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Phosphate minerals from Reaphook Hill,
Flinders Ranges, South Australia

R. J. HILL
Department of Geology and Mineralogy, University of Adelaide, South Australia

AND A. R. MILNES
CSIRO, Division of Soils, Glen Osmond, South Australia

SUMMARY. Several uncommon phosphate minerals including tarbuttite, parahopeite, scholzite, and
collinsite occur in near-surface gossans at the Reaphook Hill zinc prospect. Electron-probe micro-
analyses of the tarbuttite and scholzite compare well with published analyses of specimens of these
minerals from the type localities in Zambia and Bavaria respectively. However, microanalyses of the
parahopeite are significantly different from published analyses of parahopeite, and suggest that it may
be one member of an isomorphous series in which six-coordinated Zn can be replaced by other
cations, including Fe, Mg, and Mn. Furthermore, crystals of the Reaphook Hill parahopeite are
compositionally zoned with their centres enriched in Fe and Mn relative to the margins, which are
enriched in Mg.

Zincian collinsite occurs at Reaphook Hill as concentric crusts composed of very fine grained
radially oriented plates. Electron-probe microanalyses of this material are significantly different from
published analyses of collinsite from the type locality in British Columbia: Zn instead of Fe occupies
the divalent cation sites; this material may be part of an isomorphous series that includes fairfieldite.
Microanalyses also indicate that the Reaphook Hill collinsite crusts are compositionally zoned such
that Zn:Mg ratios vary from the base to the outer edges of the crusts. This zoning is interpreted as
the result of variation in the availability of Zn and Mg during growth. Zoning of similar type, but due
to variation in the Fe: Mg ratio, was observed in concentric crusts of collinsite from the type locality in
British Columbia.

IN 1966, during geochemical exploration by the South Australian Geological Survey
and Kennecott Explorations (Australia) Pty. Ltd., scholzite was discovered as pris-
matic needles in three discrete near-surface mineralized zones in unmetamorphosed
sediments of the Lower Cambrian Parachilna Formation at Reaphook Hill, approxi-
mately 100 km north-east of Hawker in the Flinders Ranges, South Australia (Johns,
1972). The mineralized zones have resistant ferruginous and manganiferous cappings,
which grade downwards into complexly fractured phosphatic pebble conglomerates,
sandstones, and siltstones. They seem to have developed as a result of the action of
groundwater causing near-surface enrichment of manganese, iron, zinc, and phos-
phorus in fractured and faulted zones in the Parachilna Formation.

Many other phosphate minerals, in addition to scholzite, have since been identified
in the mineralized zones by X-ray powder diffraction. These include tarbuttite, para-
hopeite, collinsite, switzerite, and phosphophyllite. Hemimorphite pseudomorphs after
smithsonite have also been noted. Manganese minerals are very common throughout
the zones and include chalcophanite, cryptomelane, psilomelane, manganite, and
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pyrolusite. The phosphate minerals, generally found lining voids in the mineralized
zones, occur both as enhedral and as complexly intergrown anhedral crystals.

An investigation of the crystal structures of the Reaphook Hill phosphates has been
undertaken by one of us (R. J. H.). A reinterpretation of the crystal structure of
scholzite as published by Taxer (1970) has already been published (Hill ez al., 1973).
An electron-microprobe examination of the material selected for structure analysis
was a necessary adjunct to the crystallographic investigation; the results of this
examination are reported here.

