brown fragments
range up to 4 inches in diameter, are typically rounded and themselves
contain the range or textures of pebble phosphate (described later and
illustrated in figs. 	 )• The white fragments are angular (the largest) to
subrounded (the smallest) and range up to 18 inches in diameter. They contain
relict limestone textures including phosphatised coral fragments. Other
fragments include waxy or resinous mamillary banded phosphate typical of
nauruite type material found in joint fillings and linings, and dull, earthy,
fine-grained, laminated light brown phosphate identical with some
consolidated lime muds found in joint and small cavity fillings. The
fragments stand out in relief on weathered surfaces.

A linear relationship between blocks and boulders suggests bedding
but the disturbed nature of the weathered outcrop prevents determining this
with certainty. Thin to medium banding and graded bedding were observed in
several hand specimens; one such specimen contained a fragment of phosphatised
coral.

Evidence that the brown phosphate was preformed:

Pebbles of phosphate rock typically have a smooth pitted surface
texture which is dissimilar to weathered limestone surfaces. Fresh broken
faces of Jump Up phosphate rock show that the 'pebble' fragments also have
this texture indicating that they were weathered pebbles before being cemented
into this rock.

The brown phosphate detritus and the white phosphatised limestone
have distinctly different quantities of trace element indicating that they were
formed by separate processes of phosphatisation.

Evidence that the white fragments were phosphatised in situ:

The white fragments are more or less phosphatised. Many fragments
have a hard outer shell of phosphate and a core of friable limestone which for
the most part is either lost on breaking open a specimen or has been leached
by ground waters. The phosphatised limestone is lacking in appreciable
quantities of trace elements and compares with known secondary nauruite and
secondary concretions from Canowindra, N.S.W., whereas the brown phosphate
and the phosphatised limestone of Tom's Ridge contain appreciable quantities
of trace elements.

The principal significance of this deposit is that it shows that
phosphate had developed on the island above this level before the formation of
the deposit. The deposit probably developed at the time that the sea level was
cutting terrace 5. This activity produced limestone detritus from the wave
cutting of the cliff behind the Jump Up, and phosphate detritus from the plateau.
The two principal types of detritus may have accumulated as talus, beach, or
sublittoral deposits which later became cemented by the addition of guano,
guano derived phosphatic solutions, and/or secondary phosphate from solution
and redeposition of the host material.

Pebble Phosphate

Pebble phosphate is the name used by the B.P.C. to describe nodules,
pebbles and cobbles of phosphate rock which occur scattered throughout the
incoherent phosphate and in some cases have accumulated to form extensive
deposits. The pebbles are least abundant in areas of C grade and in the white
A grade earthy material immediately overlying the limestone. The areas where
pebbles occur as deposits are typically areas of good drainage, e.g. the fault
zone traversed by the line of drill holes south of Waterfall and the east-south-
east side of the South Point peninsular.
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The colour of the pebbles varies considerably from white to brown,
brick red, and black, but are typically mottled brown and off-white. Generally
the darker coloured pebbles are dominantly oolitic.

A wide variety of textures has been observed in the pebble phosphates,
ranging from relict limestone textures (calcarenite, coralline) to massive
(typically white), fragmental, and oolitic. The commonest type observed is a
combination of fragments set in an oolitic matrix. Figures 9 to 14 show a
selection of rock textures including pebble phosphates. Many of the textures
are comparable to those of a diversity of rock types including marine
phosphorites (Mabie and Hess, 1964, figs. 4, 6, 15, 16, 18, 20), (Emery 1960,
fig. 65), and Dietz, (Emery 1950, Plate 2) and bauxite (Owen, 1954 pp. 208,
213, 214). Although it has been suggested that the textures are evidence of a
particular origin of formation of the pebbles it is clear from this comparison
that such textures can be reproduced by a variety of contrasting processes.

Composition. Pebble phosphates invariably contain more than 30 percent
P
2
0
5 
and are composed dominantly of apatite with minor amounts of crandallite

and millisite, and in some samples goethite and hematite. The fragments and
oolites are typically apatite (collophane) while the accessory minerals occur
in the matrix. However, in some samples the dark accretionary layers of oolites
are considered, or suspected, to be of ferruginous phosphate, crandallite, or
millisite. A summary of the properties of seven samples of pebble phosphate
are given in Table 1. This includes chemical analysis, and trace element
contents of two of the samples.

Weathering. In many instances where pebbles occur on the ground surface
in areas of C grade the hardness and toughness of the pebbles ranges from very
hard and tough to soft and friable. The latter, when squeezed or struck with
a hammer disintegrate into material identical to the pelletoid soil of the
surrounding C grade. The surface textures of the pebbles regardless of their
hardness and toughness is typically pitted and corroded illustrating solution
erosion.

On weathering cementation is broken down, a atite fragments and
oolites are released as pellets, and the crandallite millisite matrix forms
brown earthy material. This is evident from the pelletoid nature of much of
the soil on the island. Several artificially cemented samples of pelletoid
soil from which peels have been made disclosed light coloured pellets,
(fragments and oolites) amid a very fine-grained brown material. Compared
with the texture and mineralogy of the samples studied by Trueman and the fact
that beneficiation of B grade ore by washing and screening produces a coarse
(apatite) fraction and a fine grained earthy (crandallite/Millisite) fraction
it is apparent that not only is the weathering of pebble phosphate contributing
to soil formation but also that much of the incoherent phosphate is of oolitic
origin.

Weathering of the pebble phosphate is probably brought about by acid
ground waters (the acidity due largely to organic matter derived from the
dense tropical vegetation) attacking the apatite and hence removing phosphate
in solution which would move downwards to be buffered by and replace the
underlying limestone forming a secondary apatite such as the white earthy A
grade material. The crandallite/Millisite fines would, in time with the
general lowering of the land surface, accumulate as a residual layer equivalent
to the C grade ore. It is obvious therefore, that consideration of pebble
phosphate is fundamental to the problem of genesis of the Christmas Island
phosphates.



Fig. 9

83 Pebble phosphate

K135 Pebble phosphate

83/6 Pebble phosphate 15 Pebble phosphate



Fig. 10

A70/6-8 1 Unconsolidated material, South Point shore terrace.

43. Pellets, alluvial fan, 	 WF2 Beach sand (23% P 000,
South Point shore terrace
	

Waterfall Pumping Stati6n



Fig. II

A1/12-14' Unconsolidated material. Waterfall Section.

W16/1 Phosphate rock. 	 Phosphate rock.
Waterfall Section
	

Jump Up deposit



fig. 12

WF15 Pellet limestone

53 Pellet limestone

181 Pellet limestone
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fig. 4.

Left: Bedded oolitic
phosphate, Nauru
Island

Right: Phosphatised
coralline limestone,
Bellona Island

Bottom: Brecciated banded
phosphate, Christmas
Island





Mangrove island

(?) freshwater lake subject to

tidal movements

Rookery

3' Peat

Miami Limestone

I 	
Solution pits-many

. 	 hove accumulations
No phosphate in 	 of shells, 1st. frogs.
fringe of lake 	 and other debris
(Trace to ale% P20.0

/I samples range
0.48-92% P208
(Av. 440%)

Beach-peat and phosphate
-F777cles: 24.55% Pr 05

(25.5% /gn —3377% PrOs
based on ash

Phosphate 	 occurs as "concretion- like particles" ranging from < /mm - 2 cm
"Apatite major mineral phase"
"Fluoropotite indicated by fluorine content" ( F% not given)

To accompany Record /967/37 

15.

Formation of oolites - comparative data

1. Florida lake sediments - A note by Lund (1957) concerning samples of
sediments surrounding small island rookeries in lakes at Florida shows that
concretion-like particles of phosphate are being formed beneath the water
table by solutions derived from guano. The following is a pictorial summary
of Lund's data.

0/X/93

2. Maldon Island, Pacific Ocean, 4 °03 1 S, 154°59'W.

Maldon Island (Dixon, ,19 ) is roughly triangular in shape with an
area of 30.4 square miles of which 13.9 square miles is occupied by a shallow
lagoon. The margin of the island consists of a low bank of maximum height of
less than 30 feet. Within the bank the land slopes gently to the interior
plain of the island which lies about 3 feet above sea level. The lagoon lacks
an open channel to the sea but is connected through fissures as its water
rises and falls with the tide. Evaporation in the lagoon causes a continued
influx of sea water and deposition of salts in the shallow water and adjacent
margin of the bank. The more soluble salts are subject to removal by rain-
storms leaving accumulations of calcium sulphate and some carbonate to cover
large tracts a few inches above water level.

The 'old' guano deposits occur within the encircling ridge on flat
ground about 3 feet above water level. The surface is level but below it
projecting pieces of coral rock enclose pockets of phosphate. The surface
layer is contaminated with windborne calcium carbonate derived from the
evaporitic crusts. The deeper layers above water level are soft and yellowish
brown but below water level contain dark chocolate grains (shotty phosphate)
mixed with minute white specks, presumably calcium carbonate.
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Dixon also describes the occurrence of loose stones on the surface
of the phosphate deposits: it appears from his description that the stones
are phosphatised coral shingle.

The material of the stones may be compared with the white
fossiliferous phosphate of Toms Ridge while the brown phosphate and hard
chocolate grains compare with the coloured oolitic phosphate or pebble
phosphate of Christmas Island.

These data suggest that Tom's Ridge rock formed above water level
and the bulk of the phosphate of the central plateau formed in a wet, lagoon
or swampy, environment.

3. Angaur Island. Irving (1953) states that "of the four million tons
originally present, about one half consisted of clayey type ore existing in
swamps below sea level. About four tel -,',!X of the total reserves consisted of
oolitic ore which formed blankets mainly ul5on karsted limestone benches from
a few feet to 80 feet above sea level, and as accumulations along the base of
limestone ridges, or along the axes of valleys between limestone ridges. The
balance of the ore reserves consisted of phosphate nodules in pits of large-
scale karsted limestone topography and of phosphatised limestone beneath
oolite ore blankets.

Evidence indicates that much of the clayey type ore in the swamps
was originally oolitic ore that was transported into the swamps and which
decomposed there. Accordingly a great majority of the original reserves
donsisted, at one time, of oolites. Petrographic studies suggest that some
oolites formed originally in phosphate nodules and were released later by
weathering of the nodules. The relative disproportion in quantity between
nodular and oolitic ore, however, seems to require that some, and perhaps
even most, oolites developed by accretionary growth".

4. Insular deposits of the elevated type. All the important deposits of
this type are described by Hutchinson, (1950). Two of the characteristics of
elevated insular deposits are that they contain oolitic/pebble phosphates and
that most if not all have or have had a lagoon, swamp, or central depression.
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These data (1 to 4 above) indicate:- (i) that oolitic phosphate is
an important primary type of phosphate rock(ii) that phosphate oolites of
insular deposits form below the water table(iii) that lagoons and swamps are
and have been environments for their formation. The processes involved in the
development of oolitic phosphate in such an environment readily explain the
relative absence of fossils, while any reworking of this material either during
development of the deposit'by any minor submergence, storm activity or such
would readily account for the detrital and mixed textural composition of
pebble phosphate deposits as well as partial development of bedding.

Formation of oolites - some alternate hypotheses
1

The oolites on Christmas Island have been variously considered to
have formed in the soil profile (Jones, pers. comm.), as a result of
precipitation from guano solutions in fractures and cavities (Sheldon, pers.
comm.) and (in insular deposits generally) as replacement 'of oolitic and
pisolitic bodies found in modern reefs and particularly in intertidal
solution basins' (Warm, 1964). Probably some at least of the oolites have
been formed by one or other of these processes. However, no evidence has been
found to support formation in the soil profile and the occurrence of oolites
in fractures and cavities, Which forms the basis of Sheldon's hypothesis, in
most cases at least is due to infilling and later cementation of detrital
oolites (see note on terrace deposits).

Warin's remarks Are certainly pertinent to phosphate deposits known
to have formed subaerially, e.g. crust phosphatised limestone ('crust guano'),
where the phosphate rock produced possesses relict textures of the original
limestone material. However, most if not all of the oolitic textures observed
in the pebble phosphates on.Christmas Island do not possess compound relict
textures of limestones. It appearsthat while oolites may have formed by
accretionaroundlimestonefragments the individual grains have undergone a
varied and complex history "before their ultimate consolidation into phOsphate
rock.

Boulder Phosphate

Small, patchy deposits composed of boulders of phosphate rock were
observed at several localities. The boulders range in size from 6 inches to
18 inches and are of variable composition. Against the ridge at the edge of
the plateau south of the airstrip they are brown to black, mottled, and have
both oolitic and fragmental textures (samples 15-1, 2, 3, 4). Sample 14 has
thin graded bedding. Around the base of Wharton Hill the boulders are
mostly of small size and are typically either brick red, mottled, or cream in
colour. Immediately north4ast of Camp 5 dense creamy white fragmentary types
occur with oolitic fragmentary types similar to phosphatised volcanic
material. It is noteworthy that while several types of phosphate, in terms
of colour and texture, occur together in the one heap nowhere was a,boulder
found which was composed of any two or more types. This implies that each
type is a product of different environment and that they have been
mechanically mixed. The relative persistence of boulders around the base of
Wharton Hill and across to Camp 5 suggests that their distribution may be
related to a shoreline. A'postean at the base of Wharton Hill exposed limestone
within 6 feet.

