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Studies on Aragonite and its Occurrence in Caves,

including New South Wales Caves

jill - rowling

Abstract:  Aragonite is a minor secondary mineral in many limestone cavesthroughout the
world and is probably the second-mostcommon cave mineral after calcite. It occurs in the
vadose zone of some caves in New South Wales. Aragonite is unstable in fresh water and
usually reverts to calcite, but it is actively depositing in some NSW caves.

A review of the cave aragonite problem showed that chemical inhibitors to calcite deposition
assist in the precipitation of calcium carbonate as aragonite instead of calcite. Chemical
inhibitors physically block the positions on the calcite crystal lattice which otherwise would
develop into a larger crystal. Often an inhibitor for calcite has no e ect on the aragonite
crystal lattice, thus favouring aragonite depositition.

Seweral factors are assaiated with the deposition of aragonite instead of calcite speleothemsin
NSW caves. They included the presenceof ferroan dolomite, calcite-inhibitors (in particular
ions of magnesium, manganese,phosphate, sulfate and heavy metals), and both air movemert

and humidit y.

Keyw ords: aragonite, cave minerals, calcite, New South Wales

INTRODUCTION

Aragonite is a polymorph of calcium carbon-
ate, CaCOs;. It was named after the province
of Aragon, Spain, where it occurs as pseudo-
hexagonaltwins. Calcite is the more common
polymorph.

Aragonite belongsto the orthorhombic crys-
tal system while calcite has been variously
placed in the rhombohedral (Hurlbut 1970),
hexagonal, trigonal (Berry, Mason & Dietrich
1983) or triclinic (Glazer 1987) crystal systems.
Another polymorph of CaCOs in cavesis vater-
ite, which belongsto the hexagonalcrystal sys-
tem and is lessdensethan calcite. It has been
recorded from cave moonmilk, carbide dumps
and in the shells of living gastropods.It is not
stablein the vadoseenvironment and commonly
reverts to calcite via aragonite. Other poly-
morphs include the high temperature and pres-
sure Calcite-IV and Calcite-V which are not
stable in near-surface ervironments (Carlson
1983).

Aragonite often forms with a characteristic
acicular habit known as\c hurch steeples"(Fig-

ure 1). It hasone cleavage plane f 010y (across
the \steeples") while calcite hasa perfect cleav-
age plane f1011g producing anglesof 75 and
105. Aragonite twins on f110g, producing
pseudo-hexagonalcolumnar crystals, whereas
calcite readily twins on the cleavage plane.
Comparedwith calcite, aragonite is harder (3.5
to 4 cf. 3), denser (specic gravity 2.930 cf.
2.711)and more brittle (Berry et al. 1983).

Aragonite is often producedin the growth of
marine organisms, particularly in shells. When
the organism dies, proteins in the shell decay
exposing the aragonite. In time, aragonite re-
verts to calcite in the near surface ervironment
in the presenceof freshwater. The deposition of
aragoniteis alsoa the product of chemicalin u-
ence,or high pressureon calcite. It also occurs
in secondarydepositsin caves(Siegel1965,Ford
& Cullingford 1976) and igneousrocks.

It is probably the secondmost commoncave
mineral after calcite Hill & Forti (1997). This
re ects the discovery of extensive aragonite de-
posits in cavessudc as Lechuguilla Cave (Carls-
bad CavesNational Park, U.S.A.).
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Figure 1. Aragonite from SigmaCave, Wombeyan. SEM image by Jill Rowling and Dr lan Kaplin.

Aragonite is typically white or colourless. It
has also been recorded as blue, green, brown,
yellow or orange depending on which trace
metals are dissolved in the aragonite lattice.
In the cave ervironment, aragonite tends to
be either white or coloured by metal impur-
ities such as copper, whereas calcite deposits
are frequertly coloured by organic (humic and
fulvic) acids. The brown colouration of cave cal-
cite was often incorectly attributed to iron oxy-
hydroxide staining (Hill & Forti 1997). Kaolin-
ite is frequertly colouredby iron oxy-hydroxides
and in somecasesit is clay which coats speleo-
thems.

THE CAVE ARAGONITE PROBLEM

Aragonite is being actively deposited in the va-
dosezonesof many limestone cavesaround the
world (Hill & Forti 1997). Similarly, aragoniteis
also deposited in the phreatic zonesof thermal
and hydrothermal caves (Dublyansky 2000).
Curl (1962) recognisedthat these occurrences
are thermodynamically unstable in fresh water
and readily revert to calcite. So, why does ar-
agonite exist at all in caves? What allows ar-
agonite to deposit in caveswithout reverting to
calcite?

Curl suggestedthat aragonite forms and
persists in caves becausecalcite is prevented
from forming, a concept arising from Saylor in
1928who suggestedthat various substancesin-

hibited the crystallisation of calcite and thereby
allowed the precipitation of aragonite.

Hill & Forti (1997) noted that since Curl's
theoretical work, more experimental work was
available on aragonite deposition in both cave
and non-cave ervironments, so there was some
consensun determining the factors that cause
aragonite to occur in caves. Hill and Forti dis-
cussedthe following factors: magnesium,stron-
tium, pH, supersaturation and rate of precip-
itation, temperature, pressure,speleothem sur-
facesand carbon dioxide cortent. Theseaspects
will be discussedbelow.

Aragonite is alsoreported from the cavesof
NSW which have a vastly dierent geological
history to those of Europe and North America.
This article will investigate the presenceof ar-
agonite in cave deposits from both the interna-
tional and local aspect.

PREVIOUS STUDIES ON
ARAGONITE

Intro duction to Studies

Shaw (1992) discussedcave aragonite in a his-
torical context. The earliest referencehe found
was by Dr Charles S. Dolley in 1887 describing
aragonite spicules depositing in a hollow on a
helictite in Luray Cavern (U.S.A.). Shaw also
included earlier referencesto os ferri speleo-
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thems by John Hill in 1748and sketchesby Pat-
rin in 1803.

Most work on carbonate diagenesishas fo-
cusedon the marine environment, where arag-
onite is relevant to marine sedimen diagenesis.
Work on carbonate chemistry is alsovital to in-
dustry, for example the curing of concrete for
structural stability.

Descriptions of researd on the chemistry of
aragonite were summarisedin Bathurst (1974)
and Morse (1983). They referred to the exper-
iments on solutions of calcium carbonate using
varying amournts of chemical inhibitors sud as
magnesiumions. Bathurst noted that the solu-
tion neededto be supersaturated with respect
to both calcite and aragonite in order for arag-
onite to deposit, and discussedthe chemistry of
aragonite precipitation in the marine setting, in
lime muds, beatirock and mollusc shells.

Tucker & Wright (1990) discussedaragon-
ite chemistry with more accent on diagenesis
of marine carbonates. Tucker (1991) de ned
low magnesiumcalcite ascontaining lessthan 4
mole% MgCOg3, while high magnesiumcalcites
commonly ranged between 11 and 19 mole%
MgCO3. Walter (1985) compared the relative
solubilities of seweral carbonate minerals and
found that the theoretical dissolution rates of
the minerals varied with pH. For a given pH,
high Mg-calcite dissolved fastest, then low Mg-
calcite, then aragonite and then calcite which
was the slowest. For a given dissolution rate,
high Mg-calcite dissolves at a higher pH than
doeslow Mg-calcite, aragonite or calcite.

Morse reviewed the kinetics in dissolution of
calcite, and noted that both precipitation and
dissolution of calcite are hindered by the pres-
ence of chemical inhibitors. If these chemical
inhibitors are available in the drip water of a
cave, and the water is also supersaturated with
respectto calcium carbonate, then aragonite de-
posits in preferenceto calcite.

Calcite-inhibitors work by blocking crys-
tal growth points on the calcite lattice, which
are frequertly at edgesor around dislocations
(Mercer 1990). This conceptis shown in Fig-
ure 2.
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Figure 2. Sdematic of a dewveloping crystal,
with a sheet of unit cells such as calcite (C)
whose growth points are being blocked by an
inhibitor sudch as a magnesiumcompound (M).
Based on ideas in Morse (1983) and Mer-
cer (1990).

Morse noted that inhibitors for calcite gen-
erally did not e ect the aragonite crystal struc-
ture and may form solid solutionsin the aragon-
ite crystal. Both precipitation and dissolution
of calcite are a ected by inhibitors, including:

magnesium

heavy metals and rare earths (Cu, Sc, Pb,
La, Y, Cd, Au, Zn, Ge, Mn, Ni, Ba, Co)

sulfate, phosphate

Some organic compounds such as humic
acids may inhibit precipitation of aragonite,
while other organic materials apparertly inhibit
both calcite and aragonite precipitation. This
may result from substancescoating the mineral
rather than any chemical kinetic e ect.

For the cave ervironment, the review and
discussion of cave aragonite by Hill & Forti
(1997) is consideredthe main current reference.

For either aragonite or calcite to deposit,
there needsto be bicarbonate ion, HCO3 in
solution, a meansof allowing carbon dioxide to
outgas or be otherwise leave the reaction, and
the solution needsto be supersaturated with re-
spect to calcium carbonate. In caves,thesecon-
ditions usually deposit calcite asthe most stable
polymorph of calcium carbonate.