TABLE 1. Least-squares cell dimensions of Reaphook Hill phosphate minerals

Space Volume
group  a(A) b(&) c(A) « B y A%
Reaphook Hill
tarbuttite Pi 8130 (1) 12:896 (2) 7754(1)  90°% (1) 91°36 (2)) 107°44 (1) 7739 (2)
ASTM Pi 8113 12:93 7703 89°34" 91°37 107°47 769°14
Reaphook Hill tarbuttite
(unit cell orientation .
after Cocco ef al.) Pi 5538 (1) 5726 (2) 6456(2) 102°46(2) 102°35(2Y  87°45(2) 19487(8)
Cocco et al. P1 5°499 5654 6-465 102°51° 102°46 86°50 I91°12
Reaphook Hill
parahopeite P1 5763(1) 7-537(2) 5202(1) 93°20(2)  9r1°21(1y  or°18(1) 22933 (6)
ASTM Pi 5-766 7°550 5-303 93°17'5 91°55" 91°19" 23027
Reaphook Hill
scholzite P2a,/b 17164 (6) 22:244 (8) 6673 (2) 90°0(3)’ — — 2547 (1)
Bavarian scholzite
(Taxer, 1970) Pz2/c 17-149 (3) 22:236 (2) 6667 (1) — 90° — 2542
ASTM Pb.m 1714 22°19 661 — —_ — 2514
Reaphook Hill
collinsite Pi 5712(3) 6'830(3) 5393(2) 098°38(3) 106°50(3) 103°23(2) 1905 (1)
ASTM Pi 571 673 539 96°48-5" 107°16°5" 104°32’ 18722

Uncertainty in the final figure is indicated by parentheses.

Experimental techniques. Powdered specimens of the phosphates had to be carefully
prepared for X-ray diffraction investigation as a too vigorous grinding resulted in
unacceptably broad diffraction peaks.

X-ray data were obtained with a 19-cm camera using Co-K« radiation, or alterna-
tively with a Philips X-ray powder diffractometer incorporating a focusing mono-
chromator and using Cu-Ka« radiation. Indexing and least squares refinement of cell
dimensions were carried out using the procedure of Evans ef al. (1963).

The microanalyses were obtained on a Cambridge Instruments ‘Geoscan’ electron-
probe microanalyser. Under normal conditions of analysis using a focused electron
beam, significant systematic drifts in count rate with time have been observed for
elements in many minerals, including phosphates. This effect is probably due to a
combination of photochemical degradation (McConnell, 1969) and thermal decom-
position of the minerals under the influence of the electron beam in the evacuated
specimen chamber (Sweatman and Long, 1969). During the present study, the effect
was minimized by analysing the phosphate minerals with the electron beam expanded
to an area 50 um in diameter. The accelerating voltage and beam current were main-
tained at 20 Kv and 50 nA respectively.
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Eight elements, selected on the basis of reconnaissance spectrometer scans, were
determined in each mineral. Zn metal, Mn metal, and analysed specimens of apatite
(Ca, P), barytes (Ba, S), and olivine (Fe, Mg, Si) were used as standards. Corrections
to the raw data were made according to the method of Sweatman and Long (1969)
using the procedure of Oertel (1971).

The major phosphate minerals

Tarbuttite, Zny,(PO)(OH), occurs in the Reaphook Hill mineralized zones mainly
as compact aggregates of crystals up to § mm along their maximum dimension.
Euhedral crystals lining voids are colourless and transparent with an equant to pris-
matic habit, and are deeply grooved (figs. 1 and 2). Many crystals appear to be pseudo-
isometric, although the mineral has triclinic symmetry. In these respects the Reaphook
Hill tarbuttite is very similar to the type material from the Broken Hill mines in
Zambia (Spencer, 1908).

X-ray powder diffraction data for the Reaphook Hill tarbuttite (Tables I and II)
agree well with both the ASTM data and with the data of Richmond (1938) for the
Zambian material. Cocco et al. (1966) redetermined the lattice parameters using a
different orientation of the elementary cell. One set of our refined cell dimensions also
relate to a cell in this orientation.

Electron-probe microanalyses of selected tarbuttite euhedra gave the average com-
position presented in Table III. The structural formula of tarbuttite calculated from
these data is close to the ideal formula.

Parahopeite, Zn,Zn{PO,),.4H,0, is present only as a minor phase in the mineralized
zones at Reaphook Hill. It occurs as white to yellow-brown euhedral crystals with
an equant to prismatic habit and a well-developed (oor) cleavage (fig. 3). For the most
part, the Reaphook Hill parahopeite is encrusted with chalcophanite, scholzite,
gypsum, and hemimorphite.

