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ABSTRACT 

The clay minerals occurring in caves of the Guadalupe Mountains of New Mexico 

include kaolinite, dickite, hydrated halloysite, illite, montmorillonite, trioctahedral 

smectite, and palygorskite. The minerals associated with these clays include alumimte, 

alunite, natroalunite, jarosite, calcite, dolomite, aragonite, huntite, gibbsite, nordstrandite, 

goethite, gypsum, hydrobasaluminite, metatyuyamunite, tyuyamunite, quartz, todorokite, 

and rancieite. The clay minerals found to be authigenic in the caves are hydrated 

halloysite, montmorillonite, trioctahedral smectite (probably saponite and stevensite), and 

palygorskite. Hydrated halloysite and alunite are by-products of the sulfuric acid-related 

speleogenesis that formed many of the larger caves; montmorillonite and illite were 

altered to hydrated halloysite and alunite. Montmorillonite was found to form in 

moistened floor and ledge sediments, but these occurrences are not common. 

Trioctahedral smectite forms in association with Mg-carbonates such as dolomite and 

huntite in crusts and moonmilks; evolution of the formation of these silicates follows the 

sequence of carbonate mineral formation. For instance, amorphous silica and poorly 

formed silicates precipitate with Mg-calcite and aragonite in stalagmites and crusts, while 

trioctahedral smectite forms in association with the Mg-carbonates. Palygorskite forms 

in smectite-rich sediments such as the brown laminated silts and green clays of Carlsbad 

Cavern. Dickite and illite are inherited in wall residues from the dissolution of the cave-

wall bedrock by condensate or carbon dioxide of the cave air, and/or by biochemical 

breakdown. Dickite and illite are not cave-authigenic. 

40Ar/39Ar dating of alunite from these caves have yielded the formation age of five 

caves. The apparent ages ranged from 11.3 million years for Virgin Cave located at the 

higher elevations (2000 meters) to 3.9 million years for the Green Clay Room of Carlsbad 

Cavern at an elevation of 1090 meters. Alunite ages are strongly correlative with cave 

elevations. An apparent water table decline of approximately 1100 meters is shown to 

have occurred from 12 million years ago to the present. 
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CHAPTER 1 

INTRODUCTION 

Clays in caves are most often related to sediments and soils that are transported 

into caves from surface streams. Clays can also be inherited from the weathering of 

bedrock cave walls. They can also form in caves, although there have been relatively few 

reports of cave-authigenic clay minerals (Hill and Forti, 1997). Detailed studies of cave 

clays will expand our knowledge of clay genesis in caves. The significance of cave clays, 

however, is not necessarily that the clays have formed in the caves, but rather what kind 

of information the clays will provide to speleologists and geologists. Detrital and 

inherited clays can provide as much meaningful information as cave-authigenic clays. 

For example, study of clay-bearing sediments that have washed into caves may suggest 

the type of soil or sediment that existed on the surface at the time these cave sediments 

were deposited. Characterizing cave clays and associated minerals has potential to yield 

information about clay genesis, the geologic history of the caves, and perhaps the 

regional geologic history. 

1.1 Objective and Scope 

The objective of this dissertation is to determine the clay and associated minerals 

in various sediments in caves of the Guadalupe Mountains, and to interpret the origin of 

these minerals. Clay-bearing sediments occur in many settings in caves. The study of 

clays and associated minerals may contribute further to our knowledge of the geologic 

history of Guadalupe Mountains caves. Samples from several caves from the higher 

elevations toward Guadalupe Peak down to the lower elevations near the city of Carlsbad 

were studied. Two of these caves, Carlsbad Cavern and Lechuguilla Cave, are world-

renowned for their size, geology, and decorations. 

The sample collection and field work involved obtaining permits from three 

different government agencies, the Bureau of Land Management, the Lincoln National 



Forest Service, and the Carlsbad Cavern National Park. Such a study required the 

involvement of many professional and amateur speleologists and cavers. 

1.2 Study Area and Regional Geology 

The study area encompasses the Guadalupe Mountains of New Mexico from 

McKittrick Hill west of Carlsbad, New Mexico to North McKittrick Canyon which 

borders the Lincoln National Forest with the Guadalupe Mountains National Park, Texas 

(Fig. 1.1). This includes all of Carlsbad Caverns National Park, the Lincoln National 

Forest along the Guadalupe Escarpment, and lands belonging to the Bureau of Land 

Management between Carlsbad Cavern and the city of Carlsbad. Most of the caves are 

located in the "Carlsbad Limestone" which includes the Capitan reef, forereef, and 

backreef carbonates (King, 1948; Hayes, 1964; Jagnow, 1977, 1989; Hill, 1996). Rocks 

of the reef complex are best exposed along the Guadalupe escarpment. The primary area 

of cave development occurs in and immediately adjacent to the Capitan reef. 

The reef complex includes the Capitan reef and forereef facies (Capitan 

Limestone), and the backreef formations, which are the Tansill, Yates, and Seven Rivers 

formations. The equivalent formation in the Delaware Basin to the southeast of the 

Guadalupe Mountains is the Bell Canyon Formation. The younger Castile Formation in 

the Delaware Basin consists mostly of anhydrite, which fills the basin above the Bell 

Canyon Formation, and actually butts up against the Capitan Limestone where the two 

are preserved in the subsurface. An older reef complex that directly underlies the Capitan 

reef is the Goat Seep Dolomite. The backreef and basinal equivalents of the Goat Seep 

Dolomite are the Queen and Cherry Canyon formations. These rocks are exposed in the 

Guadalupe Mountains because of the uplift of the Guadalupe block by northwest-trending 

normal faults located along the western escarpment of the mountains. Differential 

weathering and erosion of the more resistant Carlsbad Limestone (Capitan Limestone and 

equivalent backreef dolomites) and the less resistant Castile Formation produced the 
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"reef escarpment. These units are shown in sections normal and parallel to the reef 

escarpment in Figure 1.2. 

1.3 Cave Settings and Depositional Environments 

1.3.1 The Caves 

Samples were collected from the Big Room, Lefthand Tunnel, Guadalupe Room, 

Boneyard (near lunchroom), New Mexico Room, Lower Devil's Den, Nooges Realm, 

Green Clay Room, and other areas of Lower Cave in Carlsbad Cavern. Samples were 

collected from Apricot Pit, Boulder Falls, Glacier Bay, Lake LeBarge, The Great Beyond, 

and Tinsel Town in Lechuguilla Cave. Other samples were collected from Barrancas, 

Cottonwood, Dry, Endless, Hell Below, Madonna, Spider, Three Fingers, Virgin, and 

Wind caves. 

The caves selected for this study are the major caves of the Guadalupe Mountains. 

These caves make up approximately 10% of more than 300 caves located in the 

Guadalupe Mountains (Hill, 1996) and are characterized as "hypogene." Hypogene caves 

form from ascending hydrothermal or sulfuric acid waters (Palmer, 1991; Ford and 

Williams, 1992). The larger caves of the Guadalupe Mountains are the sulfuric acid-type 

hypogene caves. Strength of the sulfuric acid theory of cave genesis is based primarily 

on the character of cave passages and cave mineralogy. Spongework mazes (sometimes 

referred to as boneyard) which exhibit passages resembling the interior of sponge or 

bone, and ramiform (branching away) passages, both types well represented by Carlsbad 

Cavern and Lechuguilla Cave, are good examples of hypogene caves formed by sulfuric 

acid (Palmer, 1991; Ford and Williams, 1992; White, 1988). 

1.3.2 The Deposits 

The cave deposits studied include (1) recent cave muds, (2) joint and fracture 

fillings, (3) solution cavity fillings, (4) bedrock pockets, (5) floor deposits, (6) wall 
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residues, (7) silt deposits, (8) horizontal layers or beds in dolostone bedrock, and (9) clay-

bearing carbonate speleothems. 

1.3.2.1 Cave Muds 

The clay mineralogy of recent cave muds may reflect the mineralogy of clays in 

the overlying soils transported into the caves by surface streams. Study of these deposits 

is important because the origin of clays in other deposits such as the solution cavity fills 

(described below) may be due to the alteration of detrital cave mud. Caves of the 

Guadalupe Mountains are dry, and consequently, stream sediment discharge into these 

caves is rare during each cave's history. Mud and silt resulting from surface runoff is 

found in small quantities in all of these caves. The largest, most recent mud deposits are 

found in Barrancas, Cottonwood, Hidden, Madonna, and Virgin caves. Old mud deposits 

are found in Endless Cave and in the Guadalupe Room of Carlsbad Cavern. All of these 

appear to result from short-lived flooding events when surface canyons dissect the cave 

systems. For example, the entrance to Barrancas Cave is located directly in the bottom of 

a major canyon. Accumulation of mud and silt will continue in Barrancas Cave until 

down-cutting of the canyon progresses and positions the cave entrance on the slope above 

the flood level of the canyon. With the exception of Hidden Cave, the mud deposits are 

generally thin (<0.5 meters thick). 

Samples of mud were collected from Barrancas, Carlsbad, Cottonwood, Endless, 

Madonna, Spider, and Virgin caves. 

1.12.2 Joint and Fracture Fillings 

Joint and fracture fillings sometimes consist of clay-rich material that is similar in 

appearance and texture to solution cavity fills described below. Study of these deposits 

may contribute to the understanding of clay formation not only with respect to the 

geologic history of the caves, but with respect to the geologic history of the rocks in 

which the caves have formed. Carlsbad Cavern and Lechuguilla Cave contain numerous 



joint and fracture fillings. Some of these deposits may be altered small neptunian 

siltstone/sandstone "dikes" (Jagnow, 1977). 

1.3.2.3 Solution Cavity Fillings 

Solution cavity (spongework) fillings are mostly observed in Carlsbad Cavern. 

Spongework, a network of solution cavities having a spatial distibution similar to that 

visualized in swiss cheese (Hill, 1987) is filled or partially filled with clay-rich sediments 

in Lower Cave of Carlsbad Cavern. Hill (1987) identified the clay as montmorillonite 

and suggested that these clay fillings are perhaps pre-Jurassic in age and predate the 

Cenozoic origin of Carlsbad Cavern. These clay-rich sediments have been partially 

transformed to hydrated halloysite during the late Cenozoic excavation of bedrock by 

sulfuric acid-bearing waters (Hill, 1987). Less obvious solution cavity fills have been 

observed in Cottonwood and Lechuguilla caves. 

1.3.2.4 Bedrock Pockets 

Bedrock pockets are found throughout the caves of the Guadalupe Mountains. 

They are usually black due to manganese mineralization, and commonly contain blue 

hydrated halloysite nodules. These pockets are by-products of the sulfuric acid-related 

speleogenesis (Polyak and Gttven, 1996). The pockets range in size from five 

centimeters to one meter in diameter. They have been observed in Carlsbad, 

Cottonwood, Endless, Lechuguilla, and Virgin caves. Bedrock pockets are widely 

distributed within these caves. In Carlsbad and Lechuguilla caves, pockets are observed 

where bedrock in the caves has been protected from water; these areas are coincident with 

the occurrence of gypsum blocks. 

1.3.2.5 Autochthonous Floor and Ledge Deposits 
(Derived from within the Caves) 

Autochthonous floor and ledge deposits are numerous and diverse. These 

sediments have been derived from within the caves and have not been transported by 



water. The clay mineralogy can vary considerably in these deposits. Floor and ledge 

deposits in Spider Cave are redistributed wall residues. In Carlsbad Cavern, some floor 

deposits consist of fallen bedrock pocket materials and solution cavity fillings. Floor 

deposits of bluish white hydrated halloysite occur in the New Mexico Room of Carlsbad 

Cavern and in Endless Cave. 

1.3.2.5 Wall Residues 

Wall residues appear to have formed by the alteration of bedrock. The residue left 

behind from weathered dolostone bedrock is referred to as condensation-corrosion 

residue (Hill, 1987; Cunningham et al., 1995) and is found to be clay-rich and may 

contain cave-authigenic minerals. In Lechuguilla Cave, these residues are black from 

manganese enrichment. Hill (1987) suggests that the residues are inorganic in origin and 

due to condensation and corrosion. Cunningham et al. (1995) suspect that biochemical 

and biomechanical alteration of the bedrock plays a major role in the origin of the wall 

residues. Wall residues were observed in Cottonwood, Endless, Hell Below, Lechuguilla, 

Spider, and Wind caves. 

1.3.2.7 Laminated Silt Deposits 

Carlsbad Cavern is the only cave that contains significant volumes of laminated 

quartz-rich silt. Large quantities of silt are located in Lower Devil's Den, Left Hand 

Tunnel, the Big Room, and Lower Cave of Carlsbad Cavern. These deposits are up to 

three meters thick in some areas. Hill (1987) concluded that the silt is an insoluble 

residue by-product of the dissolution of carbonate rocks that formed Carlsbad Cavern. 

The laminated silt deposits appear as though they are accumulations of surface runoff 

debris and not insoluble residues. They differ from the cave muds by having a coarser 

texture and lesser clay content. Silt deposits in some areas like the New Mexico Room 

are obviously insoluble residues or redistributed weathered Permian siltstone. 



1.3.2.8 Clay Beds within Dolostone Bedrock 

Beds of clay within and parallel to the bedding of dolostone have been observed 

in four caves (Cottonwood, Dry, Endless, and Spider). All of these clay beds are less 

than 0.3 meters thick and are observed only in backreef units in the upper Seven Rivers 

Formation near the contact with the Yates Formation, and only in the caves. The clay bed 

in Endless and Dry caves is probably a Permian shale unit. 

1.3.2.9 Clays Associated with Carbonate Speleothems 

Clay minerals and magnesium silicates have been found in some carbonate 

speleothems such as moonmilk and crusts (Polyak and Giiven, 1997). The carbonate 

speleothems are usually magnesium rich and consist of minerals such as dolomite and 

huntite. 

1.3.3 Specific Cave Settings 

1.3.3.1 Lower Cave. Carlsbad Cavern 

Figure 1.3 shows a cross-section of the passage in Lower Cave, Carlsbad Cavern 

in the vicinity of the Rookery. Cobble gravel, laminated silts, and a large gypsum floor 

block are the characteristic deposits in this area of the cave. The position of the cobble 

gravel deposit seems to indicate that erosion has truncated the laminated silt deposit. The 

gypsum block overlying the silt seems to indicate that precipitation of gypsum also 

followed deposition of the silt. Gypsum blocks such as the one shown in this figure are 

usually interpreted to be a by-product of sulfuric acid speleogenesis. These deposits will 

be discussed in Chapter 5. Note the left side of the passage shows stalactites hanging 

over the silt, and crust and flowstone capping the silt. 

1.3.3.2 The Balcony Area. Cottonwood Cave 

Figure 1.4 shows the profile of a small room in Cottonwood Cave. In this area, 

many features of sulfuric acid speleogensis are preserved. The room contains a relatively 



3 meters 

Lower Cave, Carlsbad Cavern 

2 meters 

Left Hand Tunnel, Carlsbad Cavern 
Figure 1.3: Profie of cave passages in Carlsbad Cavern where brown laminated silt 

deposits occur. The top profile, Lower Cave passage in the vicinity of 
the Rookery in Carlsbad Cavern, shows banks of laminated silt, cobble 
gravel deposited in an erosional channel that appears to have truncated 
the silt, and a gypsum block positioned on top of the silt bank. The 
lower profile shows the same laminated silt deposit in Left Hand Tunnel. 

10 



kaolinite-rich 
bed 

0.5 meters 

Cottonwood Cave 

dolostone 

Figure 1.4: Profile of cave passage in the Balcony area of Cottonwood Cave. This 
area of Cottonwood Cave exhibits features and mineralogy that are 
reflective of the cave's origin. 
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large gypsum floor block, opal sediment, gypsum crusts and moonmilk, aluminite 

moonmilk, hydrobasaluminite and gibbsite in bedrock pockets, and a kaolinite-rich bed in 

the dolostone bedrock. Carbonate speleothems, which are numerous in Guadalupe 

Mountains caves are lacking in this room. This section of the cave is located 

stratigraphically within the Permian Seven Rivers Formation near the base of the Yates 

Formation (Jagnow, 1977). Temperature and relative humidity in this room were 

measured as 11°C and 95% during the spring of 1994. 

1.3.3.3 Clay Bed in Endless Cave 

Figure 1.5 shows the profile of cave passage in Endless Cave and the location of a 

10-cm thick clay bed which consists of kaolinite and regularly interstratified 

illite/smectite mixed-layers. Pods of alunite and hydrated halloysite are located at the 

base of the clay bed. A large gypsum block contains pods of quartz crystals with the 

consistency of a powder at the same stratigraphic level as the clay bed. This clay bed is 

only exposed in caves of McKittrick Hill; no surface outcrops of this bed were found. 

The stratigraphic location of the clay bed is in Seven Rivers dolostone near the contact 

with the Yates Formation. A clay bed in Cottonwood Cave and a clay-rich bed in Spider 

Cave seem to have this same stratigraphic location. 

1.3.3.4 Dickite Pods in Dolostone. Spider Cave 

Figure 1.6 shows the profile of cave passage in Spider Cave. In this area of the 

cave, a thick bed of siltstone has collapsed, exposing much of an overlying siltstone. 

Small pods of dickite were observed in the dolostone at the base of the siltstone. Several 

manganese-bearing veins or seams are exhibited in the siltstone bed. Spider Cave has a 

small entrance, therefore the relative humidity in this cave is >95%. Weathering (wall 

and ceiling) residues are common in this cave. 
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Figure 1.5: Partial profile of cave passage in Endless Cave above the 
Mudcrack Room. This setting exhibits mineralogy and 
features that are reflective of the cave's origin. 
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Figure 1.6: Profile of a dome-like room in Spider Cave just above the area where 
metatyuyamunite was reported. This area shows revealing exposures of dickite 
pods, the sharp contact between dolostone and siltstone, and manganese-rich 
seams in the siltstone. 

14 



1.3.3.5 Alunite and rtvdrated Halloysite Cave Settings 

Figure 1.7 shows profiles of four cave passages. Figure 1.7A shows the location 

of black manganese-rich wall residue at the top of Apricot Pit in Lechuguilla Cave. Floor 

sediment consists predominantly of nordstrandite and goyazite-svanbergite and 

crandallite-like minerals. Wall residues in this area covered the early explorers of 

Lechuguilla Cave with a black stain that was difficult to remove. Figure 1.7B shows a 

bedrock pocket that was exposed when thick wall crusts of gypsum fell (small side 

passage in Lechuguilla Cave). This observation may indicate that bedrock pockets form 

between gypsum and dolostone bedrock. Figure 1.7C shows a contact between hydrated 

halloysite floor deposit and gypsum floor block. The block of gypsum contains 

inclusions of halloysite that apparently fell out and accumulated as a floor deposit as the 

gypsum was removed. Figure 1.7D is a schematic of the Green Clay Room in Carlsbad 

Cavern. In this area, solution cavities are filled with "green clay." These cavity fills have 

white rims that consist of alunite and hydrated halloysite. 

1.4 Previous Investigations of Clays 
in Caves of the Guadalupe Mountains 

The clay minerals reported to be formed in caves throughout the world include 

clinochlore, dickite, fraipontite, hydrated halloysite, illite, kaolinite, montmorillonite, 

nontronite, palygorskite, rectorite, saponite, sauconite, and sepiolite (Hill and Forti, 

1997). Of these, clinochlore, dickite, illite, kaolinite, nontronite, and rectorite have not 

been well documented and should be further investigated as true cave minerals. Clay 

minerals already reported from caves of the Guadalupe Mountains are kaolinite (Friesen, 

1967; 1970), dickite (Palmer and Palmer, 1992; Polyak and Guven, 1995), hydrated 

halloysite (Davies and Moore, 1957; Friesen, 1967, 1970; Hill, 1987; Polyak and Giiven, 

1996), illite (Cunningham et al., 1995; Polyak and Guven, 1995), montmorillonite 

(Friesen, 1967, 1970; Hill, 1987), and palygorskite (Davies, 1964; Hill, 1987). This 

listing of clay minerals includes cave-authigenic, inherited, and detrital clays. 
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Figure 1.7: Profiles of cave passages where alunite and hydrated halloysite occur. 
(A) Profile of passage just above Apricot Pit. The cave walls in this 
area are covered with black manganese-rich residues. (B) Side passage 
in Lechuguilla Cave where a bedrock pocket was observed in association 

with gypsum blocks. (C) A setting where floor gypsum and hydrated 
halloysite occur in the Middle Maze of Endless Cave. (D) Profile of the 
Green Clay Room where mineralogy and features are reflective of the 
origin of Carlsbad Cavern. 
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Only a few studies of clay minerals in caves of the Guadalupe Mountains have 

been conducted. Davies and Moore (1957) reported hydrated halloysite from the New 

Mexico Room of Carlsbad Cavern. Davies (1964) reported palygorskite from Carlsbad 

Cavern. Probably the most comprehensive study of clays in Guadalupe caves was 

conducted by Friesen (1967, 1970) who analyzed samples of clay deposits from 17 areas 

within Carlsbad Cavern. Of these areas, several samples were analyzed with X-ray 

diffraction and differential temperature analysis. Good descriptions of his collection sites 

are available in his unpublished reports to the National Park Service. Friesen identified 

montmorillonite in the gray-green clays, kaolinite in the pale gray clay, and hydrated 

halloysite in the white clays. His chemical analyses showed traces of carbon, sulfur, and 

phosphorus in the green and red clays. Friesen noted that most of the clay deposits were 

found below the 200 meter (750 ft) level of the cave. He also noted that the waxy, 

translucent, blue clay is always separate from the other clay deposits and associated with 

the limestone, thus suggesting that the blue clay was derived from the limestone. X-ray 

data of six samples reported by Friesen (1967) showed a mineralogy that was typical of 

the clay-bearing deposits of Carlsbad Cavern with montmorillonite and kaolinite in the 

gray-green clays and halloysite in the white clays. His data clearly show the presence of 

illite and alunite but these minerals were not pointed out. 

While rare, the reports of clay minerals from Carlsbad Cavern and Lechuguilla 

Cave have been used to support interpretations of the genetic history of those caves. For 

instance, Hill (1987) suggested that hydrated halloysite in Carlsbad Cavern is an indicator 

of the sulfuric acid-bearing solutions that excavated large volumes of the carbonate rocks 

that formed Carlsbad Cavern. Palmer and Palmer (1992) speculated that dickite formed 

in Lechuguilla Cave as a product of altered clay-bearing bedrock by sulfuric acid. These 

two reports alone show that the investigation of clay minerals in caves can contribute to 

our understanding of the geologic and genetic history of caves. 
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1.5 Sulfuric Acid-Related Speleogenesis 

Several theories of cave development in the Guadalupe Mountains have been 

offered since the classic work by Bretz (1949). The idea that the caves of the Guadalupe 

Mountains formed primarily from sulfuric acid dissolution was offered by Egemeier 

(1973, 1981), Jagnow (1977) and Davis (1980). These investigators recognized the 

unusual abundance of gypsum and/or rare occurrences of native sulfur, and the spacious 

horizontal passages connected by deep pits in Carlsbad Cavern and other caves. Hill 

(1981) was the first to acquire sulfur isotope values on cave gypsum and sulfur, and 

suggested a sulfuric acid speleogenesis of the caves based on those values. Hill (1987, 

1990, 1995) demonstrated from sulfur isotope data that the acidic solutions responsible 

for the cave-forming dissolution contained sulfuric acid derived from oxidation of 

hydrogen sulfide (H2S). The H2S originated from hydrocarbons in the basin and then 

migrated into the Capitan Reef Complex. According to Hill, the pits found in these caves 

were pathways for migration of the H2S to the water table. Phreatic dissolution occurred 

along these pathways, forming deep blind pits, and major dissolution occurred at the 

water table above these vertical pathways, forming large horizontal chambers. Extensive 

gypsum deposits within these caves were by-products of the reaction of sulfuric acid 

(H2SO4) with carbonate bedrocks. Hill (1990) suggested that the isotopically-light sulfur 

isotope signatures (S^S) of the gypsum and native sulfur in these caves are evidence that 

the large passages were formed primarily by H2SO4 derived from biochemical 

fractionations of sulfur in the basin. Jagnow (1989) and DuChene and McLean (1989) 

provide further detail on the sulfuric acid theory of speleogenesis. Isotopically light 

sulfur isotope signatures of alunite strengthen this theory (Polyak and Guven, 1996). 

Palmer (1991) provide a good general discussion of sulfuric acid caves and their 

characteristic morphologies. Figure 1.8 shows a simple model of sulfuric acid-related 

speleogenesis for caves of the Guadalupe Mountains. 

18 



joints 

entrance forms 
allowing air exchange 
with surface 

Figure 1.8: Schematic showing active and relict sulfuric acid speleogenesis. 
Figure 1.10(A) shows the origin of cave passage along the water table, 
and (B) shows an ideal cave passage after an entrance has been formed. 
Note the deep blind pits which were pathways for the hydrogen sulfide 
(Hill, 1987). 
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CHAPTER 2 

METHODS OF INVESTIGATION 

2.1 X-ray Diffraction 

X-ray diffraction (XRD) of random powders and suspended mounts were 

performed using a Philips Norelco diffractometer operated at 40 kV and 20 mA with Cu-

Kcc radiation. Samples were scanned at l°20/minute or 2°26/minute. Some samples were 

pressed into the powder chamber while moist to prevent hydrated minerals such as 

hydrated halloysite and hydrobasaluminite from dehydrating. Oriented mounts were X-

rayed after air drying for 24-72 hours, after heating to various temperatures (i.e., one hour 

at 550°C), and after exposure to ethylene glycol vapors for 24-36 hours. 

Unit-cell parameters were determined using the indexing and least-squares 

powder diffraction program by Appleman and Evans (1973) revised for the PC by Benoit 

(1987). Another indexing program was designed to run on EXCEL© as spreadsheets; a 

spreadsheet for each crystal class was used (Novak and Colville, 1989). The 

NEWMOD© computer program was used to construct simulated X-ray diffraction 

patterns of oriented clay samples (Reynolds, 1985). This program was particularly useful 

when trying to characterize mixed-layer clays. The XPOW/XPOWPLOT© Computer 

program was used to generate powder patterns from atomic and unit-cell parameters. 

This program was used only to help organize powder data for several minerals. 

7. 2 Electron Microscopy 

Transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM) were performed with a JEOL JEM-100CX analytical electron microscopy (AEM) 

to study morphological and chemical characteristics of the minerals. A JEM-1200EX at 

Sandia National Laboratory was also used to determine crystal morphology, single crystal 

quality, and high resolution crystallography. 
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For TEM, clay samples were usually dispersed in ionizing water and further 

diluted by adding drops into a mixture of 700:1 water and tertiary butylamine. Three to 

ten drops of concentrated clay suspension were added to 20 ml of the water-tertiary 

butylamine mixture. The tertiary butylamine provides a pH of approximately 11, which 

reduces particle aggregation (McAtee and Henslee, 1969; and Guven, 1971). Drops of 

this dilute solution were placed on thin formvar films on copper grids and dried at room 

temperature. The grids were coated with carbon or carbon-platinum by using an 

evaporator. SEM samples were prepared simply by drying the sample, attaching it to a 

copper mount with colloidal carbon, and coating with carbon and then gold. 

2. 3 Energy Dispersive X-ray Microanalysis 

Characteristic X-ray spectra were obtained on single crystals of alunite and clays 

using a Kevex energy dispersive X-ray microanalyser interfaced to a JEOL JEM-100CX 

electron microscope. X-ray microanalysis provides a way of obtaining semiquantitative 

chemical analyses on single crystals. Quantitative chemical analyses of particular 

elements can be achieved by using "k-factors" and calibrated standards if the particles are 

flat and thin (like most clays). Measurement of k-factors is obtained by the following 

equation: 

Cx/Cstd = kx V W > E 4 n ' 2 1 

where C x is the weight percent of element x, Cstd is weight percent of the standard, kx is 

the k-factor for element x, and Ix and I s t d are the net intensities of the energy dispersive 

spectra for these elements (Cliff and Lorimer, 1975; Lyman et al., 1990; Rosenberg and 

Hooper, 1996). Talc and kaolinite were used as standards to determine the k-factors for 

Si, Al, and Mg. The k-factor for Ca was determined by using huntite platelets, however, 

this sample was not calibrated with a conventional chemical analysis. These were 

compared to k-factors previously determined for this JEM-100CX electron microscope 
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(Sivalingam, 1990). The assimilated results are as follows: Si=1.00, Al=1.085, Al=1.095 

(this study), Na=1.97, Mg=1.44, Mg=1.45 (this study), Ca=0.818, K=0.888, Fe=0.733. 