Figure 3 illustrates the portion of the cal-
cium carbonate phasediagram for the temper-
ature and pressurerangestypical for cavesin a
meteoric environment. This is well within the
stability region for calcite. For meteoric caves,
the temperature of the cave is approximately
that of the averageannual temperature for the
area.
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Figure 3. Stability Diagram for CaCO3; at low temperatures and pressuresshows that calcite is
the expected polymorph in cavesat atmospheric pressure. Basedon Carlson (1983)

Included in this diagram are the typical
ranges of temperatures for cavesin a hydro-
thermal ernvironment which are open to the at-
mosphere. In a closedernvironment, however, a
water- lled cavity can experience much higher
rangesof temperature and pressure.

Although Hill and Forti stated that temper-
ature is not a factor in the precipitation of arag-
onite in caves,it is interesting to note the family
of carbonate minerals which deposit at ambi-
ent pressuresand low temperatures. The Pres-
sure - Temperature (P-T) diagram of Carlson
(1983) wasextendedby Tucker & Wright (1990)
to include temperatures below 0 C and the hy-
drated calcium carbonates. At at sub-zerotem-
peratures ikaite is stable (albeit at high pres-
sure). lkaite is CaCO3; 6H,0O which forms cal-
cite pseudomorphsafter ikaite asthe temperat-
ure is increasedabove zero. Another hydrated
mineral, monohydrocalcite CaCO3 H-O0, is also
unstable at the earth's surface and reverts to
calcite. Monohydrocalcite occursin sometypes

of moonmilk and ashydrated spheroidsin pools
in cold caves and sometimes accompaniesar-
agonite. Aragonite is apparertly unstable at
sub-zerotemperatures, but at much higher tem-
peratures and pressuresis su cien tly stable to
designate the P-T of formation of particular
rocks sud as bluesdists at around 4 to 6kbar
(Turner 1981, Essene1983). The high mag-
nesium content of serpentinites was noted by
Esseneto alter the P-T stability at which ar-
agonite will form, but these P-T conditions are
way above that found in meteoric caves. For
a given pressure, as temperature is increased,
aragonite will generally convert to calcite. Sim-
ilarly, for a given temperature, as pressureis
increased,calcite will convert to aragonite.

In the marine environment, there area num-
ber of factors that govern which polymorph of
calcium carbonate is deposited. They include
whether or not the deposition is related to the
life processe®f marine organismsand the chem-
istry of the water.
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Palaeodeposits, Paramorphs and
Marine Cave Cements

The aragonite crystal structure is sometimes
presenedin sedimens, even after conversionto
calcite.

Kendall & Tucker (1973) described a crystal
fabric in limestones which resenbled pseudo-
morphs of calcite after a \an acicular carbon-
ate", potentially aragonite. The main argu-
ments asto the precursorbeing an acicular car-
bonate included subcrystals diverging from the
substrate, convergert optical axes, and curved
twin lamellae.

Samples of marine aragonite in a reef in
Belize (British Honduras) (Ginsburg & James
1976)camefrom cavities and small caveswithin
the barrier reef, at depths between 65m and
120m. The aragonite formed \mamelons":
hemisphericalaggregatesof aragonite deposited
on the ceilings of the voids in the reef bedrock.
Somewere deposited on the o ors or lled the
whole cavity. The limestonebedrock and the ar-
agonite were both dated as Holocene (samples
ranged from 7000 to 13000 years). The sub-
strates to the aragonite included high Mg cal-
cite, aragonitic coral or aragonitic algal plates.
The dewvelopmert of needle crystals was in u-
encedby the substrate, for example,oriented ar-
agonite substrate grains produced larger mam-
elonsthan did unoriented grains. The strontium
in the crystals wassimilar in relative concerira-
tions to that of Sr/Ca in seawater. Carbon and
oxygen isotope ratios were consistert with that
of marine limestones. The authors concluded
that the mamelonsformed shortly after the de-
position of the limestone.

A piece of owstone from Carlsbad Cav-
erns, New Mexico (U.S.A.) cortained crystals
of calcite which had once been aragonite (Folk
& Assereto 1976). The original aragonite fab-
ric such as feathery or squared terminations
were presened. Small needlecrystals were con-
sidered to be remaining aragonite. Unusually
long length-slow calcite crystals were attributed
to previous aragonite or vaterite. Length-fast
calcite crystals were the most common type of
calcite crystal developmert, with crystal elong-
ation in the direction of the calcite optical axis
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(the c axis), and length-slow calcite crystals
are elongatedin the optically slower direction.
They commonly exhibit undulatory optical ex-
tinction.

Assereto & Folk (1979) described the vari-
ous aragonite, calcite and dolomite cemers in
metre-sized cavities in marine shoreline tepee
structures from the Triassic Calcare Rossolime-
stone of the Southern Alps of northern ltaly.
Although the original aragonite was now cal-
cite, all of the original fabric was presened.
The original depositional ernvironment was de-
scribed as near-marine semi-arid. The original
aragonite formed in the tops of the cavities as
hemisphericalcrystal aggregatesapproximately
10cm long, with aragonite o wstones depos-
ited in the sidesand bottoms. Aragonite hemi-
sphereshad been deposited on the bottoms of
the cavities. Dolomite was deposited in small
cavities within the original carbonate tepees.
The aragonite becamecorverted to calcite after
the Mg/Ca ratios of water percolating through
the deposit becamelessthan about 2:1.

Mazzullo (1980) examined samplesfrom the
Capitan Limestone deposit, Guadalupe Moun-
tains, New Mexico (U.S.A.) and found fan-
shaped crystal aggregatesin a replacemen cal-
cite fabric. The crystal terminations were
squared, as is aragonite, but no curved twin
lamellae could be found. Some fabrics had no
uniform crystal optical extinction. Someinclu-
sionsfollowed the original aragonite crystal out-
lines.

Temperature

Cser & Fejerdy (1962) analysed samplesfrom
hydrothermal cavesnear Budapestbut very few
of their subaerial samplescontained any arag-
onite. Dublyansky (2000) discussedthe speleo-
genesisof hydrothermal cavesof the Buda Hills
in Hungary, and noted that thermal springsin
the area had temperatures up to 65 C. Arag-
onite was detected in the water coming out of
nearby hot springs (subaqueousdeposition), but
corverted to calcite on exposure.

In various aqueoussolutions prepared from
calcite or aragonite, calcite was the only pre-
cipitate in a variety of temperature regimes
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(Siegel & Reams 1966). When carbon diox-
ide was bubbled through a solution prepared
from arti cially produced calcites and aragon-
ites, there was a tendency to produce aragonite
at higher temperatures e.g. above 65 C. This
could explain the temporary aragonite precip-
itation in the hydrothermal springs near Bud-
apest. With solutions made from dolomite,
Siegeland Reams found the precipitates were
90%magnesiancalcite. More aragonite waspre-
cipitated at temperatures above 50 C. Carbon
dioxide exposurein this casedid not a ect the
outcome.

Previously, an increasein temperature was
thought to aid the formation of aragonite, but
this becamedisputed (Morse 1983). Later re-
seard showsthat the long-term stability for ar-
agonite at high temperaturesis only achieved at
high pressures.The stability diagram for arag-
onite (Figure 3) suggeststhat for the meteoric
cave ervironment, temperature should not nor-
mally be a factor. Temperature was not con-
sidereda factor by Hill & Forti (1997), but they
noted that more aragonite appearsin cold caves
than in tropical ones,which is the inverseof that
suggestedby previous researters. Nearly all
minerals listed in Hill and Forti were recorded
from the vadosezone of caves.

Aragonite will cornvert badk to calcite at
high temperatures (e.g. over 100 C) and pres-
suresaround 3kbar (conditions unlike meteoric
caves).

Leel-Ossy(1997) examined cave minerals in
the Jozsefhegyhydrothermal cave near Bud-
apest, Hungary, that included aragonite with
gypsum. However the aragonite and gypsum
considerably post-dated both the cavesand the
hydrothermal activity which formed them.

Association with Magnesium

The relationship between aragonite and mag-
nesiumhasbeendescribed by Curl (1962) asbe-
ing the strongest chemical in uence in preven-
ing calcite from depositing and allowing arag-
onite to deposit. Morse (1983) also listed mag-
nesium as one of the calcite crystal poisoners.
Eibengrotte is a cave in the Frankische Sch-
weiz (Germany) which is developed in massiwe
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dolostone. Fischbedk & Muller (1971) found

a number of minerals precipitating as sur-
face coatings and as cave coral, including

monohydrocalcite, hydromagnesite, nesquehon-
ite, dolomite, aragonite and calcite. Both

primary (from weathering of bedrock) and sec-
ondary dolomite was being deposited. The pre-
cipitation of aragonite was ascribed to the high

magnesium content presert in the cave seep-
age water. Monohydrocalcite was ascribed to

an aerosolmode of formation after comparison
with an industrial aerosolsystem.

Thrailkill (1971) sampled drip water and
speleothemsfrom various sitesin Carlsbad Cav-
erns and found that the \moonmilk" depos-
its were aragonite, hydromagnesite, huntite or
dolomite and hydromagnesite. The dripping
water was considerablyundersaturated with re-
spectto hydromagnesite,but saturated with re-
spect to calcite, aragonite, huntite and dolo-
mite. Hydromagnesite only occurred where
slow seepageallowed evaporation to take place.
Dolomite and huntite are said to be formed by
alteration from one of the other carbonates.

