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ABSTRACT. Intense weathering of copper orebodies in New South Wales and Queensland, Australia has
produced an unusual suite of secondary copper minerals comprising chrysocolla, azurite, malachite and
the phosphates libethenite and pseudomalachite. The phosphates persist in outcrop and show a marked
zoning with libethenite confined to near-surface areas. Abundant chrysocolla is also found in these
environments, but never replaces the two secondary phosphates or azurite. This leads to unusual
assemblages of secondary copper minerals, that can, however, be explained by equilibrium models.
Data from the literature are used to develop a comprehensive geochemical model that describes for the
first time the origin and geochemical setting of this style of economically important mineralization.
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Recent exploitation of oxide copper resources in Australithese deposits are characterized by an abundance of the
has enabled us to examine supergene mineral distributioescondary copper phosphates libethenite and pseudo-
in several orebodies that have been subjected to intensmlachite associated with smaller amounts of cornetite and
weathering. These include deposits at Girilambone (Gilligaturquoise.

& Byrnes, 1994) and Goonumbla or Northparkes in NSW Although the secondary mineral distributions in these
(Heithersayet al, 1990; Cranest al, 1998) and several deposits vary, a number of recurring paragenetic relation-
smaller deposits in the Mt. Isa Block in northwestships are evident. The copper carbonates malachite and
Queensland (Ball, 1908; Day & Beyer, 1995; Caeteall,  azurite are seldom replaced by chrysocolla, nor are the
1961). Consequences of the intense weathering of thesecondary copper phosphates. Chrysocolla and/or secondary
deposits include the mobilization of silica and subsequerilica frequently envelop copper carbonates and phosphates,
formation of considerable quantities of chrysocolla andhe more stable phases in such environments. Characteristic
secondary silica in the oxidized zones. Furthermore, all &foning of the phosphate minerals has also been noted, with
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from the composites to leave shells of pseudomalachite (Fig.
2). Similar rhythmic banding involving the same minerals
was noted in the upper sections of the oxidized zone of the
Warwick Castle lode, north of Kajabbi.

With respect to replacement textures, pseudomorphs of
pseudomalachite after azurite have been collected from the
BLOCKADE 10271 bench in the E27 deposit at Northparkes (Ceane
MOUNTISAN e SioRbUse BOLONCURRY | 3|, 1998). Other material shows pseudomalachite as a

TRAFALGAR® coating of crystal aggregates over azurite crystals and in

DESOLATIONS some instances, the azurite has subsequently dissolved to

yield pseudomalachite endomorphs.
DUCHESS N A separate, but remarkable, observation in many of the

INSET deposits is the zoning of the secondary copper phosphates
in the supergengrofile. In particular, libethenite is always
found near the top of the oxidized zone. At Northparkes,
weathering of the host quartz monzonite porphyry has
produced bleached, kaolinized zones from which all
visible traces of copper mineralization have been
removed (Cranet al,, 1998). Immediately beneath these
zones, pseudomalachite and libethenite are associated
with secondary manganesgides. Libethenite is limited
to the top contact of the oxidized zones with pseudo-
malachite persisting a few metres deeper and grading into
more conventional malachite—azurite and then cuprite—
native copper—chalcocite assemblages.

Kaolinization of host rocks at Girilambone and Great
Australia, chlorite sericite schists and metadolerites,
respectively, is of more limited extent than at Northparkes,
and results from sulphuric acid generation as the result of
N the oxidation of pyrite. In both deposits, secondary copper
W phosphate mineralization was extensive.

Pseudomalachite and libethenite were present in the
] ) — " outcrop of the Great Australia Main Lode, with the former
Figure 1. Locations of the deposits included in this study. occurring abundantly as casts in friable goethite-hematite
gossan. Libethenite was found near the surface, both in
vughs in ferruginous quartz and also associated with
libethenite invariably being found nearer the surfacepseudomalachite and cornetite, in vughs in altered tuffs. As
Repetition of these observations across a number of sitgfining of the oxide zone proceeded, abundant libethenite
has prompted an investigation into the equilibriumwas found in and immediately beneath the silicified gossan
chemistry of these minerals. An equilibrium approach wagf the Main Lode, particularly towards the northern end of
found to explain many of the parageneses noted, and thge main open cut. Aggregates of acicular and etched crystals
findings appear to be characteristic of the type of oxidizegh 10 mm were scattered over joints and fractures and in
mineral zones involved. The locations of the deposits studiefighs in ferruginous lode quartz and in silicified gossan,
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are shown in Figure 1. sometimes accompanied by turquoise. However, all traces
of libethenite had vanished at a depth of about 15 m.
Phosphate minerals Pseudomalachite, occurring as crystal aggregates or