These data were plotted and a curve was fitted using the EXCEL© spreadsheet (Figure 

1.1). Extrapolated k-factors were determined for various elements by using a best-fit 

polynomial curve. While these extrapolated values should not be used, they show the 

approximate relationship between k-factor and energy of X-ray photons produced by the 

electron beam interaction with the elements. Chemical formulations determined in this 

study are for Si, Al, Mg, and Fe only. Errors in k-factor determinations for quantitative 

elemental analysis are a combination of the errors associated with the determination of 

the composition of the standard, and errors related to the measurements made by energy 

dispersive X-ray microanalysis. Error from microanalysis measurements can be 

determined by repeating separate and independent measurements of the standard three or 

four (preferrably 10) times and applying a confidence limit by using the "student's t" 

distribution (Ott, 1993; Lyman et al., 1990). Percent error would then be 

100tn-l(Sn)/(n0-5kx), Eqn.2.2 

where, tn_1 =5.841 for n=4, or tn_1 =9.925 for n=3 , and Sn=standard deviation of the 

four values of kx. The estimated percent error about the k-factors for Mg and Al are 4% 

and 5% respectively. From an uncalibrated huntite standard, the percent error about the 

k-factor for Ca was found to be too high (39%). Standard error of chemical analyses 

determined by microanalysis for individual platelets, lamallae, or films for Mg, Al, and 

Si should fall between 5% and 10%. 

Quantitative chemical analyses of smectite and illite are possible because of their 

thin tabular morphology. Chemical composition determination of smectites and illite by 

energy dispersive X-ray microanalysis is discussed by van der Pluijm et al. (1988), 

Warren and Ransom (1992), and Rosenberg and Hooper (1996). 
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Figure 2.1: Curves representing the k-factor per characteristic X-ray 
energy for energy dispersive X-ray microanalysis on an analytical 
electron microscope. Data that defines the top curve differs 
only by including Na. The data are for Kot X-ray energies only. 
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2. 4 Cation Exchange Capacity 

Cation exchange capacity (CEC) of clay minerals was determined by the 

methylene blue adsorption method of Nevins and Weintritt (1967). A 0.01 N 

methylene blue dye titrant was added slowly and incrementally to the clay suspensions, 

usually in increments of 0.5 to 1.0 ml per test. Identical volumes of clay suspension 

were placed in an oven for 24 hours at 105°C to determine the dry equivalent of clay-

Periodically, drops of the titrated slurry were added to filter paper to determine the 

endpoint which was indicated by light blue-colored excess dye around the margins of a 

deep blue-colored interior spot. The CEC in meq/lOOg clay is equal to 100 times the 

volume titrant times the normality of titrant divided by the dry weight of clay. 

2. 5 Separation of non-carbonate 
materials from carbonate rocks 

The carbonate mineral component of moonmilk and crust (samples 90031, 94012, 

94027, and 94044) were removed by the sodium acetate method of Jackson (1979). 

Carbonate samples were dissolved at 75°C. Fresh sodium acetate had to be added about 

every 24 hours. The process at this lower temperature usually took 4-7 days to complete. 

Cook (1992) compared methods of extraction of smectites from carbonates and 

concluded that, while there is only little difference between the methods, the sodium 

acetate buffer method did the least damage to the clays. The methods he compared were 

the sodium acetate buffer solution, lithium acetate buffer solution, hydrochloric acid, and 

liquid cation-exchange acid. To extract insolubles from a stalagmite (sample 89037), 5% 

hydrochloric acid was used. All insoluble residues were dried in an oven at 40°C for 24 

hours, lightly ground, and the powders were anaylzed using X-ray diffraction and 

transmission electron microscopy. 
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2. 6. Chemical and Isotope Analyses 

Stable isotope analyses were provided by Geochron Laboratories (711 Concord 

Avenue, Cambridge, Massachusetts 02138). Stable sulfur isotope ratio analyses were 

determined for 12 samples of alunite, and stable hydrogen and oxygen isotope ratio 

analyses were determined for two samples of hydrated halloysite. The halloysite was air 

dried and placed in a vacuum at room temperature for two hours before it was heated to 

900°C. The 5180 and 8D values could have been affected by minute amounts of 

remaining interlayer water because the samples were not heated to 200°C under vacuum 

to drive off that water (Savin and Epstein, 1970). Six 6 1 80 values for cave chert and 

quartz powders were provided by Dr. Haraldur Karlsson at Texas Tech University. 
40Ar/39Ar dates of alunite samples were provided by Dr. William Mcintosh at New 

Mexico Institute of Mining and Technology, Socorro, New Mexico. ICP chemical 

analyses such as trace element and whole rock analyses were performed by Chemex Labs 

(2015 N. Forbes Blvd Suite 101, Tucson, Arizona 85745). 

2.7 Preparation of Alunite 

2.7.1 Agitation, Gravity Settling, and Elutriation 

Alunite was separated from hydrated halloysite and smectite by using Stake's law 

of resistance where the rate of fall of particles is (dx/dt) = [2r2(ps-pi)g] / [(9Vi)] 

(Svedberg, 1928). Vi, the viscosity of the liquid at 25 °C, is equal to 0.00890 gm/sec-cm, 

PI, the density of the liquid, is equal to 0.9970 gm/cm3, and the acceleration of gravity 

(g) is equal to 9.80 m/sec2 (Ford, 1973). The alunite particle density p s is 2.8 gm/cm3 

(Roberts et al , 1992), and for most samples, the particle size (r) is equal to 0.0001 cm. 

The following procedure was developed to separate alunite for 40Ar/39Ar-dating without 

subjecting the alunite crystals to centrifugation or chemical treatment. (1) About 1 gm of 

sample was placed into 20 ml borosilicate glass vials. (2) The vials were filled with 

deionized water. (3) Vials were placed in a shaker for 5 minutes to disperse particles. (4) 
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Samples were placed upright and undisturbed for 8 minutes to allow all >10 ^m particles 

to settle to the bottom of the vials. This would include quartz silt, mica, and clumps. (5) 

The suspension was extracted and placed into another vial. (6) Vials were placed in the 

sonic cleaner/vibrator for 5 minutes and in the shaker again for 5 minutes. (7) Vials were 

placed upright and undisturbed for 14 hours. All >1 urn particles were settled to the 

bottom of the vials. (8) All <1 urn diameter particles were extracted and placed in a 

drying pan and dried in an oven at 40-60°C. In most samples, this fraction will be pure 

halloysite. (9) All remaining water was decanted carefully with a pipette and the moist 

pasty alunite was placed in a secure area with the cap loose to allow samples to dry 

slowly while protected from contamination. (10) The samples were X-rayed to show 

purity of alunite. (11) These procedures were repeated if necessary. Samples take about 

2-4 weeks to prepare. 

2.7.2 Hydrofluoric Acid Treatment 

Samples were placed in 24% HF for two hours and washed by centrifugation until 

dissolved solids were <50 ppm. Samples were then X-rayed and examined by 

transmission electron microscopy. Wasserman et al. (1990) and Itaya et al. (1996) 

provide further information regarding the separation of alunite from sediments by 

chemical means. 

2.8 40Ar/39Ar Analyses 

Samples were wrapped in copper foil then placed in machined Al discs and sealed 

in an evacuated Pyrex tube along with standard Fish Canyon Tuff sanidine (FCT-1 with 

an age of 27.84 Ma (Deino and Potts, 1990)) relative to Mmhb-1 age of 520.4 (Samson 

and Alexander, 1987). Samples were irradiated in two batches in the H-5 position of the 

Ford Nuclear Reactor at the University of Michigan for 1 to 5 hours. J-factors were 

determined to a precision of ±0.15-0.25 from the pooled results of 4-6 single-crystal C02 
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laser-fusion analyses of monitor crystals from 6 radial positions around the irradiation 

vessel. 

Each sample consisted of 15 to 50 mg of alunite and incrementally heated in a 

double-vacuum Mo resistance furnace in 7-10 steps at temperatures of 500-750°C. Argon 

isotopic compositions were measured with a MAP 215-50 mass spectrometer. Decay 

constants and isotopic abundances used in calculations are those suggested by Steiger and 

Jager (1977). Plateau ages for samples with flat age spectra were defined by two or more 

contiguous incremental steps that comprised >50% of total 39Ar released and agreed in 

age within two standard deviations. Uncertainties on plateau ages are standard weighted 

error of the mean calculated using formula in Samson and Alexander (1987). 

2.9 Standard Additive Determination of 
Weight Percent (wt%) Halloysite in Alunite Separates 

The weight percent halloysite in the enriched alunite separates is needed to 

determine the affect of clay content on 40Ar/39Ar -dating of the alunite samples. The two 

purest alunite separates (sample 96028 of Carlsbad Cavern and 96033b of Lechuguilla 

Cave) were used as standards because an alunite standard was not available, and the 

stoichiometry of the cave alunite is most likely significantly different than a standard of 

alunite. Small aliquots of pure cave halloysite (sample 92025 of Endless Cave) were 

added to these samples. The halloysite standard (sample 92025) was heated at 60°C for 

12 hours prior to being added to the alunite separates. Increments of 5-20 wt% of 

halloysite were added to the alunite and then X-rayed. This was repeated four times, and 

the final increment consisted of «20 wt% halloysite. The samples were X-rayed from 8 

to 14°6 and the intensity of the 4.4A interplanar spacing was measured for each step. The 

incremental change in intensity was used to determine the initial wt% of halloysite in the 

alunite standards. Once the intial concentrations were determined, then a graph was 

constructed that shows the wt% halloysite versus intensity. Both samples, 96028 and 

96033b, were in agreement. These results are shown and listed in Figure 2.2. Sample 
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96033b was then digested in 14% HF acid for two hours to remove all of the halloysite 

that had been added (45.3 wt%). The weight percent removed by this process was 44.5%. 

2.10 Petrography 

Thin sections were prepared from several samples for optical petrographic 

microscopy. Many of these samples were stained with Alizeran Red-S for identification 

of calcite; in most cases no additional stains were needed. 
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CHAPTER 3 

CLAYS AND ASSOCIATED MINERALS IN THE CAVES 

Clay minerals occurring in the caves of the Guadalupe Mountains are kaolinite, 

dickite, hydrated halloysite, illite, montmorillonite, trioctahedral smectite (probably 

saponite and stevensite), illite/smectite mixed-layers, and palygorskite. Other minerals 

associated with the clays are aluminite, alunite, jarosite, natroalunite, gibbsite, 

nordstrandite, goethite, goyazite-svanbergite, huntite, hydromagnesite, magnesite, 

dolomite, hydrobasaluminite, metatyuyamunite, tyuyamunite, quartz, opal, rancieite, 

and todorokite. This chapter describes these minerals and discusses their most 

significant occurrences in caves of the Guadalupe Mountains. 

3.1 Kaolinite 

Only one occurrence of cave-authigenic kaolinite has been so far reported; it 

was noted as wall "okher" in Cupp-Coutunn Cave, Turkmenistan (Maltsev, 1997). 

Kaolinite (Al2Si205(OH)4) occurs in Guadalupe caves usually as trace to minor 

constituents of sediments. Only three of the samples contained enough kaolinite for 

absolute identification, but these were samples of bedrock, not sediment. These three 

samples, 94046 (Endless Cave), 94051 (Dry Cave) and 95020 (Cottonwood Cave) were 

collected from clay beds within backreef dolostones exposed in the cave walls. The 

clay beds were found only in the caves, not in surface outcrops. Many other samples 

contained minor to trace amounts of kaolin which were assumed to be kaolinite. 

Sample 94046 was collected from a 10-cm thick clay bed occurring in Endless 

and Dry caves; the bed is multicolored green, purple, and red where it is exposed in the 

cave passage, but brown in color inward into the bedrock. This kaolinite-bearing clay 

bed was not found on the surface in the vicinity of these two caves. Stratigraphically, it is 

located at the top of the Seven Rivers Formation only two or three meters below the 
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lower of two siltstone units that may mark the base of the Yates Formation (Hayes and 

Koogle, 1958). 

Sample 95020 consists of relatively pure kaolinite; it was also collected from a 

10-cm thick white and red colored clay bed exhibited in Cottonwood Cave. Kaolinite 

"seams" in Cottonwood Cave are also stratigraphically located in dolostones of the Seven 

Rivers Formation probably just below the Yates Formation (Hayes and Koogle, 1958; 

Jagnow, 1977). The Cottonwood Cave kaolinite bed is similar to the kaolinite bed in 

Endless and Dry caves; however, the Cottonwood Cave kaolinite sample is relatively 

pure in places, unlike sample 94006 which contains mixed-layer illite/smectite. Another 

possible location of a clay-rich Permian bed in the study area is in Spider Cave; this unit 

may also be stratigraphically equivalent to the Cottonwood and Endless Cave settings. 

The Cottonwood and Endless Cave settings are shown in Figures 1.4 and 1.5. 

3.1.1 X-ray Diffraction and Electron Microscopy 

X-ray powder diffraction data are listed in Table A.l of Appendix A for samples 

94046 and 95020. The powder pattern is shown in Figures 3.1 for sample 95020 which is 

nearly pure kaolinite; the powder X-ray diffraction pattern exhibits narrow peaks 

indicating the presence of a highly crystalline kaolinite. The Hinckley index (H.I.) is 

commonly used to measure the degree of crystallinity of kaolinite (Hinckley, 1963), 

although less empirical methods are available (Plancon and Zacharie, 1990). The HI for 

sample 95020 kaolinite is equal to 1.53 which indicates a high degree of crystallinity. In 

all other samples with minor quantities of kaolinite, the identification of the kaolinite was 

based on the 001 and 002 reflections. Identification was confirmed in some cases by 

transmission electron microscopy and energy dispersive X-ray microanalysis. 

Kaolinite crystals in the above cave samples are usually small (<1 urn). While 

kaolinite and dickite are reported to have similar crystal morphologies (pseudohexagonal 

platelets, Roberts, et al., 1990), the crystal morphology of kaolinite in cave samples 

distinctly differ from that of dickite. Dickite in cave and surface samples occurs as large 
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euhedral crystals ( » 2 urn), whereas kaolinite usually occurs as small, euhedral to 

anhedral crystals as displayed in Figure 3.2 which shows some of the larger kaolinite 

crystals. 

3.2. Dickite 

Dickite (Al2Si20s(OH)4) has been previously reported only from a cave in 

Rumania as a "deposit of shining white clay" which is composed of dickite, benitoite, and 

muscovite (Hill and Forti, 1986). The aluminum and silica for the Rumanian dickite is 

postulated to come from chlorite-sericite schists which form the ceiling of that cave (Hill 

and Forti, 1997). 

In the Guadalupe Mountains, dickite in surface rocks has been reported by Harms 

(1974) and Ulmer-Scholle et al. (1993). Harms (1974) noted dickite as authigenic pore 

fillings in carbonate clasts in conglomerate and sandstone of the lower Brushy Canyon 

Formation in the vicinity of Bone Canyon (Texas). Eren (1993) noted dickite in 

Pennsylvanian carbonate rocks just north of the study area in subsurface cores as filling 

secondary pores related to stylolites and enlarged solution channels. Ulmer-Scholle et al. 

(1993) observed dickite from the Yates Formation in Dark Canyon northeast of Carlsbad 

Cavern. Kaolinite has been reported by Dunham (1972) to be abundant along the reef-

back reef contact within the Capitan Reef Complex in the Guadalupe Mountains. The 

kaolinite reported by Dunham (1972) may be dickite. Scholle et al. (1992) have also 

reported kaolinite as inclusions within blocky calcite spar in the Capitan fore reef in 

McKittrick Canyon. Dickite was observed in caves of the Guadalupe Mountains by 

Polyak and Guven (1995) and was considered to be inherited from the Permian dolostone 

bedrock. Kumar (1997) studied surface occurrences of dickite in the backreef dolostones 

of the Guadalupe Mountains. None of these studies were comprehensive, and as Hill 

(1996) has concluded, dickite diagenesis in the Delaware Basin has not yet been well 

understood. 
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Figure 3.2: Transmission electron micrographs of "well crystallized" 
kaolinite. Top image shows crystal shapes ranging from 
subhedral to euhedral. Bottom image shows larger euhedral 
kaolinite crystals. 

34 



Dickite is found in areas of these caves where residue is forming from the 

weathering of bedrock walls. The residue is commonly referred to as "corrosion residue" 

or "condensation-corrosion residue" and results from chemical and biochemical processes 

that dissolve the carbonate fraction of the bedrock. The residue can form a "punk rock" 

that is cm-thick (Hill, 1987; Cunningham et al., 1995). The cave deposit of dickite 

consists of noncarbonate "insoluble" residue and authigenic precipitates. The punk rock 

wall and ceiling residue is soft and "fluffy" and can retain or even enhance some original 

bedrock fabrics such as pisolites or fossils. The weathering process is usually driven by 

condensate or carbon dioxide of cave air. 

Dickite also occurs in sediments that are accumulations of the residues on ledges 

and on the cave floor immediately below these wall and ceiling residues. Pods of dickite 

fall from wall residue and accumulate in ledge and floor deposits. Tufts and booklets of 

crystals survive the transport from wall and ceiling residues to ledge and floor deposits 

and give the false impression that the dickite is cave-authigenic. Pods of white dickite are 

found in the residue and sediments, but rarely are pods observed in-situ in the bedrock 

cave walls which further contributes to misinterpretation that the dickite is cave-

authigenic. These autochthonous elastics are found in cave settings where weathering of 

bedrock has occurred, or is still occurring, and are found in most large caves of the 

Guadalupe Mountains. The most abundant dickite is found in caves that have formed in 

the backreef dolostones near the reef-backreef boundary where these dolostones generally 

contain sandstone/siltstone neptunian dikes or other internal sediments. Spider Cave 

exhibits good examples of dickite deposits; this cave has developed directly under a three 

meter thick siltstone bed. Figure 1.6 shows an occurrence of dickite in Spider Cave. 

Dickite was found in Endless, Hell Below, Lechuguilla, Spider, Three Fingers, Virgin, 

and Wind caves. 

On the surface, dickite was found as small pods and stringers in dolostone. 

Surface deposits of dickite were collected from Dark Canyon, Slaughter Canyon, Big 

Canyon, McKittrick Hill, and from surface sites near KFFC, Lechuguilla, Llyorona, 
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Madonna, and Wind caves. All occurrences in the Guadalupe Mountains are shown on 

the map in Figure 3.3. Kaolinite was not identified in any of these dickite settings. In 

thin section the dickite occurs in the pores of the backreef dolostones. Crystals are 

relatively large and can easily be viewed using an optical microscope. The crystals in 

the pores are arranged as booklets and tufts. Most samples show the dickite filling or 

partially filling the pores that are lined with dolomite crystals (Fig. 3.4). Some of the 

larger crystals of the dolomite druse may encase dickite crystals. In some cases, larger 

calcite crystals fill these pores and also encase the dickite crystals. The dolomite 

crystals which encase dickite crystals are in dolostone from the higher Guadalupe 

Mountains. 

Dickite is associated with minerals in wall residues which contain silt-sized 

quartz, detrital dolomite and calcite, illite, dickite, goethite, rancieite, todorokite, 

goyazite-svanbergite, needle-calcite, and smectite. Some weathering wall and ceiling 

residues, which are moist and "sticky" consists of only illite, goethite, and dickite. In the 

manganese-rich wall residues, alunite and hydrated halloysite may also be present with 

dickite. Because dickite crystals are insoluble residues of the carbonate bedrocks, they 

may be incorporated into many types of sediments. They are even observed in the 

insoluble residues of stalagmites. 

3.2.1 X-ray Diffraction and Electron Microscopy 

Some of the cave samples of dickite were not ground or heated before they were 

X-rayed to prevent any physical damage or possible alteration to kaolinite. The unit-cell 

parameters for the dickite from Three Fingers Cave and Spider Cave were determined to 

be: a=5.147(2)A, b=8.929(2)A, c=14.407(5)A, P=96°42(2)' for sample 94057 (Three 

Fingers Cave); and a=5.156(3)A, b=8.941(2)A, c=14.416(4)A, (3=96°38(2)' for sample 

93004 (Spider Cave). X-ray powder diffraction data for these samples are listed in Table 

A.2 of Appendix A. The measured relative intensities of the reflections for these cave 

dickites may be slightly affected by preferred orientation. The powder pattern for dickite 
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Figure 3.3: Open circles show locations of dickite samples collected from the surface 
for this study. Gray circles show where dickite was collected from caves. 
The black circle is the location of Carlsbad Cavern. 
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Figure 3.4: Thin section photomicrograph showing pores in dolostone lined with 
dolomite druse and filled with dickite. The micrographs were taken under 
crossed polarizers. 
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is similar to kaolinite and shown in Figure 3.5. Comparison of the dickite pattern with 

that of kaolinite is shown in Figure 3.6. 

Scanning and transmission electron microscope images of dickite from pods in 

ledge sediments show that crystals are relatively large and thick (Fig. 3.7). Crystallites of 

dickite are commonly tightly packed and appear to be coalesced to form thick hexagonal 

booklets. Some of these crystals are up to 5 urn thick. Platelets range in thickness from 

less than 0.1 (j.m to greater than 4 u.m and can have diameters as large as 100 urn Most 

crystals are pseudohexagonal platelets, however, some crystals have irregular shapes and 

are sometimes in the form of prisms. Crystal faces, even on composite crystals, are 

commonly well developed. Transmission electron micrographs of dickite from 

weathering-derived wall residue also show euhedral pseudohexagonal platelets, and in 

some cases, stacks or booklets. Energy dispersive X-ray microanalysis of these dickites 

shows only the presence of oxygen, aluminum, and silicon as expected. 

3.3 Hydrated Halloysite 

Hydrated halloysite (Al2Si205(OH)4»2H20; also referred to as 10A halloysite, 

or more rarely, endellite) was first reported in caves of the Guadalupe Mountains from the 

New Mexico Room in Carlsbad Cavern by Davies and Moore (1957). Hill (1987) later 

reported hydrated halloysite from two other Guadalupe Mountains caves. The hydrated 

halloysite in these caves formed when montmorillonite [smectite] was exposed to the 

sulfuric acid-bearing solutions which were responsible for the formation of the major 

caves of the Guadalupe Mountains (Hill 1987, 1990). The hydrated halloysite is 

considered in this study to be the most significant clay mineral occurring in these caves 

because it is a by-product of H2S-H2SO4 speleogenesis. 

Hydrated halloysite is present in caves of the Guadalupe Mountains mostly as 

vitreous to waxy nodules or as moist powder. Color of hydrated halloysite can be white, 

bluish white, bluish green, red, yellow, brown, and pink. In all of the caves studied, 

hydrated halloysite and alunite group minerals are found together in at least four 
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sample 93005 

Figure 3.7: Electron microscope images of dickite. (A) Transmission electron 
micrograph of a dickite crystal shows its electron density (thickness). 
(B) Scanning electron microscope image shows thickness of dickite 
platelets. 
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depositional settings: (1) bedrock pockets, (2) solution cavity fills or clay beds, (3) floor 

deposits, and (4) bedrock wall residues. Examples of these settings are shown in Figure 

1.7. Bedrock pockets are usually less than 50 cm in diameter and characterized by the 

occurrence of iron- and manganese-rich minerals which generally have a distinct black 

appearance. Bluish white nodules of hydrated halloysite are occasionally observed in this 

setting. The bedrock pocket setting is the most common one for the occurrence of 

hydrated halloysite and alunite group minerals. Solution cavities, particularly in Carlsbad 

Cavern, are also sometimes filled or partially filled with laminated silty clay-rich 

sediment. Numerous cm-sized solution cavities give bedrock in the Green Clay Room a 

"swiss cheese" appearance. This network of cavities, called spongework (Hill 1987; Ford 

and Williams 1992), can form complex three dimensional mazes of cave passages. These 

solution cavity fills sometimes contain hydrated halloysite and alunite group minerals. 

Rare clay beds can also contain hydrated halloysite and alunite; one such occurrence is in 

Endless Cave (Figure 1.5). Floor deposits are diverse in nature. In Lower Cave and the 

Big Room of Carlsbad Cavern floor deposits are piled silt and clay (not to be confused 

with the extensive brown silt deposits of the cavern). These deposits contain fragments 

of red silt, brown and gray clay, and nodules of hydrated halloysite, and appear to have 

fallen from the ceiling bedrock pockets and solution cavities located 10 to 100 meters 

above. In the New Mexico Room and in Endless Cave, floor deposits are relatively thin 

and dominated by hydrated halloysite. Wall residues, black in color due to associated 

manganese minerals, contain alunite, natroalunite, and hydrated halloysite and are most 

apparent in Lechuguilla Cave. Although areas throughout much of the larger caves still 

exhibit outcrops of these materials, in many places they are mostly covered or destroyed 

by later depositions of gypsum blocks and crusts, or carbonate crusts, flowstones, and 

dripstones. 

Other minerals accompanying hydrated halloysite are alunite, natroalunite, 

smectite, todorokite, goethite, detrital quartz, and occasionally gibbsite. Black wall 

residues contain nordstrandite, goyazite-svanbergite, goethite, illite, dickite, and 
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manganese minerals such as rancieite and todorokite. Todorokite, rancieite, lithophorite, 

quartz, poorly crystalline or amorphous iron oxide, and an aluminum hydroxide mineral 

in wall residues of Lechuguilla Cave were reported by Modreski (1989) and Cunningham 

et al. (1995). Hydrated halloysite and alunite-group minerals are sometimes the only 

major constituents in nodules from bedrock pockets and solution cavity fills. In some 

rare cases, hydrated halloysite and alunite are the only crystalline constituents. A floor 

deposit in Endless Cave consists only of hydrated halloysite with possibly traces of 

amorphous alumina or silica. The blue variety of hydrated halloysite is predominantly 

hydrated halloysite with possibly trace amounts of alunite and smectite. 

3.3.1 X-ray Diffraction Data and Electron Microscopy 

Hydrated halloysite (10A) was identified in samples collected from Carlsbad, 

Cottonwood, Endless, Hell Below, Lechuguilla, and Virgin caves. In all of these samples 

halloysite's (001) interplanar spacings vary from 9.72 to 10.09A. Partially dehydrdated 

halloysite with a 8A basal spacing was found in Cottonwood and Endless caves. 

Hydrated halloysite (001) interplanar spacings were found to collapse to 7.25-7.41A 

when heated to 200°C for one hour (Figure 3.8). Dehydration of 10A halloysite has been 

reported by Harrison and Greenberg (1962) to start at 90% relative humidity causing a 

slight decrease in the (001) interplanar spacing. Hughes (1966) reported that collapse 

began at approximately 80% relative humidity. Both studies reported that the 10A peak 

began to broaden and disappear at 30 and 41% relative humidities. Caves included in this 

study have relative humidities of 90-100% and normally 95-100% explaining why 7A 

halloysite is not present. Upon ethylene glycolation, MacEwan (1946) found that 10A 

halloysite expanded up to 10.9A; similarly, Costanzo and Giese (1985) reported 

expansion up to 10.8 A. The basal spacing of hydrated cave halloysites expand to 10.5-

10.8A upon exposure to ethylene glycol vapor for 24 hours. 

Poorly defined 001 reflections between 7 and 10A were observed from XRD 

patterns of Cottonwood Cave and Endless Cave samples. They represent partially 
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dehydrated halloysites, or interstratification of 7A and 10A layers (Brindley and 

Goodyear, 1948; Harrision and Greenburg, 1962; Kohyama et al., 1978). Costanzo and 

Giese (1985) suggested from studies of synthetically produced hydrated kaolinites that 

three distinct layers (7, 8.6, and 10A) exist in halloysite. Interstratification of these can 

produce many poorly defined reflections. X-ray diffraction data for several halloysites 

are provided in Table A.3. 

Transmission electron micrographs of hydrated halloysite crystals exhibit typical 

tubular morphology (Fig. 3.9). Crystal size and morphology are similar in all samples; 

tube dimensions are variable in their length and consistent in their width. Bailey (1993) 

noted that changes in the morphology and dimensions of the hydrated halloysite can be 

related to the chemical composition of the tubes; for instance, long tubes favor an AI2O3 

content of 46 to 50% (Al-rich) and an Fe203 content of less than 1 wt%. Hydrated 

halloysite from Guadalupe caves exhibit tubular crystal morphology having an average 

tube length and width of 0.28 and 0.06 urn respectively with some tubes exceeding 1 u.m 

in length. Iron was not detected in the hydrated halloysite samples from these caves. 