Aragonite appearsin minerals of the Frauen-
mauer - Langstein cave system in Austria
(Seemann1985). It forms in small amourts as
hard, small ne spikes,coralloids, frostwork and
crusts. These caves also had hydromagnesite
and sulfate minerals. As the Mg content is in-
creased, protodolomite and then dolomite can
be produced(rather than aragonite, huntite and
hydromagnesite).

A summary of Austrian cave minerals
(Seemannl1987)shows aragonite occursin many
Austrian cavesalthough not abundartly. It as-
sociates with magnesiumminerals as o wstone
(often interlayered with calcite), in moonmilk
growths, cave coral and anthodite type helic-
tites. Aragonite is deposited when the Mg/Ca
ratio is 3:1to 5:1.

The relationship between aragonite and
magnesiumcompounds such as hydromagnesite
has been described by others e.g. Hill (1987).
Magnesiumis a key componert to aragonite de-
position in many caves. Hill & Forti (1997)
noted that on increasingmagnesiumin a mixed
solution of magnesiumand calcium carbonate,
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the following mineral sequences deposited: cal-

cite, high magnesiumcalcite, aragonite, huntite

and hydromagnesite, magnesite. The presence
of magnesiumions disrupts the calcite crystal

lattice but not that of aragonite, suggestingthat

crystal poisoning by magnesium ions only af-

fectsthe calcite crystal lattice, leaving aragonite
to deposit freely given appropriate conditions of

supersaturation.

Urbani (1997) listed sewral Venezuelan
caves as having aragonite. One occurrence
was assiated with sepiolite (a hydrated mag-
nesium silicate) and another was assaiated
with dolomite. Urbani suggestedthat the ar-
agonite crystallisation was promoted by a high
conceriration of strontium.

Frisia, Borsato, Fairchild & Longinelli
(1997) examined stalagmites and drip points
in Clamouse cave (France). Aragonite spe-
leothems were being precipitated only where
there was dolomitic bedrock, and only when
the drip rate was very low. The authors sug-
gestedthat magnesiuminhibited the growth of
calcite, either by crystal poisoning or by \di -
culties in rapid dehydration of the Mg?* ion".
Clamouse cave water was not particularly high
in dissolved Mg compared with other sites, so
that the structure of the nucleation sites may
play a greater role. Frisia, Borsato, Fairchild &
Selmo(2001) examinedboth aragonite and cal-
cite speleothemsin Clamousecave. Calcite spe-
leothems had transformed from aragonite pre-
cursors over about 100 years. They suggested
speleothem aragonite is a palaeo-aridity indic-
ator.

Niggeman, Habermann, Oelze & Richter
(1997) examined coralloids deposited in windy
areas of sewral caves in Germany and Aus-
tria. More aragonite was deposited in the areas
where the bedrock corntained dolomite, either
primary dolomite or from hydrothermal alter-
ation of bedrock. They recorded the follow-
ing data regarding the Mg/Ca ratio as mole %
and the polymorph deposited: At Site 1 with
Mg/Ca < 0.5: calcite; At Sites 2, 3 and 4 with
Mg/Ca increasingly > 2: calcite + aragonite,
with Mg/Ca 3{23 at site 4. Site 4 (Grauner
Walls) included Mg calcite, aragonite, mono-
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hydrocalcite, nesquehonite and hydromagnes-
ite.

Bohemia Cave in the Mount Owen Karst
Area of the South Island of New Zealand was
discovered in 1990 by members of the Czed
speleologicalclub Alberice. A large cavity and
its mineralogy wasbrie y summarisedin Tasler
(1998). The cavity, called \Dream of Alberice
Cavers", measuresapproximately 80m wide by
650m long which is a large cavern by world
standards. Most of the ceiling, walls and o or
of this cavern were covered with various arag-
onite speleothemstogether with hydromagnes-
ite \snow". The overlying bedrock was dolo-
mitic Ordovician units of the Mount Arth ur
Group whereasthe underlying rock to most of
the cavern was phyllite. Deposits of limonit-
ised pyrrhotite were found near the junction
area. About 90% of the speleothemsare arag-
onite, and other minerals include calcite, hydro-
magnesite,dolomite, opal, Fe- and Mn- hydrox-
ides, gypsum and sepiolite. The contact area
between the two bedrocks was exceptionally
rich in aragonite. Aragonite speleothemsin-
clude stalactites, o wstone (including someyel-
low and yellow-red o wstone), stalagmites, soda
straws, os ferri (as thin intertwined branch-
ing forms), \winding needles", helictites, crys-
tal coatings, linear needles, anthodites, \ball
of threads", needle clusters. The needlesand
helictites were often hollow, with some solid
needles. The dierent speleothem types were
often clustered together and sometimes with
hydromagnesite coatings on the tips. Grass
shaped aragonite crystals as ultra thin needles
werefound in the insidesof somehollow speleo-
thems such as straws.

In sewral caves near Waitomo, New Zeal-
and, aragonite occurs with hydromagnesite or
other magnesium-basedmineral.  Overlying
pyroclastic deposits in uence mineralogy and
cave water chemistry at Waitimo Caves (P.
Maynard, pers. comm.).

In France, seeral caveshave outstanding ar-
agonite deposits, usually assaiated with meta-
morphosed dolostone. Some deposits are asso-
ciated with gypsum and sulfur, and somewith
hydromagnesite (Cabrol, Gill & Gunn 2001).
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Strontium

Tucker & Wright (1990) found that strontium
substitutes for calcium in both lattice and non-
lattice sitesfor both calcite and aragonite. This
complicatesthe chemistry. Strontium ionsare a
commontrace constituent of seavater. However
strontium often deposits as strontium sulfate
and it may be the sulfate component which is
the calcite-inhibitor.

Strontium carbonate (strontianite) is rarer
in meteoric caves than strontium sulfate (ce-
lestite) (Hill & Forti 1997), but can occur with
aragonite and sometimeswith high or low Mg
calcite. Strontium is often considereda factor in
the precipitation of aragonite, but Hill and Forti
noted strontium readily substitutes for calcium
without disrupting the aragonite crystal lattice.

Association with Clastics and Clay

Craig, Horton & Reams (1984) suggestedthat
aragonite is nucleated by clasticsin caves, after
studying speleothems from caves in Missouri
(U.S.A.) but wereonly able to produce vaterite
in an experiment mimicking current cave condi-
tions.

In the aragonite caves of France, the ar-
agonite is often assaiated with clays (Cabrol
et al. 2001), exclusiwely in the clayey areas
(David Gill, pers. comm. in 2001). However,
clays arecommonmineralsin caves,often asthe
substrate for a number of calcite speleothems
such as o wstone and stalagmites.

Association with Vaterite

Hill & Forti (1997) noted that vaterite occursin

cavesassciated with moonmilk and sedimeris,

and is found with hydromagnesite, baylissite,

calcite, aragonite and monohydrocalcite. Vater-

ite can form when calcium carbonate is precip-

itated under conditions of high CO, degassing,
but reverts to aragonite and calcite over time.

Possible Association with Carbide
Dumps

Carbide (calcium carbide) is usedas a lighting
source for cavesin many parts of the world.
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Dripping water on calcium carbide produces
acetylene gas which is cortrolled and ignited

to provide a bright ame. The solid waste is
mostly calcium hydroxide with minor arsenic,
and is occasionally dumped in caves. Cavers
have noticed an unusual heligmite known as
\carbidimites" assaiated with disused carbide
dumps (Hill & Forti 1997). These form by
the reaction betweenthe spent calcium carbide
dump with cave seepagewater. Carbidimites

have an inverted horn shape, and a tendencyto

changeshape over months comparedwith other
speleothems(decades). Sarigu (1999) included
photographsof carbidimites from a cavein Italy

and discussedheir formation. Sarigu suggested
that they form by the carbonation of calcium
hydroxide with CO, to calcium carbonate and
water, further carbonation to calcium bicarbon-
ate and also the direct carbonation of calcium
hydroxide to calcium bicarbonate. The photo-
graphsand text note that the crystals deposited
in the tubes as feathery shapes, more like ar-
agonite or possibly vaterite rather than calcite.
Hill and Forti claim that most carbidimites are
calcite but someare vaterite.

In uence by Sulfates

In caves containing gypsum (hydrated calcium
sulfate), both calcite and aragonite can oc-
cur, e.g. Great Onyx Cave, Kentucky, U.S.A.
(Siegel 1965). Morse (1983) lists the sulfate ion
as a calcite crystal inhibitor.

Carlsbad Caverns in the Guadalupe Moun-
tains, Carlsbad National Park, U.S.A., contain
extensive deposits of aragonite assaiated with
gypsum and sulfur (Thrailkill 1971, Hill 1987).
Thrailkill noticed that wherethere wasgypsum,
there was very little calcite. According to Hill,
the caveswere formed in seeral stages. A late
stage involved H,S seepingthough joints from
nearby oil well brines. The reaction between
H,S and water formed sulfuric acid which cor-
roded the porouslimestoneto form gypsumand
large caves. The origin of this H,Sis apparertly
bacterial. The caveswere probably not formed
at high temperatures (the presert cave temper-
atures are about 20 C).

According to Hill, aragonite in Carlsbad
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Caverns occurred as rims, stalactites, hollow
stalagmites, moonmilk, frostwork, anthodites,
0 wstone, beadedhelictites. Secondarysulfate
in Carlsbad Caverns was lessthan carbonates,
despite the large gypsum blocks presen. The
sulfate speleothemsapparertly had a sulfur iso-
tope signature closer to that of the overlying
pyritic beds rather than that of the gypsum
blocks.