bunches coating vughs in friable gossan and as banded
The distribution of secondary copper phosphates in theotryoidal material ssociated with malachite, persisted
Northparkes orebodies has been described previously 1§ the base of bench 11 (c. 35 m from surface) in the Main
Craneet al (1998). Here libethenite [GRO,(OH)] and Lode. Little phosphate mineralization was noted in the
pseudomalachite [G(PQ,),(OH),] are the dominant copper intersecting B Tangye Lode.
minerals at the base of extensively leached kaolinized zonesAt Girilambone, coarsely crystallized libethenite (as
and are associated with secondary silica, chrysoodda ( Prisms to 2.5 cm) was confined to a zone extending from
infra) and malachite, [C)CO,(OH),]. Particularly 10to 18 m from the surface, particularly in friable quartzite
noteworthy are rhythmically banded, botryoidal malachitegossan. Occasional spherules and coatings of turquoise were
pseudomalachite composites comprised of individual layefgresent in this material. In contrast, pseudomalachite was a
up to a few tenths of a millimetre thick. Similar materialcomparatively common secondary phase in the main pit at
has been recovered from the upper sections of the Mafpirilambone and extended through the libethenite zone to
Lode at the Great Australia mine, Cloncurry (Day & BeyeBench 28, approximately 90 m from the surface. It
1995) where, in the outcrop, the malachite had been leachgtincipally occurred in or near the quartzite gossan as crystal
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Figure 2. Pseudomalachite casts; Main Lode outcrop, Great Australia mine, Cloncurry, Queensland. The field of
view is ¢c. 8 cm across.

aggregates and bunches and as occasional stalactites mix&chemical relationships of the phosphate minerals
with malachite. Often, single crystals of azurite were
embedded in the pseudomalachite; azurite was alwaysTaermodynamic data for libethenite, pseudomalachite
frequent associate. and cornetite [C4PO,(OH),] and the equilibrium

In other copper deposits in the Mt. Isa Block, the sameelationships of these minerals with malachite and azurite
zoning is evident. At Warwick Castle, libethenite as aciculafCu,(CQ,),(OH),] (Magalhdet al, 1986, 1988), show that,
and platy crystals to 8 mm liberally coated shattered lodim general, equibirium paths between the copper
quartz and joints in altered metabasalts in the lode outcrophosphates and the carbonates are restricted. Thus, whilst
associated with minor pseudomalachite and chrysocollaoutes are available for psgamalachite and cornetite to
Libethenite was confined to a near surface (<10 m) zoneazurite transformations, and for cornetite to malachite
with pseudomalachite, occurring as crystal clots anttansformations, malachite and pseudomalachite cannot
rhythmically banded aggregates with malachite, persistindirectly replace each other, because of thermodynamic
deeper than 30 m (190 RL bench). Here it was also presestnstraints, undenormal supergene conditions. Inter-
as coatings of crystal aggregates on quartz-rich gossamediate steps involving azurite or cornetite are necessatry,
associated with chrysocolla and azurite. Similarly, multipléhus making malachite-pseudomalachite assemblages
generations of libethenite and pseudomalachite werguite stable under conditions in which appropriate kinetic
confined to the top-most sections of the Sandy Flat pipe &ictors operate.
Redbank, Northern Territory, at the northwest extremity of This appears to be the case with the deposits mentioned
the Mt. Isa Block (McLaughliet al, 2000). Atthe Hardway above in that the rhythmically banded malachite—
mine, near Mt. Isa, libethenite associated with pseudgseudomalachite simply reflects the fluctuating availability
malachite occurs in a kaolinized quartz-rich gossan at thef H,PO, (aq) or HPQ?(ag)versusHCO; (aq) or CQ*(aq)
surface and persisting to a depth of a few metres in a small mineralizing solutions. When more phosphate was
open cut. At the Desolation prospect, south of Cloncurrypresent, pseudomalachite would form because of its lower
libethenite and pseudomalachite occur in small pits withisolubility (although perhapgia a thin and subsequently
a metre of the surface, associated with malachitqgseudomorphed layer of cornetite). Weathering of
chrysocolla and the secondary arsenates olivenit@alachite-pseudomalachite aggregates to leave pseudo-
[Cu,AsO,(OH)], conichalcite [CaCuAsOH)], and malachite as thin casts probably represents the result of
clinoclase [CyAsO,(OH),], these arsenates being the resulsimilar solubility differences to those mentioned above, as
of oxidation of arsenopyrite, cobaltite and chalcopyrite. well as to the fact that pseudomalachite dissolves reversibly
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in weakly acid solutions much more slowly than does 0
malachite, the latter involving loss of g@).

