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Abstract

This is a preliminary study on cave minerals of a few limestone caves in Saudi Arabia. Despite the paucity of analyzed samples, 14 different cave minerals have been detected. Among them Palygorskite seems to be rather common in the desert caves and in one of them (B31 Cave) there is perhaps the best display of this mineral inside a natural cavity. The same cave also hosts a deposit of sideronatrite, which has been herewith reported for the first time as a cave mineral. Finally Murubbeh cave, a supposed thermal cave, hosts large calcite crystals and widespread cave rafts together with two uncommon organic compounds (wedellite and whewellite).
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Introduction 

The exploration of natural caves in Saudi Arabia started only some decades ago (Pint, 2003) and it is still in progress.  A few karst areas are now rather well known, one of these being the As Sulb Plateau north of Riyadh (Fig. 1), which consists of a subhorizontal stony desert with pockets of sand within small depressions. Outcropping rocks consist of  limestones  of the Um er Raduma formation (Paleocene-lower Eocene) (Schifsma E., 1978). 

The area is perforated by hundreds of subcircular pits from 20 cm to 2 m in diameter,  only a few of which have been explored or even located. Presently the known caves are about 100 but there should be two orders of magnitude more caves.

[image: image2.bmp]Following an invitation from the Saudi Geological Survey, we had the possibility to make a preliminary study of cave minerals in this area. Karst cavities in the desert of the As Sulb Plateau are rather small and often less than 15 meters deep. Today, most of them have no water inside but it is clear that in the past they were partially flooded by groundwater. 

During our visit we had the chance to explore and sample only four caves but we think that they are sufficiently representative of the karst of that area. The caves of the As Sulb Plateau present noticeable interest from the climatic and minerogenetic point of view: climatic aspects have been already discussed (Forti et Al. 2005), while the present paper focuses on the mineralogical aspects.

B31 Cave (Forti 2003) consists of 3 subcircular rooms with an average diameter of 5-7 meters. Its walls are highly friable due to weathering processes which allow the deposition of crusts and flowers while other kind of speleothems are completely lacking.

Friendly and Surprise Caves  are characterized by subcircular entrance pits at the bottom of which start sub-horizontal galleries with an average diameter of 3-4 m, developed in phreatic conditions and with rather steady water. Almost all the calcite speleothems were dated over 400.000 yr BP (Fleitmann et al, 2005).

The most common still growing speleothems consist of gypsum, which develops thin millimetric crusts or even small flowers and monocrystalline stalactites in most of Al Sulb Plateau caves. Some large gypsum formations were found, among which a tray (Fig. 2) and a hollow stalagmite  from Surprise cave are worthy of mention.

Murubbeh cave was the last visited: it consists of a huge chamber (150x80x50 m) with a relatively small entrance (10x3 m) at the bottom of a small collapse doline. The bottom of the cave is about 40 meters below the surface, therefore this cave is far deeper than all the others. All its speleothems are epiphreatic or phreatic: no stalactites and stalagmites are present but only boxwork, cave clouds, digits and folia (Hill & Forti, 1997) and most of the floor is covered by a thick deposit (from 10 to 100 cm) of cave rafts. In the deepest part of the cave there are druses of large calcite crystals, which suggests a thermal origin of the  cave.

[image: image3.bmp]
Experimental 
A detailed analysis of all the samples by the stereoscopic microscope was performed to distinguish and to separate the different mineralogical phases eventually present in each sample. Then the single phases were analysed by a powder diffractometer (Philips PW 1050/25), when the material was quantitatively sufficient and homogeneous, or by a Gandolfi camera (Ø : 114.6 mm, exposition: 24/36 hrs ), when the material was scarce or inhomogeneous. The experimental conditions were always: 40Kv e 20 mA tube, CuK( Ni filtered radiation (( = 1.5418 Å). The same samples analyzed in the Gandolfi camera were later used to obtain images and chemical qualitative analyses through an electron scanning microscope (SEM  Philips XL40)  with an electronic microprobe (EDS - EDAX 9900) at the “Centro Interdipartimentale Grandi Strumenti” of the Modena and Reggio Emilia University.