1
See also Appendix III
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At least some, if not all, of the boulder phosphate is transitional
between phosphate rock and pebble phosphate. It is described separately
because the phosphatised volcanics typically are of this size and it is
suspected that boulder phosphate may have a characteristically different
history.

Phosphatised volcanics 

Several occurrences and samples of phosphatised volcanic material
have been described by Trueman (1965). His work was extended during this
survey by a detailed examination of an occurrence located near the central
southern edge of the plateau. For want of a suitable geographic name for
this area it is referred to here as the Celia deposit.

The Celia deposit 

In the area surrounding co-ordinates 97,000 E 88,000 N an abundance
of boulders of phosphatised volcanic rock occur with limestone talus on the
slope from the plateau down to the lower phosphate terrace. Several trenches
were cut in the area to determine the source of the phosphatised volcanic
boulders and their relationship to the limestone. Figs. 15 and 16 show the
result of this work in plan and profile.

Plateau

Terrace

0 • 0

/ncoherent phosphate .

A - Surface . data
B - Costean data 	 Scale : 	 = 400' ( V =H )
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The source of the boulders was traced to the shoulder of the
plateau where a small irregular patch of altered volcanics occurs in vertical
or near vertical contact with relatively unphosphatised limestone.

The barrandite rock has been determined by Trueman as phosphatised
volcanic (Trueman's sample Cel) and the green barrandite zone about this, while
mostly earthy in texture, contains blocks with textures comparable to the
oolitic barrandite rock and therefore was deduced to be of the same parentage.
The mineralogy of samples C11, 12, 13, 16 (Trueman 1966) confirms this. Thus
the contact of phosphatised volcanics and limestone is narrowed to a zone of
a few feet in width consisting dominantly of crandallite, apatite with
manganese dioxide, and apatite.

In view of the irregular shape of the volcanics, the near vertical
contact with limestone, and the many' difficulties attending ideas of
selective phosphatisation, it is believed that the volcanics were in place
and phosphatised to barrandite before the limestone was deposited, and that
the zoning about the barrandite rock is a product of subsequent weathering in
the presence of limestone.

This interpretation is supported by the trace element data obtained
from a suite of representative grab samples from the main costean (Fig. 16).
The original contact between barrandite rock and limestone is shown between
samples C10 and 011, however, it may be nearer to C8 as suggested by traces
of barrandite and montgomeryite in C9 and 010.

The most likely explanation of the formation of the deposit is as
follows:-
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Guano was deposited on a small knoll or tor of volcanic material
which led to the phosphatisation of the volcanics. Calcarenite deposits
formed on the lee side of the knoll while at the same time or later, during
retreat of the shoreline (emergence of the island) shelly beds (coquinite)
deposits formed on the seaward side.

Subsequent subaerial weathering produced partial phosphatisation
of the limestonedue to leaching of phosphorus from the volcanics and
alteration possibly of some of the barrandite rock to calcium aluminium/iron
phosphate minerals due to addition of calcium from the limestone. It is
noteworthy that the secondary zoning is best developed on the poorly drained
plateau side of the volcanics compared with the well drained seawards slope.
If this basic hypothesis is correct and if phosphatisation of the volcanics
was extensive -Wien the possibility of the occurrence of phosphatised
volcanics beneath' the limestone to the north warrants investigation.

Co/corenite
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Alternate hypothesis which have been considered (in conjunction with
H.A. Jones, pers. comm.) are:-

1. An ancient cliff of calcarenite with phosphatised volcanic talus and
later shelly limestone banked against it.

2. Limestone country rock containing a backfilled volcanic vent, or a
preferentially phosphatised volcanic vent.

3. An ancient cliff with volcanic talus, both downfaulted against shelly
limestone.

4. An ancient pinnacled limestone and phosphate profile became filted and
then overlain and onlapped by later limestone.

5. 	 A window of pinnacled limestone and profile of phosphatised volcanics
overlain to the north by calcarenite and faulted against, or onlapped by,
shelly limestone to the south.

Discussion

1. Trueman, from his work on the mineralogy of the phosphatized volcanics,
suggests that strongly acid conditions existed during phosphatization. Under
such conditions limestone would be phosphatized far more readily than volcanic
material. Only the narrow apatite - crandallite/millisite zone appears to be
of limestone origin: hence the conclusion that the volcanics were in place
and phosphatised before deposition of the limestone.

2. Considerations of selective phosphatization of the volcanics due to
porosity/permeability have been discounted since both limestones, i.e. the
calcarenite and the coquinite, certainly had primary porosity/permeability
whereas the nearest type of relatively unphosphatised volcanic material
(sample 67A) known on the island is dense with low porosity/permeability.

3. The oolitic barrandite rock has similarities in texture to sample 67A,
which is of detrital origin. This does not prohibit the idea of a knoll of
volcanic material since, at the present day, low knolls of cemented volcanic
detritus are being buried by calcarenite at Dolly Beach.

4. The nature of the contact between the coquinite and calcarenite was
not clear from the exposures in the costeans. The calcarenite could be
either overlying, onlapped by, or interfingered with the coquinite.

5. 	 The apparent lack of any vOlcanic detritus in the limestones need not
be indicative of later origin of the volcanics: the sand at Dolly Beach is
lacking in volcanic detritus.

Other phosDhate de sits

Occurrences of phosPhate other than those described already include
fracture and cavity fillings; the terrace deposits; phosphate/limestone
conglomerate; and phosphatic tuffaceous limestone.

2. 	 Fracture and cavity fillings. The limestones of Christmas Island contain
an abundance of open fractures and solution cavities. Many of these, •
particularly at and near the surface, are filled with unconsolidated pelletoid
alluvium and other detritus. Many others are filled, more or less, with
consolidated oolitic/fragmentary material with textures similar to
artificially cemented sampleS 	 pelletoid soil and oolitic pebble phosphate.
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A. Field 4 quarry showing sink
hole formed during summer of
1965-66.

B. Halfway down cliff behind'Steep
Point. Open fracture with
alluvial fan of phosphate
derived from plateau.

C. At base of cliff. Chimne3vtop
right, viaL; channel for detrital
phosphate cemented in lower
blocked part of chimney. Note
bedding.

D. Joint filling. Note texture.

E.Cavern with partly eroded older
cavern fillings containing
detrital phosphate.
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Fracture fillings differ from pebble phosphate in that their colour is more
dominantly brown to red indicative of a higher iron oxide and alumina content
of the matrix and they commonly contain fossil shells of present day land
snails and fresh limestone detritus.

The oolites and fragments of the fracture fillings observed are
clearly detrital, derived from above (the plateau) and cemented in situ by
phosphatic and calcareous solutions carried by ground waters (figs. 17 and 18).
The principal detrital material available is the pelletoid soil of the
plateau, and minor limestone fragments.

Mechanisms of transport

The edge of the plateau is alternately a low ridge of limestone, and
a rounded shoulder with a talus of pelletoid alluvium.

(i) Surface run-off, creep. In time of heavy rain, sheet erosion
and run-off occurs on even gently sloping ground, thus the unconsolidated
material on the plateau may be carried along the shallow valleys leading to
the sea, and over the shoulders of the plateau. In addition to surface
transport the normal condition of creep operates on the shoulders of the
plateau.

(ii) Underground. Mach evidence of the passage of water and
detritus through sink holes into the underground drainage system has been
observed. Figs. 17 and 18 illustrate two examples of the effects of this
process.

Fig. 18

Plateau
	

Ridge
	

Shoulder of plateau

Underground drainage

- transport.

Surface run-off
and creep

1110MIIIIMM.

m.
EME6AMS■ Al ei

•11pito
=MENUS

011111111•111111•111MMIL,

MIIMMMIMMMMINIInernIrners
MMINIMINIMMIIMM

1.111MISMINMMME
MEIMMINIMNIM-man

M11

Bottom of open fracture

(see photos,

0 •
. 	 •

To accompany Record 1967/37
	

OfX/75



22.

Sheldon (pers. comm.) considered that a fracture filling on the
eastern side of Limestone Hill and most of the fracture fillings in the cliff
behind Ethyl Beach were the result of precipitation and oolite development
in situ, the phosphatic solution being derived directly from guano. Certainly
it is to be expected that phosphatic solutions derived either from guano or
the leaching of pre-existing phosphate rock could form oolites in fracture and
cavities. However, all the fracture fillings observed clearly contain
detrital oolites while the only chemical fraction observed was the cement and
mammillary structures of the nauruite type. Since it is interpreted that the
bulk of the phosphate on the terraces is of detrital origin (see following)
particular attention was paid to the origin of the oolitic material in the
fracture fillings. All the available evidence indicates that at least much of
the fill material is of detrital origin, and this has been confirmed by Jones,
Kaulback, and Brennan (pers. comm.) and in part by Noakes (pers. comm.).

2. 	 Terrace deposits. The data on surface run-off, creep, and underground
drainage demonstrate the principal mechanisms whereby a considerable
quantity of phosphate has been deposited on the terraces. In all 77 holes
were drilled in the terrace deposits west and south of Waterfall, the Ross
Hill Gardens terrace and the shore terrace on the western side of the South
Point Peninsula. In all holes but one material similar to that occurring on
the plateau was encountered. The exception was hole A33 on the Ross Hill
Gardens terrace which collared in black soil.

Terrace drilling

(i) Waterfall Section. Fig. 19 illustrates a measured profile
inland from Waterfall Pumping Station and the position of seven drill holes
put into a deposit of incoherent phosphate.

The white Miocene limestone is overlain by an irregular veneer of
large blocks of,pellet limestone which give way over a distance of a few feet
to a deposit of boulders and pebbles of phosphate rock at the shoulder of the
slope to the first inland terrace. Coarse rubble is dominant from the
shoulder to A7 and thereafter the grain size is progressively finer. (It is
a general rule on the island that the flatter the ground the finer the grain
size of the unconsolidated material). Most of the phosphate is brown
oolitic material buta. range of samples through to white phosphatised
limestone (relict texture, coral) containing buff to brown resinous, dense
oolites and pellets can be readily found. In hand specimen samples of the
latter type of material are identical to samples of pellet limestone. Not so
common are samples composed of dense, oolitic, brown pebbles with relict
pitted surface texture on fresh broken faces and white phosphatised limestone
fragments in a porous not-so-well cemented matrix of oolites and other
phosphatic fragments identical to the type of material described from the
Jump Up deposit. These facts together with the relatively sudden change from
pellet limestone to oolitic phosphate coincident with change in slope of the
ground strongly suggests that the phosphate deposit is a 'facies' of the
pellet limestone. Thus the deposit consists of land derived phosphate and
minor limestone detritus, and Recent reef limestone grown in situ. Weathering
has reduced the once consolidated mass of rock to incoherent material ranging
in grain size from boulders down to fine-grained earthy material.

Analyses of drill samples show that the bulk of the material is of
A grade and assuming dimensions of 1,000 x 400 x 20 feet reserves of the
order of 250,000 tons are indicated.

(ii) Waterfall South Section, Fig. 20 illustrates a sectior 	 .ough
a line of drill holes across a terrace deposite south of Waterfall. A+ .e
upper end of the drill line the holes collared in fine-grained earthy ' grade
material passing to oolitic rubble (pebbles) at the lower, seaward ená 'of the
line. Between holes A15 and A16 the drill line crossed a distinct ak._ photo
lineation which, on the ground, is a shallow drainage channel containing
dominantly pebble phosphate.
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Assuming an area of 3,000,000 square feet and an average depth of
18 feet reserves of the order of 2,000,000 tons of B grade are indicated in
this area.

(iii) Ross Hill Gardens Section. C, C-B, and C-B-A grade profiles
were encountered in the line of holes drilled across the northern end of the
Ross Hill Gardens terrace (Fig. 21). The soil on the terrace is mostly dark
brown but some patches of black soil occur. It was originally thought that
the black soil was of volcanic origin and that Hole A33 (drilled off line)
would bottom in volcanic rock. However, Trueman's description of samples
from this hole indicate volcanic material at the top of the hole only, while
apatite is the dominant mineral in the lower part of the hole. This suggests
that the black soil has formed from a patch or alluvial fan of volcanic,
admixed with phosphate with limestone, detritus; the volcanic detritus
having been derived from the volcanics which crop out at the base of the
inland cliff.

Assuming dimensions of 5,000 x 1500 x 18 feet reserves of phosphate
on this terrace are of the order of 4,500,000 tons of mixed C, B, and A
grades.