Spheroidal halloysite is rare, but occurs in sample 96030 from the Green Clay Room of 

Carlsbad Cavern. 

Energy dispersive X-ray microanalysis of the halloysite tubes shows the presence 

of only oxygen, aluminum, and silicon. The ratio of aluminum counts to silicon counts of 

the halloysite differed slightly from that of kaolinite and dickite. Kaolinite Al/Si = 

0.90+/-0.03, dickite Al/Si = 0.88+/-0.04, and halloysite Al/Si = 0.81+/-0.05. 

3.4. Illite 

Illite has been reported as a cave-authigenic mineral in only three caves: two 

caves of the Cupp-Coutumn system in Turkmenistan (Hill and Forti, 1997), and in 

Great Salt Peter Cave, Kentucky (Mixon et al., 1996). Because illite is such a common 

mineral in soils, it is also a common detrital component of sediments that wash into 

caves. In caves of the Guadalupe Mountains, illite is a major component of 

46 



W L • 

• • ; • ' '• • , . . 

*t* 

'^m 

- ' ^%- j 

« 

' • 

^vtjmBa& 

i 'jgxBrM 

J-. ^ S S H ^ ^ S B H K 

tl Cft w B % ™ 

^*H 

'' " • . ' 

*> * * ^ 2 & 

Y i *- » p 

Bar 

5»F v * , 

sP^v'-' 

sample 96008 

•' ~^**fej^^^<W t - t 

.••'.; -^"iHfe^^fe 

Un* H&s* 

IP 

0.5 ^m 

Figure 3.9: Transmission electron micrographs of halloysite showing typical 
tubular morphology. 

47 



all residues in caves, and is disseminated within the bedrock of backreef dolostones. 

The < l|am fraction of two samples of wall residues yielded relatively pure illite. One 

of these samples, 92001, wall residue from Spider Cave, contains predominantly illite 

with minor iron oxide (probably goethite). The other sample, 96024, wall/floor 

insoluble residue from Madonna Cave, contains only illite in the < 1pm fraction. 

Sample 96024 is light gray (relatively free of iron oxides), and sample 92001 is usually 

yellowish orange to reddish brown to black depending on the content of iron and 

manganese oxides; both samples consist predominantly of illite. These samples are 

wall/ceiling residues or accumulations of wall residues in floor and ledge deposits. 

When moist, these deposits are sticky. Illite is also common in detrital sediments such 

as mud and silt. Cave muds in general, and the brown silt deposits of Carlsbad Cavern 

contain a minor amount of illite and mica. 

Illite is usually associated with dickite, goethite, and quartz in wall (condensation-

corrosion) residues and insoluble residues of dolostone (after Na-acetate treatment). In 

detrital muds and silts, illite is a minor constituent with quartz, dioctahedral smectite, 

kaolinite, and feldspar. Smectite is absent or rare in wall residues or insoluble residues of 

dolostone. Illite occurs in most of the cave sediments. 

3.4.1 X-ray Diffraction Data and Electron Microscopy 

Relatively pure samples of illite were separated from sample 92001 (Spider Cave) 

and sample 96024 (Madonna Cave) by sedimentation and elutriation. Well-defined X-ray 

powder diffraction patterns were produced from these samples as shown in Figure 3.10. 

The X-ray powder diffraction data listed in Tables A.4 and A.5 in Appendix A were 

indexed to the 1M (cell dimension c «10A) and/or 2Mj (c « 20A) unit-cells. Methods 

for quantifying the polytypes of illite have been developed by Reynolds (1963), Velde 

and Hower (1963), Maxwell and Hower (1967), Srodon and Eberl (1984), Tettenhorst 

and Corbato (1993) and Grathoff and Moore (1996). These methods quantify the 

concentration of 2M, illite by measuring and comparing the intensity ratio of the various 
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diffraction peaks. For instance, Velde and Hower (1963) used the 3.74 A reflection of the 

2Mi polytype, and 2.58A relfection common to both polytypes. Reynolds (1963) and 

Maxwell and Hower (1967) used the 3.00A and 2.80A reflections rather than the 3.74A 

reflection. Quantification of the polytypes of illite in samples 92001 and 96024 was not 

possible because of the small amount of illite available. The 2M, and 1M unit-cells 

generated from the X-ray diffraction data indicate that the 2M, polytype is present, but a 

weak intensity of the 3.74A reflection suggests the presence of 1M polytype in small 

quantities. 

Transmission electron microscope examination shows that illites display two 

distinct morphologies; (a) euhedral to subhedral laths, and (b) anhedral to subhedral 

lamella. The laths are sometimes observed extending or radiating from lamella (Fig. 

3.11). This is observed in wall residue samples rich in illite, and in insoluble residue 

of dolostone bedrock digested using the Na-acetate method. 

Chemical formulae were derived from energy dispersive X-ray microanalyses 

for several cave illites. Average formulae for the lamella and laths are: 

illite lamellae: E088
+(AlL56Fe.22Mg.22) (Si3.34Al.66) (OH)2 Eqn. 3.1 

and 

illite laths: E101
+(AlL51Fe.o9Mg.4o) (Si3.36A1.65) (OH)2. Eqn. 3.2 

E is the interlayer cation. The average approximate chemical formula for wall residue 

illites from Hell Below, Spider, Virgin, and Wind caves is: 

E0.9o+(Ali.58Fe.26Mg.i6) (Si3.26Al.74) (OH)2 • Eqn. 3.3 

The data indicate that the illites with different morphologies have very similar chemistry 

except for their octahedral sheets. 
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Figure 3.11 Transmission electron micrographs of euhedral illite laths extending 
from lamellar illite platelets. These illite particles are characteristic of 
illite found in wall residues (A, sample 94058, Three Fingers Cave; B, 
sample 94004, Wind Cave) and in the insoluble residues of bedrock 
after Na-acetate treatment. 
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3.5 Montmorillonite 

Dioctahedral smectites identified in this study are of the montmorillonite-

beidellite series which can be represented by the formula: 

Ex+y (Al2-yMgy)(Si4_xAlx)O10(OH)2 nH20; Eqn. 3.4 

where E is the interlayer cation, and x and y are the tetrahedral and octahedral 

substitutions, respectively (Guven, 1988). The above structural formula having y>x 

represents a montmorillonite whereas beidelllite is defined by y<x (Giiven, 1988). 

Montmorillonite in caves was first reported by Davies (1964) in a gray to olive-

green clay from Lower Cave, Carlsbad Cavern. Pure deposits of montmorillonite 2 to 5 

cm thick were reported as a ledge deposit in a South African cave (Martini and 

Kavalieris, 1976; in Hill and Forti, 1997). Hill (1987) further described the 

montmorillonite clay of Carlsbad Cavern. With the exception of an occasional report of 

montmorillonite, there is a lack of characterization of smectites occurring in caves. 

Montmorillonite is found mostly in Carlsbad Cavern in the clay deposits of 

Lower Cave. The "green clays" of Lower Cave are pale olive (10Y 6/2) to light olive 

gray (5Y 6/1), light brown (5YR 5/6), and sometimes red. These clays fill or partially 

fill solution cavities. The clays of Lower Cave show fine laminae and are densely 

packed and moderately indurated. These materials also fill narrow cracks or fissures in 

Left Hand Tunnel and in Lechuguilla Cave. Montmorillonite is also found in minor 

percentages in the extensive deposits of laminated brown silts of Left Hand Tunnel, 

Lower Cave, and the Big Room. It is a major component of brown "mud-cracked" 

clayey sediment near the back of the Guadalupe Room. Montmorillonite is an 

abundant component in these deposits. It is also a major component of recent muds 

that have washed into many of the caves in the study area. Cottonwood, Endless, 

Hidden, Madonna, Spider, and Virgin caves all contain relatively small deposits of 

mud. Cave muds are brown. 
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Davies (1964) reported that the clays in Lower Cave contain approximately 15% 

sand and silt. Minerals reported with the montmorillonite included palygorskite, 

kaolinite, quartz, and feldspar. We identified quartz, illite, kaolinite, palygorskite, and 

trace amounts of feldspar, gibbsite, and diaspore in the montmorillonite-rich sediments of 

Lower Cave. Cave muds were found to contain in order of abundance, smectite, quartz, 

illite, feldspar, calcite, and dolomite. 

3.5.1 X-ray Diffraction and Electron Microscopy 

Tsipursky and Drits (1984) studied the structure of dioctahedral smectites after 

70-100 wetting-drying cycles. They used oblique-texture electron diffraction and 

determined that smectites of the montmorillonite-beidellite series have a monoclinic one-

layer unit-cell similar to the 1M micas. The approximate unit-cell parameters reported 

for montmorillonite are a=5.19A, b=8.99A, c=10.08A, and p=100.5° (Tsipursky and 

Drits, 1984; Giiven, 1988). An X-ray powder diffraction pattern for sample 92010 is 

shown in Figure 3.12. XRD data for dioctahedral smectites collected from these caves 

are listed in Table A.6 of Appendix A. Oriented slides show moderate to poor orientation 

possibly owing to the aggregate morphology of clay particles. Ethylene glycolation 

saturation expands the basal spacing from 15 to 18A. 

Figure 3.13 shows electron microscope images of montmorillonite aggregates. 

Aggregates are generally micron-sized or smaller and individuals are submicron-sized 

lamellae. Microanalyses were performed on samples 92010 (pale olive)and 92012 (light 

brown) from Lower Cave. Microanalysis of 10 crystallites/aggregates of 92010 show 

that the composition of the smectite with a layer charge that is excessive. The formulae 

calculated from microanalysis and whole rock analysis, respectively, are: 

E109
+ (Mg0.57All.l4Fe3+0.29)(Si3.48Al0.52)Ol0(OH)2nH2O, Eqn. 3.5 

and 

E0 9,+(Mg0.47All.24Fe3+0.29)(Si3.56Al0.44)Ol0(OH)2nH2O. Eqn. 3.6 
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Figure 3.12: X-ray powder diffraction patterns for cave-occurring 
dioctahedral smectites. 
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Figure 3.13: Electron microscope images of montmorillonite. (A) Transmission 
electron micrograph of typical montmorillonite lamellar aggregate. 
(B) Scanning electron microscope image of montmorillonite 
aggregates in green clay from Green Clay Room. 
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The high layer charges (E= 1.09 and 0.91) of the above formulae are not acceptable for 

a smectite and are not compatible with the cation exchange capacity of 62 meq/lOOgm 

for this sample. The high layer charge is probably due to closely associated aluminum 

hydroxides such as gibbsite which might have contaminated the results. 

3.6 Trioctahedral Smectite 

Trioctahedral smectite (saponite) was reported from the cave environment by 

Filipov (1979; in Hill and Forti, 1997) as a minor constituent of moonmilk in the former 

Soviet Union; the moonmilk consisted of hydromagnesite, calcite, and dolomite. An 

origin for the saponite was not proposed. Other occurrences of trioctahedral smectites in 

caves are reported in Cupp-Coutumn Cave, Turkmenistan where hydrothermal invasion 

of this cave introduced the fluorine and zinc necessary for the post-thermal precipitation 

of sauconite (Maltsev, 1997). 

Trioctahedral smectite in Guadalupe caves was found to be in association with 

Mg-rich carbonate speleothems such as moonmilk and crusts. These speleothems consist 

of dolomite, huntite, and hydromagnesite, and form in slightly drier and more evaporative 

settings (<97% RH) of dolostone caves. The trioctahedral smectite occurs as micron-

sized filamentous and fibrous silicates which are intimately intertwined with micron-

sized Mg-carbonate crystals or opal botyroids. Crusts and moonmilks containing these 

Mg-silicates are usually white to dull white in color. Dolomite crusts are commonly 

curled and appear to have desiccation cracks. Huntite crusts are commonly "crinkled." 

Moonmilks have the same texture as cottage cheese when moist and powdery when dry. 

Samples of crusts and moonmilk from four caves (Carlsbad, Hell Below, Hidden, 

and Spider) have been found to contain trioctahedral smectite. The crusts are often 

dolomite, while moonmilks usually consist of hydromagnesite or huntite. Crust and 

moonmilk speleothems, having a Mg-carbonate mineralogy generally occur more 

abundantly deep within the zone of total darkness in these caves. Areas where samples 

90031, 94012, 94027, and 94044 were collected have relative humidities that were 
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measured to be 90-97%. Temperatures measured in these areas were between 10-15°C. 

Condensation of cave air and subsequent weathering by condensate on cave walls is 

occurring or has occurred in these areas. Weathering of bedrock generally is observed 

high on the passage wall and ceiling, and crusts and moonmilks are located on the cave 

walls and floor below areas of weathered bedrock. Usually aragonite frostwork is present 

with the crusts and moonmilk. Ideally, dolomite crusts and huntite moonmilks are found 

below these aragonitic speleothems; the real situation is always more complex. 

Trioctahedral smectite in these settings is also associated with opal, quartz, and uranyl 

vanadates (Polyak and Mosch, 1995). 

3.6.1 X-ray Diffraction Data and Electron Microscopy 

X-ray diffraction analyses of the insoluble residue of moonmilk (sample 94027, 

Hell Below Cave) and crust (sample 94044, Carlsbad Cavern) show that the residue 

consists of a trioctahedral smectite. The powder data for these two samples are listed in 

Table A.6 of Appendix A. The (001/002) and (060) reflections are 12.6A and 1.524A for 

sample 94027, and 12.7A and 1.516A for sample 94044; sample 94027 shows a possible 

23.4A peak. Random powder and oriented diffraction patterns of sample 94027 are 

shown in Figure 3.14. 

Transmission electron microscopy shows that most of the trioctahedral smectite is 

fibrous. Some particles, however, are gel-like films or fibrous films. Intertwined fibers 

that form filaments can also be observed by scanning electron microscopy (SEM) in cave 

crust and moonmilk. Dolomite crust from Left Hand Tunnel (sample 94044) and from 

Spider Cave (sample 94012), and the huntite moonmilk from Hell Below Cave (94027) 

were selected for detailed analyses. Samples 94012 and 94044 are dolomite crusts 

associated with uranyl vanadates, and secondary opal and quartz. The crust consists of 

micron-sized dolomite rhombs intertwined with filamentous smectite. In places, 

filaments are relatively large and complex, and are obviously made up of smaller 

individual fibers (Fig. 315; 3.16). Huntite crystals in sample 94027 are shown as micron-
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Figure 3.14: X-ray diffraction powder (top) and oriented (bottom) patterns of 
trioctahedral smectite from Hell Below Cave. 

58 



fibers on meta 
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Figure 3.15: Scanning electron microscope images of trioctahedral smectite 
filaments. (A) Trioctahedral smectite filaments associated with 
gypsum, tyuyamunite, and dolomite. (B) Mg-silicate filaments 
associated with metatyuyamunite. 
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sample 94027 

Figure 3.16: Transmission electron micrographs of fibrous trioctahedral smectite. 
(A) Huntite platelets associated with trioctahedral smectite fibers. 
(B) Fibers and films of trioctahedral smectite after removal of the 
carbonate fraction using Na-acetate. 
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sized rhomb-shaped platelets in association with fibrous smectite (Fig. 3.16). SEM 

images of the dolomite crust (sample 94012) from Spider Cave shows hair-like fibers or 

filaments of Mg-silicate seemingly growing from pores in the dolomite crystals. 

Trioctahedral smectite in the dolomite crust is slightly more aluminous than the 

trioctahedral smectite in the moonmilk. From energy dispersive X-ray microanalysis, 

an approximate formula for sample 94027 is 

E055+(Mg2.9Alo.l)(Si3.95Al 0.05)(OH)2 -nH20. Eqn. 3.7 

Microanalysis of sample 94044 was more difficult because the sample consisted of 

individuals having compositions that varied too widely (mixture of Al-bearing and Al-

free Mg-smectite). Sample 94044 is probably a mixture of saponite and montmorillonite. 

3.7 Mixed-Layer Illite/Smectite 

A mixed-layer illite/smectite is a major component of a clay bed approximately 

10-15 cm thick in two caves, Endless (sample 94046) and Dry (sample 94049), on 

McKittrick Hill at the northeastern margin of the Guadalupe Mountains. The beds are 

exposed in the cave walls and appear to be a lithologic unit that cave development has 

truncated. The caves on McKittrick Hill have formed directly below the Yates Formation 

in the Seven Rivers Formation of the Guadalupian Capitan reef complex. Endless Cave 

is a three level maze cave; the mixed layer clay bed is exposed in the upper maze directly 

below an undulatory bedded dolostone unit (Fig. 1.5). The clay bed crops out in Dry 

Cave directly below the same undulatory bedded dolostone unit as in Endless Cave. The 

mixed-layer clay bed was only found in the caves. 

The clay bed consists of kaolinite, mixed-layer illite/smectite, and minor quartz. 

The clay is waxy in appearance, soapy in texture, and variable in coloration from red to 

green to brown. At the cave wall, the clay is multicolored purple, red, and green, whereas 

at a distance into the cave wall the clay is reddish brown. The reddish brown clay 
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contains a slightly better crystallized illite/smectite. White pods consisting of alunite and 

hydrated halloysite also occur usually directly under the mixed-layer clay bed. Trace 

element geochemistry and 40Ar/39Ar analyses of this clay will be discussed in Chapter 4. 

3.7.1 X-ray Diffraction Data and Electron Microscopy 

X-ray diffraction analysis indicates that the mixed-layer clay in Endless and Dry 

caves is mostly a regularly interstratified illite/smectite with a 70-80% illite component. 

The mixed-layer clay is poorly represented in the random powder pattern (Figure 3.1). 

Oriented diffraction patterns for the <2 um fraction are shown in Figure 3.17. This 

fraction was heated to 400°C for three hours which produced an illite pattern. The 

oriented diffraction pattern for the <0. 5 um fraction was very similar to the <2 um 

fraction. The ethylene glycol-solvated case produced a peak at 17°20 therefore indicating 

that the clay is an illite/smectite mixed-layer (Moore and Reynolds, Jr., 1989). The 

percent illite in the illite/smectite mixed-layers was estimated by measuring the A20 

(difference between the 001/002 and 002/003 peaks (Moore and Reynolds, Jr., 1989)). 

The A20 of the cave sample (7.4°20) indicates 70-80% illite layers. According to Moore 

and Reynolds, Jr. (1989), after ethylene glycol treatment, a strong reflection at 13.3A 

indicates RI ordering while a broad reflection at 17A indicates the presence of randomly 

interstratified mixed-layers as well. The interstratified illite/smectite from Endless Cave 

has a strong reflection at ~13A which suggests RI ordering. For comparison, Figure 3.18 

shows computer-generated diffraction patterns of oriented mixed-layer I/S clays with RI 

ordering. The patterns were generated using the Newmod program; default parameters 

were used. The amount of iron and potassium entered into the calcuations, 0.01 and 0.36 

wt% respectively, were estimated by energy dispersive X-ray microanalysis. 

The mixed-layer illite/smectite consists of anhedral to subhedral lamellae that are 

associated with the smaller anhedral kaolinite crystals. These are shown in Figure 3.19. 
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Figure 3.17: X-ray oriented diffraction pattern of mixed-layer illite/smectite. 
The pattern indicates the presence of smectite, kaolinite, and a regularly 
interstratified illite/smectite. 
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Figure 3.18: Computer-generated oriented X-ray diffraction patterns of regularly 
interstratified illite/smectite mixed-layers. The best representative 
computer-generated patterns for the illite/smectite of Endless Cave are 
shown in the box (illite/smectite of 70-80%). 
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Figure 3.19: Transmission electron micrographs of illite/smectite mixed-layer 
lamellae. (A) Micrograph shows kaolinite platelets and illite/smectite 
lamellae (sample 94046), and (B) illite/smectite lamellae. 
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3.8 Palygorskite 

Palygorskite is a chain-layer clay mineral of the dioctahedral sub-group. It is needle

like in morphology with lengths of fibers ranging from less than one lum to 20 um 

(Singer, 1989). In general, palygorskite deposits occurs as layers, lenses, and veins; white 

to cream in color; and occasionally described as "mountain wood", "cork", and "leather". 

In caves it can form mats and has sometimes been referred to as "mountain leather" (Hill 

and Forti, 1986). Hill and Forti (1986, p. 107) quotes R. Frost's description of palygorskite 

in a northwestern Washington cave in 1971 as:".. .white to dirty gray in color resembling 

crumpled dirty rags or soggy chewed up cardboard. The grimy cloth-like appearance 

creates interest amongst miners, one of them told me that he made a pair of underwear out 

of the stuff." In Carlsbad Cavern, Davies (1964) described the palygorskite-bearing 

material as a pink clay that is dense, hard, and breaks with a conchoidal fracture; its 

hardness was attributed to calcite cement. 

Two samples, 94020 and 95026, contained abundant palygorskite. Sample 94020 

is a smectite-rich sediment that fills narrow cm-diameter fissures in Left Hand Tunnel. 

Sample 95026 is a smectite-playgorskite material occurring in pods in a wavy dolostone 

bed one mile north of Endless Cave on the surface in the Seven Rivers Formation near the 

contact with the Yates Formation. Stratigraphically, this sample is situated very close to 

the location of the illite/smectite mixed-layer bed occurring in Endless Cave. 

Palygorskite is found in three types of cave sediments: (1) the dioctahedral smectite-rich 

green, brown, and red materials commonly filling solution cavities in Lower Cave; (2) the 

large deposits of laminated quartz-rich silts in Left Hand Tunnel, Big Room and Lower 

Cave; and (3) smectite-rich joint/fracture filling materials in Left Hand Tunnel. In each 

case, it was disseminated in the sediment and did not have that leathery character. The 

minerals associated with palygorskite in cave sediments are quartz, dioctahedral smectite, 

illite, kaolinite, feldspar, calcite and dolomite detrital grains, and mica. 
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3.8.1 X-ray Diffraction and Electron Microscopy 

X-ray diffraction powder patterns of sample 94020 (Fig. 3.20) and 95026 show a 

moderate peak for the d(001) palygorskite interplanar spacing. XRD powder and oriented 

patterns of silt samples and green and red clay samples from Carlsbad Cavern show only 

weak basal reflections. The most convincing method of identification in cave sediments 

was the use of electron microscopy and energy dispersive X-ray microanalysis because 

there was not enough palygorskite in the any of the samples to fully characterize it by X-

ray diffraction analyses. 

Transmission electron microscopy shows submicron-sized straight fibers of 

palygorskite, while scanning electron microscopy exhibits mostly curved fibers. The 

palygorskite fibers developed as intricate meshs or mats on detrital quartz grains and 

throughout the smectite matrix between detrital grains. Palygorskite on quartz grains 

appear to have developed from, or make up the clay cutans that envelope the quartz 

grains. Micrographs show palygorskite fibers radiating from smectite particles, and they 

also show fibers associated with the surface of detrital quartz grains (Fig 3.21). 

The chemical formula for palygorskite can be represented by 

(Mg5.y.zAlynz)(Si8.xAlx)O20(OH)2(OH2)4[R2+(x+y+2z)/2(H2O))4], Eqn. 3.8 

from Bailey (1980) and Jones and Galan (1988). The Dz represents vacancy, and R^+ 

represents the zeolitic cation(s). Gtiven et al. (1992) concluded from nuclear magnetic 

resonance studies that Afi+ in Floridan palygorskite occurs only in the octahedral sites. 

If aluminum in all palygorskite should be located only in the octahedra, then the x-

variable in the above equation can be omitted. The microanalysis of palygorskite fibers 

in sample 94020 showed too much aluminum to obtain a representative chemical 

formula. 

67 



1500--. 
dioctahedral smectite 

#94020 

palygorskite 

• * — 1 ^ - - Y^ i 

o 6 9 
degrees theta 

12 15 

glycolated 
air dried 

/ ^montmorillonite 

/ palygorskite #93040 

#93038 

#93029 

0 10 15 

degrees theta 
Figure 3.20: X-ray diffraction patterns of palygorskite-bearing samples. The top pattern 

is an oriented <2 um fraction from Carlsbad Cavern (#94020) that contains 
abundant palygorskite. The <2 um fractions from the laminated silt deposits 
of Carlsbad Cavern contain palygorskite, but it is not well represented in the 
X-ray diffraction patterns shown at the bottom of this figure. 
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Figure 3.21: Transmission electron micrographs of palygorskite fibers 
radiating from lamellar aggregates of montmorillonite. 
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3.9 Non-Clav Minerals 

The suite of minerals described below are related to the origin or alteration of the 

clay minerals found in caves of the Guadalupe Mountains. 

3.9.1. Aluminite 

The occurrence of aluminite, Al2(S04)(OH)4'7H20, in caves is apparently rare: 

Hill and Forti (1997) note only one report by Martini (1980) who describes it as white, 

chalky efflorescences on gypsum in an eastern Transvaal, South African cave. 

Aluminite occurs with gypsum and opal-A as moonmilk in Cottonwood Cave 

(Figure 1.4). The moonmilk is a brilliant white to bluish white coating on the cave wall 

below a bedrock pocket that contains hydrobasaluminite, gibbsite, alunite, hydrated 

halloysite, jarosite, and manganese oxyhyroxides. Powder diffraction data for the 

alumimte from Cottonwood Cave are listed in Table A.7 of Appendix A, and were 

compared to Sabelli and Ferroni (1978) and Farkas and Werner (1980). 

3.9.2 Alunite, Jarosite, and Natroalunite 

Alunite group minerals within cave sediments have been reported from only a few 

caves (Hill and Forti 1997). One such occurrence was reported in Alum Cave, Italy by 

Forti (1997). Alunite associated with halloysite has been reported in Lechuguilla Cave in 

the Guadalupe Mountains as an alteration product of H2S04 speleogenesis (Palmer and 

Palmer, 1992; Polyak and Guven, 1996). 

Alunite and natroalunite are found in bedrock pockets, solution cavity fills, 

floor deposits, and wall residues. Samples were collected from the Big Room, 

Guadalupe Room, Boneyard (near lunchroom), New Mexico Room, Lower Devil's 

Den, and Lower Cave in Carlsbad Cavern. Samples were collected from Apricot Pit, 

Boulder Falls, Glacier Bay, Lake LeBarge, The Great Beyond, and Tinsel Town in 

Lechuguilla Cave. Other alunite/natroalunite and hydrated halloysite samples were 

collected from Endless, Hell Below, Virgin, and Cottonwood caves. 
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Natroalunite and alunite crystals are cube-like rhombs which range in diameter 

from 0.5 to 30 um (Fig. 3.22) and are intimately associated with hydrated halloysite. 

Rarely is there an occurrence of hydrated halloysite without alunite/natroalunite. Figure 

3.23 shows the unit-cell size as compared to endmember alunite, natroalunite, hydronium 

alunite, and goyazite. 

Jarosite was identified by X-ray diffraction in only one sample from Cottonwood 

Cave and was associated with opalline sediment on the cave floor directly below a 

bedrock pocket and aluminite moonmilk. XRD data are listed in Table A.8 of Appendix 

A for alunite, natroalunite, and jarosite. 

3.9.3 Gibbsite and Nordstrandite 

Nordstrandite was collected from a floor deposit below wall residues at the top of 

Apricot Pit and midway down Apricot Pit in Lechuguilla Cave. Wall residue in Apricot 

Pit contains nordstrandite, goyazite, goethite, illite, dickite, and manganese minerals such 

as rancieite. A floor deposit at the top of Apricot Pit contains mostly nordstrandite with 

significant amounts of goyazite-svanbergite and todorokite. Directly above this floor 

sediment, Modreski (1989) and Cunningham et al. (1995) reported todorokite, rancieite, 

lithophorite, quartz, poorly crystalline or amorphous iron oxide, and an aluminum 

hydroxide mineral in black wall residues. The nordstrandite occurs as decimicron-sized 

blade-like crystals. The deposit at the top of Apricot Pit (sample 93016) is moderate 

brown (5YR 3/4) and the sample midway down Apricot Pit (sample 94031) is black. 

XRD data after Chao and Baker (1982) are listed in Table A.9 in Appendix A. 