The rare occurrence of cornetite, confined to the Great
Australian MainLode outcrop (Day & Beyer 1995) in Libethenite
the deposits examined, is due to its formation under 2 -
somewhat more unusual chemicahditions (relatively
higher pH, higher copper and lower phosphate ion activities)
compared to those responsible for the crystallization of
pseudomalachite and libethenite (Magalhéeal, 1986,
1988). Considerable variation in these parameters at the
Great Australia deposit is evidenced by the presence of all .
possible parageneses of these minerals in the outcrop of Cornetite
the Main Lode. Reference to the equilibrium pH-activity -6 | | | T
diagram in Figure 3 (Magalhdesal, 1986, 1988) suggests
that the occurrence of cornetite at this locality may be related 2 3 4 5 6 7
to higher pH regimes, since the outcrop occurs in the vicinity
of carbonate rocks of the Corella Formation.

Pseudomalachite

Log a(H,POy)

4 -

pH

Figure 4. Equilibrium pH-HPO,> diagram for the secondary
copper phosphate minerals at 25°C. Boundary conditions refer to
equations written so that copper ion activity is not a variable.

Cornetite

stable minerals. Ollier (1984) noted that, of the apatite
group, hydroxylapatite was most easily weathered and
chloroapatite less so, while fluorapatite is somewhat more
resistant to weathering. Thus the observed zoning of the
copper phosphate minerals may simply be accounted for
by the local phosphate distribution, related to variations in
the intensity of weathering of the host rocks. The most
intense weathering is usually at the surface and will lead to
higher phosphate concentrations in downward-percolating
groundwater, thus makinthe formation of libethenite
T T T T more likely near the surface. As weathering intensity
) 3 4 5 6 7 diminishes with depth, less phosphate will be available
and pseudomalachite will dominate the secondary copper
pH phosphates. This model, together with appropriate pH
control, serves to unify all of the occuncees of the
Figure 3. Equilibrium pH-Cd* activity diagram showing stability secondary copper phosphates in the deposits we have
fields of the secondary copper phosphates at 25°C. Boundagxamined. Finally in this regard, Stumm & Morgan (1981)
conditions refer to equations written so that dihydrogen phosphatauggest that the formation of hydroxylapatite controls
ion activity is not a variable. phosphate concentrations in groundwaters. At Northparkes,
secondary hydroxylapatite is one of the last minerals to form

Field observations above support the conclusion thaR the oxidized zone and is commonly found as hexagonal
libethenite typically occurs in the upper part of the oxidized!ates to 1 mm on pseudomalachite and chrysocolla
zone, with pseudomalachite forming further down. The&hdomorphs after libethenite. No copper minerals were
reason for this is not readily apparent from an inspection &ioserved to form after hydroxylapatite (Cranal, 1998),
equilibrium relations (Fig. 3), although it does explain theSuggesting depletion of copper with extended leaching.
rarity of cornetite by fact that it can only form under
comparatively basic conditions. However, the equilibrium Chrysocolla
relations can be recast in such a way that the observed zoning
is easily understood, as shown in Figure 4. Here th€hrysocolla is a secondary copper silicate, which occurs
constraints of pH are such that,®O,(aq) is the abundantly in oxidized copper orebodies worldwide
predominant phosphate species in solution. These relatioffSobertset al, 1990). However, its structure is poorly
now indicate that libethenite forms at the most concentratezharacterized as a result of its invariably quasi-amorphous
phosphate activities, while pseudomalachite forms fronmature. Van Oosteryck-Gastuche & Grégoire (1971)
solutions with lower amounts of dissolved phosphate. It iproposed a chain structure for fibrous microcrystals from 0.5
thus appropriate that the phosphate source be considered. 3 microns long and 60—70 nm across, which corresponds