(iv) South Point shore terrace. The unconsolidated material north
and west of Tait's Dale is dominantly brown and earthy while that south of the
Tait's Dale area becomes progressively more grey, pelletoid and pebbly. An
access track was cut from Smithson's Bight southward to South Point and a
series of holes were drilled at approximately 2000-foot intervals along the
track. In addition several cross lines were drilled at various intervals.
The main object of the drilling was to determine the variation in grade and
to establish whether a minable tonnage of phosphate existed on the terrace.
The grade ranges from dominantly C in the north to dominantly A and B in the
south, but the average depth of holes is only 8 feet. Reserves of phosphate
indicated are of the order of 1,000,000 tons. However, this drilling was
done in haste by an inexperienced drill crew and it is not certain that the
holes bottomed on bedrock or floaters of limestone. Probably most of the
scattered pinnacles that occur in the terrace deposit are developed on blocks
of limestone fallen from the steep cliff backing the terrace. This was
evident during cutting of the access track when the bulldozer could uproot
and roll pinnacles. Also, while standing on pinnacles adjacent to those
being pushed by the bulldozer, no significant vibration could be felt under-
foot whereas strong vibrations could be felt where the bulldozer was working
bedrock.

Fault and fracture systems striking inland are expressed as narrow
steep valleys and broken cliff lines. These topographic features are
channels for the passage of detrital phosphate material from the plateau.
South of the Tait's Dale area the principal detritus on the plateau edge is
pebble and pelletal phosphate and the same material occurs on the shore
terrace. Likewise north of Tait's Dale the plateau and terrace material is
dominantly brown earthy C grade. Clearly the bulk of the terrace deposit is
composed of detritus derived from the plateau.

3. 	 Phosphate, limestone conglomerate. Approximately 600 feet north of the
Golf Course deposit of phosphatised limestone a prominent outcrop of inter-
bedded phosphate and limestone conglomerate occurs (Fig. 22). The fragments
of both types of material are well rounded to sub-rounded. The size of the
limestone fragments ranges up to 6 inches while the phosphate, consisting of
apatite pellets and pebbles with a thin brown earthy skin of probable
crandallite and millisite, rarely exceeds 1 inch in size. Graded bedding is
common. The deposit was traced from the main outcrop at R.L. 400' down to
R.L. 200' with dips ranging from flat lying to 30 degrees. The steeper dips
are associated with large blocks on the steeper slopes which almost certainly
have slumped.
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It is believed that the conglomerate forms a superficial layer
over the slopes of the island and is not part of the Miocene stratigraphic
sequence, but is equivalent to the pellet limestone and related to the
deposits above Waterfall, and the Jump Up deposit.

4. 	 Phosphatic tuffaceous limestone. A sample of the tuffaceous limestone
which crops out above the basalt at Waterfall gave an assay of 5.0 percent
P
2
0
5 . Three other grab samples of very weathered tuffaceous limestone

collected further north from Waterfall gave semi-quantitative analyses of
less than 1 to 2 percent. This material has not been studied in detail
hence it is not known in what form the phosphate occurs or whether it is
primary or secondary. The occurrence is mentioned because of the possibility
of sub-surface replacement of this stratum by phosphatic ground waters.
Such a possibility is feasible where groundwaters pass rapidly through the
overlying limestone but slowly through the tuffaceous limestone. Probably
the best way in which to test this bed would be by means of a 200-foot drill
hole sited at A5 or AO on the Waterfall section (Fig. 19).
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GDOCHEMISTRY

The chemistry of various rocks from Christmas Island has been
studied in some detail for two reasons:

(i) Claims such as 'the low fluorine' or 'the low uranium content
of insular phosphates is indicative of an avian origin' have been made on the
basis of very meagre data. When additional data are examined the fluorine,
uranium and other elemental contents become clearly anomalous and require

. further investigation.

(ii) It is considered that a study of trace elements is probably
the most reliable means of sorting genetic types of phosphate. Since genesis
is one of the principal controls of grade distribution and mineralogy it is
important to have an understanding of the pros and cons of any genetic story
for optimum interpretation and application of drilling data and allied factors
in the exploitation of the Christmas Island deposits.

Accordingly this section presents data which emphasise the anomalous
state of the comparative geochemistry with respect to the general concept
that avian guano deposits are low in trace elements while marine phosphorites
are high in trace elements, and constructive interpretation for application,
testing, and further study.

The fluorine problem

Tables 2 and 3 list a collection of fluorine analyses for marine
phosphorites and insular deposits and include some tens of samples of various
materials from Christmas Island. A cursory examination shows that marine
phosphorites are generally higher than insular deposits but the range of
values for the two types overlap. The fluorine content of samples consisting
dominantly of barrandite, crandallite and millisite is much less than those
consisting of apatite, obviously a consequence of the greater tendency for
apatite to contain fluorine in its crystal structure. Thus the principal
sample material to be used in comparison with marine phosphorites is that
consisting dominantly of apatite.

As a general rule the apatite samples from Christmas Island that
are known or suspected to be of secondary origin contain the lowest amounts
of fluorine while those of known or suspected primary origin contain the
highest amounts of fluorine. These latter samples have F:P

2 0 ratios of the5order of 0.09 which are well into the lower end of the marine range.

Thus, if fluorine can be used as a parameter in the study of genesis
of insular phosphates considerable care must be taken to use only the data for
probable primary types, and samples should be studied in suites in such a
manner that one may be able to trace and interpret the variations of values
obtained. If this can be done with a satisfactory or acceptable level of
confidence then it remains largely to study the results in the light of basic
data for marine phosphorites, guano, guano residue, and known derivatives of
guano such as crust phosphatised limestone. It is considered that the data
available here are insufficient to make a comprehensive and significant study
of the fluorine problem and in any event it would be probably more rewarding
to study other elements first.

The uranium problem

The uranium problem is somewhat similar to the fluorine problem but
is considered in greater detail because the contrast in radioactivity between
phosphate ores on Christmas Island promises to have direct application in the
exploitation of the deposits.
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Many papers have been written on the association of uranium with
phosphate, principally as uranium in the apatite crystal lattice, and on the
application of radiometric prospecting methods in the search for phosphate.
Measurement of radioactivity therefore forms a routine part of the BMR's
investigations of phosphate deposits. A preliminary examination using a
geiger ratemeter was carried out during a visit by Mr. L.C. Noakes (BMR) and
Dr. R.P. Sheldon (U,S.G.S.). As a result of this examination, during which
readings up to two aid a half times background were obtained, it was
recommended to the B,P.C. that the arrange for some analyses for uranium to
be carried out by tlik Australian Mineral Development Laboratory (A.M.D.L.) on
samples collected by N.A. Trueman in 1 964.

Twenty samlites were analysed and reported on by Hayton and Trueman
(1966), (Table 4). AMong their conclusions they state that "there is little
correlation between t'lle uranium and phosphate contents" .... and that "there
is little relationship between fluorine and uranium contents", and they have
little to offer in wiplanation of the differences. The first contention is
accepted but not thelsecond.

Figure 23(.) is a plot of the relationship of fluorine to uranium in
the eight apatite satiples and one crandallite/Millisite sample. Figure 23(B)
is a model of the eyPlanation suggested by this plot. Although this plot has

Lserious limitations, based as it is on such meagre data, it is noteworthy in
that the system 'primary phosphate - secondary apatite - secondary crandallite/
millisite' offers alprecise lead for further investigation of the distribution
of uranium. 	 1

The basic hypothesis applied in developing the model may be
simplified as follqvs:- A layer of phosphate overlying limestone weathers to
produce a soil pro:file overlying a karst topography. In the soil profile the
residuum contains ;he highest uranium while the secondary apatite at the
base of the profi4 contains the lowest uranium.
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Beca0e of the obvious application of such a distribution of
uranium in theoil profile to the development and quarrying operations on the
island it wastrranged to test auger holes using a Widco 500 logger modified
to suit a BMR6robe and ratemeter. The test Work was carried out in August,
1966 in conjul3tion with Mr. E. Brennan (B.P.C.). Test holes were selected
to sample C-]A, and B-A grade profiles, A and C grade only, and weathered
volcanics hilt in iron and alumina but low in P 2OR . In all holes the iron
and alumina itch zones recorded the highest radiodctivity, with the exception
of the weath'red volcanics, and the A grade the lowest. It is convenient to
compare reau_ts against the type ore grade profile viz. C-B-A.

'Secondary apatite 7- A

4-Limestone
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TABLE 2 

Reference Source - material P
2
0
5

F
 F//P0

2 5
Remarks

Tsefe Efe, Israel 26.2 3.1 0.12 4.-35 samples ranging

Wurzburger Oron 28.50 3.10 0.108 18.9 to 34.6% P2
0
5

& Lasman Kara Tace, U.S.S.R. 34.29 3.49 0.102 2.4 to 3.8% F
(1963) Morocco 35.11 4.24 0.120 0.10 to 0.14 F:P

2
0
5

Crawford, Utah 36.35 0.40 0.011 Averages listed

Florida 31.50 1.86 0.058

Gafsa, Tunis 29.74 2.12 0.071

Ocean . Island 0.07 .
,

Hutchinson II 	 II 0.07
(1950) It	 II 0.08

Nauru Island 	 .. 0.07
U 	 11 006

It	 It 	 , 0.05

Makatea 0.09

- 	 0.08

Angaur 0.07

Christmas Island . 0.03
It 	 II I 0.03

Curacao 0.02
II 0.02

i It 0.02

1
Jacob et al I

(1933)
. Peru, fresh guano 14.40 0.06 0.004

White and Bellona, phosphate rock 39.1 4.67 0.12
Warin (1964) It 	 It 38.6 3.70 0.09

..	 .
Emery (1960) Californian Sea Floor 28.15 3.08 0.11 Average of six
Table 6 to 72 Samples

Idaho 32.3 0.5 0.02

Florida 31.3 2.0 0.06

Tennessee 31.0 3.8 0.12
,



TABLE 3

FLUORINE IN PHOSPHATE ROCK - CHRISTMAS ISLAND

Reference Sample P205 F /F/Bn n4-5
Mineralogy

D CD SD A
Trueman
(1965)

Ch4 11-12' 37.8 3.74 0.099 Ap.

Ch5A 2-41 30.8 0.29 0.009 Cran.
Mill.

Ch EQ 0-2' 34.2 1.56 0.046 Cram.
Mill, Ap.

Ch EQ 8-10' 38.5 2.60 0.067 Ap. Cran.
Mill.

Ch EQ 32 - 34' 40.9 2.3 0.055 Ap.

A2 30" 22.2 0.14 0.006 Cran. Boe.

A8 36" 20.7 0.08 0.0004 Cran. Gee.
Boe.

NW 12' 38.7 2.56 0.066 Ap.
w/1 0-4' 39.4 1.67 0.042 Ap.
111/2 0-2' 38.5 1.56 0.041 Ap.
" 4-6' 39.8 0.77 0.019 Ap.
W/2 8-10' 37.57 0.36 0.096 Ap.
5A 39.6 0.76 0.019 Ap.
SP5 38.5 1.78 0.046 Ap.
PH1 37.4 2.00 0.053 AID.
MH7 35.9 3.50 0.098 Ap.
MH8 21.9 0.10 0.005 Cran. Goe.
A16 0-2' 27.0 0.27 0.010 Mill. Cram.
A17 0-4 1 27.7 0.52 0.019 Mill. Cran. Goe.(?)
A7 0-2' 25.4 0.12 0.005 Mill. Cran.
Ce1 40.1 0.12 0.003 Bar, Gor.

Ce1a 37.67 0.10 0.003 Bar. Mont.
Cran.

Ce2 28.64 0.05 0.002 Cran. Bar.
Mont.

Ce2a 29.23 0.08 0.003 Cran. Bar.
Ce2b 37.7 0.05 0.001 Bar. Cran.
1VE2 38.56 0.01 0.0003 Cran. Bar.
MH2a 37.22 0.01 0.0003 Cran. Bar.
RH3 Limburgite 1.13 0.04 0.035

Trueman C7 39.7 1.98 0.05 Ap.
(1966) 09 28.9 0.21 0.007 Cran.

C13 37.2 0.08 0.0002 Bar.

Abbreviations:

apatite
Cran. 	 crandallite
Mill. 	 millisite
Bar. 	 barrandite
Gor. 	 gorceixite
Mont. 	 montgomergite
Boe. 	 boehmite
Goe. 	 goethite
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C-B-A profile (Plate VI). Two holes, 50 feet apart, were drilled in the •
northern end of Field 17. C grade recorded 65 to 80 and 85 to 105 c.p.s.,
A grade 4 to 14 and 4 to 14 c.p.s. and B grade showed a steep transition
between the two. This degree of contrast is quite sufficient to aid the
selection of cut-off between grades.

B-A profile (Plate VI). B grade here proved to be shallow and hence no marked
contrast was obtained but the pattern is consistent with the type profile. B
grade ranges from 50 to 52 + c.p.s. but A grade shows a wide transition from B
down to the type secondary A grade which ranges from 10 to 18 

.c.p.s. (see
similar anomaly in A grade profile below and footnote).