X-ray powder diffraction data for the Reaphook Hill parahopeite (Tables I and Ii)
are similar to ASTM data for parahopeite from the type locality in Zambia. However,
electron-probe microanalyses indicate that euhedral crystals of the Reaphook Hill
parahopeite are significantly different in composition from the type material, and are
compositionally zoned. Random microanalyses of parahopeite crystal aggregates, arnd
of the core and rim of an euhedral crystal are given, along with a calculated structural
formula, in Table IV. On the basis of these data, the formula for the Reaphook Hill
parahopeite can be expressed as Zn,X(PO,),.4H,0, where X represents Zn, Fe, Mn,
and Mg. Zoned parahopeite euhedra are characterized by cores enriched in Fe and
Mn and outer zones enriched in Mg. Zn appears to be uniformly distributed through-
out the euhedra (figs. 4-8).

Scholzite, CaZny(PO,),.2H,0, is the most common and conspicuous phosphate
mineral in the mineralized zones at Reaphook Hill. It occurs in voids as sprays of
radiating white to colourless prismatic needles up to 3 cm long (figs. 9 and 10), or as
interpenetrating groups of white fibres. It was discovered in surface exposures of the
mineralized zones by C. C. Brooks of Kennecott Explorations (Australia) Pty. Ltd.
in 1966. The only other localities in which scholzite is known to occur are Hagendorf
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Nord! and Sud, Bavaria (Strunz, 1948), Transbaikal, U.S.S.R., and Domazlice, Otov,
south-west Bohemia. Reaphook Hill scholzite needles are generally psuedohexagonal
in cross-section, although the mineral has monoclinic symmetry (Hill ez al., 1973,
present a space-group with the g-axis as unique symmetry axis). Some crystals have a
‘Roman sword’ or linear-planar habit as a result of the dominance of (100) and (h31)
planes (fig. 11). :

X-ray powder diffraction data for the Reaphook Hill scholzite (Tables I and II) are
in good agreement with the ASTM data for the type scholzite from Bavaria. Electron-
probe microanalyses of several scholzite needles have been averaged to give the analysis
in Table III. The analysis is consistent with the ideal formula.

TABLE I11. Electron-probe microanalyses of tarbuttite and scholzite from Reaphook Hill

T S T s’
ZnO 669 403 Zn 391 1-93
FeO 002 001 Fe tr tr 1-93
MnO 0-01 0-01 Mn tr 391 tr

Mg tr tr
CaO 004 147 Ca tr 102 1'02
SO, 001 0°00 S tr 0°00
PO, 303 367 P 2-03} 203 2‘02}
SiO, 006 004 Si tr tr 2:02
MgO 003 001 H 14 36
H,O* 26 82
T, tarbuttite, mean of 10 spot analyses. * By difference.

S, scholzite, mean of 6 spot analyses.
T’, §’, atomic ratios on an ignited basis of ¢ oxygen atoms for tarbuttite, § for scholzite.
Analyses are given to within calculated counting error.

Zincian collinsite, Cay(Mg,Zn)(PO,),.2H,0, from Reaphook Hill was originally
identified, on the basis of morphological and X-ray powder diffraction data, as
collinsite. It occurs as greyish-blue or white concentric crusts with a radial platy
habit (figs. 12 and 13). The crusts commonly occur on botryoidal cryptomelane or on
goethite within voids. In this respect, the Reaphook Hill collinsite is similar to the
type collinsite from Frangois Lake, British Columbia. However, the Reaphook Hill
collinsite also occurs as crystal overgrowths on parahopeite and scholzite.