Samples of almost pure gibbsite were collected from two caves. Gibbsite occurs 

in bedrock pockets in Cottonwood (samples 95018b and 97002b) and Virgin (sample 

94053) caves. XRD data for the Virgin Cave gibbsite is listed in Table A. 10 of Appendix 

A. There are significant differences in the XRD patterns of these two samples. Various 

samples from other caves contain trace amounts of gibbsite. 
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Figure 3.22: Transmission electron microscope images of alunite (A) and 
natroalunite (B) cube-like rhombs in association with 
halloysite tubes. 
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3.9.4 Goethite 

Several goethite samples were collected, but most were from surface sites. 

Goethite was found to be common in some wall residues, particularly those colored 

yellowish brown. The color of iron oxyhydroxides in soils can be an important tool in 

determining the size and species of iron oxide present. Goethite has Munsell colors 

between 7.5YR and 2.5Y, while hematite has 5YR and redder colors (Schwertmann and 

Taylor, 1989). Cave-occurring goethites have colors of 5YR 5/6, 10YR 3/4, and 10YR 

6/6 (GSA Rock Color Chart). The 5YR color of some samples may indicate the presence 

of minor amounts of hematite. XRD data are listed in Table A. 11. 

3.9.5 Goyazite-Svanbergite 

Goyazite, SrAl3(P04)2(OH)5«H20, and svanbergite, SrAl3(P04)(S04)(OH)<5 

occur as a solid solution in association with nordstrandite in sample 93016 which was 

collected from a floor deposit at the top of Apricot Pit in Lechuguilla Cave. This same 

mineral was observed in several other samples in trace amounts. It was also observed as 

a trace component in the insoluble residues of dolostone after Na-acetate treatment to 

remove all carbonates. X-ray diffraction data for this mineral are listed in Table A.8 of 

Appendix A. 

3.9.6 Huntite, Hydromagnesite, Magnesite, and Dolomite 

Mg-rich carbonates play an important role in the formation of trioctahedral 

smectite which will be discussed later. Sample 95027, moonmilk covering the floor of 

Hell Below Cave at the entrance to the New Year's Eve Room contains mostly huntite 

with lesser amounts of dolomite and magnesite. This is one of only a few occurrence of 

magnesite noted from caves in the Guadalupe Mountains. Dolomite crusts and 

hydromagnesite moonmilks are relatively common in caves of the Guadalupe Mountains. 

Sample 94044 is a dolomite crust from the Christmas Tree Room in Carlsbad Cavern. 
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3.9.7 Hydrobasaluminite and Basaluminiite 

Hydrobasaluminite (samples 95018, 97002, and 97005) was collected from an 

area near the Balcony in Cottonwood Cave. The mineral is similar in appearance to 

alunite, and occurs as nodules in bedrock pockets. The first sample collected (95018) 

was dried at room temperature and determined to be basaluminite. Suspecting 

hydrobasaluminite, samples 97002 and 97005, collected on a later trip, were kept 

moistened and X-rayed soon after they were collected; hydrobasaluminite rather than 

basaluminite was identified. Hydrobasaluminite was found to dehydrate quickly to 

basaluminite. The globules and nodules in Cottonwood Cave consist of 

hydrobasaluminite; basaluminite was not identified as a cave mineral but only as a 

dehydration product in the laboratory. Hydrobasaluminite has rarely been reported in 

nature. Diffraction data for hydrobasaluminite were generated from the unit-cell 

determined by Clayton (1980) and listed in Table A. 12 of Appendix A. Gibbsite, alunite, 

hydrated halloysite, opal, jarosite, aluminite, and gypsum were found in the same setting 

with hydrobasaluminite. X-ray powder diffraction patterns for hydrobasaluminite and 

basaluminite are compared in Figure 3.24. 

3.9.8 Metayuyamunite and Tyuyamunite 

Metatyuyamunite [Ca(U02)2(V04)2'3-5H20] and tyuyamunite 

[Ca(U02)2(V04)2'5-8H20] occur in three caves in the Guadalupe Mountains: Carlsbad, 

Lechuguilla, and Spider caves. Tyuyamunite has been reported from Tyuya-Muyun Cave 

in the former USSR, in Horse Thief Cave in Wyoming (Hill and Forti, 1997, and citations 

contained therein), and in a Montana cave (Bell, 1963). Mosch and Polyak (1996) noted 

an occurrence of carnotite from Horsethief Cave, Wyoming, and tyuyamunite from 

Carlsbad Cavern and Lechuguilla Cave, New Mexico. Metatyuyamunite is reported as 

the dehydration product of tyuyamunite (Stern et al., 1956) and therefore it is likely to 

occur with tyuyamunite in cave settings that are slightly drier. Metatyuyamunite was the 

only uranyl vanadate reported from Spider Cave (Polyak and Mosch, 1995) while 
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tyuyamunite was the only uranyl vanadate identified in Carlsbad and Lechuguilla caves. 

Diffraction data for these minerals are listed in Appendix A (Tables A. 13 and 14). These 

uranyl vanadates are associated with opal/quartz and fibrous trioctahedral smectite on 

gypsum and dolomite crusts. 

3.9.9 Quartz and Amorphous Silica (opal) 

Secondary quartz and opal (cave-authigenic) were found to be relatively common, 

but in small quantities. Quartz and opal are intimately associated with the uranyl 

vanadates, and usually associated with the trioctahedral smectites. The quartz in some 

samples consists of micron to decimicron-sized euhedral crystals; this was observed in 

Carlsbad Cavern in dolomite crust collected from the Chirstmas Tree Room and silicified 

silt collected from the Big Room. Secondary quartz is most abundant in chert beds which 

were noted in Carlsbad, Cottonwood, and Endless caves. Opal CT occurs with 

metatyuyamunite in Spider Cave (Polyak and Mosch, 1995). Opal A is associated with 

aluminite, gibbsite, and hydrobasaluminite in Cottonwood Cave. It was observed as 

small mm-sized, transparent botyroids in Left Hand Tunnel of Carlsbad Cavern. 

Amorphous silica was also noted in association with aragonite layers in stalagmites. 

Hill (1987) reported an occurrence of secondary quartz, the relatively thick chert 

beds in the Big Room of Carlsbad Cavern, as by-products of the sulfuric acid 

speleogenesis. A sample of chert was collected from a deposit of silt that is capped by 

a stalagmite in the Big Room of Carlsbad Cavern on the Texas Trail (same location as 

shown in Figure 70 of Hill, 1987). Euhedral quartz crystals are easily observed on this 

sample of chert when viewed under a binocular optical microscope. The thin section 

shows that the sample is a silicified silt consisting almost entirely of quartz. Silt grains 

have been cemented by fine-grained quartz. Crystals of the cement vary in size from 1 

to 10's of micrometers. In many places, ghosts of the quartz silt grains are exhibited. 

Ghosts of clay grains are also observed and the crystal fabric of quartz that has 
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replaced the clay grains is made up of the smallest crystals. Some heavy minerals 

survived the silicification of the silt. 

3.9.10 Rancieite and Todorokite 

The only two manganese oxides identified by this study are the hydrated 

manganese oxides rancieite and todorokite. These two minerals are fibrous. Crystals are 

generally straight fibers, complex crystals are three-dimensional arrays of these fibers. In 

some cases, these fibers are arranged as "stick boxes", or complex orthogonal dendrites 

(Fig 3.25). X-ray diffraction data are listed in Tables A. 15 and 16 of Appendix A. 

78 



Figure 3.25: Electron microscope images of todorokite and rancieite. 
(A) Transmission electron micrograph shows todorokite fibers 
in sample 94006 from the Guadalupe Room in Carlsbad Cavern. 
(B) Scanning electron microscope image of rancieite plates from 
sample 94010 from Spider Cave. 
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CHAPTER 4 

TRACE ELEMENT AND ISOTOPE GEOCHEMISTRY 

4.1 Trace Element Analyses 

Trace element analyses have been acquired for various samples which include 

clays, goethites, and other minerals such as hydrobasaluminite and quartz. The 

analyses are listed in Table 4.1. 

4.1.1 Trace Element Analyses of Selected Clays 

The clay samples selected for trace element analyses include the smectite-rich 

deposits of Carlsbad Cavern (samples 92010, 92012, 93035), wall residue and ledge 

deposits of Spider Cave (samples 93003, 93026, 93027), and mixed-layer clay of 

Endless Cave (sample 94046). 

The green and brown smectite-rich clays of Carlsbad Cavern such as the clay-

rich material that fills solution cavities in the Boneyard, Green Clay Room, and many 

areas of Lower Cave contain moderate amounts of zinc (518-3320 ppm) and 

measurable amounts of nickel (19-95 ppm) and vanadium (48-318 ppm). The source 

or origin of these clay materials has been speculated by Hill (1987) who acquired a K-

Ar date for the green clay (montmorillonite) of Lower Cave to be 188±7 million 

years, suggesting pre-Jurassic deposits from which the dated montmorillonite formed. 

Measurable uranium was not detected in these clays (Table 4.1). 

Ledge and wall residues of Spider Cave which are clay-rich contain only 

minimal concentrations of the trace elements listed in Table 4.1. Samples 93026 and 

93027 are not true wall residues but they are samples of weathered siltstone bedrock. 

Like the wall residues, they contain the clay minerals illite and dickite. These 

samples contain abundant manganese, but one sample was collected from a black 

seam. 
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Table 4.1: Trace element concentrations in selected samples. 

Sample 
no. 

CW2 
LR1 

92010 

92012 

93003 

93010 

93016 

93026 

93027 

93030 

93035 

94027 

94035 

94039 

94046 

94053 

95023 

As 
ppm 

36 
28 
<2 
22 
2 
<2 
46 
<2 
<2 
6 
<2 
2 
92 
18 
<2 
<2 
<2 

Cd 
ppm 

0.5 
36.0 

<0.5 

<0.5 

<0.5 

4.0 
6.5 
0.5 
<0.5 

<0.5 

<0.5 

<0.5 

3.5 
<0.5 

<0.5 

<0.5 

<0.5 

Co 
ppm 

46 
3 
7 
2 
2 
<1 
13 
24 
7 
<1 
6 
<1 
22 
9 
<1 
21 
<1 

Cu 
ppm 

160 
7 
21 
21 
5 
2 

282 
5 
2 
<1 
12 
1 

280 
8 
6 
15 
15 

Fe 
% 

0.12 

>15 
2.86 

4.38 

0.85 

0.04 

6.32 

2.14 

1.58 

0.08 

1.62 

0.03 

14.45 
0.94 

0.47 

0.17 

0.10 

Mn 
ppm 

6240 

115 
150 
125 
95 
10 

>ioooo 
1750 

485 
55 
65 
10 
580 
515 
5 

2220 

10 

Mo 
ppm 

<1 
4 
<1 
31 
<1 
<1 

i 13 

1 
<1 
1 
3 
<1 
40 
<1 
<1 
14 
1 

Ni 
ppm 

393 
19 
65 
19 
15 
<1 
208 
98 
27 
1 
95 
1 

115 
12 
4 

139 
1 

P 
ppm 

80 
70 
350 
300 
610 
40 

4990 

220 
670 
80 
210 
90 
830 
320 
50 
140 
120 

Pb 
ppm 

20 
224 
12 
18 
2 
2 

166 
8 
4 
<2 
10 
<2 
296 
2 
8 
10 
6 

Sc 
ppm 

11 
<1 
9 
12 
18 
<1 
100 
3 
3 
1 
5 
<1 
10 
<1 
<1 
1 
<1 

U 
ppm 

40 
<10 
<10 
<10 
<10 
<10 
<10 
<10 
<10 
20 
<10 
<10 
<10 
<10 
<10 
<10 
<10 

V 
ppm 

32 
98 
48 
156 
69 
2 

344 
9 
9 
26 
318 
1 

603 
25 
2 
18 
3 

Zn 
ppm 

300 
1285 

1185 

518 
140 

4070 

1040 

16 
38 
4 

3320 

102 
938 
92 
8 
62 

7400 

D. L. 2 0.5 
D. L. = detection limit 

0.01 10 1 10 

Sample descriptions 

CW2 - Hydrobasaluminite, Cottonwood Cave 
LR1 - Iron oxide pseudomorph of bladed crystals, Lonesome Ridge saddle, surface. 
92010 - Green Clay from Green Clay Room. 
92012 - Brown Clay from Green Clay Room. 
93003 - Floor deposit of wall residue, Spider Cave. 
93010 - Quartz, cave chert from Big Room, Carlsbad Cavern. 
93016 - Floor deposit of black wall residue, top of Apricot Pit, Lechuguilla Cave. 
93026 - Sample of Mn-seam in wall bedrock of Siltstone, Ghost Room, Spider Cave. 
93027 - Sample of silstone bedrock, V below sample 93026, Spider Cave. 
93030 - Limestone that metatyuyamunite has precipitated on, Spider Cave. 
93035 - Green clay pod, Lower Cave. 
94027 - Huntite moonmilk, Hell Below Cave. 
94035 - Iron-oxide sediment in potholes, G-survey Room, Lechuguilla Cave. 
94039 - Iron-oxide stalactite, Rusticles Camp, Lechuguilla Cave. 
94046 - Kaolinite/mixed-layer illite/smectite, Endless Cave. 
94053 - Gibbite-rich material, Virgin Cave. 
95023 - Quartz, cave-chert, Cottonwood Cave. 
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A sample of mixed-layer illite-smectite and kaolinite from a Permian clay bed 

of Endless Cave also contains only minimal concentrations of the trace elements 

listed in Table 4.1. 

4.1.2. Trace Element Analyses of Goethites 

A sample of goethite from the Rusticles area in Lechuguilla Cave, possibly 

corroded pseudomorphs of pyrite, was collected from a pothole; the source material 

was transported to the potholes from dripping water high in the ceiling. This sample 

(94035) contains moderate concentrations of arsenic (92 ppm), cobalt (22 ppm), 

copper (280 ppm), manganese (580 ppm), molybdenum (40 ppm), nickel (115 ppm), 

lead (296 ppm), vanadium (603 ppm), and zinc (938 ppm). The trace element 

chemistry of this sample is similar to sample LR1 collected from a surface gossan

like deposit on Lonesome Ridge. Sample (LR1) is a goethite pseudomorph of a 

bladed mineral, possibly sphalerite or barite. Sample LR1 contains moderate amounts 

of arsenic (28 ppm), cadmium (36 ppm), lead (224 ppm), and zinc (1285 ppm). 

Energy dispersive X-ray microanalysis in other samples of goethite pseudomorphs of 

pyrite show significant amounts of zinc. 

4.1.4 Trace Element Analyses of Other Minerals 

Trace element analyses of aluminum hydroxides are represented by two 

samples, nordstrandite from Lechuguilla Cave (93016), and gibbsite from Virgin 

Cave (94053). Both of these samples also contain other minerals such as todorokite 

and goyazite-svanbergite. Sample 93016 is a floor deposit collected at the top of 

Apricot Pit. The deposit appears to be an accumulation of the black wall residues that 

have been eroded from the walls and ceiling. This sample bears an interesting trace 

element chemistry. Like the goethite samples, sample 93016 contains significant 

arsenic (46 ppm) and cobalt (13 ppm). This sample is higher in all of the elements 

listed in Table 4.1 relative to the other samples, except for uranium. Sample 93016 
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contains 282 ppm of copper, >10,000 ppm of manganese, 13 ppm molybdenum, 208 

ppm nickel, 166 ppm lead, 100 ppm scandium, 344 ppm vanadium, and 1040 ppm 

zinc. The sample of gibbsite (94053), unlike the nordstrandite, contains only 

significant concentrations of cobalt (21 ppm) and nickel (139 ppm). 

Quartzes from the Big Room of Carlsbad Cavern (93010) and Cottonwood 

Cave (95023) were found to contain significant amounts of zinc (4070 and 7400 ppm, 

respectively). These quartzes are believed to form as a product of the sulfuric acid-

related speleogenesis. 

A sample of hydrobasaluminite (CW2) from Cottonwood Cave was the only 

sample of sulfate by-product of speleogenesis analyzed for trace elements. This 

sample contained significant amounts of manganese (6240 ppm), lead (20 ppm), 

scandium (11 ppm), uranium (40 ppm), and zinc (300 ppm). Sample CW2 also 

contained arsenic (36 ppm), cobalt (46 ppm), copper (160 ppm), and nickel (393 

ppm). 

4.2 Stable Isotope Analyses 

Stable isotope analyses were obtained for alunite (sulfur), quartz (oxygen) and 

halloysite (hydrogen and oxygen). These preliminary data show that additional 

analyses will provide valuable information regarding clay and cave genesis. 

4.2.1 Sulfur Stable Isotope Ratio Analyses of Alunite 

Sulfur stable isotope ratio analyses were acquired for alunite and natroalunite 

from three caves (Table 4.2). The 634S values for alunite/natroalunite ranged from -

28.9 to +0.1 %o and averaged -16.8 %o. The results are identical to data derived from 

cave gypsum and elemental sulfur by Kirkland (1982), Hill (1987), and Spirakis and 

Cunningham (1992), which ranged from -25.8 to +5.0 %o. These low values strongly 

indicate that the sulfuric acid (H2S04) responsible for the origins of these caves was 

derived from biogenic hydrogen sulfide (H2S) (Hill, 1987; 1990). The H2S probably 
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Table 4.2: List of stable isotope values for alunite, hydrated halloysite, and quartz. 

Cave and Location Alunite 534§ values Gypsum and Sulfur534§ v a i u e s 

(this study) (other studies) 

CARLSBAD CAVERN 
Big Room 

Boneyard 
Green Clay Room 
Guadalupe Room 
New Mexico Room 

LECHUGUILLA CAVE 
Apicot Pit 
Chandelier Ballroom 
Ghost Town 
Great Beyond 
Lake LeBarge 
Void 

COTTONWOOD CAVE 
Upper Gypsum Passage 
Lower Gypsum Passage 

-18.1,-22.7 

-6.7 
-14.0 
-27.1 
-9.8,-19.4,-22.2 

-28.6 

-21.4 
-28.7 

+0.1 

-13.9,-17.6,-19.0,-19.9,-21.1 (Hill 1987) 
-20.0 (Hill, 1987) ns 
-15.0,-15.2,-18.3,-18.9,-19.3,-22.0 (Kirkland 1982) 

-25.55 (Spirakis and Cunningham 1995) 
-21.19,-22.96 (Spirakis and Cunningham 1995)ns 

-23.51,-25.80 (Spirakis and Cunningham 1995)ns 

+5.0 (Hill 1987) 
-0.8 (Hill 1987) 
-14.6 (Hill 1987)ns 

All values are reported as per mil (%o) relative to troilite in the meteorite Canyon Diablo. 
ns - sulfur isotope values derived from native sulfur. 

Cave and Location Si ° 0 values 8D values 

ENDLESS CAVE (halloysite) 

NEW MEXICO ROOM (halloysite) 

ENDLESS CAVE (chert) 

ENDLESS CAVE (quartz powder) 

COTTONWOOD CAVE (chert) 

COTTONWOOD CAVE (quartz powder) 

BIG ROOM (chert) 

12.9 

14.5 

25.63 

23.26 

26.36 

24.59 

24.22 

•15 

-14.5 

All values are reported as per mil relative to standard mean ocean water (SMOW). 
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originated from the adjacent Delaware Basin immediately to the south of the 

Guadalupe Mountains by the bacterial sulfate reduction of the Castile anhydrites; this 

microbial reduction of sulfates yields isotopically light sulfur (Hill, 1996). The 

values for the alunite and natroalunite are signatures of this process, and they are not 

characteristic of sulfur isotopic ratios for alunites in other environments. Supergene 

and hypogene alunites from other geologic environments have 534S values that range 

from -3 to 29 %0 (Alpers et al., 1992; Rye et al, 1992). Given the isotopic 

fractionation equation for sulfur of sulfate derived from H2S reported by Rye et al. 

(1992) which is 

S34Salunite - 834 S H 2 S S 5.26 (106T~2) + 6.0 (eqn. 4.1) 

where T = absolute temperature. Assuming a 30 to 50°C temperature of formation 

while ignoring the effects of kinetic and microbial fractionations, the 634S values of 

the H2S gas should be about -92 to -56%o. Values for H2S gas in pressurized brine in 

the Castile Formation near the WIPP site are -22 to -14%o (Hill, 1996). This would 

suggest that the H2S involved in speleogenesis was lighter, or that kinetic isotope 

fractionation was significant, or additional microbial fractionation occurred near the 

water table where the caves formed. Otherwise, very high temperatures would be 

necessary to result in the values mentioned above. It is likely that biogenic and 

kinetic fractionations have influenced the 8^4S values of cave sulfates. The 

conditions under which the H2S and H2S04 are produced are not yet well known, but 

the negative values reported for the speleogenesis by-products indicate that microbial 

processes are involved. 

4.2.2 Oxygen Stable Isotope Ratio Analyses of Quartz 

Oxygen stable isotope ratios were provided by Dr. Hal Karlsson's isotope 

geochemistry laboratory at Texas Tech University. The samples selected consisted of 
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pure quartz occurring in chert beds, or pods of quartz crystals in gypsum blocks. 

Figure 1.7 shows a cave setting in Endless Cave where pods of quartz occur. Chert 

beds are reported by Hill (1987) in the Big Room of Carlsbad Cavern. Hill suggested 

that the chert formed because of the release of silica from the alteration of 

montmorillonite to hydrated halloysite by the sulfuric acid-bearing waters that formed 

the cave. If this is the case, then these chert beds and pods of quartz crystals are also 

by-products of speleogenesis. Chert from three caves was selected for analysis and 

the values ranged from 23.2 to 25.6%o relative to V-SMOW (standard mean ocean 

water). These values are listed in Table 4.2. 

4.2.3 Oxygen and Hydrogen Stable Isotope 
Ratio Analyses of Halloysite 

Oxygen and hydrogen stable isotope ratios were acquired for two samples of 

hydrated halloysite. Values for these halloysites are 8 ^ 0 = 14.5%o, 12.9%o and 8D = 

-14.5%o, 14%o (SMOW). These values are preliminary and should be considered only 

as such. The samples were air dried and evacuated at room temperature for one hour 

prior to analysis, rather than heated to 200°C prior to analysis. It is therefore possible 

that the results are affected by minute quantities of halloysite interlayer water. 

Further analyses are needed to confirm these preliminary results. 

4.2.4 Interpretation of the Stable Oxygen Isotope 
Values of Cave Quartz 

Cave cherts and pods of quartz crystals form when excess silica is released 

during the alteration of clay minerals by H2S04-related speleogenesis. The quartz is 

therefore a by-product of speleogenesis. The formation temperature of the cave 

quartzes should be the same as the temperature at which the caves and hydrated 

halloysite formed. Calculation of quartz formation temperatures are based on the 

experimentally derived fractionation equation reported by Friedman and CNeil 

(1977) which was determined from 200 to 500°C to be 

86 



S180qtz - S^O^o = 3.38 (106T-2). 2.90, (eqn. 4.2) 

where T is absolute temperature, and values are compared to V-SMOW. The 

extrapolation of this equation to temperatures below 200°C and an assumption of the 

8 0SMOW value of the preexisting groundwater are necessary for the estimation of the 

cave quartz formation temperatures. Many 8180 values for the preexisting 

Miocene/Pliocene groundwaters were assumed; these ranged between -14 and 0%o. 

Temperature results for both quartz and halloysite are discussed below. 

4.2.5 Interpretation of the Stable Oxygen and Hydrogen 
Isotope Values of Cave Halloysite 

While stable isotope values for only two samples (from two caves) of hydrated 

halloysite are available (8180=14.5%o, 12.9%o and 8D=-14%o,-14%0), the results fall 

beyond the range of values that are typical for kaolinites that form at lower 

temperatures (i.e., <100°C). The "meteoric line" equation (Craig, 1961), "kaolinite 

line" equation (Savin and Epstein, 1970), and oxygen isotope fractionation equation 

for kaolinite and water (Land and Dutton, 1978) are: 

8D = 8 x S 1 8Ow + 10, (eqn. 4.3) 

8D = 8 x 818Ow - 224, (eqn. 4.4) 

and S1 8Ok a o l - 2.5 (106T"2) -2.87, (eqn. 4.5) 

where T=absolute temperature. More careful analyses of halloysites are needed, but 

the two preliminary values compare well. A plot of 8 ^ 0 and 8D values for the two 

samples of the cave hydrated halloysite (speckled area) and a range of values for 

kaolinites from numerous other studies (area A) are shown in Figure 4.1. Few 8 1 8 0 

and 8D values for various kaolinites (other than kaolinites of high temperature origin) 

plot in the region close to the hydrated halloysite values of this study. Knauth and 
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5180 

expected shift due to 
hydrogen exchange 
with sulfuric acid or 
hydrogen sulfide. 

\ 

A - hydrated halloysite 

B - formation waters 

C - meteoric and cave waters 

expected shift due to 
insufficient dewatering of 
sample before analyses? 

D - kaolinite/halloysite from all environments 

E - high temperature kaolinite/dickite 

O - expected value of cave halloysites 

Figure 4.1: Stable isotope values for hydrated halloysite, regional waters, and 
all kaolinites. Note the difference in cave halloysite values versus the 
values expected for the cave halloysite. The bold arrow represents the 
shift in 8D due to H-isotopic exchange between H20 and H2S. Isotope 
values defining area D are from Savin and Epstein 1970; Lawrence and 
Taylor 1971; Rye et al. 1992; Zhou and Dobos 1994; and Marumo et al. 
1995. Values derived from fluid inclusions in evaporites of the Salado 
Formation define area B at the WIPP site near Carlsbad, New Mexico 
(Knauth and Beeunas 1986). Values for groundwater from the Delaware 
Basin and Carlsbad Cavern define area C (Chapman 1986; Lambert and 
Harvey 1987; Ingraham et al. 1990; Chapman et al. 1992). 
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Beeunas (1986) reported isotope values for fluid inclusions in basin evaporites that 

might be representative of values for the original basinal connate waters (area B of 

Figure 4.1). If the hydrated halloysite formed from migrated formation waters, then 

temperatures of 150°C to 180°C would be required to result in the isotope values 

comparable to those for the cave halloysite. These results would suggest that the 

hydrated halloysite from Guadalupe caves formed at relatively high temperature, but 

there is no other evidence of this from sediments in the caves, or from rocks in the 

Guadalupe Mountains. The highest known temperatures attained for the rocks of the 

Capitan Reef Complex in the area of the Guadalupe Mountains probably did not 

exceed 70°C (Given and Lohmann, 1986; Hill, 1987; Ulmer-Scholle et al. 1993; and 

Wiggins et al. 1993). On the other hand, meteoric ground water in the Delaware 

Basin and water from Carlsbad Cavern have 8D values that range from 

-50%o to -20%o along the meteoric water line (Lambert 1978; Ingraham et al. 1990; 

Chapman et al. 1992) as shown in area C of Figure 4.1. The 8 1 8 0 and 8D values for 

the hydrated halloysite, if formed in equilibrium with the regional ground water at 

50°C, should be approximately 15%o and -75%o, respectively. The significant 

difference in 8D of the cave kaolin (-14%o) and the calculated 8D for kaolin formed 

from regional ground water (-75%o), shown by the arrow in Figure 4.1, would then 

need to be explained. 

The Girdler-Sulphide process, which involves deuterium exchange between 

H2S gas and H 2 0 liquid, has been used to help produce much of the world's heavy 

water for the nuclear power industry (INFCE Working Group I, 1980). Hitchon and 

Friedman (1969) reported that condensate water associated with H2S-rich gas in a 

sedimentary basin in western Canada has undergone extreme enrichment of ^H but 

not 1 8 0 . Fritz and Frape (1982) reported that the reduction of SO42- to H2S in 

trapped interstitial seawater can result in an equilibrium H-isotopic exchange between 

H 2 0 and H2S that is large in residual water after loss of H2S causing a shift of 8D by 

at least 50%o. Assuming that the caves and halloysite formed together at temperatures 
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between 30° to 50°C, then a difference in 8D calculated for halloysite and 8D 

measured for the cave halloysite would be about 60 to 65%o (Fig. 4.1). The hydrated 

halloysite has probably formed at relatively low temperature (<50°C) which would 

indicate that the 8D values are therefore anomalous due to H 2 0 - H2S fractionation of 

hydrogen during the H2S-H2S04 origin of the caves. It takes relatively high 

concentrations of H2S to produce this situation. The gas is probably ascending from 

the Delaware Basin along joints. High concentration of H2S are possible if large 

amounts of gas are moving along narrow pathways such as joints. 