A grade only (Plate VI). Counts per second range from 10 to 34 and show some
character on the log. The significance of the character is not clear but
probably could be determined by detailed study' of the sample material. It may
be found, for instance, that the 'step's' are associated with variation of
chemistry or apatite mineralogy relative to a purely A grade weathering
profile (distinct from the 'type' profile). However, the order of variation
of c.p.s. is well within the contrast between grades shown in the type
profile and hence does not detract from the basic hypothesis.

C grade only (Plate VI). Counts per second range from 110 to 190 and are the
highest values obtained in the series of tests. It is significant that the
test holes were sited in a valley where weathering has progressed to a
relatively late stage and also where a proportion of the C grade probably has
been transported from near-by areas: hence the greater concentration of
uranium. As in the type profile the counts per second decrease sharply when
higher grade material and country rock are reached.

Weathered relatively unphosphatised volcanics (Plate VI). Counts per second
range from 10 to 30. This test shows that high iron and alumina content
alone does not mean high radioactivity. The high iron and alumina content
of the sample material is largely a measure of the iron and alumina in the
weathered volcanics compared with the high iron and alumina in the type
profile where it has accumulated as a residual of weathering apatite. Thus
for high iron and alumina to measure high radioactivity phosphate must also
be present, probably in excess of 20 percent P oO R . This data is consistent
with the interpretation that the primary phospfta -ee contains a small amount of
uranium which is enriched in the weathering profile.

Source of uranium. Table 4 is based on data from Davidson and Atkin (1953).9
Altschuler et al. (1958), and Hayton and Trueman (1966). Davidson and
Atkin's single sample from Christmas Island compares with uranium values of
samples from marine phosphorite deposits of Tunisia, Egypt, and Florida, and
also with Altschuler et al.'s data for pellets from the marine Hawthorn
Formation, Florida, pellets and oolites from the Phosphoria Formation, and
nodules from the sea floor off southern California. Hayton and Truemants
value for the average of eight apatite samples from Christmas Island is
lower by a factor of 3.5 which compares with Curacao phosphate and is only
twice that of Angaur and Mona Island. However, field observations indicate
that Hayton and Trueman's samples represent two or more genetic types hence
it is not valid to use the average figure for comparison. The values of the
eight samples range from 3.4 to 57 p.p.m. U, i.e. from guano values to marine
values. Thus, depending on the choice of data, the uranium content of
Christmas Island phosphate rock (apatite) can be allied with guano derived
phosphate or marine phosphate.

Davidson and Atkin (1953) sum up the problem thus:

"From the assays of the above small group of samples it
would seem that the phosphate deposits of oceanic islands possess a
uniformly low uranium content. In particular it is noteworthy that guano
and phosphate guano are of low radioactivity, lower than the phosphate
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rocks on which they rest. The guano is rich insoluble di-basic phosphate,
which on leaching with rain and spray gives rise to liquors capable of
transforming the coral limestones beneath into the commoner, less soluble,
tri-basic phosphate. Since the limestones themselves are virtually devoid
of radioactivity the most evident source whence the increased activity of
the tri-,basic phosphates can be derived is the sea water spray with which
the low phosphate islands are drenched. It is possible that phosphate
rock may be capable of removing uranium from sea water, in much the same
way as a calcium phosphate floc is particularly effective in removing
radioisotopes from radioactive wastes .... On the other hand it must be
borne in mind flat we know little of the equilibrium conditions of the
uranium in guanos and oceanic phosphorites, for all our assays are radio-
metric and chemical analyses in this low range of concentration are non
too reliable. It may be that the seemingly lower radioactivity of the
guano is merely, a sign of youth and a concomitant lack of secular
equilibrium, an increase in radium content occurring with geological age.
These are clearly problems which merit further investigation".

Haytca and Trueman's analyses show only minor amounts of uranium in
the limestone and dolomite and the test hole No. 4523 shows only minor amounts
in certain volcanic material. According to the literature little or no
uranium is contained in guano. Hence the most likely source of the uranium
is sea water ard it is probable that the induction of the uranium took place
during a lagooral sedimentation phase and/or via sea spray.

The fart played by sea spray is considered to be minor. If sea
spray were sol(ly responsible one would expect a pattern of increasing radio-
activity towards the sea: this does not appear to be the case with respect
to the small anlount of data obtained to date. Also, one would expect a
progressive deOcease in radioactivity from the surface downwards: this is not
borne out by tha test holes. A source from sea spray alone would also indicate
that the minerals crandallite and millisite have a much greater affinity for
uranium than apatite. This seems unlikely since most literature on the subject
of uranium in phosphate mineral lattices is with respect to apatite.
(Davidson and Ltkin, 1953, McKelvey, 1956, Altschuler, Clark and Young, 1958).
Finally there Ere known examples of uranium enrichment in the iron and
alumina rich zcne of weathering (Altschuler, Jaffe and Cuttitta, 1956).

Zirconium. Two pebble phosphate samples, and Trueman's sample M17 from the
deposit of phoNphatised limestone at Tom's Ridge were found to contain 450,
250, and 200 p,p.m. Zr respectively. These samples are of suspected primary
phosphates com?ared with three other samples of Trueman's, which are
considered to De secondary types in which no Zr was detected.

Zirconium is a common constituent of basic volcanic rocks but is
present in onlk minor amounts in organic limestones, where it appears to be
associated with the insoluble residues. The fact that the phosphatised
limestone at ihe base of the soil profile is lacking in Zr and that the
phosphatised •mestone of Toms Ridge contains 200 p.p.m. Zr precludee the
possibility that the Zr is derived from limestone by enrichment during
weathering. The fact that the phosphatised limestone (1vH7) and the pebble
phosphate haw, similar contents of Zr precludes volcanic ash or other
volcanic matezial as a direct source. This leaves either guano or sea water.
Although no aralyses of the Zr content of guano are known it seems unlikely
to be significant since guanos are generally low in trace elements. Thus it
is concluded tlat sea water is most probably the primary source of the Zr.
It follows tha: the respective deposits must have been either submerged or
were well wettql by sea spray during diagenesis. Birds generally favour
rookery sites mhich are protected from sea spray but nevertheless it is
conceivable that sea spray could enter into the diagenesis of a phosphate
deposit derived from guano after the rookery had migrated. If sea spray plays
a major role in the supply of Zr it is curious that no Zr was detected in the
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Reference Source 	 Material
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U308
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Davidson
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Atkin

1953

_

Morocco 	 OC.P 00t3 001/ I/O

*

*

*

- =

*

" fair

I
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Authors

value

average"

-

Morocco Kouribgo 0-016 0.014 140

Tunisia Gofso 0.006 0.005 50

Tunisia 	 Go/so 0-004 0.003 30

Tunisia plebe/ 	 Molilla 0-008 0.007 70

Algeria Constantine 0-0/2 0.010 100

Egypt Kossier 0009 0008 80

Egypt So/ago 0.011 0.009 90

Florida (trade) 35-35 0-011 0.009 90

Florida (trade) 0-017 0.014 140

Ocean 	 Is/and 	 / on/y 0.002 0-002 20

guano residue

Nauru 	 / only 0.007 0-006 60

Christmas Island / only 0.008 0007 70

Makateao (trade) 37-8 0-006 0.005 50

Curacao 	 ( trade ) 0002 0-002 20

Storbuck 	 "crust" guano <0.001 <0001 <10

A/tschu/er

at al

1958

Crystalline rocks 	 Av.of /2 <0-00/ <000/ </O

*

*

-Corb.

- Fluorapotite

Carbonate
f/uoropotite

hydroxy Apatite

Pellets Hawthorn Formation 0-007 0-006 60

Pe/lets Bone Valley Formation 0.0/1 0.009 90

Pebbles Bone Valley Formation 0.019 0-0/6 160

Pe/lets and oolites,Fthosphoria Fm. 0-007 0.006 60

Pellets and replaced fossils, Morocco 0.0/5 0.013 130

Nodules, sea floor off California 0.008 0.007 70

Guano- derived phosphate <0•001 <0-001 < /0

Hay/on

and

Trueman

/966

CHRISTMAS ISLAND %P205 %FF Pira. or% rt p.m . u

- Sample of the Tom's
,,

Ridge " primary
phosphotised
limestone.

Note: Comparable
values among marine
phosphorites *

Ch 4/11-12 ft. Apatite 37-6 3-71 // 9

EO / 32 -34 ft. Apatite 39.9 2-28 38 31

WO 7 	 Apatite 39.6 2.98 8 7

/17/36 	 Apatite 38-4 3-26 16 14

/09/13 	 Apatite 40.4 0-44 4

M H 7 	 Apatite 35-0 3-50 67 57

PH / 	 Apatite 38./ 2-00 40 34

d8/47/22=24' Ap.> Calcite 36.9 0-44 /0 9

W 0 8 	 Mill) Cron.> Ap. 27-3 0-48 41 35

Ch 54/2=-4' 	 Cron. z Mil/. 302 0-28 72 61

FIH 2 	 Dolomite 0-2 - 3 3

5P2 	 Dolomite 0-9 - 3 3

RI. I 	 Calcite <0.1 - 2 2

RL 3 	 Dolomite i-- Co/cite 0-I - 5 4

P30 	 Calcite 0-2 - 2 2

P 32 	 Co/cite 0-2 - 4 3.

RHT-/ 	 Dolomite <0.1 - 2 2

MF 	 Calcite <0-1 - 4 3

J8/47/BR 	 Co/c)) Ap 5-4 - 3 3

C 7 	 Dolomite 2-8 - 2 2

To accompany Record /967/37 0/X/81
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secondary types since the water motivating the secondary process could be
expected to provide Zr from the leaching of sea spray - unless, of course,
the Zr is entirely trapped in the alumina - and iron oxide - rich overburden.

In any event the Zr content of sea spray is very minor and
considerable tonnages of spray would be required during the relatively short
period of diagenesis to provide the quantities of Zr obtained in the samples.
A lagoon environment such as that depicted in the early stages of the island
emergence plus the availability of additional Zr from volcanic material being
circulated in this environment could readily account for the Zr contents.

Culbrandson (1960) reports a mode of 30 p.p.m. and a maximum of 100
p.p.m. Zr in 60 samples representative of phosphorites of the Phosphoria
Formation in Idaho, Wyoming, Montana, and Utah. Mabie and Hess (1964) list 14
samples in the range 10 to 100 p.p.m. and 7 samples in the range 100 to 1000
p.p.m. Zr for spectrographic analyses of western phosphate ores. This also
suggests that the sea water about Christmas Island may have had an additional,
local, enrichment of Zr possibly derived from erosion and distribution of
volcanic material*

Other trace elements

Over 150 samples of various materials from Christmas Island, other
insular deposits, and some marine phosphorite deposits have been quantitatively
analysed by A.D. Haldane (BMR) for the elements nickel, cobalt, copper, lead,
chromium, manganese, zinc and cadmium using atomic adsorption technique. The
analytical data is recorded in Appendix II and some aspects of the data are
discussed in the following paragraphs.

The limestones, guano residue, phosphatic crust (5.E. crust guano) are
relatively lacking in the trace elements determined. The exceptions are the
two pink limestones, WF12 and WF13, which are high in manganese due probably
to the environment of sedimentation; the red crab material which has acquired
its trace elements from the vegetation the crabs eat; the fresh guano
residues, high in zinc, but variable cadmium; and one sample of phosphatic
crust from Sae Island which is high in zinc and cadmium.

The volcanic rocks, marine phosphorites, pebble/oolitic phosphates
and phosphatised volcanics all have appreciable amounts of the trace elements.
The phosphatised limestones (relict limestone textures) form two groups, the
first lacking in trace elements and known or interpreted to be secondary, and
the second with trace elements and believed to be 'primary'.

The range and average value of trace elements for the various groups
of materials are summarised in table 5. All values for each category are
included and in calculating the average, half of the 'less than' figure has
been used. A comparison of the ranges indicates a tendency for pebble/oolitic
phosphate to be associated with marine phosphorite rather than guano, limestone,
and crust phosphatised limestone. This affinity is made clearer by the
average figures, and is accentuated when values of samples anomalous within
their category are excluded, e.g. the phosphatic crust from Sae Island, and
the high manganese pink limestones.

The iron-rich types, which are products of weathering, are also rich
in trace elements suggesting that the elements accumulate in the residuum of
the weathering profile, i.e. C grade. This is confirmed by the profile obtained
in auger hole A6 where the elements are concentrated in the surficial layer.
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The data (Appendix II) from the costean in the Celia deposit
indicate that phosphate, iron and alumina, and trace elements are leached
from the phosphatised volcanics and are redistributed in the alteration zone
between the volcanics and the limestone. The fluorine content of the
alteration zone appears to be derived from the replaced limestone but may
also have been introduced by ground waters coming from the limestone (see
F/P

2 0 figures below). However, it appears that cadmium has been introducedintointo the system:-

Phosphatised volcanics 	 Alteration zone 	 Limestone
barrandite (C13) 	 Crandallite (C9) 	 Apatite (C7) 	 Calcite (C5)

Cd/Zn 0.035 0.057 0.071 0.03

F/P205 0.0002 0.007 0.050 0.897

The cadmium content of the barrandite and calcite is below the
limits of detection of the atomic adsorption method used, while the Zn/Cd
ratio in the alterations zone is relatively consistent about 0.06 implying
a single mechanism of formation.