Hill listed speleothems and minerals that
were deposited near lakesin Carlsbad Caverns.
In the pools were calcite \cave clouds" (a mam-
millary coating). Closest to the pools were
rounded cave popcorn (mostly aragonite). Fur-
ther up were shrub-shapes of aragonite frost-
work and further up again were corroded spe-
leothems.

Lechuguilla Cavein Carlsbad National Park
was well illustrated in Speleo Projects (1998)
and has a similar sulfuric acid speleogenesigo
Carlshad Caverns. Both subaerial and sub-
aqueousgypsum and aragonite speleothemsoc-
cur, but not together (or not photographed
together). Possibly in these caves, aragonite
and gypsum speleothemshave a dierent ori-
gin. Lechuguilla cave has subaqueousspeleo-
thems such asseleniteneedlescalcite pool crys-
tal and subaqueouscalcite helictites, but lacks
aragonite in pool deposits. Calcite speleothems
are lesscommonin Lechuguilla Cave compared
to other caves(SpeleoProjects 1998).

Other outstanding caves which cortain ar-
agonite assaiated with gypsum include Cupp-
Coutunn Cave (Turkmenistan) and Alum Cave
(Vulcano Island, Sicily - Italy) (Hill & Forti
1997).

Cser & Fejerdy (1962) described aragonite
precipitating in hot springs in hydrothermal
caves in Hungary as well as subaerial depos-
its. Leel-Ossy (1997) mertioned that aragon-
ite wasa relatively young (subaerial) deposit in
the in the JozsefhegyHydrothermal Cave (Hun-
gary). Other reported minerals included calcite
and gypsum.

Wall crusts in Humpleu cave in Romania
(Ghergari, Onac & Fratila 1997) included
gypsum, calcite, aragonite and a variety of
sulfate minerals, apparertly the breakdown
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products of bat guano. Someof the calcite was
a paramorph after aragonite.

In Flower Cave, in the Puketiti district near
Waitomo, New Zealand, cavers have reported
aragonite deposits assaiated with large gypsum
extrusions and crusts. The gypsum extrusions
are typically 200mm long. Pool crystal depos-
its there have beendescribed as aragonite, but
require con rmation. Photographs with cavers
suggestcrystal sizesof around 20to 30mm long
in aggregatesand a hydrothermal in uence on
cave dewvelopmert has beensuggested.

In uence by Humidity

Siegel & Reams (1966) cited the work of
Pobeguin in 1955 and 1957 which suggested
that aragonite precipitation is enhancedby high
rates of evaporation. Aragonite is 16% more sol-
uble than calcite, soto precipitate aragonite the
solution must already be saturated with respect
to calcite. To get aragonite to precipitate rst
needsan increasedrate of precipitation, too fast
for calcite precipitation. Siegeland Reamssug-
gestthat arapid rate of evaporation can result
in the solubility product of aragonite to be ex-
ceeded,allowing both calcite and aragonite to
form.

Hill & Forti (1997) described a \p opcorn
line" in Carlshad Caverns as being due to a
humidity e ect. Cave Popcorn is a speleothem
form of either calcite or aragonite, and probably
forms by air moving over the speleothem sur-
face, promoting mineral precipitation by evap-
oration of water at the outer surfaces. Some
caveshavea pronounced o w of cold dry air into
the cave during winter, which may be more sig-
nicant to the developmen of this speleothem
than is the lossof CO,. Aragonite frostwork and
coralloids are similar speleothem forms, with
frostwork being formed at times of high humid-
ity and coralloids formed when the humidity is
lower and the rate of precipitation higher, pro-
ducing a smaller crystal size.

On the other hand, Cilek, Bosak, Melka,
Zak, Langrova & Osborne (1998) argued that
the high humidity in the Ochtina Aragonite
Cave helped aragonite to deposit in the cave.
The humidity was kept constart by the buf-
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fering e ect of saturated ochres. The ochres
contained 47% to 56% water by weight, and
this signi cantly in uenced the cave's climate,
which could aid the precipitation of large arag-
onite speleothems. However most caves have a
high humidity bu ered by clays and sedimeris.
It is more likely that the constart high humid-
ity cortrols the crystal size and growth rate of
the deposited calcium carbonaterather than the
polymorph.

Supersaturation and Rate of
Deposition

Only minute amounts of foreign material is re-
quired to alter the form deposited (both crystal
shape and polymorph) (Curl 1962), while a high
rate of deposition favours aragonite a little more
than calcite (Siegel& Reams1966). Theoretical
growth rates of stalagmites with both stagnan
and o wing water were calculated by Dreybrodt
(1981). The limits to precipitation in the case
of stagnart Ims wasthe ability for the Im to
outgas CO,, which did not occur for running
water.

Supersaturation and rate of deposition are
factors in the precipitation of aragonite Hill &
Forti (1997). Unlike Siegel & Reams, Hill &
Forti considered very low rates of deposition
favour aragonite over calcite, while very high
rates of deposition favour vaterite which may
corvert to aragonite. At other rates, calcite
is the favoured polymorph. They noted that
supersaturation can be achieved in dry caves
with a high loss of CO, or a high evaporation
rate, which could lead to increasedpercertage
of magnesiumin the remaining solution.

Supersaturation is necessaryfor the precip-
itation of either calcite or aragonite, and can be
achieved either by physical means(e.g. evapor-
ation) or chemical means. By allowing CO, to
escape, or by application of the commonion ef-
fect, the solution may become supersaturated
with respect to either calcite or aragonite (or
vaterite). For example, the addition of calcium
sulfate to a supersaturated solution of calcium
carbonate will causethe lesssoluble substance
(calcium carbonate) to deposit.

Fast deposition commonly occurs near cave
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entrances where evaporation is highest, yet the
material deposited is primarily calcite. Aragon-
ite has been found near cave entrances ass@i-
ated with monohydrocalcite (Hill & Forti 1997).
Aragonite also occursin areaswith slow depos-
ition rates, e.g.Ochtin a Aragonite Cave (Bosak,
Bella, C lek, Ford, Hercman, Kadlec, Osborne
& Pruner 2002) in which three generations of
aragonite deposition wereidenti ed. The oldest
generation detected (U/Th dating) was 138000
yearsold.

In Clamouse Cave (France), Frisia et al.
(1997) found that the drip rate cortrolled arag-
onite or calcite precipitation. Aragonite formed
only under the slow drips in areaswith dolo-
mitic bedrock, which allowed more takeup of
magnesiumfrom the bedrock, and reducedthe
rate of outgassingof CO,.

Carbon Dioxide

Carbon dioxide content is also a factor in the
precipitation of aragonitein caves,basedon the
work of Cabrol in 1978and Courdry and Cabrol
in 1982in which a strati cation line was noted
in some caves in France (Hill & Forti 1997).
Above this line was only calcite whereas be-
low the line, aragonite was deposited. This was
ascribed to a lowering of the supersaturation of
the seepagewater to favour the deposition of
aragonite.

Pressure

Pressurewas also a possible factor in the pre-
cipitation of aragonitein caves(B. Rogers,pers.
comm. in Hill & Forti (1997)). Aragonite was
described from an active fault in a cave. Calcite
will readily convert to aragonite at high pres-
sures. This situation is unlikely for most cave
ervironments.

Speleothem Surfaces

Speleothem surfacesmay also assistthe depos-
ition of aragonite, where aragonite was formed
over corrosion surfaces, or over older aragon-
ite speleothems. Howewer, it can be dicult to
distinguish between calcite and aragonite and
one researter found one fth of a supposedly
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aragonite collection was in fact calcite (Hill &
Forti 1997).

Speleothem surfacesand substrates aid the
precipitation of most speleothems. Seedcrys-
tals start crystal growth, so calcite accunulates
on an existing calcite substrate following the
pre-existing crystal boundaries, while aragon-
ite may be similarly precipitated from solutions
already supersaturated with respect to aragon-
ite. Some substances,if presert on the sur-
face of a speleothem, inhibit the precipitation
of either polymorph. Tucker & Wright (1990)
noted that in the marine situation, oeids are
frequertly inhibited in dewelopmert becauseof
a coating of organic material. Grains of quartz
and clays were obsened to be nucleation sites
for aragonite in someMissouri (U.S.A.) speleo-
thems (Craig et al. 1984). In an attempt to pro-
duce aragonite, they made solutions of calcium
carbonate and added various concerirations of
clay in suspension. The clays comprised illite,
kaolinite and chlorite (no carbonatesor quartz).
The resulting precipitate was vaterite and cal-
cite, not aragonite, with the ratio of vaterite
to calcite increasing in proportion to the clay
presert. Above80mg/l clay conceriration, only
vaterite was produced.

Associations with Biological Activit y

In the marine environment, aragonite often
forms due to biological activity, e.g. the in-
uence of proteins in sea shells (Tucker &
Wright 1990). The variety of carbonates pre-
cipitated in responseto biological processesre
calcite, Mg-calcite, aragonite, vaterite, mono-
hydrocalcite, dolomite and amorphous carbon-
ate.

\Mo onmilk" is a white pasty material found
in many meteoric caves. Northup, Reyenbadk &
Pace (1997) described evidencefor microorgan-
isms in meteoric cave moonmilk comprised of
calcium carbonate as calcite or aragonite. Such
microorganisms are not presert in moonmilk
composedof magnesiumminerals.