As mentioned above, the 8 1 8 0 and 8D values for the hydrated halloysite are 

only preliminary and may reflect insufficient dewatering of the clay prior to the 

isotopic analyses. 

4.2.6 Estimated Temperatures of Sulfuric Acid-Related 
Speleogenesis from the Stable Isotopic Ratios of Oxygen 

The stable oxygen isotope values measured for the chert, pods of quartz 

crystals and two samples of halloysite depend on the oxygen isotope values of the 

preexisting water from which dissolution of the carbonate rocks took place. A 8^80 

value of -8%o (n=2) was reported by Hill (1996) for present day water in the Capitan 

aquifer. During the Miocene and Pliocene epochs when the caves formed, climatic 

conditions may have differed significantly from present day conditions. Past water 

8*80 values ranging from -14 to 0%o were assumed in the calculations of the 

Miocene water temperatures, and were based on today's groundwater values of-8%o, 

and were varied by ±6%o. Values greater than -5%o resulted in quartz and halloysite 

formation temperatures that are >50°C. Also, values greater than -5%o did not have 

quartz formation temperatures overlapping with halloysite formation temperatures. 

The rocks of the Guadalupe Mountains were probably never exposed to temperatures 

in excess of 70°C, therefore, 8 1 8 0 values of late Miocene groundwater were most 

likely less than -5%o and similar to those of the groundwater today (-8%o). From 
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stable isotopic analyses of the quartzes, the assumption is made that Miocene 

groundwater probably had values that range between -14 and -5%o. 

The best 8 1 8 0 value of late Miocene groundwater was selected where the. 

quartz and halloysite formation temperature ranges overlapped in Figure 4.2; this 

value is approximately -14%o. The range of temperatures of formation for the cave 

quartzes and halloysites such that the quartz and halloysite formation temperatures 

overlap, interpreted from -14%o waters (Fig. 4.2), are 9 to 17°C. These preliminary 

stable isotope values seem to possibly indicate cooler groundwater temperatures 

during the Miocene, and perhaps as much as 8°C cooler than present day groundwater 

temperatures. Again, much emphasis is placed on the 8^80 values of the halloysites 

and of the low temperature quartzes. Better isotopic analyses of the halloysites along 

with isotopic analyses of other associated minerals such as gypsum should provide a 

means of determining more useful and accurate mineral formation temperatures. 

4.3 40Ar/39Ar Dating of Alunite 

Eleven samples of alunite from five caves were dated using Ar/ Ar. 

Alunite ages were determined for sample 96002 (Endless Cave), sample 96020 

(Virgin Cave), sample 94017 (Cottonwood Cave), sample 96027 and 96028 (Big 

Room, Carlsbad Cavern), sample 96029 (New Mexico Room, Carlsbad Cavern), 

samples 96032, 96033a, 96033b, and 96033c (Glacier Bay, Lechuguilla Cave), and 

sample 93018 (Lake LeBarge, Lechuguilla Cave). Analyses were provided by Dr. 

William C. Mcintosh and the Geochronology Laboratory at New Mexico Institute of 

Mining and Technology, Socorro, New Mexico. 

4.3.1 Purity of Samples 

The alunite samples were first purified by extracting the clay fraction using 

suspension in de-ionized water, elutriation, and Stoke's law of resistence (non-

chemical processing); they were subsequently X-rayed to assess their purites (Fig 
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Figure 4.2: Estimated temperature of preexisting meteoric waters associated 

with sulfuric acid speleogenesis during the late Miocene. The ideal 
assumptions are that the quartzes and hydrated halloysites formed at the 
same temperature from the same waters, and that the halloysite oxygen 
values are not influenced by residual interlayer water during stable isotope 
ratio analyses. The best fit value for Miocene groundwater is -14%o. 
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4.3). The best result came from samples that were processed using hydrofluoric (HF) 

acid; clay fractions were effectively destroyed and removed. Each non-chemically 

processed sample contained 0-20% hydrated halloysite, and one sample probably 

contained trace amounts of smectite. The crystals are mostly micron-sized cube-like 

rhombs ranging in diameter from 0.5 to 30 urn. In most samples, the alunite 

crystallite sizes range from 0.5-1.5 um. Figure 4.4 shows crystal morphology of 

larger alunite crystals. Figure 4.5 shows a typical sample before and after processing. 

The purest samples before and after processing were 94017, 96002, 96002HF, 96020, 

96020HF, 96027, 96028, and 96033a, b, c. The samples containing significant 

impurities were 96029, 96030 and 96032; an age for 96030 could not be determined 

because of excessive clay content. 

4.3.2 Alunite Apparent Ages 

Results from the Ar/ Ar dating of 10 samples are listed in Table 4.3. 

Plateau ages were used in most cases. The cleanest samples were HF-treated and 

yielded the flattest plateaus. The best age plateaus extended from -20 to >99 
39 cumulative percent of Ar released and are shown in Figure 4.6. 

Potential problems of dating fine-grained K-bearing minerals such as the cave 

alunites have been pointed out by Turner et al. (1974), Stoffregen et al. (1994), and 

Onstott et al. (1995). These investigators indicate problems such as diagenetic 
39 

exchange of K for Na over time, and recoil of Ar due to neutron irradiation of such 

fine-grained samples. From the work of Turner et al. (1974) and Onstott et al. (1995), 

the recoil distance of Ar atoms due to neutron irradiation is significant. Turner et al. 

(1974) reported a depletion layer of 0.08 urn from which Ar is lost. Figure 4.7 is an 

attempt to illustrate the predicted loss of Ar due to recoil from the "depletion layer." 

Simple calculations show that the loss of Ar from 1 and 10 um-sized crystals of 

alunite is about 8% and 1%, respectively. If loss of Ar from recoil is a problem, then 

it will show when analyses of different crystal sizes are performed. 
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Figure 4.3: X-ray diffraction powder patterns for some of the alunite samples 
processed for 40Ar/39Ar analyses using Stoke's law. 

Figure 4.4: Scanning electron microscope image of large alunite crystals (sample 
96033, Lechuguilla Cave). 
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TEM micrograph 
of raw sample 
#96002R before 
processing. 
Sample contained 
38% halloysite, 
9% smectite. 

TEM micrograph 
of sample 96002. 
The alunite was 
concentrated by 
elutriation and 
Stoke'slaw. This 
sample contains 
3-5% halloysite. 
Note halloysite 
tubes. 

TEM micrograph 
of sample 96002 HF. 
The alunite was 
concentrated by 
removing all clay 
using 25% HF 
acid. 

Figure 4.5: Transmission electron microscope images comparing clay content 
before and after separation and purification of alunite for ^Ar/^Ar dating. 
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Table 4.3: ^Ar/^Ar dating results. 

Sample 
Cave 
Carlsbad Cavern 

Green Clay Room 
New Mexico Room 
Big Room 
Big Room 
New Mexico Room 

Endless Cave 
Endless Cave 
Endless Cave 
Endless Cave 

Lechuguilla Cave 
Lake LeBarge 
Glacier Bay 
Glacier Bay 
Glacier Bay 
Glacier Bay 
Glacier Bay 

Virgin Cave 
Virgin Cave 
Virgin Cave 

Cottonwood Cave 

number 

30HF 
29HF 
28 
27 
29 

02HF 
02 
02R 
46 

18 
32HF 
33a 
33b 
33c 
32 

20HF 
20 
20 

17 

Elev. Alunite 
(meters) age (Ma) 

1090 
1135 
1115 
1115 
1135 

1250 
1250 
1250 
1250 

1180 
1230 
1230 
1230 
1230 
1230 

2010 
2010 
2010 

2040 

3.89+-0.13 
3.98±0.13 
4.0Q£0.04 
4.07±0.07 
4.50t0.16 

6.02t0.05 
6.34±0.23 
28.42t0.49 
27&t3 

5.16+0.13 
5.72±0.08 
6.07+0.08 
6.02+0.06 
6.02t0.04 
7.20t0.16 

11.30±0.17 
11.92±0.16 
12.22±0.16 

12.26±0.16 

Crystal 
size (um) Clay content 

1.34±0.05 
1.51±0.05 
2.02t0.07 
2.33±0.09 
1.51±0.05 

1.52t0.08 
1.48+0.04 
not measured 
not measured 

1.10t0.05 
1.29±0.05 
1.49±0.07 
2.88±0.17 
8.27+0.50 
not measured 

2.54t0.16 
2.58t0.13 
2.58+0.13 

2.37+0.11 

0% clay 
0% clay 
3% halloysite 
1-5% halloysite 
10-15% halloysite 

0% clay 
5% halloysite 
48% clay 
100% clay 

1-5% halloysite 
0% clay 
1-5% halloysite 
3% halloysite 
1% halloysite 
10-15% halloysite 

0% clay 
5% halloysite 
5% halloysite 

1-5% halloysite 

Alunite crystals were separated from hydrated halloysite by suspension in de-ionized 
water, agitation, gravity settling, and elutriation. Crystal sizes, reported as mean 
diameter and standard error of the mean, were determined by measurements of 60-100 
crystals per sample from TEM micrographs. Alunite in sample numbers ending with 
HF (in bold) was separated by removal of clays with a two hour treatment in 24% 
(hydrofluoric) acid. In general, samples with >10% halloysite show significant 
differences in alunite ages. The high apparent age of sample 02R is due to the 
presence of a large concentration of clay (-39% halloysite and - 9 % smectite). 
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[-Virgin Cave, 20HF 11.30 ±0.17 Ma —i 

Endless Cave, 02HF 6.02 ± 0.05 Ma 

650 670 

640 650 
Lechuguilla Cave, 32HF 5.72 ± 0.08 Ma 

650 

Carlsbad Cavern, 30HF 3.89 ± 0.13 Ma 

10 20 30 40 50 60 70 80 90 100 

Cumulative % 39Ar released 

Figure 4.6: Best results obtained from40 Ar/39Ar-dating of cave alunites. All 
of these samples were treated with HF acid to remove clay contaminants. 
Note flat age plateaus. From Polyak et al. (1998). 
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alunite 
crystal 

Maximum mean depletion 
of 39Ar atoms positioned 
at the surface is 50%. 

Mean depletion layer is 0.08 um 
(Turner and Cadogan, 1974) 

Approximate average 
depletion of 39Ar due 
to recoil of atoms out of 
the 0.08 depletion layer is 20% 
(20% of sphere is positioned 
outside of the crystal). 

Approximately 1% (from 8-10 um diameter crystals) to 8% 
(from 1 |im diameter crystals) of 39Ar is estimated to be lost from 
the 0.08 fim (mean) recoil depletion layer. 

in a vacuum. 

Tightly packed sample irradiated 

Most of the recoiled 39Ar atoms escaping the alunite crystals 
will redistribute into adjacent alunite crystals. Therefore 
the effective argon loss is very little, even in micron-sized 
crystals. The sample as a whole can be considered 
as one large single crystal as long as no impurities exist. 

Figure 4.7: Schematic that models 39Ar loss in micron-sized crystals of alunite 
due to irradiation-induced recoil. This figure proposes that the effects of 
recoil are minimal if the samples are single-phased (all alunite), tightly 
packed, and irradiation in a vacuum. 
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The results listed in Table 4.3 and Figure 4.6 do not indicate problems related to Ar 

recoil. Reproducibility of results is demonstrated by the following analyses of sample 

96033 from Glacier Bay in Lechuguilla Cave. This sample was separated into three 

size fractions (a = 1.49±0.07 um, b = 3.6±2.5 urn, and c = 8.27±0.50 urn) in order to 

assess the relationship between crystal size and their apparent ages. Apparent ages 

and plateaus were found to be identical despite the crystallite size (Fig. 4.8). Itaya, et 

al. (1996) reported that Ar retentivity in fine-grained supergene alunite is similar to 

that of coarse-grained hypogene alunites; the smallest samples they tested were 5-8 

u.m in diameter. Results reported in this dissertation are similar and show no 

difference in Ar yield from 1.5 to 8.3 jim-sized crystals (Fig. 4.8). Recoil is probably 

occurring, but the recoiled atoms are embedding themselves into adjacent crystals 

(Fig. 4.7). As long as the sample is packed well, consists of only one phase, and is 

irradiated in a vacuum, then the packed group of micron-sized alunite crystals will act 

as one much larger crystal. In this case, loss of Ar due to recoil will be minimal. 

Three samples, 96002R, 96002, and 96002HF from Endless Cave produced 

apparent ages that reflect the disrupted plateaus due to clay content. This was 

expected for 96002R, as it was raw (pre-processed) material and contained 

approximately 39% halloysite and 9% smectite. Sample 96002 was processed from 

sample 96002R using only de-ionized water. Results from 96002R show a drastic 

difference from the raw sample and yielded a plateau age of 6.34±0.12 million years. 

Sample 96002HF contains no clay and yielded a flat age spectra with a plateau age of 

6.02±0.05 million years. These results for samples 96002R, 96002, and 96002HF 

distinctly demonstrate the affects of clay contamination on alunite ages (Fig. 4.9; also 

refer to Fig. 4.5). Sample 96032 from Glacier Bay did not produce a plateau 

comparable to the other alunite samples, and yielded a plateau age of 7.26±0.08 

million years. After cleaning with HF acid, sample 96032HF yielded a plateau age of 

5.72±0.08 million years, again illustrating the problems due to clay content. Samples 

96032 and 96033, both collected from Glacier Bay, yielded alunite ages of 5 .72±0.08 
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Figure 4.8: 40Ar/39Ar spectra of three size fractions of alunite from sample 96033. 
Each fraction contains 1-3% impurity which consists of gibbsite and 
hydrated halloysite. These results indicate that plateau ages are not 
disrupted due to the fine-grained nature of the alunite, or differences 
between crystal sizes. 
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Figure 4.9: Disrupted age spectra of 96002 due to clay content. Note that the 
best age spectra is represented by 96002HF. The figure illustrates the 
effects of 3-5% clay content. The graph at the top is constructed 
from data for samples 96002, 96020, 96029, and 96032. From Polyak et 
al. (1998). 
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million years and 6.02±0.04 million years, respectively. Two samples were collected 

from the Big Room in Carlsbad Cavern, one from the center of the room on the Texas 

Trail, and the other from the edge of the room in that same area. Both samples, 96027 

and 96028, yielded nearly identical results of 4.00±0.04 million years and 4.07+0.07 

million years, respectively. Reproducibility is demonstrated again by the Glacier Bay 

(Lechuguilla Cave) and Big Room (Carlsbad Cavern) sample results. 

Ages for the Virgin Cave and Cottonwood Cave alunites are essential in 

working out the geologic history of the caves and Guadalupe Mountains, because 

these caves are located at the western end of the reef escarpment close to the border 

fault zone that uplifted the block that formed these mountains. The Virgin Cave 

alunite (96020HF) was the purest of these alunite samples and yielded a plateau age 

of 11.30±0.17 million years. 

4.3.3 Elevation Versus Radioisotopic Age 

There is a positive correlation between elevation of alunite deposit and its 

radiometric age. These caves are several to 10s of kilometers apart, yet there are 

similarities in alunite age versus elevation. For instance, the elevation of Endless 

Cave is approximately 1250 meters, while the elevation of the Glacier Bay in 

Lechuguilla Cave is approximately 1230 meters. These caves are located about 25 

kilometers apart, yet the radioisotopic ages for the alunite in Endless Cave and 

Glacier Bay are 6.02 and 5.7 million years, respectively. Two alunite samples from 

the Big Room in Carlsbad Cavern were collected in the vicinity of Mirror Lake. The 

samples were located about the same elevation (1120 meters), and have yielded ages 

of 4.05 and 4.00 million years. The alunite from the New Mexico Room is located at 

an elevation of 1135 meters, only 20 meters higher than the Big Room samples and 

has yielded an age of 3.98 million years. The strong correlation of age with elevation 

is shown in Figure 4.10, and is represented by a polynomial curve which is fitted to 

the best (HF) data. 
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4.3.4 Alunite Ages Represent the Formation 
Age of the Caves 

The alunite ages represent the ages of the sulfuric acid-related "hypogene" 

caves because the alunite, like the hydrated halloysite, is a by-product of the sulfuric 

acid-related speleogenesis. By this way, formation ages are determined for Carlsbad 

Cavern (Big, Green Clay, and New Mexico rooms), Lechuguilla Cave (Glacier Bay 

and Lake LeBarge), Endless Cave, Cottonwood Cave," and Virgin Cave. Complete 

age data are listed in Table 4.3. The older caves are located at the higher elevations 

toward Guadalupe Peak, whereas the younger caves are located at the lower 

elevations near Carlsbad Cavern. 
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CHAPTER 5 

DISCUSSION 

This chapter will focus on the origin of cave-authigenic, detrital, and inherited 

clays occurring in Guadalupe caves. The significance of the clays study in relation to 

understanding the geologic history of these caves will also be discussed. 

5.1 Cave-Authigenic Clay Minerals 
in the Guadalupe Mountains 

Hydrated halloysite, montmorillonite, trioctahedral smectite (saponite and 

stevensite), and palygorskite were found to be cave-authigenic clay minerals in the 

Guadalupe Mountains. Of these clay minerals, hydrated halloysite is widely recognized 

to be cave-authigenic as a by-product of the sulfuric acid-related cave genesis. 

Dioctahedral smectite has formed in moistened ledge and floor deposits of wall residues 

in Spider Cave. Trioctahedral smectite (saponite and stevensite) is found to be cave-

authigenic in Mg-rich settings where late stage Mg-carbonates such as dolomite, huntite, 

and magnesite are common. Evidence is not convincing that montmorillonite forms in 

cave settings such as in the laminated silt and clay sediment in Carlsbad Cavern. 

Palygorskite is interpreted to form in cave settings that are related to carbonate deposits; 

palygorskite deposits include unconsolidated silt containing detrital calcite and dolomite 

grains, or clay-rich materials that fill narrow cracks in carbonate rocks. Origins of these 

clays in caves of the Guadalupe Mountains are discussed in greater detail throughout this 

chapter. 

5.1.1 Formation of Hydrated Halloysite and Alunite 

Hydrated halloysite has formed from the alteration of illite, dickite, and 

dioctahedral smectite by sulfuric acid-bearing solutions as Hill (1987) and Polyak and 

Giiven (1996) have reported. The alteration of smectitic deposits to alunite and hydrated 

halloysite is best exhibited in the Green Clay Room and in Endless Cave. Figure 5.1 
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Limestone bedrock 

Green montmorillonite-rich 
sediment 

White alunite and 
lOA-halloysite 
"reaction rim" 

Green Clay Room example: 
Montmorillonite filling solution 
cavities has altered to alunite 
and lOA-halloysite during 
cave genesis. 

Endless Cave exampler-7"" 
Permian clay bed, ' 
truncated by 
H2S-H2S04-cave genesis, 
was altered to alunite 
and lOA-halloysite. 

Dolostone bedrock 

Interstratified illite-smectite + kaolinite 

alunite + 1 OA-halloysite 

Dolostone cave walls 

- Black "halo" of Mn-oxides 

White nodules of alunite and 
blue nodules of 1 OA-halloysite 

Fallen wall block of gypsum 

Lechuguilla Cave example: Bedrock pocket that was 
apparently behind a fallen gypsum wall block. These 
bedrock pockets commonly have a black halo of 
Mn-oxides that are indicative of reduction/oxidation 
zones. 

Figure 5.1: Examples of settings where hydrated halloysite and alunite have 
formed during sulfuric acid-related speleogenesis. 
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shows specific occurrences of hydrated halloysite and alunite. XRD patterns in Figure 

5.2 show the mineralogy of the sediment before and after the sulfuric acid-related 

alteration. Smectite-rich sediments have altered to hydrated halloysite and alunite. The 

alteration reactions can be expressed as follows: 

Case #1 (Endless Cave, #94046), sulfuric acid + illite/smectite mixed-layers, 

2 H 2 S 0 4 + 3 [(K, Na) (Ali.65Mgo.34Feo.oi)(Si3.28Alo.72)(Oio)(OH)2niH20] 

->l[(K,Na)Al3(S04)2(OH)6] + 2[Al2Si205(OH)4>2(H20)] 

+ 6 Si0 2 + residual (Na+, K+, Fe2+, Mg2'). (scheme 5.1) 

Case #2 (Green Clay Room, #93041), sulfuric acid + smectite-rich sediment, 

1 H 2 S 0 4 + 3 [(K, Na) (AlL24Mgo.47Fe0.29)(Si3.56^0.44)0 lo(OH)2nH20] 

-•1 [(K,Na)Al3(S04)2(OH)6] + 1 [Al2Si205(OH)4).2(H20)] 

+ 9 Si02 + residual (Na+, K+, Fe2+, Mg2+). (scheme 5.2) 

It is apparent that excess silica is generated in appreciable quantities from the alteration of 

these clay-rich sediments as Hill (1987) has noted. The excess silica re-precipitates as 

chert, and as pods of "uncemented" quartz crystals in gypsum blocks. The quartzes are 

generally free of opal. Figures 1.4 and 1.5 show occurrences of quartz/opal materials that 

are byproducts of speleogenesis. 

The origin of the hydrated halloysite in these caves probably occurred in stages 

with the partial destruction of the montmorillonite occurring during the initial stage. 

With progression of alteration, randomly interstratified lOA-halloysite/montmorillonite 

forms; the final product is hydrated halloysite. Figure 5.3 presents this model for origin 

of hydrated halloysite from the alteration of montmorillonite. Interaction of H2S04-

bearing water with montmorillonite is assumed to take place initially along clay particle 
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Figure 5.2: X-ray diffraction patterns of the green clay (top), and the white 
rim of alunite and hydrated halloysite (bottom) from the Green 
Clay Room, Carlsbad Cavern. A schematic of a solution cavity 
in the Green Clay Room is included for reference. 
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Figure 5.3: Model for the origin of hydrated hallosyite from montmorillonite. 
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surfaces of the smectite. The 2:1 clays expose siloxane surfaces (silica tetrahedral sheet) 

whereas 1:1 clays expose both siloxane and hydroxide (octahedral sheets) surfaces. 

Migration of acidic water into the montmorillonite interlayer regions forces out cations 

and attacks the tetrahedral sheets (siloxane surfaces). This process in the caves is 

envisioned to proceed relatively fast, occurring in thousands or 10s of thousands of years. 

The environment of alteration is envisioned as acidic, but not so harsh that the solutions 

quickly or completely destroy the clay structures. 

This theory suggests that sulfuric acid-bearing solutions attack clay edges and 

surfaces, including interlayer surfaces. "Flushing" or dissolution of interlayer cations 

such as K, Na, and Ca occurs first. Kuwahara and Aoki (1995) reported the incongruent 

dissolution of phlogopite in acid solutions in the order of K > Fe > Mg, Al > Si. Some of 

the experiments of Kuwahara and Aoki (1995) produced interstratified mica/vermiculite 

from phlogopite in which they suggest the presence of H30
+ in the interlayers. Others 

have reported a near congruent dissolution rate of the sheet cations (Luca and 

MacLachlan, 1992; Tkac et al., 1994). Novak and Cicel (1978) found that the dissolution 

rate of the octahedral layer in smectites is dependent on the substitution of Fe3+ and Mg2+ 

for Al3+ in the octahedral position. These studies indicate that at the lower temperatures 

(<80°C), the difference in dissolution rates of the octahedral cations versus tetrahedral 

cations is subtle, but exists. 

Interlayer cations (K, Na, Ca) of smectite can be exchanged by the hydronium ion, 

(H30)\ subsequently, tetrahedral sheets begin a partial dissolution, especially where the 

bonds between octahedra and tetrahedra are weakest. This probably occurs at positions 

of the octahedral sheet where Fe3+ and Mg2+ substitute for Al3+, or at tetrahedra where Al 

substitutes for Si4+. Proton-rich solutions invade the octahedral sheet directly along the 

edges of the layers, and these solutions could also reach the octahedral sheet through the 

dissolved tetrahedral holes. 

Where sections of the tetrahedral sheet are removed, hydronium cations occupy 

the interlayers and the structure collapses such that minute domains of 10A halloysite are 

3+ 
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formed. The octahedral Fe and Mg are preferentially dissolved, leaving additional 

vacancies in the octahedral sheet that are filled by Al or remain as vacancies. Therefore, 

a randomly interstratified mixed-layer 10A halloysite/montmorillonite is formed. As the 

process matures, 10A halloysite becomes the dominant phase. 

The K, Na, and S04
2" from the interlayer flushing and sulfuric acid may react with 

excess silica and precipitate as alunite, natroalunite, hydrobasaluminite, and opal/quartz 

in direct or close association with the 10A halloysite. At the reduction/oxidation zone, Fe 

and Mn are precipitated as goethite and todorokite forming the blackened halo that is 

characteristically observed around the bedrock pockets. 

The process forms extremely small domains because attack of the acidic fluids on 

the tetrahedral sheets is not uniform. Alteration of the smectite proceeds from the outer 

surfaces inward. Thin films curl because of misfit between tetrahedral and octahedral 

sheets (Bates et al., 1950) and interlayer water allows slippage of sheets rather than 

reorientation (rotation) of tetrahedra (Singh, 1996; Singh and Mackinnon, 1996). 

5.1.2 Authigenesis of Montmorillonite in Ledge 
Deposits of Spider Cave 

Montmorillonite (sample 93005) has formed in ledge deposits in Spider Cave; this 

setting is shown in Figure 5.4 where a section of the cave was temporarily flooded, 

leaving a "flood line" on the cave walls. This flood line probably represents a slow and 

lengthy rise and fall of a water level rather than fast and violent as one might think of by 

the use of the word "flood." The line is sharp because the water has removed the wall 

residue at and below the water line. The wall residue and ledge deposits (accumulations 

of fallen wall residues) above the waterline in this area of the cave contain illite, dickite, 

goethite, quartz, and rancieite. In ledge deposits just above the waterline where the 

deposits have remained very moistened, minor to moderate amounts of smectite are 

present below this water line. The ledge and floor deposits in this area therefore contain 

the same mineralogy as the wall residues plus abundant dioctahedral smectite. These 
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Figure 5.4: Profile of cave passages and mineralogy of cave sediments in 
Spider Cave in a setting where dioctahedral smectite is forming. 
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ledge and floor deposits (below the water line) have developed desiccation cracks which 

is an indicator of the presence of smectite. Observations indicate that smectite has 

formed in the sediment below the water line and in moistened ledge and floor deposits 

just above the waterline. Initiation of smectite formation must have occurred relatively 

fast (years to hundreds of years) because there is no evidence that the floodwater 

remained at that level for a long (thousands of years) period of time. Waterline stains on 

white carbonate speleothems are barely detectable and show that the floodwater must 

have been relatively clear and free of mud. Therefore, the possible scenario that the 

smectite was carried into the cave with the floodwater, and then 

disseminated into the wall residues at the time that the residues were deposited onto 

ledges and the cave floor is unlikely. 

The montmorillonite in the ledge and floor deposits of Spider Cave probably 

formed rapidly in the moistened deposits. Minor amounts of silica (amorphous) and 

alumina (aluminum hydroxides) from wall residues eroded by floodwaters may have been 

sufficiently available for direct precipitation. Another possible way in which 

montmorillonite formed in these ledge and floor deposits was by alteration of illite or 

dickite. Figure 5.5 shows micrographs of smectite and altered illite from the ledge 

deposit of Spider Cave (sample 93005). The origin of this dioctahedral smectite deserves 

further study. 

5.1.3 Authigenesis of Trioctahedral Smectite 
in Guadalupe caves 

The formation of trioctahedral smectites in caves is obviously related to carbonate 

precipitation, particularly Mg-carbonates. For this reason, it is necessary to review Mg-

carbonate mineralization in caves. The sequence of carbonate deposition can be predicted 

by the phase diagram of the CaC03-MgC03-H20 system at 25°C from Lippmann 

(1973); this diagram includes Mg(OH)2 (brucite). Ford and Williams (1992) and Hill 
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Figure 5.5: Transmission electron microscope images of smectite from ledge 
deposits of Spider Cave (sample 93005). The clay particles in A 
and B are possibly altered illite grains. 
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and Forti (1997) have modified this diagram to show the expected sequence of carbonate 

precipitation/neoformation in caves to be 

calcite->Mg-calcite->aragonite->huntite->hydromagnesite (scheme 5.3) 

as evaporation and carbon dioxide loss progress and change the chemistry of a water film. 