In seeking an explanation of this anomaly the possible role of sea
spray during weathering, and the possibility that the original phosphatised
volcanic knoll contained progressively less cadmium and other trace elements
from the surface inwards and that this 'shell' of trace elements has been
incorporated in the alteration (weathering) zone have been considered.
However, the explanation may lie in the relative movements of zinc and
cadmium during the weathering process. Some evidence suggests that zinc can
move without taking cadmium with it. The secondary Inauruitet and the
phosphatised limestone in the Jump Up deposit both contain less than 2 p.p.m.
cadmium. Thus the cadmium content in the alteration zone may be due to the
upgrading of minor amounts of cadmium in the phosphatised volcanic body and/or
the limestone and the zinc has not only become upgraded in the alteration zone
but a significant proportion of the zinc available has been lost from the
system.

Whatever possible explanations may be invoked it seems certain that
considerably more analytical data would be required before any conclusions
could be drawn.

Conclusions
1

1. The limestone is not a major source of trace elements since the
replaced limestone at the base of the profile is lacking in trace elements
while the phosphatised limestone of the Tom's Ridge deposit has an abundance
of trace elements.

2. Therefore it is either the phosphatic solution that phosphatised
the limestone or the environment of diagenesis which is significant in the
supply of trace elements.

3. 	 Guano and guano solutions appear unlikely to contain or supply
significant quantities of the elements unless considerable quantities of
guano are lost to the ocean leaving a residuum of trace elements in that
fraction trapped by replacement of limestone.

1
See also Appendix III

••■
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4. It follows from 1, 2, and 3 above, that ground water does not carry
significant quantities of trace elements.

5. The volcanics could be a source for the supposed primary phosphate
types but would require a distributing agency since the phosphatised
volcanics appear to have a relatively discrete assemblage of trace elements.

6. Since the diagenetic process forming apatite is almost certainly
rapid, it is unlikely that sea spray would have the opportunity to play a
major role; however, this does not altogether exclude sea spray.

7. By far the most effective source is sea water itself, and this, of
course, would require the development of the phosphate in a marine environment.
The range of marine environments obtained during the early stages of the
emergence of the island would satisfy this requirement.
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GENESIS 1

Introduction

In his discussion on the origin of the Christmas Island phosphate
minerals Trueman (1965), after eliminating the volcanics and organic
limestones as possible sources of phosphate, concluded that "an external
origin, such as that of guano deposits, then appears to be the only feasible
explanation of the geological condition". He followed this with some
discussion of the physical and biological conditions required for the
accumulation of guano deposits and summarised his hypothesis thus:

, "Christmas Island, as well as Ocean Island and Nauru in the Pacific,
is loc ated in the low latitudes and therefore is probably influenced by the
frictionally produced vertical divergences in the ocean currents. The
rainfll, vegetation and physiography of the island are not considered
condlive to bird colonisation. However, the distribution of the phosphate
depoSits suggests that they were probably formed at a time when the island
was emerging and existed as an atoll consisting of what is now the upper
plateau. Under such conditions the climate was probably more arid and the
vegetation less prolific. These conditions may have existed as early as the
Miot;ene time and there is no evidence available of the age of phosphatisation".

Trueman concluded that the three essential rock types on the island
a/9 volcanic rocks, organic limestones and derivative calcareous sediments,
ard guano, and his discussion includes a diagram summarising the processes
igvolved in the formation of the phosphate minerals.

Trueman appears to be the first author to develop any sort of
/argument on the genesis of the Christmas Island phosphate but even so his
/ argument leaves much to be explained.

Sheldon (1966) in a written communication to L.C. Noakes was more
/ concise in his summary of hypothesis of avian excreta origin:- "Birds,

feeding off fish in fertile waters in the areas of equatorial divergent up-
welling waters, nested in the most favourable place near their fishing grounds.
Christmas Island was reasonably close and offered protection from predators,
but due to its remoteness must have served for nesting grounds for quite a
large area of ocean. The island gradually grew by uplift, and as it grew the
birds occupied lower and lower terraces. Rain water acting on their excreta
leached phosphate out of it and these solutions replaced the rock below,
whether it was limestone, as was usually the case, or igneous rocks, as is
partly the case. The igneous rocks were replaced by barrandite, whereas the
limestone was replaced by apatite. The details of the apatite formation are
not particularly clear, but during its deposition, chimneys and pinnacles were •
formed in the limestone on which it was deposited, and replacement void filling,
and collapse gave rise to a varied textural suite of phosphorite". He also
added that "the weathering of the apatite phosphorite of Christmas Island has
given rise to a soil profile which consists of crandallite and millisite",
and gave some argument against the concept of a marine origin or marine phase
in the genesis of the phosphate.

Sheldon emphasised that he had had little time on the island and
that the avian excreta hypothesis had many gaps in it that can only be filled
with additional observations. In addition to this of course he was obliged to
accept data and inferences as pertinent without the opportunity of establishing
their validity. His summary is quoted here because it forms a useful and
concise outline of the purely avian origin hypothesis, which has been
generally accepted.

1 See also Appendix III
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The observations and conclusions of the 1965-66 survey presented
in this report modify this general hypothesis by introducing a marine phase
and extend it by explanation of many of those factors which have long been
a puzzle to students of insular phosphate deposits.

Time of phosphatisation

Hutchinson (1950) classified insular deposits as elevated and non-
elevated, and regarded the elevated island deposits as probably Pliocene in
age. Low island deposits typically are lacking in large quantities of
phosphate and their development has probably been restricted to the post-
Pleistocene ice age time. Christmas Island is of the elevated island type.
The subaerial terraces on Christmas Island were all present before the
Pleistocene ice age and the phosphate was present before the pellet limestone
which crops out as high as the third terrace above sea level. The youngest
known Miocene limestone is F3 stage, Middle Miocene; thus the phosphatisation
has taken place post-middle Miocene and pre-Pleistocene ice age, i.e. in
sometime in the upper Miocene, Pliocene, to early Pleistocene period.

Place of phosphatisation

The phosphate deposits are distributed over the entire island but
since the terrace deposits are dominantly of detrital origin the place of
phosphatisation was higher than terrace 4 (see Plate III) i.e. terraces 5 to
7, which constitute the area of the plateau. In considering the physiography
of the island during the development of terraces 7 to 5 many avenues are open
for speculation. Assuming that all the terraces are essentially the product
of wave cutting then probably the most significant reconstruction is that the
area delineated by terrace 7 could have been at least that of terrace 6. This
argument continues for terrace 6 with respect to terrace 5 but outer
limitations are rapidly reached as the slope of the island mass increases
(see profiles as Plate IV).

Thus if the bulk of the phosphate was deposited on the original
area of the terrace 7 land mass, this could have suffered redistribution
during the cutting of terrace 6. However, it seems more than likely that
the supply of phosphate was a ccontinuing process during at least terrace 7
and 6 times. Whatever the actual details of the history during these times
it is the general area of the plateau that constitutes the place of
phosphatisation.

Source of phosphate

The country rocks of Christmas Island, the limestones and volcanics,
are non-phosphatic and there is no evidence to suggest that interbeds of
phosphatic material occur or ever did occur in the stratigraphic rock
sequence. The surrounding ocean therefore is the source of the phosphate.
The island is now inhabited by several species of sea bird of which the five
most dominant species are of the type that range over large areas of the
ocean daily and return to the island to roost and nest. These species also
are of the type capable of depositing large quantities of guano on the
island. Thus these birds represent a highly efficient means of harvesting
large quantities of phosphorus from the ocean and depositing it in a
restricted environment. If one used Hutchinson's figures for rates of
accumulation of guano viz. 2.5 cm per annum containing 4 percent PoOR , and
assuming an equivalent of a 14-foot layer of phosphate containing O' lpercent
1D00 on the island then it is clear that even allowing for considerable losses
or guano and guano solutions to the ocean a large bird colony could harvest
the required tonnage of phosphorus from the ocean in a few thousand years.
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Environment of deposition and accumulation

Reconstruction of the island's history based on stratigraphic and
structural data indicates that the island passed through an atoll stage in
the late Miocene to Pliocene times, during the time for phosphatisation. The
evolutionary history of the guano producing birds shows that they had a
world wide distribution during these times (van Tets, pers. comm.). Their
ecology and habits indicates that these birds would inhabit any emerging
,land mass in such a landless area of the Indian Ocean as Christmas Island
almost simultaneously with emergence, provided an adequate supply of food
was available. The island today lies in an area of divergent upwelling.
Nutrient-rich waters reach the euphotic zone in the ocean about the island
and abundant food is available to sustain large bird colonies. The fact that
the bird population is relatively small at present is undoubtedly due to the
dense forest canopy, the presence of predators, and man. Consideration of
the principles involved in the formation of divergent upwelling ocean
currents indicates that such currents probably existed as far back as the
Miocene.

Conclusion

The comparative geochemistry of types of phosphate rock, country
rocks, and guano residues indicates that the sea water was an important
factor of the diagenetic environment of the primary phosphate types.
Combining this with the probability that guano producing birds inhabited the
island at and about the atoll stage of its development, the genetic
significance and prominence of oolitic phosphate, and the comparative data
listed for the formation of oolitic phosphate a simple genetic hypothesis is
derived as follows:

Sea birds deposited guano on the early land masses of an emerging
sea mount. This guano was redistributed by subaerial decay, removal and loss
to the ocean through erosion, leaching and replacement of underlying rock
principally limestone, and removal and entrapment of solids and phosphatic
solutions in the protected central depression of the emerging sea mount which
constituted a special type of marine environment. The products of this were
subaerial replacement of limestone and volcanic rocks over the early land
masses producing phosphatised limestone (and minor volcanics) with relict
colour and texture, and submarine replacement of limestone and volcanic
material together with direct precipitation of phosphatic solutions in the
central depression. Since the area of the central depression was much greater
than the area of the early land masses the oolitic fragmentary phosphate
forms the dominant primary rock type. Later, probably on continued emergence
of the island, this consolidated to form a layer of phosphate overlying
limestone, for the most part, and upon weathering produced the present soil
profile and attendant secondary types of phosphate.

The evolutionary history of the island and the phosphate deposits is
summarised in fig. 24.
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Surficial deposits of phosphate over limestone,
with karrenfeld topography, and volcanics.

Phosphate type profiles-

C - grade residuum and some alluvium

B - grade weathered 'primary phosphate

A - grade limestone replaced by phosphate
leached from B

Limestone - fractured, faulted, with solution
cavities, many filled with detrital phosphate,
some with chemically precipitated lime and
phosphate.

Emergence continues: later terraces cut into
pellet limestone. Probable continued bird
colonisation but on greatly reduced scale,
weathering processes break down previous phos-
phate, karrenfeld development beneath phosphate
cover, and soil profile developed.

Emergence continues: upper terraces cut and
fringing reef limestone developed containing
phosphate detritus.

Seamount emerges: probably three principal
islands connected with fringing reef to form
sheltered area - progressively open, closed
lagoon, swamp: salt, brackish, fresh water.
Bird colonisation of islands and later emergent
wave cut platforms: phosphate develops as guano
residue, subaerial phosphatised limestone (relict
textures), and enriched lagoonal waters with
precipitation forming oolites, phosphatisation of
debris on lagoon floor, mixed with detritus of
guano residue, phosphatised limestone, as well
as limestone and volcanics which either then or
later have become phosphatised.

No record 

Seamount in euphotic zone: 	 widespread
development of organic, coralline limestones.

Record missing: probably period of erosion;
vulcanism waned, probably ceased.

Development of limestone, probably interbedded
with volcanic°, pyroclastics.

Development of volcanic seamounts Hawaiian type
basaltic flows.

712 accompany Record 1967/32 	 0/X/80
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Footnote to fig. 24

This presentation shows progressive rise of the island with the
exception of the post-glacial rise of sea level. The record of eustatic
changes of sea level at other parts of the world suggest that changes of
a similar order occurred at Christmas Island. However, it is considered
unlikely that these had any profound influence on the phosphate record
except perhaps in the early stages of development, e.g. submergence of
accumulations of phosphate either on land or in a sheltered lagoonal
environment could have produced many of the complications and varieties
of observed textures.

35.
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DISCUSSION

Laterite - Crandallite - Millisite

Trueman (1965) states that the crandallite and millisite deposits
"were found to be the dominant constituents of the soil formed from the
weathering of limestone 	 ", that "the soil profile is essentially
lateritic ...." and that "laterite and bauxite are frequently formed from the
weathering of limestone".