The composition of the Reaphook Hill collinsite differs considerably from the com-
position of the type collinsite, Ca,(Mg,Fe)(PO,),. 2H,0 (Poitevin, 1927; Wolfe, 1940),
in that it contains Zn in place of Fe (Table V). On this basis, the ideal formula of the
Reaphook Hill collinsite can be given as Ca,(Mg,Zn)(PO,),.2H,0. Furthermore,
the microanalyses indicate the crusts are compositionally zoned: the Zn:Mg ratio
varies from about 0-6 near the base to about 1-4 at the outer edges. The collinsite is

* Hagendorf Nord is no longer in production.

showing the distribution of Fe in the field of fig. 4. The cores of the crystals are rich in Fe, whereas
their margins are almost free of Fe. FiG. 7 Scanning X-ray image showing the distribution of Mn in
the field of fig. 4. An enrichment of Mn in the cores of the crystals relative to their margins can be
discerned. FIG. 8 Scanning X-ray image showing the distribution of Mg in the field of fig. 4. An
enrichment of Mg in the margins of the crystals relative to the cores can just be discerned.



F1Gs. 1 to 8: Fic. 1 Euhedral tarbuttite crystals lining void. Fic. 2 Tarbuttite euhedra in polished
thin section prepared for electron-probe microanalysis. Note equant habit and deeply grooved faces.
F1G. 3 Euhedral parahopeite crystals lining void. F1G. 4 Scanning electron image of euhedral para-
hopeite crystals. Fic. 5 Scanning X-ray image showing the distribution of Zn in the field of fig. 4.
The white areas, corresponding to the parahopeite crystals, are Zn-rich. Fic. 6 Scanning X-ray image

[Caption continues at bottom of preceding page.



F1Gs. g to 16: FiG. 9 Rosettes of scholzite needles in void. Fig. 10 Radiating cluster of scholzite
needles overgrowing very fine grained scholzite in void. Fig. 11 Roman sword habit of scholzite
crystals in rosettes in void. FIG. 12 Collinsite crusts overgrowing cryptomelane and goethite in void.
F1G. 13 Terminations of plates in collinsite crust fragment in polished thin section prepared for
electron-probe microanalysis. FIG. 14 Scanning electron image of part of collinsite crust. Concentric

[Caption continues at bottom of following page.
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very fine grained and, to prevent its decomposition, was analysed with a 50 pm dia-
meter beam in the electron microprobe. This condition for analysis was used for all
the phosphates, but it precluded the analysis of single collinsite crystals. We therefore
interpret the compositional variation as the result of growth banding of the crusts,
and this is supported by the distribution of Mg and Zn seen in the scanning X-ray
images in figs. 15 and 16. The possibility that the compositional variation is due to the

TABLE IV. Electron-probe microanalyses of parahopeite from Reaphook Hill

Random analyses

a b c d e core rimi rimz2 Av.

ZnO 422 424 45 412 404 419 425 428 419
FeO 323 255 358 462 478 247 057 050 2'79
MnO 1-21 1'57 1-45 1-38 1-70 117 034 0-81 1-20
CaO 004 000 001 000 002 001 001 003 002
SO, 0:00 0:00 0°00 000 0°00 002 002 0'00 0-01
PO, 333 333 335 32-8 327 332 337 333 332
Si0, 001 0°04 003 0°00 007 0’10 006 0-04 004
MgO 35 30 31 30 30 4'5 63 46 39
H,Ot 165 171 168 170 17°3 166 165 179 170
Structural formulae calculated on an ignited basis (8 oxygen atoms)
Ca tr 000 ftr 000 tr tr tr tr tr
Fe 019 0’16 022 028 029 015 003 003 017
Mn 007 o'10 0'09 0'09 o'11 007 002 005 0-07
Zn 2-26 2:28 222 223 219 223 222 2:30 224
Mg 037 032 033 0°33 033 048 066 050 0'42
S 0:00 000 0°00 000 000 tr tr 000 tr
Si tr tr tr 000 tr 001 tr tr tr
P 204 2°05 2-05 203 203 202 202 2:05 2:04
Zn 2°00 2°00 200 200 2:00 200 2°00 2-00 2°00
Zn*+Fe+Mn+

+Ca+Mg 089 086 086 093 092 0'93 093 0'88 090
S-+Si+P 204 2°05 2-05 203 203 203 202 205 2:04
H 80 83 81 83 85 8-0 7-8 87 72

* Excess Zn. 1 By difference.