The carbonate minerals mentioned above are common in dolostone caves. From the 

carbonate phase diagram, precipitation of magnesite and brucite are predicted with 

conditions of extreme evaporation and carbon dioxide loss. Magnesite, while rare, has 

been reported in cave crusts and moonmilk; however, brucite has not yet been reported in 

caves (see Hill and Forti, 1997). Conditions hypothetically favorable for the presence of 

brucite should also be conducive to the formation of Mg-smectite if silica is undersatured 

but available in the system (Harder 1972). Extreme (and very slow) evaporation could 

result in conditions favorable for brucite precipitation, but the lack of reports of brucite in 

caves suggests those conditions are probably not attained, or that the brucite is short

lived. 

The silicate mineralogy found in calcite and aragonite speleothems indicates that a 

sequence of silicate precipitation is concurrent with the sequence of carbonate 

precipitation with progressive evaporation and carbon dioxide loss. Amorphous silica 

forms in calcitic stalagmites mainly along thin layers of aragonite. Amorphous silica and 

poorly crystallized, allophane-like silicates form in some aragonitic speleothems such as 

crusts. Farmer et al. (1991) have shown how similar materials result in laboratory 

syntheses conducted to simulate the soil environment. Calcite and aragonite form in the 

less evaporative cave settings, while dolomite, huntite, hydromagnesite, and magnesite 

form in settings representative of higher degrees of evaporation and carbon dioxide loss 

(Ford and Williams, 1992; Hill and Forti, 1997). Conditions in the evaporative cave 

settings are commonly highly alkaline and Mg-rich and therefore favorable for the 

formation of trioctahedral smectites (Jones and Galan 1988). Silicates associated the 
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carbonate speleothems are indicated by X-ray diffraction patterns of insoluble residues 

(Fig. 5.6). 

Crusts and moonmilks consisting of Mg-carbonates represent settings with high 

pH solutions. Amorphous and crystalline silica solubility increase rapidly above pH 9 

(Drees et. al, 1989). Silica is therefore predicted to be in solution in these alkaline Mg-

carbonate settings. Polyak and Mosch (1995) report the precipitation of opal in 

association with uranyl vanadates after deposition of gypsum, calcite and aragonite, and 

associated with dolomite and hydromagnesite. Evaporation and deposition of calcite and 

aragonite in this case preferentially extracted Ca and enriched the remaining solutions in 

U, V, and Si. Consequently, Mg-silicates occur in association with the uranyl vanadates 

as is the case in Carlsbad Cavern and Spider Cave. 

Trioctahedral smectites in moonmilk and crust forms from seepage water derived 

from condensate, or from thin films derived from drip water (Fig. 5.7). In areas where 

condensate forms on the cave walls and ceiling, the seepage or condensate forms a water 

film that moves slowly downward along the cave walls and dissolves the dolostone 

bedrock. At some level on the cave wall, the microenvironment becomes conducive to 

precipitation of carbonates and eventually Mg-silicates as well. In some areas 

surrounding drip water (already charged with carbon dioxide and the ions necessary for 

carbonate precipitation), splashes, aerosols, and very thin films develop which are 

sensitive to the effects of evaporation and carbon dioxide loss. In both cases, mainly 

through slow evaporation, carbon dioxide loss, and/or biological processes, the calcium 

in solution is initially removed by the precipitation of magnesian calcite and then, with a 

subsequent increase in Mg content, aragonite. Dolomite, huntite, magnesite, and/or 

hydromagnesite precipitate next utilizing the remaining Ca and much of the Mg. The pH 

of these solutions is probably high (pH>8). The resultant solution is concentrated in Mg 

and contains some silica. Opal or quartz, and trioctahedral smectites precipitate with the 

Mg-carbonates. The progression of silicate precipitation/neoformation along the path of 

carbonate precipitation on the carbonate mineral phase diagram is shown in Figure 5.8. 
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Figure 5.6: X-ray diffraction powder patterns of silicates associated with carbonate 
speleothems. (A) Opalline material extracted from calcite and aragonite 
stalagmites. (B) Opalline materials and prototype of trioctahedral smectite 
extracted from aragonite crust. (C) Trioctahedral smectite extracted from 
huntite moonmilk. 

117 



amorphous 
silicates 
associated 
with calcite 
and aragonite 
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Figure 5.7: Schematic of cave passage showing settings where trioctahedral 
smectites precipitate. Amorphous silicates such as opal form in association 
with the precipitation of calcite and aragonite in some speleothems such as 
flowstone and stalagmites. Trioctahedral smectites can form in the 
evaporation-dominated cave settings where Mg-carbonate moonmilks are 
common. 
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Figure 5.8: Phase diagram of the CaC03-MgC03-H20 system at 25°C after 
Lippmann (1973). The diagram has been modified by Ford and Williams 
(1992) and Hill and Forti (1997) to show the predicted path of carbonate 
mineral precipitation with progressive C02-loss from and evaporation of 
cave waters. The diagram is further modified here to show precipitation of 
silicates along that path of carbonate mineral precipitation in caves. 
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Sepiolite was not found in the Mg-carbonate speleothems probably because the 

conditions necessary to enrich the Mg sufficiently to form sepiolite in the cave settings 

also have exceeded the alkalinity and pH favorable for sepiolite formation (Jones and 

Galan 1988). Conditions, instead, were favorable for the formation of trioctahedral 

smectites. 

5.1.4 Authigensis of Palygorskite in Carlsbad Cavern 

Suarez et al. (1994) showed palygorskite fibers radiating from lamellar 

micromicas, and Verrecchia and Coustumer (1996) showed palygorskite around detrital 

quartz grains. They reported these observations as evidence that palygorskite is 

authigenic and not detrital. Palygorskite in cave sediments of the Guadalupe Mountains 

was observed in similar associations. Palygorskite fibers radiating from smectite 

aggregates and lamellae of clay-rich sediments (sample 94020) from Carlsbad Cavern are 

shown in Figure 3.21. Fibers clearly radiate and appear to originate from the smectite 

particles. Palygorskite, which is also moderately abundant in the laminated silt deposits 

of Carlsbad Cavern, is concentrated in the matrix of the silt, and especially around quartz 

grains. Figure 5.9 shows an image of palygorskite fibers around and attached to detrital 

quartz. It is not possible to identify the palygorskite with scanning electron microscopy 

by observations of external morphology, but transmission electron microscopy clearly 

shows the presence of palygorskite fibers in the silt. These microscopy observations 

support the interpretation that palygorskite formed in the cave sediments. 

In Left Hand Tunnel of Carlsbad Cavern at the junction to Lake of the Clouds, 

narrow (<2 cm wide) fissures in dolostone are filled with green clay-rich sediment 

(sample 94020). This sample contains the highest abundance of palygorskite of all cave 

samples studied. These fissures were originally filled with internal sediment that 

consisted of silt-sized quartz, mica, feldspar, and clay minerals such as illite and kaolinite 

Clay samples from the Green Clay Room and other areas in Lower Cave have similar 

mineralogies and contain moderate amounts of palygorskite. The laminated silt deposits 
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Figure 5.9: Scanning electron microscope images showing palygorskite fibers 
associated with quartz grains in cave sediment. 
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of Left Hand Tunnel, the Big Room, and Lower Cave contain moderate amounts of 

palygorskite. These silts contain minor amounts of detrital carbonate grains (both 

dolomite and calcite). The silts are also moistened in places by carbonate-rich drip 

waters. The fissure fillings and solution cavity fillings are essentially deposited in large 

pore-spaces in the dolostone and limestone bedrock. The narrow fissure fillings, clay-

rich sediments filling solution cavities, and floor deposits of laminated silts all share a 

carbonate rock environment that is somewhat similar to the lacustrine, caliche, and other 

carbonate-related environments where palygorskite is most commonly reported to form. 

It is likely that cave-authigenic palygorskite results from both direct precipitation 

and neoformation from smectite. The palygorskite in fracture-fill sediment is attached to 

silt grains, and is abundant in the clay-rich matrix; it forms in a carbonate-influenced 

environment, which supplies Mg and alkalinity. Silica that is needed for precipitation of 

palygorskite in these caves is derived from the minor dissolution of detrital grains such as 

quartz, micas, and smectite. Palygorskite on quartz grains precipitates directly from 

solution; in this microsetting, the Si is supplied by slight dissolution of quartz grains 

adjacent to the grain surface (Fig. 5. 10). Mg is derived from drip or seepage water from 

the carbonate bedrocks, dissolution of detrital carbonate grains, or possibly dissolution of 

smectite. The Al is derived from minor alteration of associated micas, smectite, illite, 

and kaolinite. The radiating nature of palygorskite fibers from smectite and illite 

aggregates seems to indicate a diagenetic origin. The Mg/Al in these sediments would 

need to be >1 to favor the origin of palygorskite over sepiolite according to Hassouba and 

Shaw (1980). It is probable that the Si/Al ratios and Mg/Al ratios are >1 in these 

sediments due to a moderate alkalinity in a carbonate-influenced environment. This is 

possible because even at the high relative humidities of the cave environment (>95%), the 

moistened (more porous) silt deposits experience a slow rate of evaporation which 

influence the ionic concentration of the solutions in the silts. The same conditions govern 

the formation of palygorskite in the sizable laminated silt deposits of Left Hand Tunnel 

and Lower Cave. 
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Figure 5.10: Sketches showing nature of palygorskite fibers in cave sediments. 
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5,1 A A Comments on Origin of Palygorskite from Illite/smectite 

Palygorskite was found at a surface outcrop that is located within a small wash on 

Nagooltee Peak just north of McKittrick Hill. This occurrence is stratigraphically 

equivalent with the kaolinite-illite/smectite clay bed exposed in Dry and Endless caves. 

The palygorskite-bearing material in the surface outcrop occurs as pods in and at the base 

of wavy-bedded dolostone. The Permian clay bed exposed in Dry and Endless caves is 

similarly located in and at the base of wavy-bedded dolostone. The pods of clay from the 

surface outcrop consist mostly of dioctahedral smectite and palygorskite, while the clay 

bed exposed in the caves consists of kaolinite and mixed-layer illite/smectite. The 

significance of this observation relates to the possibility that the clay bed has altered to 

palygorskite upon exposure to the surface conditions. Suarez et al. (1994) have noted a 

similar neoformation in alluvial fan systems in Spain where "micromica" has been altered 

to interstratified illite/smectite that has further been altered to palygorskite. 

5.1.5 Comments on Cave-authigenic Clay Minerals 

In caves, the humidity and temperature are somewhat constant. Relative 

humidities vary from cave to cave, and are less in arid regions, but usually greater than 

95%; this is the case for most of the caves of the Guadalupe Mountains. In general, 

origin of clays in caves will occur at low temperature and high humidity. 

It is easy to misinterpret the origin of clays in caves. Minerals such as illite and 

dickite can be extracted from bedrock by condensation-related weathering of cave walls. 

Weathering of bedrock by condensate or seepage waters is a slow, "low energy" process, 

which results in the transport of the insoluble minerals such as clays to ledge and floor 

deposits without undergoing physical damage to the crystals. Careful examination of 

these sediments is required by the investigator. Several ledge deposits were examined as 

part of this study, and euhedral laths of illite and booklets of euhedral dickite crystals 

were observed in many of these deposits. From this observation alone, one might 

prematurely suggest that illite and dickite are cave-authigenic. The same minerals were 
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observed in the insoluble residue of several bedrock samples after these samples were 

dissolved with Na-acetate. It was found that illite, dickite, and quartz make up the 

majority of insolubles in these Permian carbonate rocks; smectite was absent or very 

minor. Euhedral crystals of illite and dickite are well preserved, even after weathering of 

bedrock and short-distance transport to ledges and floor areas. 

Clay minerals predicted to form in limestone caves include montmorillonite, 

saponite, sauconite, stevensite, hydrated halloysite, palygorskite, and sepiolite. Two 

poorly defined minerals that are likely to form in the cave environment are allophane and 

imogolite. In some cases, randomly interstratified illite-smectite mixed-layers and 

hydrated halloysite/smectite may also form in caves. 

5.2 Detrital and Inherited Cave Clays 

In caves of the Guadalupe Mountains, detrital and inherited clays are more 

abundant than cave-authigenic clays. Inherited clays as dissolution residues of carbonate 

rocks include illite and dickite. Detrital clay minerals include kaolinite, montmorillonite, 

and illite. It is probable that trace amounts of chlorite, dickite, glauconite, and nontronite 

are also incorporated in detrital cave sediments. 

5.2.1 Mixed-Layer Clay Minerals in Caves 

Mixed-layer clays in caves of the Guadalupe Mountains include randomly 

interstratified illite/smectite, and regularly interstratified illite/smectite. It is predicted 

that interstratified hydrated halloysite/smectite exists as well. Of these, the illite/smectite 

mixed-layers are detrital, inherited, or occur as bedrock units exposed in the cave walls. 

Interstratified hydrated halloysite/smectite is cave-authigenic. 

5.2.1.1 Regularly Interstratified Illite/smectite Layers 

Regularly interstratified illite/smectite clay is well-exposed in caves of McKittrick 

Hill (Endless and Dry caves). X-ray diffraction shows that this clay bed also contains 

125 



abundant kaolinite and minor amounts of randomly interstratified illite/smectite. The 

occurrence of regularly interstratified illite/smectite is confusing because high 

temperatures or significant burial depths are normally required to produce this clay 

(Eslinger and Pevear, 1988). At low temperature and shallow depths, randomly rather 

than regularly interstratified illite/smectite is expected to develop. As discussed in 

Section 4.2.6. and 5.2.2, the highest temperatures that rocks of the Capitan Reef Complex 

in the area of the Guadalupe Mountains have been subjected to probably did not exceed 

70°C (Given and Lohmann, 1986; Hill, 1987; Ulmer-Scholle et al., 1993; and Wiggins et 

al, 1993). The greatest depths of burial of the Capitan Limestone were reported to be 

less than 1.5 km, and probably occurred during the Mesozoic (Murk, 1985; Mazzullo, 

1986; Crysdale, 1987). It is possible that deep burial during the Mesozoic, or that 

regional Cenozoic igneous activity (Barker, 1977; Parker and McDowell, 1973; Cabezas, 

1991; Chapin and Cather, 1994) may be responsible for producing temperatures high 

enough to form an ordered mixed-layer illite/smectite but this is not likely. 

A more probable alternative origin for the illite/smectite clay bed is that it was 

deposited in the Permian as detrital sediment in the form of a shale bed. Bill Mcintosh at 

New Mexico Institute of Mining and Technology provided an 40Ar/39Ar date for the 

illite/smectite clay. The total gas age for this clay is 278±3 million years, which is older 

than the 260 million year age of the rocks in which the clay bed occurs. Special 

preparation of the illite/smectite prior to ^Ail^Ai analysis may yield apparent ages that 

are more representative of the illite/smectite layers (Mossmann, 1991; Clauer et al., 

1997). This regularly interstratified mixed-layer illite/smectite is not a cave mineral (did 

not form in the caves). It has most likely formed prior to the origin of the caves of 

McKittrick Hill. The clay bed, consisting mostly of ordered mixed-layer illite/smectite 

and kaolinite, is a rare occurrence in the backreef carbonate rocks adjacent to the reef of 

the Capitan Reef Complex. The bed was probably deposited initially as regularly and 

randomly interstratified illite/smectite mixed-layer, kaolinite, and quartz during the 

Permian. 
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5,2,1.2 Randomly Interstratified Illite/smectite Layers 

Randomly interstratified illite/smectite mixed-layers occur with the regularly 

interstratified illite/smectite in the clay bed of Endless Cave (sample 94046). It is not 

possible to conclude whether the randomly interstratified illite/smectite is detrital or cave-

authigenic because it can form in the low temperature soil and surface sediment 

environment. For instance, Suarez et al. (1994) reported that palygorskite forms in 

alluvial fan deposits by the neoformation of "micromicas" to disordered illite/smectite, 

and then palygorskite. 

5.2.2 Dickite in the Guadalupe Mountains 

Dickite in the Permian dolostones is observed mostly as a void-filling precipitate; 

deposits can be as large as cm-sized pods. Dickite in the dolostones is present in all three 

backreef formations of the Capitan reef complex (Seven Rivers, Yates, and Tansill 

formations) in the Guadalupe Mountains. It is commonly found in vugs or pores that are 

lined with a dolomite druse (Fig. 3.4). In larger vugs or pore spaces, dickite booklets are 

engulfed by blocky calcite cement. Ulmer-Scholle et al. (1993) reported dickite as 

inclusions in evaporite-replacive megaquartz and sparry calcite in the backreef 

carbonates. Dunham (1972) reported kaolinite in rocks of the Capitan reef complex and 

indicated that kaolinite is most abundant where backreef units merge with the Capitan 

Limestone. Dickite was found to be relatively abundant in the Seven Rivers, Yates, and 

Tansill formations. Dickite samples were collected from areas noted on the map in 

Figure 3.3. 

It was first suspected that dickite may be authigenic in the cave deposits because 

pods are abundant in some sediments but not obvious in the bedrock of the cave walls. 

Crystals are euhedral and booklets are intact in these sediments, and there is lack of 

published dickite occurrences from rocks of the Capitan reef complex in the Guadalupe 

Mountains. It is clear now that dickite in caves is inherited from the bedrock walls. 
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5.2.2.1 Dickite Mineralization Temperature 

In general, dickite has been considered a high temperature polymorph of kaolinite 

(Schroeder and Hayes, 1968; Keller, 1988). The presence of dickite in rocks of the 

Guadalupe Mountains would suggest the occurrence of a thermal episode. Thermal 

episodes have been reported in the Delaware Basin area (Hill, 1997). The rocks in the 

Delaware Basin are reported to have experienced higher temperatures than those rocks of 

the Capitan reef complex (now exposed in the Guadalupe Mountains) adjacent to the 

Delaware Basin. For the Delaware Basin, Mazzullo (1986) has suggested that 

mineralizing fluids generated deep in the basin reached temperatures of 96° to 122°C 

(based on sulfur isotopes and fluid inclusions) during late Mesozoic to Tertiary. 

Mazzullo (1986) also reported maximum temperatures in the Bone Springs Formation 

(upper unit of the Delaware Basin underlying the rocks of the study area) of 68-90°C 

which occurred during the late Mesozoic to Tertiary with associated episodes of 

dolomitization just prior to and concurrent with this period. It was during this period 

when the rocks of the Permian reef complex reached their highest temperatures. The reef 

complex carbonates, however, were not exposed to the high temperatures that occurred in 

the basin. 

As for evidence from the rocks of the Permian reef complex in the study area 

(much shallower than the deeper basinal rocks), Given and Lohmann (1986) have 

summarized from study of calcite spar (Spar II), that temperatures of meteoric waters 

from which "spar II" precipitated were between 30° to 65°C. Ulmer-Scholle et al. (1993), 

from homogenization temperatures of hydrocarbon-bearing inclusions and 8 ^ 0 values 

of associated megaquartz, have indicated that silicification of evaporites in backreef 

carbonates occurred at 67°C. Wiggins et al. (1993), from 6 1 8 0 values of post-uplift 

calcite, calculated a temperature range of 20° to 45°C for waters that precipitated the 

calcite. In all cases, evidence of thermal events derived from study of rocks of the 
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Permian reef complex now exposed in the Guadalupe Mountains indicate that 

temperatures probably never exceeded 70°C. 

Mazzullo (1986) and Hill (1987, 1993) both have proposed that the history of the 

Delaware Basin includes episodes during which Mississippi Valley-type (MVT) deposits 

have formed. Lead and zinc mineralization occurred along the basin margin but 

deposition was not comparable to the mid-continent MVT deposits. Keller (1988) has 

linked dickite occurrences to basin margins where MVT deposits are found in the mid-

continent region, and through a compilation of information, has indicated that the 

temperature of dickite formation must have been between 70 and 140°C. These 

temperatures are comparable with the temperatures reached in the Delaware Basin. 

Dickite in the study area probably formed at temperatures not exceeding 70°C. 

5.2.2.2 When and How Did the Dickite Form? 

Dickite fills voids that are usually lined with dolomite druse, and in one sample 

(95016) dickite is observed in poikilotopic dolomite cement. The same voids contain 

remnant hydrocarbons. Ulmer-Scholle et al. (1993) reported dickite associated with 

remnant hydrocarbons. In other samples, dickite is observed as inclusions in calcite spar 

crystals that fill voids. These observations suggest that dickite formed concurrently with 

and after the precipitation of pore-filling dolomite cement. The remnant hydrocarbons do 

not appear to relate to the dolomite cement or dickite. Dickite probably predates the 

precipitation of calcite spar and hydrocarbon migration/accumulation. In Three Fingers 

Cave, dickite was observed in an exposed joint surface; the joint penetrates through 

indurated internal sediment. The internal sediment consisted of siltstone, but 

stratigraphically the siltstone alternated with dolostone layers. This positioning is 

probably due to irregular dissolution of the dolostone with somewhat later (but still early) 

deposition of silt. Dickite in the joints postdates the emplacement of internal sediment in 

the dolostones. The dickite also crystallizes only on the carbonate surfaces of the joint 

face, and not on the siltstone surface. Age of the internal sediment is not known, but 
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many of the silt- and sand-sized internal sediments found in these carbonate rocks are of 

Permian age (Type 1 sandstone dikes; Hill, 1996). These observations show that the 

origin of dickite is early, and that carbonate rocks seem to play an important role in the 

crystallization of this kaolin mineral. 

The dickite is not related to and it predates the sulfuric acid cave genesis that 

occurred between 12-4 million years ago, and probably relates to a late dolomitization 

event. Dewatering of the Basin during maximum burial (with maximum temperatures) 

occurred in the Mesozoic and may be responsible for the highest temperatures attained in 

the rocks of the Guadalupe Mountains. Maximum depth of burial of the Capitan 

Limestone was reported to about one km, but no deeper (Crysdale, 1987). The basin 

began cooling after regional uplift in the late Cretaceous to early Tertiary (Laramide: 

Izett, 1975; Elston, 1984; Eaton, 1987; Cabezas, 1991). 

The dickite most likely formed sometime between late Permian and late 

Cretaceous. It is likely that dickite formed after "reflux dolomitization" and 

compactional dewatering of the Delaware Basin, and during and immediately after a 

second generation of coarser dolomitization that Mazzullo (1986) reported to have 

occurred during the Triassic and Jurassic. After regional uplift in the late Cretaceous 

burial depths were shallow, even though thermal episodes related to igneous activity 

probably lasted up to early or middle Tertiary. One of Keller's (1988) hypotheses 

suggests that dickite mineralization occurred as a part of the natural evolution of the mid-

continent sedimentary basins. Occurrences of dickite from the Guadalupe Mountains 

(along the margin of the Delaware Basin) may be similar to the mid-continent 

occurrences. Origin of the dickite may also relate to an episode of Mississippi Valley-

type mineralization or mark an episode of basin maturation that is characteristic of early 

sedimentary basins. The temperature of dickite formation was <70°C . The silicon and 

aluminum needed for the precipitation of the dickite could have come from feldspars in 

the same rocks as Dunham (1972) has shown. Stable isotope studies of the dickite should 
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reveal more information regarding the temperature and environment of deposition of this 

kaolin. 

5.2.3 Illite 

Illite was found to be a major component of some wall residues. The illite in wall 

residues was in two forms, as laths and lamellar platelets or aggregates. In some cases, 

laths were observed as protruding from aggregates (Fig. 2.11). The insoluble residues of 

dolostone samples from digestion in Na-acetate also contained laths and lamellar 

platelets. Most wall residues in Guadalupe caves are reported as insoluble residues of 

weathered dolostone or limestone bedrock (Hill, 1987; Cunningham et al., 1995). The 

evidence is therefore overwhelming that the illite is inherited from the weathering of the 

dolostone and limestone bedrock. The observation of euhedral to subhedral laths of illite 

in cave sediments can lead to the misinterpretation that illite is cave-authigenic. Like the 

dickite, the euhedral laths in cave sediments of the Guadalupe Mountains originate from 

wall residues and are transported and preserved in cave sediment, and they are not likely 

cave-authigenic. 

Illite has been reported to form in diagenetic and metamorphic environments 

(Srodon and Eberl, 1984). If illite can form in caves, it will most likely form in a 

diagenetic setting. Illite has been reported as a cave-authigenic mineral in caves in 

Turkmenistan (Lazarev and Philenko, 1976; Maltsev, 1993; from Hill and Forti, 1997). 

Maltsev (1997) reports the illite as forming in "okher" within a zone of sulfur-oxidizing 

bacteria. Maltsev (1993; from Hill and Forti, 1997) apparently bases much of the cave-

authigenic interpretation of illite on the euhedral form of the crystals, and suggests that 

the weathering of other silicates in a cave environment undergoing frequent changes in 

humidity is responsible for the origin of the illite. A floor deposit occurring at the top of 

Apricot Pit in Lechuguilla Cave is similar in description to the "okher" reported by 

Maltsev (1997). This floor deposit is an accumulation of wall residue, but differs from 

the wall residue in that it contains no silicates and consists mostly of nordstrandite, 
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todorokite, goyazite-svanbergite, and goethite. The wall residue contains silicates such as 

dickite, illite, and hydrated halloysite. The micro-environment in the floor sediment at 

Apricot Pit is apparently too extreme in pH for silicates. The environment in Lechuguilla 

Cave is humid and quite stable, and differs sharply from the cave environment where 

illite has been reported to form in caves of Turkmenistan by Maltsev (1997). Perhaps 

frequent changes in humidity in the Lechuguilla Cave setting mentioned above would 

result in the origin of aluminum silicates such as illite. 

Occurrences of illite in caves should be considered as detrital or inherited unless 

very special situations can be presented to explain other origins of this mineral in caves. 

In any case, interpretations of the origin of illite in caves should not be based on crystal 

morphology alone. 

5.2.3.1 Comments on the Origin of Illite in the Dolostones 

Illite that occurs in caves of the Guadalupe Mountains is detrital or inherited from 

the dolostone and limestone bedrock. The origin of the illite in these Permian carbonate 

rocks was not investigated in detail, however, observations during this study are worth 

noting. Some of the illite in the dolostones may be of detrital origin, however, the illite in 

the form of laths is probably authigenic in the dolostones. The laths probably nucleated 

from the detrital illite; this suggestion is supported by observations of laths radiating from 

lamellar illite (Fig. 3.21). Quartz, illite, and minor feldspar are probably detrital non-

carbonate components of the backreef dolostones of the Capitan reef complex. Dunham 

(1972) noted that feldspar is lacking in the reef limestones and dolostones adjacent to the 

Capitan reef, while kaolinite is abundant in this same zone along the reef. Dunham 

(1972) suggested that feldspar has been altered to kaolinite in this zone of carbonate 

rocks. In Section 5.2.2 above, it was concluded that dickite probably formed in these 

dolostones moderately early during the late Permian to late Cretaceous. Dickite might 

have formed at the expense of the alteration of feldspar. The lath-like illite probably 
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precipitated after formation of dickite in pores of the dolostones much like the formation 

of hairy illite reported in sandstone pores (Giiven et al., 1980; McHardy et al., 1982). 

X-ray diffraction data indicate that the illite in these dolostones is <5% 

expandable and probably contain a mixture of 1M and 2Mj polytypes (See Section 3.4). 

Hairy illite in sandstone pores is reported as exclusively 1M polytype (Srodon and Eberl, 

1984). The lath-like illite in the Capitan reef complex dolostones probably precipitated 

from excess materials after crystallization of the dickite. Timing of the origin of 

authigenic illite in the dolostones was probably from Cretaceous to middle Miocene. It 

appears that the lamellar illite is probably detrital and occurs as larger grains. The lath

like illite appears to nucleate from the detrital illite and occurs as smaller particles. Given 

enough sample, it may be possible to test this interpretation by sampling the <1 um 

fraction and dating the illite using 40Ar/39Ar. 

5.2.4 Kaolinite 

Kaolinite was found to be a major component of two clay-rich bedrock units; one 

of these clay beds is exposed in Cottonwood Cave, and the other is exposed in Endless 

Cave. Both of these occurrences are situated at the same approximate stratigraphic 

position in the Seven Rivers Formation just below the Yates Formation. These clay beds 

are thin (-10 cm thick) and appear to be Permian beds, not internal sediment. The crystal 

morphology of the kaolinite varies from anhedral to euhedral, and both kaolinites have a 

relatively high "crystallinity." These kaolinite-rich clay beds have only been observed in 

the caves. Apparently the surface exposures are too extensively eroded. These kaolinite 

occurrences are not cave-authigenic. 