While crandallite and millisite are the dominant constituents of
the soil it is an assumption to say that the soil formed from the weathering
of limestone: the evidence available indicated that the bulk of the
crandallite and millisite soil is a product of the weathering of phosphate
rock not limestone. The deduction that the soil profile is essentially
lateritic "as clays and free silica constitute only a minor portion of this
material" is clearly erroneous. Also, the premise that "laterite and
bauxite are frequently formed from the weathering of limestone" has been
subject to much difference of opinion in the literature.

In support of his premises Trueman appears to rely heavily on a
comparison of the chemistry of three Christmas Island soils with three
Jamaican soils. In particular, he states that "The principal difference
between those of Christmas Island and those of Jamaica is the presence of
considerable phosphate in the former, but the alumina to iron oxide and the
combined sesquioxides (R

2
0
3
) to silica ratios are comparable".

Jamaica 	 Christmas Island

J1 J2 J3 C1-A/17 C1-A/8 C1-A/2
A1

2
0
3
/Fe

2
0
3

3.02 9.08 2.62 1.85 2.43 1.88

R20/S102 164 109 2.57 63 464
(a)
..537

(a)

"(a) Si00 figure here quoted is total acid insoluble and may contain
TiO2 and R20 3 (Al 20 3 + Fe20 3 )".

These ratios can hardly be said to be 'comparable'. Furthermore,
with regard to the footnote, analyses of the acid insoluble residues for
seven barandite samples (Trueman, 1965, p. 125) show that silica was the
minor component to TiO2 and P205. Thus the R20

3
/SiO2 ratios for the last two

Christmas Island samples must be disregarded In the absence of actual analyses
of the silica content.

Trueman (1965, p. 83) also claims that "The ratio of the sesquioxides
in the overburden" (the crandallite/Millisite soil) "is the same as that of
the apatite, namely A1 00.) :Fe00 "2.5:1". Although a consistent relationship
between alumina and irtin'oxiae'may occur in particular types of minerals this
is not evident from his data (see Table 6). Furthermore it would appear that
the type of material being analysed is not of sufficient homogeneity to
provide adequate quantitative data with which to determine any such relationship.

Table 6 lists the alumina to iron oxide ratio for a range of
materials from volcanic rock to phosphatised volcanics, phosphatic soil,
phosphatised dolomite, dolomite, and bird excrement (fresh guano residue). It
is suggested that the best that can be done with alumina to iron oxide ratios
is to point out that mixtures of guano, dolomite, and volcanic material could
account for the range of ratios obtained for the various types of phosphate
material on Christmas Island.

Trueman's statement that "20 percent of the world's bauxite reserves
are of this type" viz, derived from weathering of limestone warrants comment
for, without qualification, it is misleading. His figure probably relates to
the production from Jamaica where the genesis of the bauxite is represented by
two schools of thought, viz, derivation from limestone, and/or detrital origin.
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Whatever the pros and cons of argument relating to the genesis of the
Jamaican bauxite it is curious indeed that a karst topography in Jamaica
can be infilled with bauxite derived from the weathering of the underlying
limestone while a karst topography in Eufaula, Alabama (Clarke, 1966) is
infilled with bauxite, kaolin, and sand (all) of detrital origin. In the
latter case, what happened to the weathered residue of the limestone?, and
in either case what happened to the considerable tonnage of phosphate (P 205 )
which must also have been released during weathering?

While the weathering of limestone probably made a contribution to
the development of soil on Christmas Island it is considered that this
contribution was not of major importance, and also that no direct parallel
between the soil formation and the process of lateritisation or bauxitisation
can be determined.

"go
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ECONOMIC GEOLOGY

One of the principal short term products of the Bureau of Mineral
Resources work has been the design of a drilling programme by which the
reserves of phosphate rock can be adequately assessed. This drilling
programme commenced late in 1965 and is expected to continue for a few years.
The following notes on optimum grid size, grid design, and sample interval,
collection, and storage, are followed by notes on ore controls which will be
relevant to the interpretation of drilling results.

Drilling

Preliminary determination of optimum drilling grid. The total depth of bedrock
obtained from existing drilling data over Field 4 was contoured using a
frequency distribution study to determine contour intervals. This gave a
pattern which could be classified or subdivided into three types of ground
and the pattern was confirmed by inspection of the workings. The contour
exercise was repeated using progressively fewer drill holes until the pattern
was lost. By comparison of the results the optimum drilling grid was
determined to be drill holes at 100 foot intervals on drill lines 400 feet
apart.

Since the size and shape of an orebody is controlled by drainage (see
Ore Controls), which in turn is controlled by structure, pattern studies of
future drilling information and correlation with detailed geology will determine
where and to what degree follow-up drilling will be required.

Drill grid design. A basic design for a drilling programme was drawn up on
the basis of the areas of A grade phosphate indicated by the 1952-58 drilling
programme. The earlier drilling disclosed two zones, containing irregular
patches of A grade, one trending north-east along the eastern plateau and the
other trending north-west, across the island. The two zones are more or less
at right angles and this allowed for the inception of a single 'mine grid'.

The advantages of a single grid are numerous. The simplicity of
layout avoids complicated labelling of drill holes, samples etc.; no two
holes can have the same coordinates yet be on different 'minor grids'. One
set of coordinates, one series of drill hole numbers, and one series of
laboratory numbers inhibits confusion of records. Since some 30 odd base
sheets at a scale of 1u=400' would be required for plotting the data a simple
map series can be established which will greatly facilitate data storage and
availability of data. Any isolated drilling can be readily picked up from
bench marks ('Island Grid') and incorporated in the Mine Grid and so on.

Sample interval, collection, and storage. The sample interval was selected to
be 2 feet since this gives adequate sensitivity for determining grade cut-off
with respect to mining practice. It was recommended that all the cuttings
from each two foot interval be collected and then split down to convenient
sized fractions, one for crushing and assay and another to form a library of
original samples. The storage of a suite of original samples is important
since from time to time it may be required to re-examine samples and also to
carry out further analytical work in the event of a change of grade
specifications.

Ore Controls 

The information in this section is based on the genetic interpretation
presented in this report. However, should the reader favour the conventional
hypothesis of guano-phosphatization of limestone the general theme remains
relevant.
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Primary control of distribution. Distribution of the phosphate is primarily
controlled by the early land masses, which became the sites of rookeries, and
by the location of the central depression. These areas have been discussed
in the section on genesis.

Primary control of grade. 	 (i) Phosphatized limestone. The highest grade
would have been obtained where guano deposition was most extensive. Only two
probable primary deposits of phosphatized limestone are known, the Tom's
Ridge and Golf course deposits. Of these the Tom's Ridge deposit appears to
have the higher grade and this is consistent with its earlier emergence and
probable longer history of guano deposition. However, in addition to this
evidence, the distribution of A grade as indicated by the earlier drilling
programme offers a lead to the grade in areas which have undergone considerable
weathering. The extensive A grade deposits on the South Point platform and
Phosphate Hill platforms suggest that these areas were the sites of major
rookeries connected along the eastern and southern margins of the plateau by
minor rookeries.

(ii) Oolitic phosphate (pebble phosphate etc.). .
The grade of this material would vary according to the distribution of volcanic
material on the lagoon floor and/or the degree of availability of volcanic
material for down-grading the phosphatic solutions and emulsions derived from
the rookeries. Evidence is available to indicate that the areas north-north-
east of Field 17 and south from Murray Hill contain volcanic material as
bedrock but some of the areas where only minor A grade phosphate was discovered
in the earlier drilling programme are also likely to have volcanic basement,
the minor A grade being secondary phosphatization of small irregular patches
of reef limestone over volcanics. Thus where limestone formed the floor of
the lagoon the oolitic phosphate was probably A grade; where the basement
was volcanics it was probably C grade; while B grade occurred in the
transition zone.

Secondary control of grade. The primary grades break down to lower grades
during weathering but also form secondary A grade where limestone occurs at
the base of the profile. It might be expected that more secondary A grade
was formed where the greatest movement of ground waters has taken place
providing more leached phosphate in solution for extensive replacement.
However, this probably does not follow since at the same time there is a
greater degree of solution of limestone and concomitant collapse and infilling
with dominantly C grade material e.g., the valley north of Wharton Hill.

Secondary control of distribution. Secondary control of distribution is
directly related to the solution erosion of limestone, and this in turn is
controlled by (i) the topography of the island (ii) the degree of fracture
and primary permeability of the limestone. Two examples of this are given in
the following illustrations.

Old C.I.P. Quarry. This quarry occurs on the shoulder of the
plateau and the photo (fig. 	 ) of the workings clearly shows the fracture
and fault systems along which most solution erosion of the limestone has taken
place. The deepest and best grade ore occurred in the deepest solution holes.

It is reported that pinnacles of limestone cropped out over the area
of the quarry before the workings commenced, and that approximately 2 million
tons of A grade ore were won. Thus similar mineable occurrences of phosphate
can be expected to occur in the area mapped as Tzp, Plate I, and warrant
special consideration (see Sundry Deposits, below).
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South Point - East Quarry. Workings at South Point have exposed a
large very gently undulating limestone platform. The drainage pattern in the
East Quarry area is clearly shown in fig. 	 . The central area contains
numerous large deep solution holes which become progressively restricted
towards a north-west south-east trending fault in the south-east corner.

The largest tonnages and highest grade of ore were obtained from
the large solution holes where the limestone has suffered greatest solution
erosion due to poor drainage. This illustrates not only secondary control of
distribution but also a form of secondary development which warrants further
investigation. None of these solution holes were bottomed during phosphate
mining and hence it seems probable that the central area of the platform may
have developed 'deep phosphate' as occurs in the West Quarry. (See 'Deep
Phosphate' and 'Sundry Deposits').

Assessment of Ore Reserves

As shown on Plate I the occurrence of phosphatic material is
widespread over the whole of the island from sea level to the highest point.
In making a preliminary assessment of ore reserves, however, only the
principal occurrences of incoherent phosphate in the plateau area have been
considered. Using the area of outcrop of these occurrences, an average depth
obtained from the 1952-58 drilling programme, and 1 cu. ft. = 80 lbs., a
figure exceeding 200 million tons of all grades was obtained. It is understood
that this figure is more than adequate to justify the capital expenditure of
the current expansion programme.

In arriving at this figure considerable care and strict conservatism
was applied to all measurements and calculations. The details are not
presented in here since this assessment has since been superceded by the
current drilling programme aimed at proving reserves and grades.

SanDets. The drilling programme underway is designed to test the
incoherent phosphate which forms the bulk (say, more than 80 percent) of the
island deposits. Also, the beneficiation experiments and pilot plants are
designed to handle this material.

In addition, however, other minor types of phosphate deposit will
require detailed study, testing, and possibly special treatment in mining
and preparation for market. 	 These are:-

Type of deposit Possible
tonnages
involved

Type of
drilling

Special treatment

1. 'Deep' phosphate 5m Diamond Open face quarrying
removal of limestone
pinnacles

2. 'Valley' phosphate 5 m Auger

3. Terrace phosphate 20 m ft

4. Rock phosphate 5 - 10 m Removal of limestone
blocks

5. Pebble phosphate 1 m Transport crushing
6. Phosphatized

volcanics
(barandite rock)

1 m Special calcination?

7. Buried phosphatized
	

Diamond?
volcanics

8. Pinnacle ground
	

Detailed mapping



Fig. 25

Limestone solution pattern,
'Old C.I.P. Quarry.



Fig. 26

Limestone solution pattern,
East Quarry, South Point.
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Note: These comments on tonnages, drilling, and special treatment
are purely speculative, but are believed to be of the order of expectations.

Water Resources 

Christmas Island has an area of approximately 54 square miles and
an annual rainfall of the order of 70 inches. Drainage is almost entirely
subterranean, surface run-off being confined to the monsoon season (Dec.-Mar.)
and springs about the margin of the island.

Rainwater moves downward through unconsolidated material and
fractures and solution holes in the limestone veneer and then flows outward
to the sea along the surface of the underlying basaltic volcanics. This is
evident from the common occurrence of springs or seepages where the contact
of limestone and basalt is at or very near the ground surface.

To date water supplies have been obtained from springs at
Waterfall, from Grants Well, sunk in a solution chimney in limestone to the
basalt surface, and from Jedda Cave, a cave system allowing open access to
the basalt surface. These sources have been barely adequate for domestic
and mining demands.

Current and future development of the phosphate industry, however,
will result in a substantial increase in consumption. Additional supplies
may be obtained from the several known springs about the island but this is
undesirable in view of the initial cost of equipment and the continuing
operation and maintenance of pumps situated several hundreds of feet below
the R.L. of the areas of consumption.

A prerequisite for the search for additional water supplies in the
plateau region would be a plan of the basalt topography since the basalt
controls the downward and outward movement of groundwater.

Thus experiments with magnetometers should be carried out to
assess whether a magnetometer survey could provide the data required to plot
the basalt topography. If such a survey were successful then major catchment
and drainage channels would be readily defined whereafter it would be a
relatively straightforward, though possibly difficult, procedure to site
water bores in areas of optimum supply (catchment) and proximity to areas of
consumption.