Investigated samples 

[image: image4.bmp]B31 Cave –  the sample was taken from the cave roof: it consists of fragments (from 1 cm to less than a mm in size) from milky white to hazel brown  or brick red calcareous speleothems.   The identified minerals are: calcite, celestine, glauberite, gypsum, halite, palygorskite, quartz, sideronatrite and thenardite. The Na sulphates are peculiar of very arid regions, but they were found only in this cave because its internal climate was completely controlled by the external one.

[image: image5.bmp][image: image6.emf] 

Friendly Cave – Heterogeneous earthy alteration material (from 1 cm to less than 1 mm in size) with color ranging from white to pale pink. The largest fragment consists  of vitrous hemi-transparent material covered on a side by a thin aggregate of acicular crystals, and the other side by a layer of banded, translucent to transparent, tabular prismatic cristals often cemented to each other. The smaller fragment consists of a thin aggregate of acicular crystals incorporating spherical grains of quartz.  The identified minerals are: gypsum, halite, palygorskite and quartz.

Surprise Cave  - Alteration material consisting of 3 types, different in size and color: the largest (Ø > 5 cm ) is milky white, very light and is characterized by euhedral, transparent, calcite crystals, with some brick-red earthy powder. The intermediate sized material consists of a pale yellow earthy material mixed with aggregates of semi-transparent rounded grains covered by a thin reddish film. The smallest materials (Ø > 1 mm ) consist of heterogeneous grains sometimes fairly resinous and dark grey. The identified minerals are: calcite, dolomite, halite, hydroxylapatite, palygorskite and quartz.

In this sample there is also a small stalactite (Ø maximum 2.4 cm and 5 cm in length, see Fig. 3): this stalactite consists of an inner micritic core 1.7 mm in diameter (A); half of the circumference of the inner core is covered by a thin crust of transparent aggregates of calcite crystals (0.7 mm) (C) covered by a film of rounded quartz grains (B); then there is a 3 mm layer of micritic calcite (D), and finally the external 2 mm layer consists of several films (E,F,G,H) made by compenetrated calcite crystals, the maximum dimension of which is 0.5 mm. 

Murubbeh Cave – Fragment of a speleothem collected under a layer of organic material: the sample is very light, stratified, pale hazel brown to reddish on surface and milky white to pale hazel brown inside; the external surface  is partially covered by a thin layer of white fibrous material. The identified minerals are: gypsum, palygorskite, quartz, weddellite and whewellite.
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Description of the detected minerals 

Calcite (CaCO3) – Is by far the dominant cave mineral. In Surprise cave are present some euhedral, sometime twinned, vitreous transparent scalenohedral  crystals (Fig. 4 A); in B31 cave perfect rombohedral micrometric crystals have been observed. By far the best display of large calcite crystals, probably of thermal origin, is  at the bottom of Murubbeh cave.

Celestine (SrSO4) – It has been detected only inside B31 Cave, where it is present as radial aggregates of thin elongated tabular fibres (Fig. 4 B), or as prismatic, euhedral crystals. Often this mineral gives rise to small aggregates of rounded elements. 
Dolomite [CaMg(CO3)2] – It has been detected only by means of X Ray diffraction in the detritic material of Surprise cave.

Glauberite [Na2Ca(SO4)] – This sodium and calcium sulfate (Palache et al., 1951a) has been frequently observed as aggregates of tabular monoclinic prismatic crystals (Fig. 4 C), white grey or pale yellowish in color, or more frequently  colorless. Sometimes it is present as subspherical crystals with rounded edges. 

Gypsum (CaSO4·2H2O) -  Normally associated with calcite and quartz; in most of the samples it consist of grains with rounded edges; in one occurrence it gave rise to a thin crust of elongated vitreous to transparent elements randomly oriented.
Halite  (NaCl) – It has been observed in all the caves and it is strictly associated with calcite (Fig. 4 D), quartz and palygorskite, giving rise to small crusts with rounded elements or aggregates of vitreous semi-transparent crystals with rounded edges.