Maltsev (1997) reported the only occurrence of cave-authigenic kaolinite in Cupp-

Coutumn Cave, Turkmenistan (Hill and Forti, 1997). The kaolinite is reported to form in 

the same setting with the reported cave-authigenic illite, except in a different layer of the 

"okher" which is yellow to brownish-yellow and described as a reduction-oxidation zone. 

Kaolinite crystals in Cupp-Coutumn Cave are reported as euhedral and 1 u.m in diameter. 

133 



5.3 Contribution of the Clay Study to the Understanding of 
Sulfuric Acid-Related Speleogenesis 

5.3.1 Significance of Hydrated Halloysite and 

Alunite/natroalunite 

Hydrated halloysite along with alunite and natroalunite have formed in the caves 

of the Guadalupe Mountains as by-products of the sulfuric acid-related cave genesis. 

These minerals are intimately associated in materials that have been altered by the cave-

forming H2S04-bearing waters, and have inherited signatures of the acid solutions. 

Stable isotope geochemistry of these minerals, and 4^Ar/39Ar-dating of alunite will 

eventually reveal important information regarding the environment in which caves of the 

Guadalupe Mountains formed (Ashley and Silberman, 1976; Bird et al., 1990; Alpers et 

al., 1992; Arehart et al., 1992; Rye et al., 1992; Stoffregen et al., 1994; Vasconcelos et al., 

1996; Polyak and Guven, 1996; Polyak et al., 1998). Further study of the hydrated 

halloysite, alunite, and other late-stage clays may contribute to a better understanding of 

the regional geologic history as well. 

5.3.2 Origin of Laminated Silt Deposits 
in Carlsbad Cavern 

Perhaps the most interesting deposits of Carlsbad Cavern are the volumous 

laminated silts and sands that are found in Lower Devils Den, Left Hand Tunnel, the Big 

Room, and throughout Lower Cave. Hill (1987) has interpreted these silts as insoluble 

residues of the sulfuric acid-related speleogenesis. She provides petrographic 

descriptions for these silts as well as silts and sands from other caves. In Lower Cave, the 

silt appears to be associated with a cobble gravel. Hill (1987) suggested that the cobble 

gravel invaded Carlsbad Cavern from the surface, and that it may consist of Ogallala age 

material. Mineralogy and thin section petrography of these silts may justify an 

alternative interpretation for the origin of the silts. 
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The silt samples from Left Hand Tunnel, Green Clay Room, and Nooges Realm 

are all quite similar and consist mostly of quartz grains. The mineralogy of these silts is 

made up of quartz, dioctahedral smectite, illite, feldspar, mica, kaolinite, palygorskite, 

detrital grains of calcite and dolomite, and a trace of heavy minerals and sulfate cements. 

Size of the grains vary from very fine silt to fine sand. 

Some observations contradict the theory that the laminated silts of Carlsbad 

Cavern are insoluble residues of sulfuric-acid speleogenesis. These types of silts are not 

found in the other caves, especially in large volumes. Furthermore, the cobble gravel, 

which is believed to be transported from the surface into the cave as a subaqueous debris 

flow (Hill, 1987), seems to be associated with the silt. There should have been abundant 

finer material transported with the cobble gravel. This would indicate that most of 

Carlsbad Cavern was submerged when the cobble gravel and silts were deposited. This 

could have been the case given that the cave pirated a river system. If the silts were 

insoluble residues of dissolution, then why have they not been partly altered to alunite 

and hydrated halloysite? Why do they contain mica and feldspar? Dunham (1972) 

reported abundant kaolinite in the rocks of the Capitan reef complex immediately 

adjacent to the reef, and a corresponding lack of feldspar where the abundance of 

kaolinite occurs. The insoluble fractions of these dolostones have little or no feldspar, so 

how did the feldspar end up in the silt deposits? Why did the feldspar and mica survive 

sulfuric acid-related speleogenesis? All of the silt samples examined contained detrital 

grains of calcite and dolomite. If these were simply insoluble residues of limestone and 

dolostone dissolution, why were these carbonate grains not dissolved? The occurrence of 

clay coatings (cutans) on many of the sand and silt grains (Fig. 5.11) suggests that the 

silts may be detrital and originate from the surface. The cutans are characteristic of the 

soil environment and may indicate that the silt is eroded soil that washed into the cave. 

Also, the clay minerals in the silt deposits are not characteristic of the clay 

minerals identified in the wall residues and insoluble residues of dolostones. Samples of 

siltstones and dolostones were dissolved with Na-acetate to recover and analyze the non-

135 



clay coatings on grains 

silt- and sand-sized clay grains 

0.2 mm 

quartz grains 

Figure 5.11: Thin section photomicrographs showing (A) clay "cutans" on many 
of the quartz and feldspar grains and (B) abundant clay grains. 
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carbonate fraction. Along with the quartz silt, significant dickite and illite were extracted 

from most of the dissolved bedrock samples. Smectite was not found to be an insoluble 

residue except in trace amounts. Wall residues consist mostly of insoluble residues of the 

weathered bedrock, and contain abundant dickite and illite, with only trace amounts of 

smectite. This differs considerably from the clays found in the silt deposits, which 

contain abundant smectite, and only traces of illite and kaolin (probably kaolinite, not 

dickite). 

Recently a method was introduced that uses cosmogenic radionuclides to 

determine the age of cave sediments (Granger et al., 1997). Their method uses 10Be and 
26 Al in quartz. These two isotopes are produced at the surface of the earth when cosmic 

radiation interacts with rock materials. In quartz, i^Be and 26A1 are produced by nuclear 

spallations of O and Si, and by muon capture reactions with these two elements (Lai, 

1991). The method of Granger et al. (1997) provides burial ages for sediments washed 

into caves with a range of 0.3-5.0 million years, and also provides river downcutting 

rates. If the silt deposits of Carlsbad Cavern are in fact insoluble residues of dissolution, 

then the quartz grains of the silt will not contain 10Be and 26A1. The age of formation of 

Lower Cave is 4 million years, which is in the range of the 10Be-26Al method. Sediment 

that washed into Lower Cave after 4 million years ago should be datable. An exception 

to this would be a scenario such that sediment was washed into the upper levels of 

Carlsbad Cavern (Bat Cave) and accumulated there prior to 5 million years, and then 

transported from those upper levels to Lower Cave after 4 millions years. Applying the 

method of Granger et al. (1997) will surely answer some important questions about the 

silt. The petrographic evidence seems to favor the interpretation that the silt washed into 

Carlsbad Cavern probably some time between 0.7 and 4.0 million years ago. 

5.3.3 Gypsum Replacement of Dolostone and Limestone 

Hill (1987) performed a simple experiment by placing a sample of limestone in 

weak sulfuric acid and showed that limestone is effectively dissolved and gypsum 
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precipitates from the acidic solutions onto the dissolved block of limestone. The 

experiment was performed to show how the large volumes of cave gypsum in the 

Guadalupe Mountains formed as a by-product of sulfuric acid-related speleogenesis. 

A sample of dense dolostone (35 grams) was placed with 35 grams of bentonite in 

400 milliliters of 10% sulfuric acid for one month in a preliminary attempt to produce 

alunite and hydrated halloysite. This experiment differs from Hill's in that dense 

dolostone is used rather than limestone. The dolostone reacted moderately fast in the 

beginning, but soon slowed down after a thin, soft gypsum crust/layer formed. After the 

initial reaction, dissolution appeared to be continuous over the entire month, but at a very 

slow rate. The dolostone sample was removed from the acid, and a thin section was 

prepared. Preliminary X-ray diffraction of the clay did not show the occurrence of 

hydrated halloysite or alunite, although the sample has not yet been sufficiently analyzed. 

The thin section showed a thin crust of gypsum on dolostone. The sample of dolostone 

contains dickite in pores. The gypsum crust-dolostone boundary is mostly sharp and 

smooth. The boundary is curved and resembles scallop-like features. Gypsum crystals 

are micron-sized. A booklet of dickite crystals occurs in the crust, which suggests that 

the gypsum crust is a type of replacement of the dolostone by the gypsum as a result of 

the sulfuric acid dissolution. Hill's experiment formed a deposit of gypsum onto the 

sample of limestone and did not involve replacement. The dense dolostone sample 

reacted differently. These observations may help in the understanding of sulfuric acid-

related speleogenesis. 

Buck et al. (1994) described gypsum-carbonate rock replacement boundaries as 

rounded and oblong bulges extending into the bedrock. They suggested that these oblong 

bulges were due to differential solubility of individual beds or varying rates of diffusion 

of ions through the developing replacement crusts. 

In the caves, scallop-like features make up the cave walls in areas where alunite 

bedrock pockets occur. These features might represent oblong bulges of replacement 

gypsum that have been removed by weathering. The similarities between the scallop-like 
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features exhibited in the cave walls, and the smooth curved boundaries observed at a 

microscopic scale are shown in Figure 5.12. If the observations made at the microscopic 

scale are the same as those made at the macroscopic scale, then differential rates of 

diffusion may be used to explain the smooth curved boundaries and cave walls. Perhaps 

the diffusion rate of ions are related to the concentration of sulfuric acid as well as the 

density and mineralogy of the bedrock. For instance, relatively high concentrations of 

sulfuric acid existed in the experiment and resulted in small curved boundaries. Less 

concentrated sulfuric acid may result in larger curved scalloped-like boundaries like those 

observed in the caves. 

5.3.4 Thin Section Observations of a 
Cottonwood Cave Sample 

A sample of altered dolostone was collected from Cottonwood Cave. The sample 

was adjacent to pockets of hydrobasaluminite. A thin section of this sample shows 

distinct zones of alteration where gypsum has replaced the dolostone. X-ray diffraction 

and thin section analysis show the presence of dolomite, gypsum, and possibly minor 

bassanite. The bedrock pocket is typical and identical to the pockets described by Polyak 

and Gtiven (1996). Replacement of dolostone by gypsum in these caves has been 

described by Queen et al. (1977), Buck et al. (1994), and Hill (1987). Hill (1987) and 

Queen et al. (1977) described dolostone features such as pisolites, fossils, breccia, and 

relict bedding preserved in gypsum blocks. Buck et al. (1994) described both subaqueous 

and subaerial replacement gypsum crusts; subaqueous replacement crusts were described 

as having sharply defined boundaries with the bedrock. 

In the thin section of the Cottonwood Cave sample, gypsum can be observed 

replacing dolostone. The gypsum crystals are typically lenticular and appear intergrown 

at their edges (Fig. 5.13). The intergrowth appearance probably reflects the presence of 

the less hydrated calcium sulfate, bassanite. Some areas in the thin section show the 

finely grained dolostone being replaced with a diffuse rather than sharp boundary. Along 

the boundary are micron-sized remnant crystals of dolomite, occasionally replaced by 
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The Balcony in the 
New Mexico Room of 
Carlsbad Cavern 

Closest survey stations 
were Sta By4, Z3, and Uml. 

/ / 

Note curved, scalloped-like 
cave walls. 

manganese 
mineralization 

sample 96029 

1 meter 

Thin section sketch 
of dolostone replaced 
by gypsum . 

0.3 mm 

internal sediment with 
"paleo" aragonite fans 

dickite inclusion in 
gypsum crust indicates 
that the crust is a 
replacement. 

Figure 5.12: Gypsum replacement features at the macro and micro scales. Some areas 
in these caves where evidence of speleogenesis is best preserved 
exhibit curved scallop-like wall features. These features are similar 
to curved boundaries where sulfuric acid has reacted with dolostone in an 
experiment (circled area in thin section sketch). Dickite in the gypsum crust 
formed during the experiment indicates replacement. While the scale differs 
greatly between the experiment and the cave setting, the similarity in both 
cases may indicate clues to sulfuric acid-related speleogenesis. 
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replacive 
gypsum 

remnant 
dolomite 

Figure 5.13: Thin section photomicrograph showing gypsum replacing dolostone 
from Cottonwood Cave. (A) Lenticular gypsum replacing dolostone. 
(B) Remnant dolomite crystals from original fine-grained dolostone. 

141 



calcite, included within larger gypsum crystals. Dedolomitization is present only along 

the diffuse boundaries of replacement. The walls of the room where the sample was 

collected are smooth and rounded, and may represent a smooth curved contact between 

the once-existing gypsum and the dolostone bedrock. Micron-sized crystals of dolomite 

and calcite are commonly observed preserved in the gypsum crystals. In the bedrock 

pockets of Cottonwood Cave, hydrobasaluminite and amorphous silica are predominant 

rather than hydrated halloysite and alunite. The bedrock pockets containing the 

hydrobasaluminite are identical to those containing alunite and hydrated halloysite 

(Polyak and Provencio, 1998). These observations of gypsum replacement and bedrock 

pockets are important because they probably relate to the origin of the bedrock pocket 

minerals such as alunite, natroalunite, hydrated halloysite, and hydrobasaluminite. To 

better understand the mechanisms involved in gypsum replacement during sulfuric acid-

related speleogenesis will aid in our understanding of how the clay minerals form in these 

settings. 

5.3.5 Causes of Hydrogen Sulfide Migration 

Hill (1996) has suggested that H2S-H2SO4 speleogenesis was related to the tilt of 

the Guadalupe block by normal faults along the western edge of the Guadalupe 

Mountains. Migration of hydrogen sulfide occurred up dip along the base of the Castile 

Formation and into the Capitan Limestone where the H2S gas was oxidized to form 

sulfuric acid (Hill, 1996). This speleogenetic process should occur continuously if it is 

related mainly to the tilt of the Guadalupe block, yet there are few caves known in the 

Guadalupe Mountains at elevations between 1500 and 1750 m, and above the 2040 m 

elevation. The rarity of caves at these elevation ranges seems to suggest that, while 

speleogenesis was continuous from late Miocene to early Pliocene, the rate of dissolution 

varied. Very large rooms were developed at three elevation ranges as shown by the 

elevation ranges of the larger caves in Figure 5.14. The generally multimodal distribution 
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Figure 5.14: Graph showing elevation distribution of the larger Guadalupe caves. 
Boxes to the left show three elevation ranges where major speleogenesis 
events have occurred. The bottom two could be interpreted as one long 
episode of speleogenesis as represented by the shaded boxes to the right. 
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of sulfuric acid-related caves in the Guadalupe Mountains invokes another theory 

governing H2S migration and speleogenetic rates. 

While the idea of buoyancy-driven migration of H2S due to tilt of the Guadalupe 

block is convincing, rate of such migration may be controlled by other factors. Bethke et 

al. (1988) has introduced the importance of gravity-driven flow of meteoric water along 

aquifers and faults/joints in sedimentary basins. Such circulation of meteoric water in 

basins is dependent on margin uplift (of recharge areas) and exposure of the recharge 

aquifer (Lawrence and Comford, 1995). Rate of recharge is related to amount of 

precipitation, extent of hydraulic gradient, and permeability and continuity of aquifer 

(Lawrence and Cornford, 1995). Some theories on the origin of economical elemental 

sulfur deposits and sulfide deposits are based on recharge and circulation of meteoric 

waters in the Delaware Basin (Hill, 1996). Migration of H2S from the basin toward the 

basin margins may also be controlled by circulation of meteoric waters. The rate of 

speleogenesis would then be governed by the rate of migration of H2S, which in turn 

would be related to the rate of recharge and convective circulation of meteoric waters in 

the basin (Fig. 5.15). The area of recharge would have occurred along the uplifted 

western edge of the Delaware Basin. This model would link the rate of H2S migration 

and H2S04-related speleogenesis directly to climate rather than solely to tilt of the 

Guadalupe block. Increased rates of speleogenesis would be due to increased 

precipitation rates. 

5.3.6 Model of Sulfuric Acid-Related Speleogenesis 

The alunite ages show that the H2S04-caves have formed along a descending 

water table. Most of the apparent decline in water table may in fact be due to uplift of the 

Guadalupe block. Nevertheless, the data show that speleogenesis migrated along the reef 

from near Guadalupe Peak 12-11 million years ago, northeastward to near Carlsbad 

Cavern 4 million years ago. This strongly indicates that cave genesis followed the 

contact between the Castile Formation and Capitan Limestone as Hill (1987, 1996) has 
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Figure 5.15: Model of the rate of cave genesis related to climate. Flow in the Capitan aquifer 
carry off waters stagnated by dissolution, thus allowing the process to continue. 
The aquifer is dynamic during wet periods and recharge into basin and Capitan 
aquifer are important. Open system during wetter climatic conditions, relatively 
closed system during dry times. 
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suggested. However, for H2S to migrate from the base of the Castile Formation into the 

Capitan Limestone, there must be a contact between the Castile and Capitan formations. 

Today, such a contact exists only in the vicinity of the city of Carlsbad and to the east-

northeast of that area in the subsurface. Speleogenesis during the late Miocene to early 

Pliocene probably took place in areas where the Capitan reef was in the subsurface like 

the area near the city of Carlsbad and areas to the east. The Carlsbad Springs are reported 

as resurgence for the Capitan aquifer and exemplify springs associated with speleogenesis 

(Hill, 1996). This may be the exception, however, because the Pecos River is located in 

this area today and may be responsible for bringing the water table to the surface. 

The upper illustration in Figure 5.16 shows an ideal model of speleogenesis from 

the Carlsbad-Lechuguilla type of caves. Carlsbad and Lechuguilla caves consist of rooms 

and passages that are horizontal and represent separate levels of dissolution. This is 

illustrated in Figure 5.16. Routes for H2S migration from the Delaware Basin to the 

Captian aquifer were most likely along joints. This is obvious in the Big Room of 

Carlsbad Cavern where abundant alunite and hydrated halloysite occur along joints, and 

pits are aligned with these joints. Hill (1987) suggested that the blind pits that are 

characteristic of the larger caves of the Guadalupe Mountains are pathways for the H2S. 

The top sketch in Figure 5.16 shows this scenario. As the water table declined in the area 

of Carlsbad Cavern, episodes of dissolution along the water table formed different levels 

of horizontal cave passages like Bat Cave and Left Hand Tunnel. Bat Cave is the highest 

major level of horizontal cave passage in Carlsbad, and the Big Room-Left Hand Tunnel 

level is the lowest major horizontal cave passage. The lower sketch in Figure 5.16 shows 

how these cave levels can be connected to form very large caves such as Carlsbad Cavern 

and Lechuguilla Cave. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The caves selected for this study are among the largest in the Guadalupe 

Mountains. The origin of these caves is related to the reaction of carbonate rocks with 

hydrogen sulfide and sulfuric acid. Hydrogen sulfide is thought to have formed in the 

Delaware Basin at the base of the Castile Formation and migrated up dip along the base 

of this unit into the freshwater of the Capitan aquifer in the adjacent reef rocks. 

Oxidation of the hydrogen sulfide to sulfuric acid at and near the water table occurred in 

the Capitan aquifer. The sulfuric acid assisted in the dissolution of limestone and 

dolostone to form world renowned caves such as Carlsbad Cavern and Lechuguilla Cave. 

Interaction of the sulfuric acid with silicates within the Permian carbonate rocks produced 

deposits of hydrated halloysite. Some of the clays have formed in these caves as by

products of speleogenesis, and by late-stage authigenesis. They have also accumulated in 

the caves with detrital sediments or as residues which were inherited from the weathering 

of bedrock cave walls. 

Clay minerals in these caves include hydrated halloysite, montmorillonite, 

saponite, stevensite, palygorskite, kaolinite, dickite, illite, and interstratified illite-

smectite. Minerals associated with the clays are alunite, natroalunite, jarosite, 

hydrobasaluminite, calcite, aragonite, dolomite, huntite, hydromagnesite, gibbsite, 

nordstrandite, gypsum, quartz, todorokite, and rancieite. Hydrated halloysite and 

montmorillonite have already been reported by previous investigations as authigenic 

minerals in caves of the Guadalupe Mountains, but little attention has been given to the 

other clay minerals occurring in these caves. 

Hydrated halloysite occurs in pockets of altered bedrock, solution cavity fills, 

floor deposits, and wall residues. Minerals associated with these occurrences are alunite, 

natroalunite, hydrobasaluminite, jarosite, todorokite, and gibbsite. Alunite is intimately 

associated with the hydrated halloysite. Stable isotope signatures of sulfur in the alunite 

are identical to those of massive gypsum which strongly supports the theory that the 
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hydrated halloysite is a product of sulfuric acid related speleogenesis. The hydrated 

halloysite is authigenic in these "hypogene" caves; it is unique because it is forming not 

only in the caves, but as the caves form. Minerals associated with hydrated halloysite, 

such as alunite, gibbsite, and gypsum, are important because these minerals may reveal 

accurate information on the cave-forming processes. The alunite is especially important 

because it can be dated by K-Ar- or 40Ar/39Ar-dating, and ages of alunite would reveal 

the exact timing of speleogenesis. The hydrated halloysite and alunite occurring in 

Guadalupe Mountains caves are by-products of the reaction of sulfuric acid on the clay 

minerals montmorillonite, illite, dickite, and kaolinite. Two ideal examples of this 

reaction are in Endless Cave, and in the Green Clay Room of Carlsbad Cavern. A thin 

Permian clay bed consisting of kaolinite and interstratified illite/smectite has been 

truncated by the sulfuric acid related speleogenesis of Endless Cave. The clay bed was 

partly altered, mostly at the base of the unit, to hydrated halloysite and alunite. In the 

Green Clay Room, montmorillonite-rich sediment fills or partially fills solution cavities 

that predate the sulfuric acid speleogenesis of that level in Carlsbad Cavern 3.9-4.0 

million years ago. The green montmorillonite has altered to hydrated halloysite and 

alunite which form white "alteration rims" around the montmorillonite. 

Montmorillonite forms in moistened ledge and floor deposits of wall residues. 

Wall residues consist of the insoluble silicates and oxides after dissolution of the 

carbonate bedrock. Wall residues are predominantly made up of illite, dickite, and 

goethite, and accumulate on ledges and the cave floor. In Spider Cave, a "past" flood line 

marks the boundary between illite-rich sediment above the line and smectite-rich 

sediment below the line. The montmorillonite is abundant in the <0.5 um fraction and 

has probably formed from the alteration of illite, or possibly by precipitation from water 

containing silica and alumina in the moistened deposits. Montmorillonite may also form 

in Mg-rich carbonate settings with trioctahedral smectite. 

Trioctahedral smectites form in a Mg-rich carbonate environment in association 

with Mg-carbonate minerals such as dolomite and huntite. The smectites form after Ca is 
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removed from drip and seepage water by precipitation of calcite and aragonite. Further 

calcium is removed by precipitation of dolomite and huntite. The Mg is increasingly 

enriched in this setting as calcium is removed by precipitation of the carbonate minerals. 

Minor concentrations of silica enable the precipitation or neoformation of trioctahedral 

smectite. In the highly Mg-rich environment, saponite and possibly stevensite form, 

usually in association with huntite or hydromagnesite. An evolution of silicates occurs 

from amorphous silica to trioctahedral smectite in carbonate speleothems. Amorphous 

silica and poorly crystallized silicates precipitate with calcite and aragonite in stalagmites 

and crusts. The magnesian silicates form when the thin water films become enriched in 

magnesium after and during precipitation of dolomite, huntite, and hydromagnesite. 

Palygorskite, found in the laminated silt deposits of Carlsbad Cavern and in clay-

rich sediment filling fractures and solution cavities, is authigenic in these caves. The silt 

deposits of Carlsbad Cavern may be insoluble residues of speleogenesis, or more likely, 

soil and sediment that washed into the caves sometime before 700,000 years ago. 

Palygorskite formed in these sediments along the surfaces of quartz silt grains and in the 

clay matrix of the silt. The environment of deposition is related to Al-bearing solutions 

in a carbonate setting similar to the lacustrine and soil environments where palygorskite 

forms on the surface. Palygorskite is observed radiating from smectite aggregates which 

indicates that the needle-like clay has nucleated and grown outward from the aggregates. 

Perhaps the low concentrations of Si and Mg, and moderate concentrations of CO32" were 

conducive to palygorskite growth rather than smectite. 

Dickite and illite in Guadalupe caves were found to be abundant in wall residues 

and ledge and floor deposits of wall residues. Both of these minerals are disseminated 

throughout the backreef dolostones and become constituents of wall residues upon 

removal of the carbonate bedrock by acidic condensation, microbial action, or carbon 

dioxide-charged cave air. Wall residues accumulate along ledges and the cave floor, and 

consequently the dickite and illite can be misinterpreted as a cave-authigenic mineral. 
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While dickite and illite are not authigenic in the caves, study of these minerals 

contributes to the geologic history of the Delaware Basin-Guadalupe Mountain region. 

These minerals, especially illite, while disseminated in the bedrock, are concentrated in 

the wall residues. The illite consists of lamellar and aggregates of 2M, polytype, and 

laths of 1M polytype. The lamellar illite was probably deposited with the carbonate 

sediments during the Permian as detrital material. The illite laths formed authigenically 

in pores of the dolostone. Separation and isotopic studies of each polytype have potential 

to reveal the timing and depositional environment of the illite. The dickite is easily 

accessible on the surface, and can be found in purity in the caves. Stable isotope study of 

the dickite will provide information about the environment in which it formed. The 

dickite precipitated early during and soon after the later periods of dolomitization, 

perhaps sometime between the late Permian to the Cretaceous. 

Regularly interstratified illite/smectite is the major component of a 10-cm thick 

Permian clay bed. The occurrence of the clay bed is rare in the carbonate rocks of this 

area, and is somewhat enigmatic because the bed is not observed on the surface. The clay 

bed contains abundant moderately well crystallized kaolinite and a minor percentage of 

randomly interstratified mixed-layers. An 40Ar/39Ar total gas age of 278+/-3 million 

years indicates that the illite-smectite is most likely detrital (not formed by diagenesis), 

and deposited as a clay bed along with the carbonate rocks. 

Study of the alunite and hydrated halloysite has produced not only the timing of 

hydrated halloysite precipitation, but also the ages of formation of five Guadalupe caves. 

The alunite and hydrated halloysite are by-products of speleogenesis involving sulfuric 

acid, therefore the apparent age of the alunite represents the timing of speleogenesis. 
40Ar/39Ar-dating of alunite yielded flat age plateaus. The ages correlate strongly with 

elevations of alunite occurrences and show that the hypogene caves formed from 12 to 4 

million years ago during the late Miocene to early Pliocene periods. Alunite ages for 

Cottonwood and Virgin caves at the higher elevations (2000-2040 meter) are 12.3 to 11.3 

million years. Two levels of Lechuguilla Cave are represented by alunite ages of 6.0-5.7 
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million years (Glacier Bay at an elevation of 1230 meters) and 5.2 million years (Lake 

LeBarge at an elevation of 1150 meters). Endless Cave alunite, also at an elevation of 

1230 meters has an age of 6.0 million years. Alunite from the Big Room, Green Clay 

Room, and New Mexico Room of Carlsbad Cavern at the elevation interval of 1090-1120 

meters has ages of 4.0-3.9 million years. The formation of these caves is coincident with 

Basin and Range and Rio Grande Rift extension, and the deposition of the Ogallala 

Formation in west Texas and eastern New Mexico. Because the caves formed at or near 

the water table in the Capitan aquifer, the alunite ages show an 1100 meter decline of the 

water table from 12 million years ago to the present. The water table decline can be 

attributed to at least two processes, faulting of the Guadalupe block while the caves were 

forming, or faulting prior to the late Miocene. It is most likely that uplift of the 

Guadalupe block occurred penecontemperaneous with sulfuric acid speleogenesis. 
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APPENDIX A 

TABULATED X-RAY DIFFRACTION DATA 

FOR THE CAVE MINERALS OF THIS STUDY 

TABLES Al THROUGH A16 

MEASURED REFLECTION INTENSITIES AND CALCULATED 

UNIT-CELL PARAMETERS ARE INCLUDED 
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Table A. 1: X-ray powder diffraction data for two samples of 
kaolinite from cave samples. 