Radiometric Data

Application of the data - Christmas Island. A comprehensive test should be
carried out to demonstrate thoroughly the practicability of using radiometric
logging as an aid in determining the cut off between grades. If such a test
proved positive then expenditure on assay may be halved by assaying alternate
holes along a drill line and logging those in between with the scintillometer
probe. Assaying expenditure may be further reduced by treading only
alternate samples in the holes (assayed) and this may or may not be
supplemented by complete radiometric logging of holes. Whatever combination
is used would be determined from the comprehensive test and subject to
relative costs and accuracy required. Since there is a good prospect of
substantial savings in expenditure further work should be carried out
immediately.
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Application of the data - Australia. Large tracts of the Australian
continent are covered by unconsolidated material, principally soil and
alluvium. Phosphorite, sedimentary phosphate rock, typically is less
resistent to erosion than other rocks. Thus it is unlikely that any
phosphorite in a favourable sedimentary basin will have much expression in
outcrop e.g. the Amadeus, Bowen, and Georgina Basins. Furthermore, since
much of the country has been subjected to extensive weathering iron and
alumina phosphate minerals are likely to dominate the surface or near-surface
expression of phosphorite. As yet no ready field method has been developed
to test for these minerals.

It is one of the basic principles of geochemical prospecting that
the mantle of unconsolidated material contains evidence of the nature of its
parent rock, and in part, at least, this evidence is relevant to the under-
lying rock. It is clear, from the studies at Christmas Island, that one
such item of evidence could be anomalous radioactivity.

Most airborne radiometric surveys have been examined for anomalies
several times background and mapped as 'spot highs'. This form of information
has little value outside the search for uranium ore deposits (though the
Rum Jungle phosphate deposits were found indirectly through this method).
The current approach by the BMR Airborne Survey Group is toward the
compilation of a contour map of radioactivity.

A brief study of the data for the Lake Amadeus 1:250,000 Sheet area
in the Northern Territory (J. Barrie, 1966, not filed) indicated that
analysis of such data can lead to an understanding of the distribution of
radioactivity with respect to outcrop, weathering, and accumulations of
unconsolidated material. If, as a result of analysis of data, any anomaly
(which of course need not and probably would not be much above background)
that could not be explained in the light of the known geology of the area
should then be checked out on the ground by testing for phosphate. (How this
can be done with expedience is a separate topic not covered by this note).

It is understood that the Bureau plans to continue its airborne
radiometric work, consequently it is recommended that consideration be given
to the application of the airborne data to the search for phosphate with a
view to considerably expanding the current programme and concentrating flying
time over favourable phosphate areas (a favourable phosphate area being one
determined by some such approach as, for example, that given by Kaulback,
1965).

Application of the data to other trace element studies. It is considered
probable that the anomalies mentioned in the comment on the B-A and A grade
profiles may be due to the relative dominance of 'primary' A grade and
'secondary' A grade. For example: if the weathering cycle commenced with
only A grade phosphate over limestone then the three zones of the weathering
profile would be (i) top layer A grade slightly enriched in iron and alumina,
and uranium (the difference of quantity being a product of availability)
ii) middle layer of primary A grade with progressively less uranium and

( iii) bottom layer of secondary A grade containing least uranium.

This concept, if true, introduces a means for studying the movement
of trace elements in a phosphate weathering profile. The radiometric log
would act as a marker for the position of samples in the profile and hence
those elements which consistently concentrate in the residuum could be
determined. This then could introduce a pattern of study of the application
of trace element geochemical prospecting in the search for phosphate.

-.7
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Suppose, for example, that zinc is an element that concentrates
in the upper part of a phosphate weathering profile then the lower order
anomalies of zinc in any existing regional geochemical study would require
reexamination in terms of phosphate. (Typically, only the higher anomalies
are tested by drilling, trenching and such for zinc ore bodies; if results
are discouraging then other anomalies are rarely followed up). The 1 Geolsecl
phosphate prospect at Rum Jungle was found to be a zinc anomaly during the
B.M.R.'s geochemical work in the area.

Other Insular Deposits 

The phosphate survey of the South Pacific Islands (White and
Warm, 1964) was but one of several explorations for insular deposits and
it may be fairly stated that the conclusion from these is that all the major
insular deposits have been found.

However, it should be pointed out:-

1. That such surveys have been superficial i.e. their members examined
the surface of islands and carried out only a minor amount of shallow
augering or other drilling.

2. The major insular deposits occur on elevated islands rather than
flat or low lying islands.

3. That the elevated island deposits are considered to be Pleistocene
or older.

4. That (using IlUtchinson's figures) Christmas Island contains as much,
phosphatic material as all the other known insular and guano deposits put
together if not more.

When these factors are considered together with the question 'have
changes in sea level caused any disguise or burial of phosphate deposits'
one has an intriguing problem.

For example:

Studies of detailed bathymetry around parts of Christmas Island
(Kaulback, unpub.) have disclosed a terrace at about 80 fathoms depth which
may be regarded as corresponding with similar terrace depths known in other
parts of the world. If this terrace is due to wave cutting during the major
Pleistocene ice age then the phosphate deposits on Christmas Island were
present before that event.

Christmas Island represents the sole resting place for sea birds
in a very large expanse of nutrient-rich waters of the Indian Ocean and it is
reasonable to suppose that this accounts for its greater tonnage of phosphate.
Five hundred and fifty miles to the south west in a similar expanse of ocean
lie the Cocos (Keeling) Islands which, while being a low lying atoll system
now, may have been a prominent island during lower stands of sea level. If,
at that time, they contained large colonies of sea birds subsequent submersion,
reef growth, and re-emergence would leave no superficial record of guano
accumulations. Thus they cannot be dismissed conclusively as a source of
phosphate until drilled to say 'Miocene basement'.

The apparent lack of insular deposits on islands between the 'low
lying' and the 'elevated' may be due to burial of the deposits by later reef
limestones and therefore warrants investigation.



44.

,ACKNOWLEDGEMENTS

Many people contributed to the survey on Christmas Island and to
the study of the data at the B.M.R., and which they are too many to name
in this report they have, at least individually, received my thanks. Here,
in particular, I wish to record my thanks to Mr. D. Powell for his
surveying and intimate knowledge of the island, Mr. K. Lowrey for his
management and provision of equipment and labour, Mr. M. Manners for his
liaison and appreciation of the practical problems involved in geological
surveys, Mr. A.D. Haldane for his analyses and intensive discussion of
problems of chemists and Dr. H.A. Jones for his tenaceous and pertinent
argument.



■;;;,!

45.

REFERENCES 

ALTSCHULER, Z.S., CLARKE, R.S., Jnr, and YOUNG, E.J., 1958 - Geochemistry
of Uranium in Apatite and Phosphorite. U.S. Geol. Surv. Prof. Pap.
314-D.

ALTSCHULER, Z.S., JAFFE, E.B., and CUTTITTA, F., 1955 - The Aluminium
Phosphate Zone of the Bone Valley Formation, Florida, and its Uranium
Deposits. Geology of Uranium and Thorium, International Conference.
U.S. Geol. Surv. Prof. Pap. 300, 495-504.

AMES, L.L., Jar, 1959 - The Genesis of Carbonate Apatites. Econ. Geol.  54,
829-841.

ANDREWS, C.W., 1900 - A Monograph of Christmas Island (INDIAN OCEAN). Brit.
Mus. Nat. Hist.

CLARKE, 0.M., Jr, 1966 - The formation of bauxite and karst topography in
Eufaula District, Alabama and Jamaica, West Indies. Econ. Geol. 61 (5),
903-916.

DIXON, W.A., 1878 - The guano and other phosphatic deposits occurring on
Malden Island. Proc. Roy. Soc. N.S.W. for 1877, 11, 176-181.

EMERY, K.O., 1960 - The Sea off Southern California. John Wiley and Sons,
New York.

EMERY, K.O., and DIETZ, R.S., 1950 - Submarine phosphorite deposits off
California and Mexico. Calif. J. Mines and Geol. 46, (1), 7-16.

GULBRANDSON, R.A., 1960 - Petrology of the Meads Peak Phosphatic Shale
Member of the Phosphoria Formation at Coal Canyon, Wyoming. U.S. Geol.
Surv. Bull. 1111C.

HAYTON, J.D., and TRUEMAN, N.A., 1966 - Radioactivity of Christmas Island
Phosphate and Carbonate Rock. A.M.D.L. Report IC2210 (unpub.).

HUTCHINSON, G.E., 1950 - Survey of Contemporary Knowledge of Biochemistry,
3, The Biogeochemistry of Vertebrate Excretion. Bull. Amer. Mus. Nat.
Hist., 96.

IRVING, E.M., 1953 - Problems in the origin of phosphate ores of Angour
Island, Palau Group, Western Carolines (abstract). Proc. 8th Pacific
Sci. Congr. (1953). IIA p. 593.

JACOB, K.D., HILL, W.L., MARSHALL, H.L. and REYNOLDS, D.S., 1933 - Composition
and distribution of phosphate rock with special reference to the United
States. U.S. Dep. Agric. Tech. Bull. 364

KAULBACK, J.A., 1965 - An Approach to the Search for Sedimentary Phosphate.
Bur. Min. Resour. Aust. Rec. 1965/37 (unpubl.).

LUND, E.H., 1957 - Phosphate contents of sediments near bird rookeries in
South Florida. Econ. Geol. 52, 582-583.



46.

MABIE, C.P., and HESS, H.D., 1964 - Petrographic study and classification
of western phosphate ores. U.S. Bur. Mines. Rep. Investig. 6466.

OWEN, H.B., 1954 - Bauxite in Australia. Bur. Min. Resour. Aust. Bull. 24.

RIVEREAU, J.C., 1965 - Notes on a Geomorphological Study of Christmas
Island, Indian Ocean. Bur. Min. Resour. Aust. Rec. 1965/116 (unpubl.).

TRUEMAN, N.A., 1965 - Geological and Mineralogical Investigation,
Christmas Island, Indian Ocean, vol. 1. 	 A.M.D.L. Report 399, 1 (unpubl.).

TRUEMAN, N.A., 1966 - Mineralogy and Petrography of Christmas Island
Phosphates. A.M.D.L. Report MP2099-66. (unpubl.).

WATSON, G.E., ZUSI, R.L., and STORER, R.E., 1963 - Preliminary Field Guide
to the Birds of the Indian Ocean. Smithsonian Institution, 89 - 101.

WHITE, W.C., and WARIN, 0.N., 1964 - A Survey of Phosphate Deposits in the
South-West Pacific and Australian Waters. Bur. Min. Resour. Aust. Bull.
69.

WURZBURGER, U. and LASMAN, N., 1963 - The Tsefa Efle phosphate deposit.
Geol. Surv. Israel Rep. No. M.P. 126/62 (unpubl.).

4.0



APPENDIX I

THE TERTIARY CARBONATE ROCKS OF CHRISTMAS ISLAND,
INDIAN OCEAN

by

J.A. Xaulback

Collection and classification

Polished surfaces of approximately 300 specimens were examined,
as well as about 70 thin sections and 20 acetate peels. The specimens were
collected as representative lithological samples, and also for the purpose
of providing fossil material for dating the,sequence. The preponderance of
specimens containing foraminifera is however only partly due to collectors'
bias, as the carbonate rocks dominantly contain foraminifera.

The classification of the carbonates is based on the descriptive
classification of carbonates by Leighton and Pendexter (1962), modified so
that, for example, a limestone with 50-90% foraminifera and the rest micrite
is a "micritic-foraminiferal limestone". Under Leighton and Pendexter's
classification this rock would be a "foraminiferal-micritic limestone".

Description

The Christmas Island carbonate rocks are organic and detrital
limestones. Very few dolomitic rocks were examined; though dolomite is
known to occur on the island, especially in the pinnacles immediately below
the phosphate deposits, the carbonate specimens collected in 1965 were
almost all limestones from outcrops on the flanks of the island, where
diagenetic alteration concomitant with pitting, solution and recementation
is less predominant than in the central plateau. Medium to coarse-grained
micritic-detrital, micritic-skeletal or micritic-foraminiferal limestones
predominate, with some fine-grained micritic-foraminiferal and micritic-
detrital limestones. Some beds contain pellets (< 1mm). The limestones
contain (or are wholly composed of) abundant algae, coral, foraminifera and
small mollusks. Corals and algae are commonly fragmented. A few whole
corals do occur, upright and in the position of.original growth, but these
are generally very small. Numerous thin (ift) beds occur with abundant
gastropods and pelecypods, which are well-preserved, unfragmented, and
embedded in a fine-grained micritic matrix. Thin beds consisting almost
entirely of foraminifera, with 5-15% microgranular micrite matrix or finely
crystalline micrite cement are also common. A few of these beds have good
inter-granular primary porosity.

