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Abstract 11 

Thermogravimetry combined with evolved gas mass spectrometry has been used to 12 

characterise the mineral ardealite and to ascertain the thermal stability of this ‘cave’ mineral.   13 

The mineral ardealite Ca2(HPO4)(SO4)·4H2O is formed through the reaction of calcite with 14 

bat guano.  The mineral shows disorder and the composition varies depending on the origin 15 

of the mineral.   Thermal analysis shows that the mineral starts to decompose over the 16 

temperature range 100 to 150°C with some loss of water. The critical temperature for 17 

water loss is around 215°C and above this temperature the mineral structure is altered. It 18 

is concluded that the mineral starts to decompose at 125°C, with all waters of hydration 19 

being lost after 226°C.  Some loss of sulphate occurs over a broad temperature range 20 

centred upon 565°C. The final decomposition temperature is 823°C with loss of the 21 

sulphate and phosphate anions. 22 
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Introduction 26 

 27 

The mineral ardealite is known as a cave mineral and has been found in many caves 28 

worldwide [1-6].  Phosphates have been known to exist in the Jenolan Caves for a very long 29 

time [7-9].  Dating of clays in these caves suggest that the caves are very old, approximately 30 

around 350 million years [10].  It is important to know the thermal stability of this mineral, 31 

especially if it has been in existence for long periods of time. This paper addresses the issue 32 

of whether this mineral would be stable if cave temperatures were significantly high. The 33 

mineral is a mixed anion sulphate phosphate of calcium and is formed by the reaction of bat 34 

guano with calcite.  The mineral is monoclinic of point group m and forms very thin platy 35 

crystals or powdery crusts. The mineral is intimately associated with brushite and gypsum. 36 

The formula of the mineral is given as Ca2(HPO4)(SO4)·4H2O but the composition of the 37 

mineral can vary according to the cave of origin [2-6, 10-13].  The mineral is often yellowish 38 

probably due to traces of iron in the mineral composition.   39 

 40 

Sakae et al. [14] reported the crystal structure of synthetic calcium phosphate-sulfate hydrate 41 

and related the structure to brushite CaHPO4 and gypsum CaSO4·2H2O.  This synthesised 42 

compound proved to be monoclinic with space group Cc. Sakae et al. [14] found that the X-43 

ray powder diffraction studies were not identical. This begs the question whether or not the 44 

synthesised compound and ardealite are identical. It is not clearly understood whether or not 45 

the structure of the synthesised compound has the same structure as the natural compound; 46 

however this seems likely. If this is the case then both the phosphate and sulphate anions 47 

occupy the C1 position.  As a consequence of this symmetry all degeneracies will be 48 

removed.  49 

 50 

Thermal analysis offers an important technique for the determination of the thermal stability 51 

of minerals [15-23]. Importantly the decomposition steps can be obtained and mechanisms of 52 

decomposition of the mineral ascertained [24-34]. There have been almost no studies of the 53 

thermal analysis of ‘cave’ minerals such as ardealite.  In this research, our objective is to 54 

determine the thermal stability of the ‘cave’ mineral ardealite [4, 5, 11, 13, 35] and to assess 55 

whether the mineral is transient or stable over a wide temperature range. 56 

 57 

Experimental 58 

 59 
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Minerals 60 

The mineral ardealite was sourced from Moorba Cave, Jurien Bay, Western Australia, 61 

Australia. The mineral ardealite was also sourced from The Australian Museum and 62 

originated from the Jenolan caves, New South Wales, Australia. The mineral has been 63 

analysed and the data published [36].  This latter sample was used in this research.  The 64 

reason for this is that spectroscopic studies indicated the sample was pure.  65 

 66 

Thermoanalytical techniques 67 

 68 

Thermal decomposition of ardealite was carried out in a TA® Instruments incorporated 69 

high-resolution thermogravimetric analyser (series Q500) in a flowing nitrogen 70 

atmosphere (80 cm3/min). Approximately 30 mg of sample was heated in an open 71 

platinum crucible at a rate of 5.0 °C/min up to 1000°C at high resolution. With the quasi-72 

isothermal, quasi-isobaric heating program of the instrument the furnace temperature was 73 

regulated precisely to provide a uniform rate of decomposition in the main decomposition 74 

stage. The TGA instrument was coupled to a Balzers (Pfeiffer) mass spectrometer for gas 75 

analysis. Only selected gases such as water and sulphur dioxide were analysed. X-Ray 76 