Suggested parahopeite structural formula: Zny(Zn,Fe,Mn,Mg)(PO,)..4H,0.
Analyses are given to within calculated counting error.

presence of more than one phosphate mineral in the crusts can be discounted on the
basis of X-ray powder diffraction data (Table I and IT), which agree closely with the
ASTM data for collinsite from the type locality.

Electron-probe microanalyses of crusts of collinsite from the type locality® indicate

T A specimen of collinsite from Frangois Lake, British Columbia, was obtained through the courtesy
of the South Australian Museum.

growth banding can be discerned due to differences in electron density. FIG. 15 Scanning X-ray image

showing distribution of Mg in field of fig. 14. An enrichment of Mg in the zone that appears dark (low

electron density) in 14 can be seen. FiG. 16 Scanning X-ray image showing the distribution of Zn in
the field of fig. 14. Zn is depleted in the Mg-rich zone shown in 15.
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that these crusts are also compositionally zoned, but in this case the zoning is reflected
in variable Fe:Mg ratios (Table VI). Only trace amounts of Zn were detected. For
the reasons discussed in relation to the Reaphook Hill collinsite, the variation in
composition within the collinsite crusts from British Columbia is also interpreted as

the result of growth banding. The structural formula of this material closely approaches
the ideal formula.

TABLE VI. Electron-probe microanalysis of collinsite from Frangois Lake, British

Columbia
Core of clump Edge

1 2 3 4 5 6 Av.
Zno 005 004 008 004 004 003 005
FeO 400 852 666 632 5°60 436 591
MnO 020 026 027 025 032 031 027
CaO 338 334 333 333 334 338 335
SO; 008 0-01 007 011 0°00 o013 0-07
P04 42°'5 406 41'9 418 41°9 42°6 41°9
SiO, 0°05 003 001 0'03 0°00 003 0-03
MgO 89 66 74 75 79 91 79
H,0* 104 10°5 10°3 10°7 10-8 96 104
Structural formulae calculated on an ignited basis (8 oxygen atoms)
Ca 2:02 206 2:02 2°02 203 2+01I 203
Fe 019 041 032 030 027 020 028
Mn 0-01I 0-01 001 0-01 002 001 001
Zn tr tr tr tr tr tr tr
Mg 074 056 062 063 067 075 066
S tr tr tr tr 000 tr tr
Si tr tr tr tr 000 tr tr
P 201 1-98 2-01 2°01 2-01 2-00 2-00
Fe+Mn+Mg+Zn 094 098 095 094 096 096 096
S+Si+P 2-01 1-98 201 2-01 2-01 2-00 2-00
H 39 40 39 40 41 36 39
Analyses are quoted to within calculated counting error. * By difference.

On the basis of X-ray powder diffraction data and chemical data, we conclude that
both the Reaphook Hill and British Columbia collinsite crusts are composed of a
single phase in which the divalent cations Zn and Mg, and Fe and Mg respectively
are able to continuously substitute for each other. The observed compositional zoning
was very likely controlled by the availability of Zn or Fe with respect to Mg during
crystal growth of the crusts. The Reaphook Hill collinsite is isostructural with and has
approximately the same cell dimensions as the British Columbia collinsite.

Aspects of the crystal chemistry of the major phosphate minerals

A crystal structure determination by Cocco et al. (1966) shows that tarbuttite has a
framework structure with two formula units per unit cell. Two distinct sets of Zn**
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coordination polyhedra are held together by (PO,)%~ tetrahedra as stabilizing bridges,
resulting in a relatively tight structure without any sixfold coordination sites. This
may account for the observed lack of compositional variations.

Kumbasar and Finney (1968) have shown that the crystal structure of parahopeite
is similar to that of phosphophyllite (Kleber et al., 1961), and also to that of hopeite
(Liebau, 1965), the dimorph of parahopeite. In fact, the chemical composition of the
Reaphook Hill parahopeite bears some resemblance to that of phosphophyllite,
Zny(Fe,Mn)(PO,),.4H,0. Parahopeite, hopeite, and phosphophyllite contain two
crystallographically distinct Zn sites (one Zn and one Fe in phosphophyllite). One of
these has sixfold coordination with oxygen atoms and water molecules, whereas the
other has fourfold coordination with oxygen atoms. On the basis of radius ratio con-
siderations, Fe, Mg, and Mn present in the Reaphook Hill parahopeite will be accom-
modated in the sixfold coordination sites, and any vacant sixfold sites may be filled
with excess Zn from the fourfold sites.