• 	 Alteration

Many of the limestones are extremely porous and vuggy. In others
calcite crystal growth has filled vugs and solution cavities, and replaced
original textures, to produce a dense crystalline limestone. These features,
combined with flowstone, stalagmite and stalagtite formation in the numerous
solution-caves, have been controlled by complex water-table movements due
to multi-stage uplift of the underlying basalt, as well as by faulting and by
changing drainage patterns.
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Palaeoenvironment 

The fauna (corals, molluscs, algae) as well as cross-bedding,
fragmentation of coral and skeletal material, and the predominantly medium-
to-coarse granisize of the limestones indicate a shallow environment of
deposition. The small size of those corals which have remained unfragmented
suggests a back-reef or lagoon environment, where coral growth was not as
prolific as in the fore-reef. The existence of such a fore-reef or barrier-
reef zone round the lagoon is further indicated by the almost complete
absence of planktonic foraminifera (D. Belford, pers. comm.) - these must
have been prevented from entering the lagoon by a reef or bank barrier,
which protected the fauna of molluscs, algae, benthonic foraminifera and
fish* from wave-action. •The rare planktonic foraminifera which occur were
probably brought in by spray or channel currents through the outer reef.
The comminution and fragmentation of skeletal material is therefore probably
due to biological activity (fish and crustacea) within the lagoon rather than
to wave action. In places where there was little nutrient-rich current action,
skeletal organisms did not flourish, and the only material to be deposited on
the lagoon floor was fine calcareous mud, on which benthonic foraminifera and
algae lived.

The barrier which protected the lagoon may have been a circular bank
of calcareous sand, or a reef, or both; it was probably exposed either at low
tides or continuously. The Only remaining trace of it is at locality. K48,
where coarser calcareous sandstone, with large corals and Mound-like dips
forming a small limestone knoll, indicates a probable remnant of the fore-reef,
of which the rest has been eroded away during uplift.

The Christmas Island Tertiary limestones were deposited on a volcanic 	 ••

rise or guyot during the development of an atoll along classical Darwinian
lines.

* An almost complete dental plate of a ?coral eating fish was found.























APPENDIX III 

NOTES ON THE GENESIS OF THE PHOSPHATE DEPOSITS

vA 	 by

H.A. Jones

In the discussion on the genesis of the Christmas Island deposits
in this report it is concluded that much of the phosphate originated as a
lagoonal sediment in the restricted marine environment formed during the
atoll stage of the island's emergence, the source of the phosphate being
the guano on the land surrounding the central lagoon. The phosphate is
believed to have formed as a chemical deposit, either by direct precipitation
of apatite or by replacement of calcium carbonate, and as a detrital deposit
as a result of the mechanical transport of phosphatic material from the
surrounding land. The evidence cited in support of this hypothesis is based
on the textures and distribution of the deposits, on their chemistry -
particularly the high uranium and zirconium in some samples - on comparisons
with other island deposits, and on a reconstruction of the history of the
island.

The suggestion that much of the island's phosphate deposits was
originally laid down in a special type of lagoonal environment raises
difficulties to which attention is drawn here. In the following notes an
attempt is made to record the more important facts which any theory on origin
must seek to explain and to draw what conclusions on genesis that these facts
warrant.

fit

Distribution of Phosphate

All the phosphates known on the island are superficial except for
minor occurrences of secondary origin in fissures and solution channels in
the underlying limestones. The main deposits lie on the plateau, an undulating
surface with a relief of more than 400 feet on which two or three poorly
defined terraces can be distinguished (Plate 2). Smaller deposits of the
same general character are found on the lower terraces. Phosphatized volcanic
rock occurs on Murray Hill, the highest point on the island, and quite
extensive phosphate deposits occur on terraces 1 and 2 below the 100-foot
contour. While it is true that much of the phosphate on the lower terraces
has been derived from higher levels by chemical and mechanical transport, there
can be little doubt that an important part of the terrace deposits originated
in the same way as the phosphate on the plateau.

This distribution of the phosphate deposits as a thin and patchy
superficial veneer on a land surface with a relief of over 1000 feet is
perhaps the most obvious difficulty facing the hypothesis of lagoonal
sedimentary origin. However it is just the sort of distribution to be expected
if the deposits originated from accumulations of aivian guano.

AW 	 Textures and Sedimentary Structures 

The bulk of the phosphate on the island is earthy and friable and
devoid of recognisable textures or structures. Where sedimentary structures
are visible they are either relict atructures of replaced carbonate rocks or
else relate to cavern fill deposits or to other obviously secondary detrital
accumulations such as the pellet limestone. Pellets and small nodules are
abundant in the B and C grade incoherent phosphate and oolitic texture is
particularly characteristic of the. pebble phosphate. The latter consists of
compact, more or less rounded bodies of pebble and cobble size which occur
in greater or lesser abundance in the incoherent phosphate.
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Considerable importance from the point of view of genesis is
attached to the pebble phosphate in the report as it is regarded as the
remnant of an originally widespread bed of lagoonal sedimentary phosphorite.
Emphasis is placed on the oolitic texture and descriptions of three other
deposits are given to stress the connection between oolitic phosphorite and
lagoonal environments. However, secondary oolitic texture developed during
diagenesis or weathering occurs in a wide variety of rocks, including
phosphates, and the oolitic pebble phosphates of Christmas Island are probably
concretionary structures of secondary origin. Closely packed apatitic oolites
have been recorded in thin veins in limestone on the island in situations
where it is inconceivable that they have been mechanically transported to
their present position. It follows that these textures can develop in
phosphatic muds or from solution and the present writer believes that the
oolitic textures often displayed by the phosphates, as well as the colloform
banding and nauruite-type textures, are of secondary origin.

What seems to be the most cogent argument against regarding the
oolite pebble phosphate as a primary water-laid deposit is the lack of
evidence of other types of sediment. In addition to phosphate, a lagoon
must have accumulated calcareous and volcanic sediments of various types
displaying sedimentary structures and possibly containing fossils. Oolitic
phosphate is abundant and widespread on the island and if these textures
are primary, remnants of sedimentary types other than oolitic phosphate
would be expected to be preserved also. However this is not the case; the
pebble phosphate invariably contains more than 30 percent P20 and lacks any
non-phosphatic detritus, nor are any other sediment types kno

Mobility of Apatite

A striking feature of these deposits is the abundant evidence of
the mobility of apatite and the extensive replacement of limestone and
volcanics by phosphate minerals. The mode of origin postulated in the report
requires that the original situation was one in which a sedimentary phosphorite
overlay the limestone and volcanics flooring the lagoon which occupied much of
the present area of the island. It is not easy to conceive, if this was the
case, how the successive generations of apatite and replacement of the
underlying rocks came about. Sedimentary apatite rocks with varying
lithological associations under varying conditions of climate, weathering,
and vegetation cover have been described from many parts of the world and
mobility of apatite on this scale has not been reported. However replacement
of underlying rocks by phosphate minerals accompanied by repeated solution
and redeposition of apatite resulting in highly complex secondary textures
is quite characteristic of known guano islands and of cave phosphates; here
the phosphatization has unquestionably been brought about by solutions leached
from accumulations of vertebrate excreta and it is reasonable to propose a
similar origin for the Christmas Island phosphates also.

Having made this point it should be noted that Christmas Island
constitutes a very special type of environment and redistribution of an
original apatite rock resulting in the secondary textures now observed may
be feasible. In this connection the following points should be noted:

(i) Although there is little evidence of leaching of phosphorus
from weathering profiles associated with known sedimentary apatites, there are
numerous cases where the original apatite has been transformed to the highly
stable iron and aluminium phosphate minerals. Trueman (1965, J. geol. Soc.
Aust. 12(2) p. 279) records that the overburden on the Christmas Island apatite
deposits does not contain any free oxides or hydroxides of iron and aluminium
and where these are not available to fix the phosphorus it is possible that
acid groundwaters could mobilize apatite on a large scale.

rn



C .•

3 .

(ii) There is firm evidence of the chemical mobilization of
phosphate resulting in the replacement of carbonate where the carbonate
structures are preserved in the apatite rock. However much of the apatite
which appears to have been directly deposited from solution may in fact
have been mechanically transported as clay-size detritus. This material
forms an apatite cement or oolitic nodular and banded material in previously
formed phosphate deposits or occurs in fractures in limestone which are
sometimes obviously too small for the ingress of coarse detritus. A large
part of this apparently secondary phosphate may in fact be clay sized or
colloidal apatite which has been derived from the incoherent phosphate above
and has developed a variety of secondary textures during lithification.
Nevertheless the evidence for chemical mobilization resulting in successive
generations of apatite is abundant and incontrovertible.

Minor and Trace Elements 

The chemical data presented in the report illustrates the great
variation in minor and trace element content of the island phosphates. The
suggestion that the samples high in trace elements represent primary phosphates
formed in a marine environment would be greatly strengthened if supported by
textural evidence of their sedimentary origin; in general it is felt that
more chemical data tied to the texture, mineralogy, and distribution of the
samples are needed to attempt a meaningful interpretation.

It seems likely that whatever the source of the phosphatizing
solutions the first rocks to be replaced would be those forming the original
surface of the island. These presumably included limestone and volcanic rock,
calcareous and volcanic detritus, and the soils, including terra rossa type.
material, derived from all of these. The phosphate rocks resulting from the
replacement of these heterogeneous materials, particularly if sea spray was
partly responsible for leaching the guano, might be expected to show the
variation in chemistry which is in fact displayed.

Sea water, in the form of spray, may have profoundly influenced
the chemistry of the rocks; spray now reaches the highest parts of the
island during storms and when the upper terraces were being cut the effect of
sea spray on this exposed oceanic island must have been very much greater.

Brief Summary of the Origin and History of the Deposits 

Colonization of the island by birds at some time following its
emergence in the late Tertiary gave rise to deposits of guano. These were
widely distributed over the exposed land and with continued uplift
successively lower terraces were colonized and they too received accumulations
of guano. There is evidence on climatic conditions in the Pliocene but it is
possible that it was arid and that considerable thickness of guano of the
Peruvian Island type accumulated. However it is clear that a relatively small
bird population could account for the phosphate on the island in a fraction
of the time available and it is also possible that dense colonization never
occurred and leaChing by spray and rain more or less kept pace with guano
accumulation.

Whether or not a thick cover of guano was ever present, intensive
and long continued leaching of guano has resulted in the replacement 'of the
underlying rocks. The variety of the material replaced, mostly limestone but
sometimes volcanic rock and sediments and soils derived from these, combined
with the variable influence of leaching by sea spray, accounts for the
distribution of minor and trace elements. This distribution has been later
modified by leaching and redistribution of elements caused by the heavy
seasonal rainfall which has formed the laterite-type profile observed today.
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The development of the karrenfeld surface on the limestone under-
lying incoherent phosphate is partly the result of carbonate replacement by
friable apatite rock but is also due to the solution of limestone by ground-
water after the stabilization of the overburden. Subsurface solution patterns
of this sort on limestone often occur under high rainfall conditions above the
watertable.

The variety of textures observed in the phosphates is the result
of the differing conditions under which they were formed. Sub-surface
replacement of the compact limestones above the watertable by phosphatic
solutions results in the friable apatite rock which forms the bulk of the
deposits. Its porous and incoherent nature is due partly to the volume loss
following replacement and partly to the subsequent removal of very fine-
grained apatite by freely draining groundwaters. The rather uncommon
occurrences of phosphate retaining the original textures of carbonate rock
may be due to sub-watertable replacement or to replacement of limestone
exposed at the surface. Extensive development of secondary structures of
various sorts has occurred and appears to be mainly related to the period
when active redistribution of apatite following the leaching of continually
replenished surface guano was in progress. These structures comprise oolitic
and pelletal concretions and structureless and colloform-banded masses of
apatite, and their formation may have been controlled by watertables early in
the history of the deposit. Continued leaching and redeposition of apatite
since the Tertiary, accompanied by the general lowering of the surface due to
the solution of the underlying limestone, and more or less mechanical
transport, accounts for the distribution of this material in the present day
deposits and for the complexity of the textures which they display.

During the long period of leaching and erosion which has occurred
since the emergence of the island in the Tertiary there has been extensive
mechanical as well as chemical redistribution of phosphate. There is
abundant evidence of true clastic textures amongst these detrital accumulations;
most consist of chaotic assemblages of phosphate and limestone fragments
cemented by secondary phosphatic and calcareous material; they represent
collapse breccias, cemented talus, cavern fill and related deposits and
include minor water-laid sediments probably formed in underground caverns.
Another important detrital accumulation is the pellet limestone, a marine
limestone with more or less phosphatic detritus incorporated in it, which
was deposited as an offshore apron during the cutting of the upper terraces.

The foregoing summary is not complete, nor is it claimed to be
original, but it is, in general, thought to be reconcilable with the observed
facts. No attempt is made, in particular, to explain the geochemistry of the
phosphates or the processes involved in the mobilization of apatite and
replacement of other minerals. This is not because the data available favour
one theory of origin rather than another, but because they are neither
sufficiently detailed nor numerous enough for meaningful interpretation.
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