Stable Isotope Studies

Cilek & Smejlkal (1986) sectioned calcite-
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aragonite stalactites from the Stary hrad cave
(Low Tatras) and from two Bohemian Karst
caves. They analysedthe stable C and O iso-
topes of the calcite and aragonite. The values
for 13C were mostly negative for calcite and
positive for aragonite. In general,the valuesfor

13C and 180 for aragonite were greater than
those for calcite. Generally, an enrichmert in
the heavier isotope can indicate a higher rate
of evaporation. It is alsotemperature depend-
ent. Cilek and Smejlal interpreted the dier-
enceas a changein the way the two minerals
had been precipitated. Formation of the cal-
cite was basedon the outgassing of CO, (the
normal karst process)with minimal evaporation
whereasthe aragonite mainly formed by very
slow evaporation, so slow that biogenic e ects
are suppressed.

However, in Gillieson (1996), such biological
processesapparertly enrich the calcite or arag-
onite with heavier oxygen isotopes. This pro-
cessis alsotemperature dependent, with higher
temperaturesleadingto heavier oxygenisotopes
in precipitates.

Where the C and O isotopes are correlated
(as in these samples), both authors favoured
an evaporative condition. In Clamouse Cave
(France), Frisia et al. (1997) similarly found iso-
tope ratios that suggestedthat the aragonite
deposits were formed under more evaporative
conditions. They found this interpretation dif-
cult becauseall their aragonite sampleswere
collected in areas of no wind, constart tem-
perature and very high ( 99%) humidity. In-
stead, they suggestedanother mechanism con-
certrated the heavier isotopesin the aragonite
samples,a chemical kinetic e ect causedby the
slow outgassingof COx.

Niggemanet al. (1997) comparedthe stable
isotopesof calcite and aragonite coralloids. The
aragonite samplestended to have higher con-
certrations of these heavier isotopes. They at-
tributed this to prior conceriration of the iso-
topesin the solutions from which the carbon-
ateswereprecipitated, becauseall samplescame
from draughty areaswith similar climatic con-
ditions.

Cilek et al. (1998) also measuredC and O
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isotopesin Ochtina Aragonite Cave which has
very little air movemert and very high humidity.
The isotope ratios for the aragonite were similar
to those for calcite speleothemsfrom the well-
ventilated Stary hrad Cave. They concluded
that the aragonite was deposited as a result of
slow CO, outgassing.

Association with Phosphates

In describing the mineralogy of Kartc hner Cav-
erns, Arizona (U.S.A.), Hill (1999) mertioned
some deposits of aragonite. Magnesium plays
little part in its deposition as the limestones
are particularly pure. Kartchner Caverns has
large deposits of phosphatic minerals derived
from bat guano, as well as a large quarntity of
iron oxides, silicates and unusual clays includ-
ing rectorite. Sulphates were assaiated with
the bat guano. Cave mineralisation may have
had a partially hydrothermal origin. The arag-
onite deposits were located at the ends of pas-
sageswhere one would expect the humidity to
be high.

Humpleu cave in Romania also has aragon-
ite with bat guano phosphates. However Gher-
gari et al. (1997) consideredthe phosphateto be
more recert than the aragonite, with phosphate
on the lower parts of the passageand aragon-
ite in the upper parts. Gypsum, aragonite and
ochres were also present.

Association with Ochres and Gossans

A photograph in SpeleoProjects (1998) shoved
a cluster of aragonite popcorn and frostwork
with ared, black and orangeochreoussubstrate,
cortrasting with the corroded and porous white
bedrock.

In Slovakia, extensive aragonite deposits in
show caves are assaiated with \o chres" con-
taining Fe, Mn and Mg (Cilek et al. 1998,Bosak
et al. 2002). Aragonite occurred asthree forms:
the oldest material was kidney-shaped and re-
crystallised; the intermediate aragonite speleo-
thems form long needles and helictites; the
youngest as small fan-shapes (frostwork) and
helictites. Aragonite alsooccurred as o wstone.
Ochtina Aragonite Cave also has deposits of
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goethite and limonite, with the goethite of a
particularly small crystal size. The ochres have
high water content, 47% to 56%, which may
bu er the humidity in the cave, keepingit at
a constart high level. The two main factors
in the deposition of aragonite in the cave were
the presenceof Fe and Mn in solutions, and
the high humidity. Interspersedwith the ochres
wereblack manganesexidesincluding asholane
and birnessite. Some of these manganesemin-
erals were ascribed to microorganism activit y.
Hydromagnesite was found in small quantities
assaiated with the ochres.

Iron was not one of the elemerts listed by
Morse (1983) which could cause aragonite to
precipitate. It is more likely that it precip-
itates under the inuence of other materials
presert such as manganese,apatite or La-Nd-
bearing phosphates. Commonly, cave sedimerts
contain of layers of clastics and calcite. The
clasticsusually include a componert of iron oxy-
hydroxides. The calcite layers usually contain
no iron oxy-hydroxide (although they may be
stained brown by humic acids) and aragonite is
rarely presert in such sedimens. Where arag-
onite occurs with iron-rich sedimers, the sed-
iments are often hard yet porous, and these
physical qualities may assist ions (e.g. mag-
nesium or sulfate) to in uence the form of pre-
cipitating calcium carbonate by keepingthe hu-
midity high, acting as a sturdy substrate and
allowing slow movemert of ions in solution.

Flos Ferri

On page 206 of Hurlbut (1970) is a photograph
of tangled aragonite helictites (\ os ferri* from
Styria (Steiermark, Austria):

\When aragonite in coral-like ag-
gregates is found on the walls of
iron mines it is called \Flos Ferri,"
meaning iron o wer. This specimen
(depicted) is from Styria, Austria,
which is famous for this variety of
aragonite."

Most of this material has now been mined
away (Stephan Kempe, pers. comm., August
1997). Rowling saw large specimensof os ferri
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aragonite in the private museum at the Gla-
cier Gardensat Lucerne (Switzerland) in 1997.
Here, it is known as Eisernblut (iron blood) al-
though it is white. The tangled masseof helic-
tites have a radius of curvature of around 5 to
10mm. Other museumsalsohold this material,
such asthe Natural History museumat Lucerne
and the Australian Museum collection, cat. no.
D19158.

Although Hurlbut (1970) did not specify
which iron mineral wasassaiated with os ferri,
he did say:

\the Austrian deposit at Erzberg in
Styria is the only concentration of
siderite of sucient size and pur-
ity to be considered a major source
of iron. Here a folded limestone
hasbeen replaed by massivesiderite
through the agency of iron-bearing
waters to form a depsit of many
tens of million tons."

Eisenerzis now a shav-mine and is no longer
worked (Austrian tourist bureau).

According to Shawv (1992), the term os
ferri was rst used by John Hill in 1748 for
a twisted form of helictite found in mines and
in some Mendip (UK) caves. Shaw included
two sketches by Patrin (1803) depicting \ os-
ferri" which resenbled the os ferri samples
mentioned earlier. Shav described os ferri asa
particularly slendervariety of helictite which is
madeof aragonite and often found in iron mines.
In contrast, Hill & Forti (1997) described os
ferri as a variety of anthodite which resenbles
a seaurchin (Hill & Forti 1997), and de ned it
asa quill-lik e variety of anthodite. Thesedi er-
encesin terminology appear to be localisedto
particular courtries and show caves.

This article followsthe de nition of os ferri
asusedby Patrin, Shav and Hurlbut. Flos ferri
occurs at Jenolan Caves(Figure 4).
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Figure 4. Part of The Arabesque,behind wire
netting at Cerberus Cave, Jenolan Caves, fea-
turing os ferri. Speleothem is about 20cm
high.

Blue Speleothems

The copper ion can form a solid solution in
the aragonite crystal structure (Morse 1983).
Blue aragonite speleothemsoccur in conjunc-
tion with deposits of heavy metals (e.g. copper)
e.g.the Blue Cave, France, (Hill & Forti 1997).
Not all blue speleothemsare aragonite, but can
include minerals such as allophane and some
clays, and some calcite speleothems are de-
scribed as \blue". The colour is not diagnostic
tool asto whether the speleothemis calcite or
aragonite.

Blue \Larium stone" from a mine near
Larium, Greecehas beentraded amongst min-
eral collectors. Material | have seenis aragon-
ite with copper carbonate presern as discrete
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certres rather than being dissolved in the arag-
onite. A photograph of this material held by
collectors and advertised on the Internet shows
a light blue stone with light and dark banding
characteristic of a sedimerary deposit. Smith-
sonite was also mined near Larium. Zn is one
of the calcite-inhibitors listed by Morse (1983).

HISTORICAL PERSPECTIVES OF
ARAGONITE IN NSW CAVES

C.S. Wilkinson, NSW Governmert Geologist,
visited the \Belubula Caves" (Walli Caves{ see
Figure 5) near Licking Hole Creek, which is a
tributary of Liscombe Pools Creek, betweenOr-
ange, Canowindra and Mandurama about 1870
shortly after their discovery by road contractors
(Wilkinson 1892). This article was reproduced
posthumously by the Department of Mines from
an original publication in the Sydney Town and
Country Journal, Sept. 9, 1876,p. 419. Con-
cerning aragonite in \The Long Cave," Wilkin-

son said:

Another small cavern, rather dif-
cult to get into, has a mound
of white stalagmite with a tracery-
marked surface, meeting which, and
hangingin the centre are two stalac-
tites covered with transluent spikes
curving in all directions. Thesesin-
gular stalactites are seen in some
of the other caverns; also groups of
long radiating crystals of aragonite.