The crystal structure of scholzite was determined by Taxer (1970) and has been re-
refined by Hill ez al. (1973). The most obvious feature of the scholzite structure is the
chains of ZnO, tetrahedra parallel to the c-axis. The tetrahedra share corners with each
other and with PO, tetrahedra to form sheets in the (100) plane. The Ca atoms are
present at the centre of distorted oxygen and water octahedra, which serve to link
the (100) sheets in the a axial direction. The structure shows severe stacking disorder
parallel to [100]. The absence of variation in the composition of scholzite is thought
to reflect the rather narrow range of conditions required for the formation of what
could be interpreted as a delicately balanced structure.

Collinsite is a member of the fairfieldite group of phosphate minerals and according
to Palache et al. (1951), may be isostructural with fairfieldite, Ca,(Mn,Fe)}(PO,),.2H,0.
A crystal structure determination by Mrose and Appleman (1960) has shown that
fairfieldite consists of infinite chains of Mn octahedra parallel to the ¢ axis. The chains
are held together by Ca ions coordinated by six oxygen atoms and a water molecule.
There are two crystallographically distinct cation sites in the structure, one occupied
by Ca atoms and the other by Fe and Mn atoms. Only a limited amount of substitu-
tion would be expected to take place between them because of the appreciably greater
ionic radius of Ca compared with Mn and Fe. Hence the variation in Zn:Mg ratio
with constant Ca content observed in the Reaphook Hill collinsite.

Conclusions

On the basis of electron-probe microanalytical data, crystals of scholzite and tar-
buttite from the Reaphook Hill zinc prospect have a chemical composition consistent
with the ideal formulae. They are chemically homogeneous, and have therefore proved
eminently suitable for X-ray structure investigation. Such an investigation has already
been carried out for scholzite (Hill et al., 1973). On the other hand, zincian collinsite
and parahopeite from Reaphook Hill have chemical compositions that depart from
the ideal formulae, and as they are in addition chemically zoned, are not suitable for
single crystal X-ray crystallographic investigation.

The composition of the Reaphook Hill parahopeite is consistent with a structural
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formula of the type Zn,X(PO,),.4H,0, where X represents Zn, Fe, Mn, and Mg. In
fact, the composition of parahopeite is similar to that of phosphophyllite—Zn,(Fe,Mn)
(POy),.4H,0. The presence of two crystallographically distinct cation sites in both
parahopeite and phosphophyllite is indicated from the crystal structures of these
minerals. Therefore it seems likely that parahopeite with the ideal formula Zn,Zn*
(POy);.4H,0 may be part of an isomorphous series in which the six-coordinated Zn*
atom can be replaced by other divalent cations including Fe, Mn, and Mg.

The Reaphook Hill zincian collinsite—Cay(Mg,Zn)}(POy),. 2H,0—is quite different
in chemical composition from the British Columbia Frangois Lake collinsite—
Cay(Mg,Fe)(PO,),. 2H,0. Furthermore, both types of collinsite exhibit differences
in the amount of replacement of Mg by Zn or Fe due to growth zoning. Therefore
collinsite may form an isomorphous series with a crystal structure of the type
Ca,X(PO,),.2H,0, where X represents Mg, Fe, and Zn. The similarity between the
structural formulae of collinsite and fairfieldite—Ca,(Mn,Fe)(PO,),. 2H,0—suggests
that fairfieldite may also be part of this series.

The chemical inhomogeneity of the Reaphook Hill parahopeite and zincian col-
linsite is clearly not desirable in X-ray studies of crystal structure. However, hydro-
thermal syntheses of chemically homogeneous crystals of these minerals is possible,
and may provide single crystals suitable for future X-ray crystallographic studies.
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