In a classical study of the weathering of a gneiss, GoldicWith anidealized formula of CiH,(Si,O0s)(OH),.nH,O. This
(1938) found that apatite, the most probable source dbrmulation is supported by the work of Chukret al
phosphate for all the above species, was among the 1e§$968) and a number of analyses of chrysocolla containing
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Cuy(CO,),(OH),(s) + 3H,SiIO(aq) & 3CuSiOL.H,0(s) + 4HO(l) + 2CO,(9g)
azurite chrysocolla

small amounts of other metals such a¥ albstituting for Known relationships between the secondary copper
Cu?*, with charge compensation for¥Abeing maintained carbonates and chrysocolla are comparatively simple, and
by variation of the number of protons present (Varhave widespread application to observations of natural
Oosterwyck-Gastuche, 1970; Kiselestaal,, 1991). assemblages. First, at ¢@ressures sufficiently high to

Chrysocolla specimens examined from the depositsiake azurite stable with respect to malachite (¢330
discussed here and elsewhere give more or less bro®dlliams, 1990), chrysocolla cannot replace azurite. Hence,
reflections in X-ray powder diffraction (XRD) patterns, for the equation shown above, at or above the given
indicating variable degrees of order; all are cryptocrystallin@ressure, there is no achievable activity ¢8i,°(ag) such
and grade into copper-stained amorphous silica and quattzat azurite becomes unstable with respect to chrysocolla.
from sample to sample. At Great Australia, chrysocolla ifThus the remarkable examples of chrysocolla coating azurite
the upper levels of the B Tangye Lode is more crystallinat Northparkes (Craret al, 1998) appear to have formed
than chrysocolla encountered elsewhere, except for tt@mply by the later crystallization of chrysocolla on pre-
Trafalgar deposit, south of Cloncurry (Fig. 1), and isexisting azurite. Similar assemblages are found in the
comparatively ordered, as judged from the XRD pattern. Queensland deposits mentioned previously, where azurite

The end-member formula above is based on structuraccurs near the surface.
information but may be reduced to C48i0,.nH,O or However, mention should be made of reports of
CuSiO,.nH,0, as has been written in the older literaturechrysocolla pseudomorphs after azurite and malachite (see,
Newberg (1967) defined a partially dehydrated chrysocollfor example, Thompson 1980; Bywater 1984). Such
and gave its formula as CuSi&,0. This formulation was observations are readily explained by reference to Figure 5
used in his experiments to determine the thermodynamighich shows that while azurite cannot be directly
properties of chrysocolla from solubility measurements. Aransformed to chryscolla, malachite can be, and other
value of the standard Gibbs free energy of formatid@°,  conditions exist such that chrysocolla can only form coatings
for amorphous chrysocolla was calculated as -1206.7 lah pre-existing malachite. Thus, reported chrysocolla
mol?! and -1218.4 kJ mdlfor dioptase as an “aged” pseudomorphs after malachite are seen as arising simply from
chrysocolla precipitate, at 298.2K. Dioptase, while it canhe existence of the appropriate chemical conditions, whereas
be assigned a reduced stoichiometry of Cu$if® as well, reported chrysocolla pseudomorphs after azurite are in fact
is however a crystalline monocyclosilicate of ringchrysocollaafter malachiteafter azurite Many specimens
periodicity six. Its structure is well established by singleshowing the formation of secondary silica and chrysocolla
crystal X-ray studies (Ribket al, 1977; Belowt al, 1978).  (especially in the upper sections of oxidized zones in the
More recently, an accurate value fafG°(dioptase, s, Mt. Isa Block) are known, the intense silicification of these
298.2K) has been reported (Kiselesaal, 1993) and a bodies being directly related to the high degree of
value of -1220.8+4.6 kJ mélvas derivedia calorimetric ~ weathering of the enclosing rocks.
measurements for the formula CuSi®,0. The com- 0 T
parative rarity of dioptase versus chrysocolla, must then be
based on kinetic factors related to the ease and frequency Azurite |
of formation of appreciable amounts of the cyclig3iO,5 -1 - |
polymer or its conjugate anions in solutions of silicic acid
at low temperatures. Thus it is reasonable to take the more
negative value of Newberg (1967) given above to represent
cryptocrystalline chrysocolla. We have used this value in
our calculations, which have proved to provide an
explanation for many observations involving chrysocolla’s
paragenetic relationships.