There was very little further referenceto
NSW cave aragonite until Frank (1974) de-
scribed the DeepHole (cave) at Walli. The lack
of scierti ¢ interestin the subject in NSW in the
interim is perplexing, given the amount of re-
seard on cave aragonite in other courtries dur-
ing that period. Historical aspects of cave sci-
encein NSW from 1830to 1987 were discussed
by Osborne (1991).
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Dunlop (1977) described the showv caves at
Jenolan. In 1903the Skeleton Cave (nhow Cer-
berus Cave, a branch of the southern show
caves) was discovered, although other reports
suggestan earlier date (Middleton 1991). It has
a speleothem group known as the Arabesque:
a combination of (apparently aragonite) stalac-
tites, stalagmites and helictites (Figures 4 and
6). Also in 1903the River Cave wasdiscovered.
This is alsoa branch of the southern show caves
and has speleothemsknown as \F urze Bushes"
which are very similar to the Arabesque. They
are now known to be aragonite (Ross Pogson
pers.comm.).

Frank (1974) described the developmert of
Walli caves based on work done in 1968 and
1969. This isthe rst published referenceto the
use of XRD to analyse aragonite from a NSW
cave. Concerningaragonite in DeepHole (Deep
Cave), Frank said:

X-ray dir action of some speleo-
thems on the wall at 105036, Fig-
ure 5, showel them to be aragonite.

Welch (1976) published a catalogue of caves
at Jenolan, north of the showv caves. Glass,
Hennings and Wards Mistake caves were said
to contain \aragonite". A photograph showved
an acicular mineral in Hennings Cave. Dunkley
& Anderson (1978) included a photograph of
\aragonite" near Upper Oolite Cavern, Mam-
moth Cave, Jenolan. Near the Pisa Chamber,
there were \'a number of mud tunnels ...one
containing a unigue cluster of aragonite crys-
tals". Webb & Brush (1978) analysedaragonite
from Wyanbene Cave near Braidwood, south-
ern NSW. The sampleswere found looseon the
ground underneath anthodites near Frustration
Lake. XRD analysisidentied both aragonite
and calcite. SEM photographs shoved the gen-
eral habit of the anthodite fragmerts.
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Figure 5. Map of NSW shawing location of cavesmentioned, with major tectonic features. Tectonic
overlay re-drawn from NSW Department of Mineral Resources;Australian map from Geosciences

Australia.

Osborne (1978) reported calcite which may
have inverted from aragonite, from Cliefden
Caves, certral NSW. He also described blue
aragonite speleothemsin the Australian Mu-
seum minerals collection, specimens D36380
and D23544from Boonderco Cave. A thin sec-
tion (cat. No. USGD 54322) of the baseof the
small blue stalactite (specimenD36380)shoved
an inner sparry calcite layer coated with a blue
aragonite layer, determined by XRD. The arag-
onite layer had radially oriented acicular crys-
tals. The sameradial structure was noted on
the broken tip of the stalactite in Boonderoo
Cave. The blue stalactites in both Boonderoo
Cave and Murder Cave were deweloped at two
dierent junctions of limestone members. Us-
ing revised stratigraphic nomenclature (Webhy

& Padkham 1982), the one in Murder Cave is
developed at the junction of two sub-units (up-
per and lower) of the Belubula Limestone, and
the onein Boonderoo Cave is at the junction of
the Belubula Limestoneand Vandon Limestone.
Dyson, Ellis & James (1982) included a
photograph of ne spiky \aragonite" helictite
clusterson the walls of Shavl Cave, Wombeyan.
Ralston (1989) recalled the discovery in 1964
of the Barralong Cave, Jenolan (southern show
caves), saying on page57: \ Hidden in its own
little crevice is a Christmas Tree of aragonite.”
Osborne (1990), Osborne (1993) examined
palaeolarst deposits in the show cavesat Jen-
olan and mertioned aragonite deposits (helic-
tites) were hosted on a substrate of laminated
dolomitic internal sedimeris and palaeolarst
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deposits. Many of these sedimeris, found in
River Cave, Mud Tunnels, Cerberus Cave, Im-
perial Cave, Jubilee Cave and Ribbon Cave,
were unconformable with the Jenolan Caves
Limestone and most had beendedolomitised.

Figure 6. The Arabesque,CerberusCave, Jeno-
lan Caves. Speleothemis about 30cm high and
features os ferri, ribb ed stalactites and beaded
helictites.

Osborne (1994) noted that in eastern Aus-
tralia, the longest cave systems, and the ones
with most extensive deposits of aragonite and
gypsum occur near areas of Permo-Triassic
basinal sedimerts, e.g.at JenolanCaves(NSW),
Exit Cave at Ida Bay and cavesat Mole Creek
in Tasmania. Osborne suggestedthat dolomite
in the palaeolarst produced aragonite speleo-
thems instead of calcite onesat Jenolan, suc
as the Furze Bush, possibly the Arabesque,
and the helictites in Ribbon Cave. He sug-
gestedthat pyrite and dolomite were emplaced
in buried palaeolarst deposits at low temperat-
ures by basinal uids from above. In both the
Western edgeof the Sydney Basin, and in Tas-
mania, this resulted in the assaiation of Per-
mian caprocks with large, well-decorated caves
cortaining gypsum and aragonite speleothems.

Rowling (1995) described geological and
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mineralogical features of Wyanbene Cave, re-
ferring to rock chip analyses of Richardson,
Byrnes & Degeling(1981). \Aragonite" anthod-
ites and os ferri wereasscaiated with \an oxide
or weathered ore body".

Osborne (1996) described how weathering
of sul des deposited in palaeolarst can lead to
ochreous deposits assaiated with gypsum and
red calcite speleothems,asin Wyanbene Cave,
Jenolan Cavesand cavesin Tasmania. Aragon-
ite occurred with gypsumin a number of places
in eastern Australia and where caves are asso-
ciated with ore bodies. These bodies act as
aquicludes: they prevent water from penetrat-
ing the rock during initial speleogenesisLater,
as pyrite in the ore bodiesis oxidised, it assists
in breakdown of bedrock, exposing palaeolarst
and aids speleothemdewelopmen. Thus, large,
well-decorated caves are often assaiated with
ore bodies.

Bauer & Bauer (1998) reported \aragonite"
at Bungonia in the Con Chamber of the B-
4-5 Extension (cave). \Ribb on helictites" from
Jubilee Cave, Jenolan Caves,were described as
\aragonite", but Rowling (1998a) showved them
to be calcite.

Vizjak (1998v) described the discovery in
1997 of aragonite in a part of Mammoth Cave,
Jenolan called \The World of Mud". The area
lies near\a shalebed"

There lay the \A ragonite Snow-
elds" - a large, magni cent patch
of white powdery formation covered
in aragonite crystals as large as
pencils. (Further up, they found)

sevenl basketlall sized clusters
of aragonite crystals adorning the
walls.

Breezeswere noted in this area, although
no cave ertrances are known nearhby. Viz-
jak (1998a) described more \aragonite" speleo-
themsin the area:

. at the\Mini Vortex" the aragon-
ite clusters on the roof are spectac-
ular, with crystals as big as chop-
sticks and there is an amazingwhite
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cross of calcite (or something) on
the ceiling. ... Beyond the \South-
ern Cross", Turfa entered \Pur e Di-
lemma". This small chamter is ...
full of white crystal growthsthat are
all over the walls.

Photographsof\The World of Mud" presen-
ted by Mark Bonwick (pers. comm.) showved
that it corntains extensive deposits of \aragon-
ite" asanthodites and wall coatings. Someblue
and green\aragonite" was presen.

Rowling (1998) described the discovery of
Aragonite Canyon in Sigma Cave, Wombeyan
with Sydney University Speleological Scciety.
Although the surveyors did not discover this
part of the cave, they were the rst to docu-
ment it. Members of Sydney University Spe-
leological Saciety, I. Cooper, P. Maynard and
others have reported (pers. comm.) on \arag-
onite" in Wiburds Lake Cave during a re-survey
of the cave in 1999. Rowling (1999) described
speleothemsin the Chewalier Extension of Glass
Cave, Jenolan. Someof the \aragonite" wasas-
sociated with a white moonmilk-lik e material.

Osborne (1999) mentioned Ribbon Cave
(Jenolan) aragonite speleothems assaiated
with magnesium rich minerals: huntite, dolo-
mite and ferroan dolomite.  Dolomitic pa-
laeokarst was the most likely source of mag-
nesium. Sulfates were also deposited. Weather-
ing of pyrite was the most likely sourceof the
sulfate. The caveis wet and there is little evap-
oration. Aragonite was shown as spirals and
spikes in the feature known as the \Lyrebirds
Nest" (Figure 7). Osborne suggestedthat pyr-
ite was hydrothermally emplacedin palaeolarst
sediments and its oxidation has formed sulfate
and aragonite speleothems. The pyrite wasem-
placed between mid Permian and Late Creta-
ceousto Early Tertiary, or related to hydro-
thermal activity during opening of the Tasman
Sea(Late Cretaceous). Osborne (2000) noted
that aragonite in eastern Australian caveswas
mainly assaiated with dolomitic and pyritic pa-
laeolarst and alsowith igneousdykesand other
intrusions.