Hydroxylapatite 
(Ca5(PO4)3(OH)( – It has been identified only in Surprise Cave where it is present as aggregates of small elongated thin tabular crystals (Fig. 4 E).

Palyygorskite ((Mg,Al)2Si4O10(OH)·4H2O( –  Beside calcite, it is the most common cave mineral in all the analysed cavities. It is present as light  milky white cotton tufts consisting of elongated and banded fibers. Sometimes it is present as acicular milky white crystals on the walls of the small voids within the halite crystals (Fig. 4 F, 5 A).







Quartz (SiO2) – It is often present as a detritic (residual) component but sometime  it also occurs  as a true cave mineral. In this case it forms thin colorless crusts and aggregates characterized by a graphic texture (Fig. 5 B): at high magnification it is evident that they consist of a thick maze of tabular fibres cemented each other.

Sideronatrite  (Na2Fe(SO4)2(OH)·3H2O( –this is the first cave record of this hydrated basic sulfate of sodium and ferric iron (Palache et al., 1951b): it has been observed, as glauberite and thenardite, only in B31 Cave. It consists of  earthy to pulverulent, transparent to grayish-white nodular masses or tabular crusts (Fig. 5 C).

Thenardite  (Na2SO4) – Among the most frequent phases inside the B31 Cave, this sodium sulphate (Palache et al., 1951c) is present as micrometric tabular prismatic crystals {010},  sometimes with rounded edges (Fig.5 D). 

Weddellite  (CaC2O4·2H2O) and Whewellite  (CaC2O4·H2O) – Both these minerals have been observed only in  Murubbeh Cave and their presence was proved only by X ray analyses. It was impossible to define their habit by SEM because they are strictly embedded within the carbonate matrix. These minerals are surely strictly related to the guano overlying the sample

Discussion  and final remarks
Despite the scarcity of analysed samples, 13 different cave minerals have been detected (Tab. I): two of which were found in all of the studied caves (calcite and quartz). 

From the mineralogical point of view  the most interesting cave is B31 hosting 9 of the 13 cave minerals detected in that area. Moreover sideronatrite from this cavity has been  reported for the first time as a cave mineral.

Tab. I – Identified minerals and their distribution: B –  B31 Cave;  F – Friendly Cave;  M – Murubbeh Cave;  S – Surprise Cave.

	Cave
	Mineral
	Formula
	System
	Occurrence

	B, F, M, S
	Calcite
	CaCO3
	Trigonal
	Saccaroidal aggregates, vitreous schalenoedrons, micrometric rombohedrons 

	B
	Celestine
	SrSO4
	Orthorhombic
	Tufts of acicular tabular crystals, small masses of rounded grains 

	S
	Dolomite
	CaMg(CO3)2
	Trigonal
	Earthy grains 

	B 
	Glauberite
	Na2Ca(SO4)2
	Monoclinic
	Aggregates of tabular primatic crystals 

	B, F, S
	Gypsum 
	CaSO4.2H2O
	Monoclinic
	Rounded grains or thin vitreous crusts of transparent, elonged crystals 

	B, F, S
	Halite
	NaCl
	Cubic
	Crusts or aggregates of rounded crystals 

	S
	Hydroxylapatite
	Ca5(PO4)3(OH)
	Hexagonal
	Elonged aggregates of thin, bladed crystals 

	B, F, S
	Palygorskite
	(Mg,Al)2Si4O10(OH)·4H2O
	OrthorhombicMonoclinic
	Tufts of thin, banded, shining white fibers 

	B, F, M, S
	Quartz
	SiO2
	Trigonal
	Colorless crusts or aggregates with a “graphic” structure surface 

	B
	Sideronatrite*
	Na2Fe(SO4)2(OH)·3H2O
	Orthorhombic
	Colorless to grayish-white nodular masses or tabular crusts 

	B
	Thenardite
	Na2SO4
	Orthorhombic
	Micrometric tabular prismatic crystals, sometimes with rounded edges 