The limits of concentration of dissolved silica in aqueous
solutions at 25°C have been reviewed by many workers
(ller 1979; Stumm & Morgan 1981; Dove 1995) and
continue to attract attention as new silica polymorphs are
identified (Gislassort al, 1997). At 298.2K and ®Ba,
amorphous silica reaches an equilibrium concentration in
water of 1&7* mol dme at neutral values of pH (solubility -5 T T T
increases in basic solution as the contributions of conjugate
anions of silicic acid become more important). For our -5 -4 -3 2 -1
considerations below, we have chosen this value to represent o
the maximum activity of silicic acid in water under these log a HySi04'(aq)
conditions; in thermodynamic terms, this is acceptable fogigure 5. Stability fields for chrysocollaersusmalachite and
calculations even though it is known that dimers are preseaturite at 25°C. The dashed line represents the limit of silicic acid
as well (Dove 1995; Applin 1987). activity in equilibrium with amorphous silica.

Malachite

Silica saturation

Chrysocolla

log partial pressure of COx(g)
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Figure 6. a—secondary silica coating cuprite and native copper;
Bench 10, Main Lode, Great Australia mine, Cloncurry,
Queensland; the specimen is 17 cm high. b—Cuprite kernels in
highly silicified goethite gossan; Bench 3, B Tangye Lode, Great
Australia mine; the specimen is c. 12 cm high. c—Silica
endomorphs coating libethenite crystals (to 10 mm); 10271 Bench,
E27 pit, Northparkes, New South Wales. d—Spherical aggregates
of pseudomalachite (to 1 cm across) embedded in later
chrysocolla; Mt Glorious open cut, Cloncurry, Queensland.

At the Great Australia mine, abundant secondarkernels of native copper and cuprite, and occasional
guartz, chalcedony and chrysocolla occur throughout thehalcocite and digenite, which had been rendered
oxidized zone of the Main and B Tangye Lodes. In thémpervious to subsequent attack by aqueous solutions
former, secondary quartz completely enclosing otherwisand persisted to within 10 m of the surface
unaltered malachite, cuprite and native copper crystals Chrysocolla-coated malachite has been recovered
was common at depths below 20 m (Fig. 6a) and &om the Trafalgar, Warwick Castle, Desolation and Mt.
completely silicified goethitic gossan was a feature ofSlorious deposits, and mines grouped around the
upper levels of the B Tangye Lode (Fig. 6b). Secondarlockade mine, near Mt. Isa. Chrysocolla pseudomorphs
silica infiltration of this section of the deposit gave aafter malachite are present in these deposits as well,
characteristic brown, cherty material studded withespecially at the Trafalgar mine.
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Relationships between the secondary copper phosphates 0 <
and chrysocolla are similar to the above in some respects,
but more complex. Figure 7 shows equilibrium conditions Chrysocolla
calculated by the authors for these species, for pH values
between 3 and 7, where,$10,°(aq) and HBPO, (aq) are -1+
the dominant dissolved silica and phosphate speciese_
respectively. Reference to this figure leads to a remarkable@
conclusion. There is no achievablgStD,°(aq) activity ‘é?
when libethenite is the thermodynamically stable secondary s~ -2 -
copper phosphate, such that chrysocolla can replace &
libethenite. It must form together with it, when silica
concentrations exceed saturation. Thus the phosphate- —
silicate assemblages from the upper levels of the -3
Northparkes oxidized zones are explained. Silica and
chrysocolla coat, but do not replace, libethenite (Fig. 6c).
Subsequent dissolution of libethenite with changing solution
chemistry has led to the preservation of chrysocolla and -4 T T
secondary silica endomorphs, as also seen in Figure 6. Again 2 3 4 5
using Figure 7, the same explanation can be applied to the
occurrence of chrysocolla and secondary silica on pH
pseudomalachite, although saturated solutions of silicic aciEigure 7. Stability field diagram for the secondary copper
do approach values which would lead to chemical attaclkhosphategersuschrysocolla at 25°C. The dashed line represents
Phosphate values must fall to levels consistent with thi@e limit of silicic acid activity in equilibrium with amorphous
stability of cornetite for chrysocolla to directly replace thesilica.
copper phosphates. Abundant crystalline libethenite in the
outcrop at the Hardway and Warwick Castle deposits further