diffraction patterns were collected using a Philips X'pert wide angle X-Ray 77 

diffractometer, operating in step scan mode, with Cu K radiation (1.54052 Å). 78 

 79 

Results and Discussion 80 

 81 

X-ray diffraction 82 

The XRD of the ardealite before and after thermal analysis are shown in Figs 1a and 1b 83 

respectively.  Fig. 1a clearly shows that the mineral sample of ardealite from the Jenolan 84 

caves is very pure with only traces of silica as tridymite detected.  The XRD pattern of the 85 

products of the thermal decomposition (Fig. 1b) clearly shows that the products of the 86 

thermal decomposition are calcium sulphate and calcium phosphate.  87 

 88 

Thermal analysis 89 

The thermogravimetric and ion current MS patterns of the cave mineral ardealite 90 

Ca2(HPO4)(SO4)·4H2O are displayed in Figs. 2 and 3, respectively.  There appear to be mass 91 

loss steps at 125, 148, around 215 and 823°C. The first two steps are attributed to the loss 92 
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of adsorbed water. This attribution is confirmed by the ion current curves displayed in 93 

Fig. 2. The thermogravimetric analysis shows that the two mass loss steps at 125 and 148°C 94 

are related, as is confirmed by the ion current curves; thus it is suggested that equal amounts 95 

of water are lost in each step.  It is suggested that in the structure of ardealite, two non-96 

equivalent water molecules exist and thus are lost at two different temperatures as is 97 

evidenced by the two decomposition steps in the TG and dTG patterns. A 3.64% mass loss 98 

occurs over these two steps. The MS curves show that water is being evolved at these 99 

temperatures. These two water evolution steps are found at 125 and 150°C are attributed to 100 

adsorbed water on the surface of the mineral.  101 

 102 

Two mass loss steps are found at 215 and 226°C with a total mass loss of 17.95%.   103 

It is suggested that the following reactions occur at these temperatures: 104 

Ca2(HPO4)(SO4)·4H2O → Ca2(HPO4)(SO4)·2H2O + 2H2O at ~215°C  105 

Ca2(HPO4)(SO4)·2H2O → Ca2(HPO4)(SO4)            + 2H2O at  226°C  106 

A mass loss of 17.95% is observed over the 165 to 334°C temperature range. Ardealite has 107 

a theoretical mass of 340. The moles of water per formula unit are 4; thus the total 108 

theoretical mass loss is 20%. The measured mass loss of the first 4 mass loss steps is 109 

3.64+17.95= 21.59%.   110 

 111 

Over the 334 to 660°C temperature range, a mass loss of 2.96% is found.  The MS curves 112 

indicate that gaseous products of sulphur are evolved at around 565°C. The MS curves are 113 

broad and provide evidence for the breakdown of the mineral as is shown by the XRD 114 

patterns (Fig. 1b).  Because the mineral ardealite is found as a mineral deposit on a calcite 115 

substrate, the MS was used to check for CO2 evolution. The MS patterns showed a gas 116 

evolution of CO2 at 625°C resulting from the thermal decomposition of calcite. 117 

CaCO3 → CaO + CO2 118 

At higher temperatures a mass loss of 13.28% is observed and is attributed to the loss of 119 

sulphur and phosphorus from the mineral.  The ion current curves show that the gases of SO2 120 

and SO3 are being evolved at 823°C.  The mass loss of 13.28% in this high temperature range 121 

is due to a combination of decomposition reactions occurring simultaneously. 122 

2Ca2(HPO4)(SO4) → Ca3(PO4)2 + CaSO4 + H2O + SO2 + ½O2 123 

Ca3(PO4)2 → 3CaO + PO2 + PO + O2 124 

2Ca(SO4) → 2CaO + SO2 + SO + 1½O2 125 

 126 
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Conclusions 127 

 128 

The mineral ardealite is known as a ‘cave’ mineral and is found in many caves worldwide. 129 

Experiments were conducted to test the stability of the mineral and to find over what 130 

temperature range the mineral is stable. Thermal analysis shows that the mineral starts to 131 

decompose at low temperatures and the decomposition range occurs over the temperature 132 

range 125 to 150°C with some loss of water. The critical temperature for water loss is 133 

around 215°C and above this temperature the mineral structure is altered. Some loss of 134 

sulphate occurs over a broad temperature range centred upon 565°C. It is concluded that 135 

the mineral starts to decompose at 125°C and all waters of hydration are lost by 226°C.  136 

The structural integrity of the mineral above this temperature is lost as is shown by the XRD 137 

patterns of the products of the thermal decomposition.  138 

 139 
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