A photograph of anthodites in Fife Cave,
Church Creek, N.S.W. (Pryke 2000) shoved a
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helictite cluster resenbling os ferri. On the
samepageis a photograph by David Connard
of aragonite anthodites in GenghisKhan Cave,
Mole Creek, Tasmania.

Figure 7. Aragonite helictites (small, twisting
bunches) and other speleothems at the Lyre
Birds Nest, Ribbon Cave, Jenolan Caves. Area
depicted is about 1 m high.

Osborne, Pogson & Colchester (2002) ex-
amined the white pasty substancefound with
aragonite at \The Lyrebirds Nest" (Ribbon
Cave, Jenolan). It was huntite. Aragonite oc-
curs in Ribbon Cave as spherulites about 2cm
diameter, embedded in gossan. Locally, these
are called \stars", and they also occur near the
pool in the Orient Cave in a dark ochreousde-
posit (R.A. Osborne, pers.comm.). Pogson,Os-
borne and Colchesterused XRD to analysethe
aragonite from Ribbon Cave, the Furze Bush
and small deposits in River Cave (R.A. Os-
borne, pers. comm.).

Turner (2002) analysedsamplesof blue and
white speleothemsfrom Cliefden Caves. One
40mg sample from the blue aragonite stalac-
tite in Boonderoo Cave, collectedby the Orange
Speleological Scciety in 1995 contained copper,
barium, strontium, iron, zinc, magnesium,lead,
nickel and uranium. Very small samples of
blue speleothemsand white speleothemsfrom
Taplow Maze cave were analysed. The blue
speleothems contained copper, chromium and
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minor nickel at higher levels than in the white
speleothem. Turner suggestedcopper caused
the blue colour, but did not determine whether
the Taplow Maze blue material was aragonite
or calcite.

Aragonite (XRD analysis) is the main con-
stituent of boiler scale on heating elemerns
in electric kettles at Jenolan Caves supplied
by water from the Jenolan underground river
(R.A. Osbhorne, pers.comm.). A small quartit y
of calcite was presen.

ARAGONITE IN OTHER
AUSTRALIAN CAVES

The cavesof Tasmaniaare well-known for their
displays of aragonite, yet there was little sci-
entic work done on their mineralogy in the
19th certury. Most peoplevisiting the cavesdid
so out of curiosity and not researti. Generally
caversand tourists are not mineralogistsand do
not have the resourcesto analyseminerals.

One problem with reporting minerals from
caves is an ethical one. Over-collecting is
a world-wide problem coupled with the lack
of protection for the caves' contents in many
places. This has meart that discoverersof un-
usual cave minerals have often had to keeptheir
discoveriessecret.

Pisoliths from a mine at Bendigo, Vic-
toria were found to cortain aragonite and pos-
sibly MgCO3 assaiated with siderite (Baker &
Frostick 1947).

In South Australia, aragonite occursin caves
assaiated with dolostone(Grant Gartrell, pers.
comm.). Quarrying at Selliks Hill Quarry
uncovered a cave in Septenber 1991. Pho-
tographs of the mined cave showed anthod-
ites, popcorn, coralloids, and coatings of (ap-
parently) dolomite and hydromagnesite. The
cave has been closed by the quarry since 9th
November 1991and wasthe subject of a Parlia-
mentary enquiry (Environment, Resourcesand
Developmert Committee, Parliament of South
Australia 1995).

Rowling (1993) sketched and described \ar-
agonite" anthodites and helictites obsened in
Genghis Khan and Kubla Khan cavesat Mole
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Creek, Tasmania.

Rowling (2003) examined subaqueoushelic-
tites found by cave divers from lakesin Mull-
amullang cave, Nullarb or Plain, Western Aus-
tralia. Minerals in one helictite, determined by
XRD, were calcite, magnesiancalcite, aragon-
ite, hydromagnesite,gypsum, celestite and hal-
ite. A subaqueoushelictite from another lake
in the cave contained calcite, magnesiancalcite,
aragonite, hydromagnesite, gypsum, huntite,
cristobalite and halite.

RECENT STUDIES ON CAVE
ARAGONITE IN NSW

Rowling (2004) examined aragonite in NSW
caves,including Jenolan, Wombeyan and Walli.
Aragonite in some NSW caves appearedto be
assaiated with high evaporation rates allowing
calcite, aragonite and vaterite to deposit, e.g.
in cave sedimerts in areaswith low humidity in
Wollondilly Cave, Wombeyan. Seeral factors
in uence the deposition of aragonite instead of
calcite speleothemsin NSW caves,such aspres-
ence of ferroan dolomite, calcite-inhibitors (in
particular ions of magnesium,manganesephos-
phate, sulfate and heavy metals), and both air
movemert and humidity.

Se\eral reported aragonite deposits were ex-
amined to con rm whether the material is ar-
agonite. Substrates to the deposits were ex-
amined, as was the nature of the bedrock.
The work concerrated on Contact Cave and
Wiburds Lake Cave at Jenolan; Sigma Cave,
Wollondilly Cave and Cow Pit at Wombeyan
and Piano Cave and DeepHole (Cave) at Walli.
The study siteswereall within Palaeozoicrocks
in the Lachlan Fold Belt. Two sites, Jenolan
and Wombeyan, are closeto the western edge
of the Sydney Basin. The third site, Walli,
is closeto a warm spring. The physical, cli-
matic, chemical and mineralogical in uences on
calcium carbonate deposition in the caveswere
investigated.

Contact Cave lies near the eastern bound-
ary of the Late Silurian Jenolan Caves Lime-
stone, in steeply bedded and partially dolo-
mitised limestone closeto its easternboundary
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with the Jenolan volcanics. Aragonite in Con-
tact Cave is precipitated on the ceiling as an-
thodites, helictites and coatings. The substrate
for the aragonite is porous, altered, dolomit-

ised limestone which is wedgedapart by arag-
onite crystals. Aragonite deposition was asso-
ciated with a concerration of calcite-inhibiting

ions, mainly magnesium, manganeseand to a
lesserextent, phosphates. Aragonite, dolomite
and rhodochrosite are being actively deposited
wheretheseminerals are presen. Calcite forms
where minerals lack magnesiumions. The in-

hibitors appearedto be mobilised by freshwater
ertering the cave asseepagealongthe steepbed-
ding and jointing. During winter, cold dry air
pooling in the lower part of the cave may con-
certrate minerals by evaporation and is most
likely assaiated with the \p opcorn line" seen
in the cave.

Wiburds Lake Cave lies near the west-
ern boundary of the Jenolan Caves Limestone,
closeto its faulted western boundary with Or-
dovician cherts. Aragonite here is assaiated
with weathered pyritic dolomitised limestone,
an altered, dolomitised mac dyke in a fault
shear zone, and also with bat guano minerals.
Aragonite speleothemsinclude a spathite, cav-
ity lls, vughs, surfacecoatingsand anthodites.
Calcite occursin small quantities at the aragon-
ite sites. Calcite-inhibitors assaiated with ar-
agonite include ions of magnesium, manganese
and sulfate. Phosphate is signi cant in some
areas. Low humidity is signi cant in two areas.

Other sites briey examined at Jenolan in-
cluded Glass Cave, Mammoth Cave, Spider
Cave and the show caves. Aragonite in Glass
Cave may be assaiated with weathering of
dolomitised limestone (resulting in anthodites)
and with bat guano (resulting in small cryptic
forms). Aragonite in the showv caves, and pos-
sibly in Mammoth and Spider Cave is asso-
ciated with weathering of pyritic dolomitised
limestone.

Wombeyan Caves are deweloped in sac-
charoidal marble, in metamorphosed Silurian
Wombeyan Caves Limestone. Three sites were
examined at Wombeyan Caves: Sigma Cave,
Wollondilly Cave and Cow Pit (a steep sided
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doline with a dark zone). Sigma Cave is close
to the south east boundary of the Wombeyan
marble, close to its unconformable boundary
with e usiv e hyperstheneporphyry and intrus-
ive gabbro, and contains some unmarmorised
limestone. Aragonite occursmainly in a canyon
at the southern end of the cave and in some
other sites. In SigmaCave, aragonite deposition
involves minerals containing calcite-inhibitors,
as well as some air movemert in the cave.
Calcite-inhibitors at Sigma Cave include ions of
magnesium, manganese sulfate and phosphate
(possibly bat origin), partly from bedrock veins
and partly from breakdown of minerals in sed-
iments sourcedfrom ma c igneousrocks. Sub-
strates to aragonite speleothems include cor-
roded speleothem, bedrock, ochres, mud and
clastics. There is air movemert at times in the
carnyon, it has higher levels of CO, than other
parts of the cave and humidity is high. Air
movemert may assistin the rapid exchange of
CO; at speleothemsurfaces.

Wollondilly Cave, in the easternpart of the
Wombeyan marble, has anthodites and helic-
tites in an inaccessiblearea of the cave. Para-
morphs of calcite after aragonite occurred at
Jacobs Ladder and the Pantheon. Aragonite
at Star Chamber is assaiated with huntite and
hydromagnesite. In The Loft, speleothem cor-
rosion is characteristic of bat guano deposits.
Aragonite, vaterite and calcite were detected
in surface coatings in this area. Air move-
ment between the two entrances of this cave
has a drying e ect which may sere to con-
certrate minerals by evaporation in someareas.
The presenceof vaterite and aragonitein uy
coatings suggestsvaterite inverting to aragon-
ite. Calcite-inhibitors in the sedimens included
ions of phosphate, sulphate, magnesium and
manganese. Cave sedimert includes material
sourcedfrom detrital ma c rocks.