attest to the stability of libethenite over chrysocolla undegng Northparkes, NSW, and to numerous oxidized copper
all naturally achievable chemical conditions. _lodes in the Mt. Isa Block, Queensland. The persistence of
_Many examples of the preservation of pseudomalachitgyethenite and pseudomalachite in these deposits is due to
in highly silicified secondary copper ores have beeRneijr particular chemical stabilities, which can be used to
encountered. For example, it forms radiating crystagyp|ain the development of pseudomorphous replacements
aggregates to 1 cm embedded in chrysocolla at Mt. Gloriows various kinds, especially those involving chrysocolla.
(Fig. 6d). Chrysocolla and chalcedony coat and embed boty, the first time, a comprehensive explanation of the
pseudomalachite and libethenite in the Main Lode at thenemical conditions responsible for the formation of this

Great Australia Mine, and commonly in the Redbank andiyje of economically important mineralization has been
Trafalgar deposits. provided.

Other relationships observed in the field can be
attributed to kinetic factors. Rhythmically banded
pseudomalachite—chrysocolla crusts from Northparkes
are seen as arising from silica interaction with previouslAckNowLEDGMENTS We wish to acknowledge the assistance of
mentioned pseudomalachite-malachite assemblages (i.the staff of the Girilambone Copper Company, North Limited,
replacement of malachite by chrysocolla). The failure td/ajestic Resources, Murchison United and Cloncurry Mining,
observe pseudomalachite-cornetite transitions can taid for permission to carry out research on their properties. Special
attributed to the preservation of chemical conditions suc |?)rr]1|$ r?;e,vﬂﬁienéo f(?rrerf;;u\l/lv(i)t%h f%’;gv\;](;w( zﬂz /;.\r?enelct)tCGari'gr?%ef of
]Ehatt Slsetudogalaf[:hl;te ;emzfims Stgbrlr?' Icoﬁﬁled rW'trh tth scure mines and prospects. We also acknowledge the suggested
act thal compact crusts ot pseudomalachite are ra ﬁﬁprovements to the manuscript of two referees; these have
slow to dissolve in agueous solutions at room temperatu@nsiderably strengthened the paper.
(M.J. Crane and P.A. Williams, unpublished results). The
preservation of pseudomalachite in the upper sections
of oxidized ores of the Mt. Isa Block, particularly at Mt.
Glorious and Great Australia is also due to this kinetiqppjin, K.R., 1987. The diffusion of dissolved silica in dilute

Pseudomalachite

Libethenite

/

————— Silica saturation— et

Cornetite

o
~J -
oo

References

influence. agueous solutioiGeochimica et Cosmochimica A&ta 2147—
2151.
Conclusions Ball, L.C., 1908. Cloncurry Copper Mining District. Part 2.

Queensland Geological Survey Publication. 215.

S fi ted bl f d Belov, N.V,, B.A. Maksimov, Y.Z. Nozik & L.A. Muradyan, 1978.
ometimes unexpected assemblages or secondary CoPpehefining the crystal structure of dioptase;[SiyO, 4.6H,0 by

phosphates with malachite, azurite and chrysocollain highly x_ray and neutron-diffraction methodoviet Physics Doklady
weathered terrains can be explained using simple 23:215-217.

equilibrium models for mineral formation. Such modelsBywater, S.K.G., 1984. Pseudomorphs from the Burra mine, South
have been successfully applied to deposits at Girilambone Australia.Mineralogical Recordl5: 105-108.



56 Records of the Australian Museum (2001) Vol. 53

Carter, E.K., J.H. Brooks & K.R. Walker, 1961. The PrecambriarKiseleva, I.A., L.P. Ogorodova, L.V. Melchakova & M.R.
belt of north-western Queenslaidistralian Bureau of Mineral Bisengalieva, 1993. Thermodynamic properties of copper
Resources Bulletimo. 51. silicate: dioptase: G%i;0,4.6H,0. Journal of Chemical

Chukrov, F.V., G. Zviagin, A.J. Gorshkov, L.P. Yermilova & Y.S.  Thermodynamicg5: 621-630.