	M
	Weddellite
	CaC2O3·2H2O
	Tetragonal
	Embedded within calcareous matrix 

	M
	Whewellite
	CaC2O3·H2O
	Monoclinic
	Embedded within calcareous matrix


*  reported as cave mineral for the first time
The contemporaneous and restricted presence in this cavity of glauberite, sideronatrite and thenardite, sulfates normally found in arid regions along the west coast of South America, notably in Chile, of  North America and Europe (Palanche et al, 1951) may be easily explained by the peculiar shape of the cave. In fact B31 cave is characterized by a wide entrance and two large chambers and therefore the climate inside it is completely controlled by the desert outside, while all the other studied caves have small inlet holes if compared with the underground development and therefore their internal average humidity constantly exceeds the equilibrium value for the development of such minerals. 
The two organic compounds weddellite and whewellite observed only in Murubbeh cave are surely related to the presence in the cave floor of a high quantity of organic remains ( bones, excrement): it is difficult to say if they are by-products of human activities (people using the cave for a picnic and leaving all the remains inside) or if they were produced by the mineralization processes of  guano and remains of wild animals which normally utilize the cavity as shelter. It is worthy of mention that palygorskite has been detected in all the studied caves, where it was often associated with halite. This mineral was recently described in detail for the Ghar Al Hibashi lava tube in Saudi Arabia  (Forti et al., 2004). 
Palygorskite is characterized by an open crystal structure (Artioli et al., 1994), which allow  ionic exchange (Bridley, 1981). It is present in several different environments, from marine and lacustrine to soils and paleosoils and to carbabonate crusts, but it is rather rare in cavern environments (Hill & Forti 1997).
On the contrary Palygoskite is worthy of mention, because it appears rather common in the desert caves of Saudi Arabia and in one of them (B31 Cave) there is perhaps the best display of this mineral inside a natural cavity.
This first and short overview on the cave minerals of limestone caves of Saudi Arabia put in evidence that  the desert caves of  the As Sulb Plateau are a really interesting minerogenetic environment: in fact, despite the paucity of analyzed samples, 14 different cave minerals have been detected, some of which are rare for the cavern environment and one (sideronatrite) has been here reported for the first time as a cave mineral.

A more detailed study will surely increase the number of cave minerals and perhaps some new cave minerals will be detected: but the problem is that presently it is not sure that these caves will last for enought time to be studied.

In fact it must be stressed that the caves of As Sulb Plateau are really endangered by both natural processes and anthropic actions. Presently the more dangerous are the natural processes: in fact the desert sand is rapidly entering many caves, some of  which have been filled up in the last few  years.

But the vandalism carried out by visitors (actually limited to a few horizontal caves) has undergone a rapid increase in the last few years: for this reason the Saudi Geological survey is planning to gate some of the most important caves of the As Sulb Plateau in order to preserve the speleothems and other interesting things therein, for future research and study.
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Fig.1- Schematic map of Saudi Arabia with the location of the karst area of the As Sulb Plateau





Fig.3 - Sketch and transversal section of the fragment of a stalactite of Murubbeh cave (explanation in text)
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Fig.5 - SEM images of: A) tuft of palygorskite with calcite over globular halite crystals (B31 Cave); B) quartz aggregate with “graphic” texture on the surface (B31 Cave);  C) small lens-shaped masses of sideronatrite (B31 Cave); D) thenardite tabular prismatic crystals (B31 Cave).
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Fig. 4 - A) stereo-microscope photo of a transparent calcite scalenohedron from Surprise Cave; SEM images of: B) a tuft of acicular celestite crystals over quartz  with a rombic crystal of glauberite in the upper part (B31 cave); C) tabular aggregate of glauberite crystals (B31 cave); D) crust of halite crystals over calcite (B31 cave); E) aggregate of thin blades of hydroxylapatite (Surprise Cave); F) tuft of thin fibers of  palygorskite (Surprise Cave).
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Fig. 2 – The gypsum tray of Surprise cave 
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