Cow Pit is located near Wollondilly Cave,
and cave W43 is located near the northern
boundary of the Wombeyan marble. At Cow
Pit, paramorphs of calcite after aragonite occur
in the walls as spheroids with minor huntite.
Aragonite is a minor mineral in white wall coat-
ingsand in red phosphatic sedimens with minor
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hydromagnesiteand huntite. At cave W43, ar-
agonite and paramorphswere detectedin a cor-
alloid speleothem. Dolomite in the bedrock may
be a sourceof magnesium-rich minerals here.

Walli Caves are dewveloped in the massiwe
Belubula Limestone of the Ordovician Cliefden
Caves Limestone Subgroup (Barrajin Group).
Here, the limestone is steeply bedded, contains
chert noduleswith dolomite inclusions, and has
gypsum and barite in veins. In Piano Cave
and Deep Hole (Deep Cave), gypsum occurs
both as a surface coating and as ne selenite
needleson chert nodules in areaswith low hu-
midity. Aragonite at Walli caves was assai-
ated with vein minerals and coatings containing
calcite-inhibitors and, in someareas,low humid-
ity. Calcite-inhibitors include sulfate (mostly as
gypsum), magnesium,manganeseand barium.

Other caves which cortain aragonite were
not major study sites, but sucient informa-
tion was available for a preliminary assessmen
as to why they may cortain aragonite. These
cavesinclude Flying Fortress Cave and the B4-
5 Extension at Bungonia near Goulburn, and
Wyanbene Cave south of Braidwood. Aragon-
ite deposition at Bungonia has some similarit-
ies with that at Jenolanin that dolomitisation
of the bedrock has occurred, and the bedding
or jointing is steep allowing seepageof water
into the cave, with possibleoxidation of pyrite.
Aragonite is also assaiated with a ma c dyke.
WyanbeneCave featuressomebedrock dolomit-
isation, and low grade ore bodies which include
seweral known calcite-inhibitors and aragonite
occurs with both features. Brief notes were
made of aragonite-like speleothemsat Colong
Caves(betweenJenolanand Wombeyan), a cave
at Jaunter (west of Jenolan) and at Wellington
(240km NW of Sydney).
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APPENDIX: GLOSSARY OF
TERMS

Someterms usedin speleologymay be unfamil-
iar to the general sciertist. Most speleothem
terms used here are those de ned by Hill &
Forti (1997) and are recognisedinternationally .
Other terms are usedin Australian caving.

antho dite: Speleothem,usually made of arag-
onite, with an acicular and often branch-
ing appearance. Usually, anthodites de-
velop from the cave's ceiling. Anthodites
often have a solid core of aragonite, and
may have huntite or hydromagnesite de-
posited near the ends of their branches.
Anthodites vary in size from a few milli-
metresto about a metre.

cave: A natural cavity in rock that a per-
son can enter. Some show caves are
subdivided into conveniert sections, eath
called a\cave", although this terminology
is not encouraged. Thus, all the Jeno-
lan show cavescould be called one\cave"
as they are all interconnected via un-
derground passagesjncluding the Grand
Arch.

chamber: A cavity that a personcan stand in,
varies from about 4m diameter to about
20m diameter.

coral, cave: Speleothem characterised by

hemispherical to globular appearance.

Cave coral is often calcite, deposited on
surfaces where there is some air move-
ment. Deposition is mostly by capillary
movemert across the surface, with the
main deposit occurring at the outside
edge of the speleothem. Sizes usually
vary from a few millimetres to a couple of
certimetres diameter.
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coralloid: Speleothem resenbling coral but
not su cien tly analysedto determine its
make-up. Examples occur near the en-
trance areas of caves where there is a
mixture of deposits and deposition med-
anisms at work, resulting in speleothems
with a mixture of characteristics and min-
eral content. The term is alsousedfor the
transition forms taken by some aragon-
ite speleothemswhich alternate between
anthodite-lik e and coral-like depending on
the growth conditions.

o wstone: A deposit of (usually) calcite as a
surfacecoating on any substrate in a cave
so that the mass resenbles melted wax.
The overall shape is controlled by gravity
and the surfacetension of water. Surface
textures range from completely smooth
to deeply pocketed depending on carbon-
ate concernration, ow rate and other
factors. Flowstoneis usually built up from
thin layers of calcite, causedby seepage
or dripping water containing HCOj3; out-
gassingCO, into the cave to precipitate
CaCOj3. Depending on the source of wa-
ter, owstone can grade into stalagmites
and where o wstone builds up over steep
drops, furled shapescan resenble draper-
ies.

os ferri; Helictite characterised by slender
tightly twisted forms, usually aragonite.
Three dierent usagesof this term in-
clude its rst usagein 1748 by John
Hill for a twisting variety of speleothem
from mines and someMendip (UK) caves
(Shaw 1992). Hurlbut (1970) useda sim-
ilar de nition for aragonite in iron ore
mines in Austria. Hill & Forti (1997)
de ne os ferri asa quill-lik e variety of an-
thodite, and de ne the earlier usageas\an
anciert word for aragonite and for frost-
work and helictites growing in the cavities
of iron deposits". Herein, os ferri means
the tightly twisted form of aragonite helic-
tite assaiated with iron ores.

furze bush Combination helictite, stalagmite
and anthodite characterised by a ver-
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tical carbonate deposit (stalagmite/tite or
column), usually of aragonite, together
with nely twisting (usually aragonite)
helictites. The helictites' diameter is typ-
ically about 1 to 5mm and their radius
of curvature rangesfrom about 10mm to
100mm. The name was given by Jenolan
Caves guides for the fancied resenblance
to a r tree, and a name was neededin
the show caves.

helictite: Speleothem with a ne capillary

tub e surrounded by usually either calcite
or aragonite. Helictites are often worm-
like, with typical diameter of a few milli-
metres and typical length of a few certi-
metres. Developmert is usually outwards
from a wall. Beaded helictites have al-
ternating deposits of calcite and aragonite
giving the speleothem a pipe-cleanerap-
pearance. Ribbon helictites are attened
calcite helictites.

heligmite: Helictite that dewelops from the

o or of a cave, like small stalagmites, but

they retain a ne capillary tube and de-
velop by mineral-rich water o wing gradu-
ally through the capillary and onto the
surface of the heligmite where it can out-
gasCO..

mo onmilk: Speleothem with a pasty appear-

ance, with a texture like cottage cheese
whenrubbedin the ngers. This material

has a high water content. Most moon-

milk is made of needle- bre calcite, some
contain hydromagnesiteand other miner-

als. Moonmilk may be biogenic. True

moonmilk has to be at least 90% calcite

(Fischer 1988).

oolite: A loosespherical concretion, often pea-

sizedbut can be larger. Usually found in
pools or underground creekswhere calcite
or aragonite is precipitating. Oolites are
rarely cube shaped. Outside of speleology
the corvertional term for similar concre-
tions is \pisolites". Oeids are smaller con-
cretions (of any material) with a diameter
of 0.2to 0.5mm.

passage: Part of a cave which is much longer

than it is wide, like a corridor and gener-
ally of walk-through dimensions. In Aus-
tralian speleology a passagewith reduced
width is a \rift", and one with reduced
height is a \crawlway" or a \ attener"
depending on the way a person moved
through it.

popcorn: A speleothem which vaguely re-

senbles the snadk, popcorn. Similar to
\coralloid". A \p opcorn line" is a hori-
zortal deposit of popcorn in a cave pas-
sagewhich marks a humidity change or
layer. Hydromagnesite and huntite may
occur with aragonite.

spathite: A stalactite of aragonite with a

wider certral tube than the corvertional
calcite stalactite. This is causedby the
aring of the aragonite crystal compared
to calcite. Sometimes a spathite com-
prises a seriesof aragonite \p etals" over-
lapping ead other to form a wide (2 or 3
cm) tube.

speleothem: Secondary mineral deposit in a

cave. May be subaerial or subaqueous.
They are classied according to min-
eral and shape, for example, a calcite
stalactite. Commonly calcite, but can
be other carbonates, sulfates, phosphates,
oxy-hydroxides, etc. Most carbonate spe-
leothems are formed by bicarbonate-rich
water outgassingCO..

stalactite:  Speleothem, usually of calcite, de-

posited on the ceiling of a cave. Charac-
terised by general conical shape and usu-
ally a certral hollow tube of calcite with
the C-axis pointing downwards. This is
surrounded by layers of calcite with the
C-axis pointing at 90 to the surface.

stalactite, straw: Also known as \soda

straws", theseare certral hollow tub es of
stalactites without surrounding deposits.
They usually occur where bicarbonate-
rich water comesfrom a single point or
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crack, rather than running acrossthe ceil-
ing. Diameters are typically 4 or 5mm

and lengths vary from a few cm to metres.

stalagmite: Deposit on the o or of a cave un-
der a drip point, resulting in a pile of
carbonate (usually calcite) that is often

higher than it is wide. Often roughly cyl-
indrical symmetry, they vary from a at
disc about 4 cm diameter to massiwe de-
posits that are tens of metres high. The
calcite C-axis is always directed at 90 to
the stalagmite surface.
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