Rudnitskaya, 1968. Chrysocollasternational Geology Survey Magalhdes, M.C.F., J.D. Pedrosa de Jesus & P.A. Williams, 1986.
11: 570-581. Stability constraints and formation of Cu(ll) and Zn(ll)
Crane, M.J., J.L. Sharpe & P.A. Williams, 1998. The mineralogy phosphate minerals in the oxidized zone of base metal

of the oxidized zones of the E22 and E27 orebodies at orebodiesMineralogical Magaziné&0: 33—39.
Northparkes, NSWAustralian Journal of Mineralogy¢: 3—-8. Magalhaes, M.C.F., J.D. Pedrosa de Jesus & P.A. Williams, 1988.

Day, B.E., & B. Beyer, 1995. Some mines of the Mt. Isa district. Phosphate minerals from the Miguel Vagas mine, Alentejo,

Part 1. The Great Australia Minéustralian Journal of PortugalJournal of the Russell Socie?y 13—-18.

Mineralogy1: 23-28. McLaughlin, D., A.R. Ramsden, J.L. Sharpe & P.A. Williams,
Dove, P.M., 1995. Kinetic and thermodynamic controls on silica 2000. Minerals from the Sandy Flat Pipe, Redbank, Northern

reactivity in weathering environments. @hemical Territory. Australian Journal of Mineralogg: 3—7.

Weathering Rates of Silicate Mineraksds. A.F. White & Newberg, D.W., 1967. Geochemical implications of chrysocolla-

S.L. Brantley,Reviews in Mineralogy31l: 235-290. bearing alluvial gravel€£conomic Geologg2: 932—-956.

Washington: Mineralogical Society of America. Ollier, C., 1984 Weathering Harlow: Longmans.

Gilligan, L.B., & J.G. Byrnes, 1994Metallogenic Study and Ribbe, P.H., G.V. Gibbs & M.M. Hamil, 1977. A refinement of
Mineral Deposit Data Sheets: Cobar 1:250000 Metallogenic the structure of dioptase, g8i;0,5].6H,0. American
Map SH/55-14 Sydney: New South Wales Department of Mineralogist62: 807—811.

Mineral Resources. Roberts, W.L., T.J. Campbell & G.R. Rapp Jr., 1®tcyclopedia

Gislasson, S.R., P.J. Heaney, E.H. Delkers & J. Schott, 1997. of Minerals New York: Van Nostrand Reinhold.

Kinetic and thermodynamic properties of moganite, a noveStumm, W., & J.J. Morgan, 198Aquatic ChemistryNew York:

silica polymorph.Geochimica et Cosmochimica Acd.: Wiley and Sons.

1193-1204. Thompson, W.A., 1980. Chrysocolla pseudomorphs from Ray,
Goldich, S.S., 1938. A study of rock weatheridgurnal of Arizona.Mineralogical Recordl1: 248—-250.

Geology46: 17-58. Van Oosterwyck-Gastuche, M.C., 1970. La structure de la

Heithersay, P.S., W.J. O'Neill, P. van der Helder, C.R. Moore & chrysocolleComptes Rendus, Academie des Sciences de Paris,
P.G. Harbon, 1990. Goonumbla Porphyry Copper District— Séries D271: 1837-1840.
Endeavour 26 North, Endeavour 22 and Endeavour 27 copp¥an Oosterwyck-Gastuche, M.C., & C. Grégoire, 1971. Electron
gold deposits. IIGeology of the Mineral Deposits of Australia  microscopy and diffraction identification of some copper
and Papua New Guinead. F.E. Hughes, pp. 1385-1398. silicatesMineralogical Society of Japan Special Papfel 96—
Melbourne: Australasian Institute of Mining and Metallurgy. 205.
ller, R., 1979The Chemistry of SilicdNew York: Wiley & Sons.  Williams, P.A., 19900xide Zone Geochemistifew York.: Ellis
Kiseleva, I.A., L.P. Ogorodova, L.V. Melchakova, M.R. Horwood.
Bisengalieva & N.S. Bekturganov, 1991. Thermodynamic
properties of chrysocollalransactions of the University of Manuscript received 8 November 1999, revised 20 July 2000 and accepted
Moscow, Series 4: Geolody 55-64 Chemical Abstract$15: 23 August 2000.
283672 (1991)]. Associate Editor: F.L. Sutherland.