S a m p l e 9 5 0 2 0 (Cottonwood Cave) 

"* ' dm p/)t "calc * 

0 0 1 
0 2 0 
1 1 0 
i T i 
0 2 1 
0 2 1 
0 0 2 
1 \_ 1 
1 1 2 
1 1 2 
0 2 2 
1 72 
2 0 1 
1 3 0 
1 3 1 
1 3 1 
0 0 3 
2 0 2 
1 1 3 
1 3 1 
1 3"2 
2_2 1 
0_2 3 
2 2 2 
2 2_2 
1 4 1 
2 0 3 
1 T2 
2 2 1 
1 3 2 
0 J2 
1 3 3 
0 4_2 
2 2 3 
1 T 4 
0 0 4 
1 5 0 
2 0 4 
1 J l 
1 3 3 
2 4 2 
1 3 4 
2 2 4 
Q 6 Q 

'meas 
4A4-

meas 

7.15 
4.475 
4.366 
4.183 
3.850 
3.751 
3.576 
3.381 
3.156 
3.110 
2.755 
2.705 
2.565 

2.534 
2.497 
2.389 
2.342 
2.295 

2.251 
2.216 
2.130 
2.085 
2.065 
2.033 
1.991 

1.955 
1.943 
1.922 
1.897 
1.873 
1.839 
1.811 
1.789 
1.681 
1.664 
1.620 

1.605 
1.585 
1.546 
1,48? 

7.15 
4.468 
4.369 
4 179 
3.846 
3.735 
3.573 
3.383 
3.148 
3.092 
2.748 
2.705 
2.568 
2.563 
2.533 
2.493 
2.384 
2.342 
2.298 
2.294 
2.508 
2.219 
2.132 
2.089 
2.059 
2.030 
1.992 
1.991 
1.959 
1.940 
1.923 
1.896 
1.867 
1.836 
1.809 
1.788 
1.680 
1.664 
1.621 
1.621 
1.602 
1.585 
1.546 
1 4X9 

60 
8 

27 
53 
16 
8 

100 
11 

1 
3 
6 
3 

20 

5 
34 
12 
71 
41 

5 
3 
4 
1 
2 
3 

30 

I 
7 
2 
5 
3 

12 
2 
9 
3 

49 
15 

2 
11 
30 
66 

S a m p l e 9 4 0 4 6 (Endless Cave) 

'meas 

.90] 

dcalc 
U X 

'meas 

7.20 
4.484 
4.379 
4 183 
3.844 
3.739 
3.584 
3.376 
3.169 
3.112 
2.748 

2.562 

2.534 
2.495 
2.384 
2.339 
2.291 

2.239 
2.185 
2.126 
2.069 

2.030 
1.988 

1.946 

7.16 
4.476 
4.356 
4 178 
3.848 
3.745 
3.582 
3.387 
3.149 
3.093 
2.756 

2.561 
2.561 
2.537 
2.494 
2.388 
2.338 
2.301 
2.301 
2.253 
2.192 
2.133 
2.057 
2.057 
2.034 
1.991 
1.988 
1.945 

43 
32 
13 
19 
13 
2 

53 
3 
3 
2 
5 

100 

1 
19 
11 
37 
19 

7 
4 
2 
1 

9 
36 

4 

1.898 

1.833 
1.819 
1.789 
1.684 
1.666 
1.626 

1.600 
1.587 
1.545 
1 492 

1.836 
1.811 
1.791 
1.685 
1.665 
1.620 
1.625 
1.602 
1.587 
1.547 

1,492 

7 
5 
6 
4 

57 
15 

2 
8 

12 
?5 

Note: The unit-cell parameters for kaolinites 95020 and 94046 are: 
a=5.162(3)A. b=8.940(2)A. c = 7.390(3)A. a=91.87(3)° . (3=104.50(3)°. y=89.77(5)°, 
V=330 .0 (2 )A 3 ; and 
a=5.149(6)A. b=8.956(3)A, c = 7.402(4)A. a = 9 1.77(7)°, p=l 04.48(5)°. y=89.60(8)°. 
V=330.3(3)A 3 . respectively. 
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Table A.2: X-ray powder diffraction data for dickite collected from caves. 

Sample 94057 (Three Fingers Cave) Sample 93004 (Spider Caw) 
hid dmeas dcak Imeas dmeas dcak Imeas 

(A) (A) (^ (A) 
002 
1 10 
T l i 
021 
1 1 1 
T 12 
022 
004 
1 13 
023 
1 13 
T 14 
024 
1 14 
2 00,13 1 
T 1 5 
131 
212 
006 
133 
133 
222 

026 
043 
204, 
223 
044 
135 
224 

f35 

1 17.00 8 
045 
226 
241 
151 
206 
046, 
242 
314 
137 
313 
060 
228 

152 

062 ,331 
227 
048 ,208 , T39 
3 3 3, 064 

7.13 
4.43 
4.36 
4.26 
4.12 
3.950 
3.790 
3.574 
3.423 
3.256 
3.092 
2.932 
2.790 
2.654 
2.556 
2.525 
2.505 
2.406 
2.387 
2.325 
2.209 
2.182 

2.105 
2.029 
1.975 
1.936 
1.896 
1.860 
1.807 
1.789 
1.761 
1.715 
1.685 
1.669 
1.650 
1.627 
1.611 
1.588 
1.559 
1.525 
1.488 
1.469 
1.457 

7.16 
4.44 
4.36 
4.26 
4.12 
3.954 
3.788 
3.577 
3.426 
3.259 
3.096 
2.934 
2.792 
2.657 
2.556 
2.524 
2.506 
2.409 
2.385 
2.322 
2.211 
2.182 

2.104 
2.024 
1.974 
1.938 
1.894 
1.860 
1.805 
1.790 
1.760 
1.713 
1.685 
1.667 
1.650 
1.629 
1.610 
1.588 
1.556 
1.526 
1.488 
1.467 
1.457 

74 
24 
21 
14 
52 
9 
37 
93 
22 
4 
6 
4 
9 
1 

26 
2 
46 
1 
14 

100 
10 
1 

5 
4 
51 
3 
4 
9 
3 
8 
2 
3 
3 
2 

49 
3 
4 
4 
30 
3 

53 
4 
11 

7.13 
4.45 
4.37 
4.27 
4.13 
3.965 
3.788 
3.575 
3.429 
3.264 
3.102 
2.938 
2.7% 
2.662 
2.561 
2.524 
2.508 

2.387 
2.323 
2.214 
2.188 
2.158 
2.109 
2.024 
1.975 
1.939 
1.899 
1.862 
1.808 
1.793 
1.766 
1.719 
1.686 
1.669 
1.652 
1.630 
1.613 
1.589 
1.559 
1.527 
1.490 
1.469 
1.459 
1.434 
1.393 
1.376 

7.16 
4.44 
4.37 
4.27 
4.13 
3.958 
3.792 
3.580 
3.428 
3.263 
3.101 
2.935 
2.794 
2.661 
2.560 
2.525 
2.510 

2.387 
2.324 
2.214 
2.185 
2.163 
2.105 
2.029 
1.973 
1.941 
1.896 
1.862 
1.808 
1.791 
1.762 
1.714 
1.687 
1.669 
1.653 
1.631 
1.612 
1.589 
1.558 
1.529 
1.490 
1.468 
1.459 
1.435 
1.404 
1.376 

100 
6 
6 
5 
25 
4 
20 

100 
12 

4 
6 
8 
1 
13 
7 
30 

32 
90 
7 

<1 

2 
1 

44 
2 
4 
12 
2 
18 
1 
2 
1 
1 

75 
1 
3 
3 

30 
1 

30 
3 
8 
15 
11 
9 

Note: The unit-cell parameters for dickites #94057 and #93004 are: 
a=5.147(2)A, b=8.929(2)A, c=14.407(5)A, p=96.70(3)°, and 
a=5.156(3 )A, b=8.941(2)A, c=14.416(4)A, (3=96.63(3)°, respectively. 
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Table A.3: X-ray powder diffraction data for cave halloysites. 

10A halloysites 

#91001 (Endless Cave) 

dmeas 
(A) 

9.98 
4.35 
3.346 
2.548 
2.494 

2.344 
1.670 
1.449 

dcalc 
(A) 

10.04 
4.36 
3.346 
2.548 
2.505 

2.344 
1.673 
1.480 

#93033h(Carlsbad Cavern) 

dmeas 
(A) 

9.72 
4.332 
3.312 
2.543 
2.481 

2.338 
1.670 
1.476 

dcalc 
(A) 

9.94 
4.329 
3.312-
2.537 
2.481 

2.323 
1.656 
1.476 

# 94050(Endless Cave) 

dmeas 
(A) 

10.05 
4.413 
3.371 
2.557 
2.466 
2.398 
2.306 
1.680 
1.482 

dcalc 
(A) 

10.11 
4.313 
3.370 
2.541 
2.466 
2.396 
2.313 
1.685 
1.482 

7A halloysites 

#91001 (Endless Cave) 
dmeas dcafc 

(A) (A) 

#94042 (Carlsbad Cavern) 
"meas dca\c 

(A) (A) 
7.39 
4.43 
3.61 
2.56 
2.49 
2.40 
2.34 

1.670 
1.486 

7.22 
4.43 
3.61 
2.56 
2.49 
2.406 
2.34 

1.670 
1.486 

7.47 
4.43 
3.62 
2.55 
2.485 
2.420 
2.350 
2.296 
2.251 
1.67 
1.485 
1.436 

7.26 
4.42 
3.63 
2.551 
2.486 
2.420 
2.330 
2.295 
2.240 
1.680 
1.485 
1.436 
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Table A.4: X-ray powder diffraction data for illite from Madonna Cave. 

hkl dmeas dcaic /; 
meas 

002 9.958 9.988 41 
004 4.988 4.994 38 
110 4.475 4.469 10 
HI 4.328 4.283 1 
022 4.107 4.100 1 
Tl3 3.873 3.869 1 
023 3.723 3.726 1 
114 3.501 3.483 3 
006, 024 3.331 3.329 92 
114 3.205 3.196 1 
025 2.992 2.987 1 
ni. 2.957 6 
115 2.861 2.858 4 
Tl6 2.790 2.788 4 
026 2.683 2.676 2 
H6 2.562 2.566 20 
117, 008 2.499 2.505,2.497 3 

J_33, 202 2.449 2.457,2.436 1 
204 2.384 2.388 5 
040 ,221 ,220 2.240 2.248,2.242 2 
204, 221 2.203 2.201,2.200 4 
043 2.134 2.130 8 
0010 1.997 1.998 100 
208 1.895 1.889 3 
228 1.747 1.742 2 
_150, 241, 150, 240 1.696 1.698,1.697 1 
314 1.646 1.647 15 
228, 313 1.600 1.598, 1.598 2 
1311 1.523 1.523 1 
060 1.499 1.499 15 
333, 157 1.479 1.481, 1.481 2 
1311 1.454 1.453 3 

Note: The unit-cell dimensions for 2Mi illite (sample 96024) are: 
a=5.176(3)A, b=8.992(4)A, c=20.076(10)A, (3=95.72(7)°, V=929.8(7)A3 
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Table A.5: X-ray powder diffraction data for illite from Spider Cave (sample 
92001). Data were indexed for both 2Mt and 1M illite for comparison. 

hkl (2Mj) 
Imeas 

dmeas 

4AX 

dcalc hkJ(Mj) 

JM-

dcalc 

JM 
002 

004 

110, 111 

Tl2, 022 

T14 

006, 024 

114 

025 

115 

T16 
026 

116, 202 

202, 211 

204 

"134 

040, 221, 220 

223, 028 

043, 135 

0010, 029 

208, 225 

150, 241, 150, 240 

314 

228, 313 

2210, 246 

060, 332 

9.98 

4.966 

4.475 

4.179 

3.512 

3.333 

3.252 

3.220 

2.994 

2.879 

2.800 

2.714 

2.570 

2.446 

2.390 

2.354 

2.247 

2.188 

2.136 

1.993 

1.895 

1.702 

1.654 

1.602 

1.557 

1.501 

9.98 

4.992 

4.490, 4.462 

4.231,4.109 

3.488 

3.328, 3.346 

3.206 

2.990 

2.866 

2.789 

2.678 

2.572, 2.567 

2.448, 2.441 

2.396 

2.353 

2.252, 2.245, 2.246 

2.184,2.184 

2.135,2.132 
1.997, 1.991 

1.891, 1.890 
1.703, 1.702, 1.702 

1.654 

1.603, 1.602 

1.559, 1.555 

1.503, 1.502 

001 

002 

020, 110 

021? 

022, 003 

023? 

131,200 

113, 131 

r32, H 4 

201 

040 
041, 024 

005 

134, 222 
134, 115 

313, 225, 151 

311 

B3, 026 

060 

9.969 
4.985 

4.493, 4.460 

4.100 

3.337. 3.323 

2.672 

2.576, 2.569 

2.447, 2.439 

2.410,2.381 
2.363 

2.247 
22.192,2.179 

1.994 

1.905, 1.895 

1.702, 1.701 
1.654, 1.652 

1.602 
1.558, 1.558 

1.498 

27 

27 

29 

8 

10 

41 

2 

2 

8 

6 
4 

4 
100 

8 

10 

4 

8 

18 

12 
37 

4 
18 

41 

2 

6 

100 

Note: The unit-cell dimensions for 2M, illite (C2/c) and Mi illite for this 
sample (92001) are: 
a=5.202(4)A, b=9.018(6)A, c=20.065(13)A, p=95°36(7)\ V=936.8(9)A3. 
a=5.270(5)A, b=8.987(6)A, c=10.227(7)A, (3=102°54(5)\ V=472.2(5)A3. 
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Table A.6: X-ray powder diffraction data for cave trioctahedral smectites. 
#94027 

Qmeas 

( A ) 

11.8(56) 
10.4 

4.575(51) 
3.202(48) 
2.575(100) 
2.282 (2) 

1.728(11) 
1.528(64) 

#94027 
Q-meaa 

( A ) 
23 
12.3 

4.575 
3.230 
2.559 
2.279 

1.725 
1.523 

#94044 
Omeas 

( A ) 

12.7 

4.827 
4.538 
3.209 
2.578 
2.276 

1.716 
1.518 

#90031 
Qmeas 

( A ) 
24.5 

10.7 

4.525 
3.227 
2.558 
2.292 

1.722 
1.524 

file 25-1498 
Q-meas 

( A ) 

15.5(100) 

50 (6 ) 
4.53 (35) 
3.10(12) 
2.54(12) 
2.27 (4) 
1.91 (4) 
1.87(6) 
1.71(4) 
1.518(15) 

file 25-1385 
dmeas 

( A ) 

4.5(100) 

2.6(100) 
2.25 (20) 

1.74(60) 
1.53(100) 

Note: Samples 94027 and 94044 were extracted from huntite moonmilk (Hell Below 
Cave) and dolomite crust (Carlsbad Cavern). Sample 90031 was extracted from 
aragonite crust (Hell Below Cave). Card files 25-1498 and 25-1385 are published by the 
Joint Committee on Powder Diffraction Standards (1981). 
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hkl 

on 
020 
021 
002 
T21 
012 
T12 
031 
022 
121 
130 
102 
013 
140 
221 
042 
133 
132 
150 
113 
004 
014 
204 
202 
224 
161 
241 
234 
115 

"meas 

(K) 
8.95 
7.88 
6.389 
5.445 
5.283 
5.149 
5.011 
4.730 
4.488 
4.279 
4.195 
3.705 
3.542 
3.435 
3.349 
3.196 
3.091 
3.034 
2.876 
2.793 
2.726 
2.687 
2.635 
2.554 
2.503 
2.464 
2.400 
2.361 
2.305 

dcalc 

(k\ 
8.98 
7.90 
6.399 
5.455 
5.278 
5.156 
5.011 
4.743 
4.489 
4.287 
4.196 
3.704 
3.544 
3.434 
3.355 
3.199 
3.092 
3.030 
2.876 
2.794 
2.727 
2.688 
2.642 
2.551 
2.505 
2.469 
2.398 
2.361 
2.303 

'meas 

66 
76 
16 
28 

1 
2 
7 

100 
51 
9 
8 
1 

72 
23 

3 
19 
9 

19 
13 
3 

32 
22 

3 
2 
5 
2 
4 
5 
3 

hkl 

114 
215 
244 
242 
134 
054 
252; 261 
073 
270 
726 
173 
"236 
026 
146; 091 
036; 431 
272 
263 
046 
411 
093 
343 
454 
293 
402 
412 
512 
047 
474 
354 

"meas 
(k\ 

2.260 
2.215 
2.195 
2.141 
2.094 
2.066 
1.984 
1.917 
1.895 
1.854 
1.826 
1.799 
1.775 
1.736 
1.722 
1.687 
1.670 
1.654 
1.620 
1.581 
1.565 
1.549 
1.531 
1.511 
1.497 
1.466 
1.451 
1.394 
1.372 

dcak 
(k\ 

2.258 
2.212 
2 196 
2.143 
2.093 
2.065 
1.985 
1.918 
1.892 
1.856 
1.828 
1.795 
1.772 
1.736 
1.717 
1.691 
1.670 
1.652 
1.619 
1.581 
1.562 
1.546 
1.530 
1.508 
1.501 
1.469 
1.450 
1.394 
1.371 

'meas 

1 
11 
6 
6 
9 
9 

20 
18 
6 

11 
5 
6 
-* 
J 

14 
4 
4 
1 
6 
4 
1 

2 
2 
1 
1 
4 
6 
3 
4 

Note: Unit-cell dimensions: a = 7.415(4) A, b = 15.801(6) A, c = 11.650(4) A, 

(3 = 110.53(3)°, V = 1278.3(6) A3. 
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Table A.8: X-ray powder diffraction data for alunite, natroalunite, jarosite, and goyazite. 
Sample 96033 Sample 94006 Sample 94015 Sample 93016 

dmeas Leas d^, 1 ^ d^, 1 ^ d ^ 7 m e f l 5 

iA) (A) (A) (Al 
101 
0 0 3 
0 1 2 
1 1 0 
02 1 
1 1 3 
0 1 5, 2 0 2 
0 0 6 
0 2 4 
2 0 5 
1 0 7 
1 2 2 
1 0 7 
1 I 6 
0 18 
3 0 3 
0 2 7 
0 0 9 
0 3 3 
2 2 0 
1 1 9 
3 12 
134 
1 2 8 
3 15 
2 2 6 
02 10 
4 0 4 
32 1 
13 7 
2 3 2 
4 13 
12 11 

5.72 
5.72 
4.944 
3.494 

2.984 

2.878 
2.475 

2.284 
2.208 

2.025 
1.901 

1.745 
1.676 
1.646 

1.563 
1.494 

4 
4 
30 
17 

100 

2 
4 

40 
6 

7 
56 

30 
1 
6 

6 
57 

5.588 
5.69 
4.912 
3.496 

2.967 
2.941 
2.799 
2.454 

2.230 

1.899 
1.879 
1.866 

1.749 
1.648 

1.560 
1.547 
1.502 
1.482 
1.467 

1.376 
1.371 

3 
7 
57 
7 

100 
7 
20 
2 

93 

20 
2 
8 

10 
2 

1 

2 
2 
24 

2 
4 

5.936 
5.698 
5.082 
3.655 
3.116 
3.084 
2.988 
2.869 
2.548 

2.281 

1.982 

1.919 

1.831 

1.542 
1.512 
1.497 
1.434 
1.388 

1.342 
1.293 

20 
20 
40 
5 
40 
20 
100 
20 
10 

50 

20 

20 

10 

5 
10 
5 
1 
1 

1 
5 

5.695 18 

4.966 6 
3.509 31 
3.036 5 
2.954 100 

2.747 5 

2.238 3 

2.205 40 
2.166 10 

1.896 69 
1.749 33 
1.649 3 
1.627 5 

1.478 7 
1.454 15 

Note: Unit-cell parameters for the above cave minerals are: 
alunite (96033, Lechuguilla Cave): A=6.96(1)A, C=17.20(4)A, 
natroalunite (94006, Guadalupe Rm., Carlsbad Cavern): A=6.994(8)A, C=16.79(2)A, 
jarosite (94015, Cottonwood Cave): A=7.32(2)A, C=17.10(6)A 
goyazite-svanbergite (93016, Lechuguilla Cave): A=6.97(2)A, C=16.66(6)A 
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Table A.9: X-ray powder diffraction data for nordstrandite, Lechuguilla Cave. 

Hd 

110 
110 
Oil 
101 
Oil 
101 
020 
200 
121 
21T 
T21 
102,211 
220,112 
211 
2T1 
031 
231,222 
131 
040 
31Z31T 
14T 
222 
T23 
141 
411 
213 
312,330 
033 

UmecB 

(A) 
4.784 
4.324 
4.217 
4.172 
3.894 
3.608 
3.430 
3.030 
2853 
2700 
2483 
2443 
2395 
2332 
22W 
2019 
1.898 
1.782 
1.715 
1.700 
1.671 
1.596 
1.574 
1.551 
1.515 
1.479 
1.442 
1.405 

deck 

(A) 
4787 
4.317 
4.212 
4.162 
3.891 
3.602 
3.431 
3.019 
2852 
2705 
2482 
2440 
2393 
2325 
2262 
2018 
1.901 
1.782 
1.716 
1.702 
1.671 
1.596 
1.573 
1.550 
1.514 
1.479 
1.443 
1.4m 

Ltms 

100 
16 
12 
9 
4 
6 
4 
1 
3 
2 
8 
11 
22 
1 

60 
28 
15 
29 
6 
5 
7 
7 
1 
6 
9 
4 
14 
2 

Note: Unit-cell dimensions are: a = 6.151(2) A, b = 6.938(2) A, c = 5.081(1) A, 
a = 95° 44(1)', p = 98° 59(1)', y = 83° 18(2)'. 
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Table A. 10: X-ray powder diffraction data for cave gibbsite. 

nia a m e a s acajC 'meas 
(M (M 

002 

I1 ° 
202 
Tl 2 

i1 2 
1 03 
02 1 
004 

1 l ] 

3 1 2 
2 1 3 
3 1 2 
J 1 J 
023 
4 1 1 
714 
024 
3_1 4 
72 4 
2_2 4 
503 
330 
6_0 0 
602 
T16 

4.817 
4.345 
3.324 
3.293 
3.178 
3.115 
2.449 
2.417 
2.386 
2.278 
2.241 
2.168 
2.039 
1.992 
1.924 
1.795 
1.749 
1.691 
1.652 
1.595 
1.574 
1.458 
1.442 
1.408 
1.395 

4.843 
4.366 
3.339 
3.301 
3.188 
3.095 
2.448 
2.421 
2.388 
2.278 
2.244 
2.170 
2.038 
1.992 
1.921 
1.795 
1.749 
1.690 
1.650 
1.594 
1.571 
1.457 
1.442 
1.409 
1.395 

100 
49 
7 
6 
4 
1 
19 
1 
16 
3 
5 
5 
14 
9 
7 
21 
14 
15 
3 
2 
2 
13 
5 
5 
2 

Note: Unit-cell dimensions for Virgin Cave gibbsite are: 
a=8.671(3)A, b=5.067(3)A, c=9.699(6)A, (3=94° 2(1)' 
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Table A. 11: X-ray powder diffraction data for goethite, Spider Cave. 

" ™ Omens a^fo 'meas 

rAi (A) 
0 2 0 
1 10 
120 
130 
02 1 
1 1 1 
12 1 
140 
0 4 1 
21 1 
22 1 
0 6 0 , 0 5 1 
23 1 
15 1 
2 5 0 
2 4 0, 3 2 0 
0 6 1 

4.85 
4.166 
3.354 
2.689 
2.565 
2.436 
2.245 
2.171 
1.994 
1.802 
1.715 
1.654 
1.603 
1.558 
1.509 
1.476 
1.442 

4.95 
4.196 
3.382 
2.687 
2.561 
2.436 
2.241 
2.182 
1.999 
1.801 
1.718 
1.649, 1.652 
1.601 
1.555 
1.503 
1.472, 1.474 
1.444 

10 
100 
10 
20 
20 
80 
20 
20 
20 
20 
40 
10 
10 
10 
10 
10 
10 

Note: Unit-cell dimensions are: a=4.633(9)A, b=9.895(15)A, c=2.993(6)A, 
V=137.4(3)A3. Goethite was collected from wall residue. 
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Table A. 12: X-ray powder diffraction data for hydrobasaluminite, Cottonwood Cave 

hkl 'meas 

iA)_ 
dcalc 
-J&L. 

lmeas 

0 0 1 
1 1 0 
1 1 1 
0 0 2 
2 0 2 
1 12 
01 2 
2 0 1 
0 2 0 
1 2 0 
1 12 
1 2 1 
1 1 3 
2 0 2 
01 3 
2 1 2 
41 1 
3 2 2 
1 3 0 
3 0 2 
3 2 3 
1 3 1 
3 1 2 
2 3 0 
4 2 2 
5 1 1 
5 1 3 

Not indexed 
2 2 3 
2 3 2, 3 3 3 
6 1 3 
2 4 0 

12.59 
8.08 
7.66 
6.33 
5.920 
5.623 
5.328 
5.265 
5.002 
4.705 
4.520 
4.218 
4.152 
3.969 
3.893 
3.690 
3.477 
3.409 
3.226 
3.162 
3.094 
3.062 
3.040 
3.004 
2.954 
2.817 
2.753 
2.734 
2.640 
2.544 
2.385 
2.345 

12.66 
8.08 
7.62 
6.33 
5.924 
5.630 
5.342 
5.272 
4.981 
4.686 
4.516 
4.220 
4.139 
3.970 
3.885 
3.688 
3.474 
3.404 
3.229 
3.187 
3.095 
3.064 
3.036 
2.992 
2.957 
2.820 
2.752 

2.638 
2.547 
2.379 
2.343 

100 
4 
3 

11 
13 
9 
3 

15 
1 

24 
3 

16 
2 

19 
5 

7 
44 

8 
3 

19 
1 
1 
5 
2 

25 
21 
9 

hkl dmeas 
_XAL 

dcalc 
_(AX 

I. meas 

4 0 3 
6 1 0 
3 4 0; 
2 4 2 
6 2 0 
4 3 2 
T l 1 
62 1 
2 5 0 
6 1 2 
4 3 3, 
8 1 3, 
2 5 3; 
2 5 2; 
1 5 3, 
7 2 1 
82 1 
2 5 3 
5 4 2 
9 0 2 
6 4 1; 
7 4 1; 
83 1; 
3 6 2 
7 3 2 
4 6 0; 
3 6 2 
7 5 2, 
91 1 

6 2 1 

-

5 43 
7 2 0 
3 4 3 
3 5 3 
8 2 3 

7 4 3 
3 5 3 
2 6 1 

8*4 3 

65 1 

2.276 
2.242 
2.187 
2.114 
2.090 
2064 
2.028 
1.953 
1.914 
1.905 
1.878 
1.833 
1.816 
1.780 
1.749 
1.729 
1.696 
1.677 
1.664 
1.640 
1.616 
1.594 
1.585 
1.564 
1.518 
1.494 
1.472 
1.454 
1.442 

2.279 
2.241 
2 190 
2.110 
2.088 
2065 
2.028 
1.954 
1.914 
1.902 
1.879 
1.833 
1.817 
1.781 
1.750 
1.729 
1.696 
1.678 
1.664 
1.640 
1.616 
1.593 
1.585 
1.564 
1.518 
1.496 
1.473 
1.454 
1.442 

2 
7 
7 
8 
5 

12 
18 
17 

1 
2 
4 
5 

13 
14 

1 
16 

1 
2 
2 
1 

22 
1 
1 
5 
3 

11 
6 
7 
5 

Note: The unit-cell parameters are: a=14.930(5)A, b=9.963(3)A, 
c=13.695(ll)A, p=l 12.43(3)°, V=1882(1)A\ indexed and compared 
to the monoclinic unit-cell of Clayton (1980). 
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Table A. 13: X-ray powder diffraction data for metatyuyamunite, Spider Cave 

hkl (M) 

1 0 0 
0 1 0 
1 1 0 
2 0 0 
1 1 1 
0 2 0 

2 1 1 
1 2 1 
1 0 2 
1 1 2 
3 0 1, 3 1 1 
1 1 2 
0 3 0 
1 3 0 
4 0 0 
1 2 2, 1 3 1 
4 0 1 
3 0 2 
4 2 0 
1 3 2 
2 1 3 
0 4 1 
4 0 2 
4 2 2 
3 3 2, 5 1 1 
2 4 1 
5 1 2 
3 3 2, 4 0 2 
6 0 0 
2 3 3 
1 5 0 
0 5 1, 6 0 1 
4 4 1, 4 0 3 
6 1 2 
2 2 4 
4 2 3, 4 4 2 
7 0 0 
6 1 2 
6 3 1, 4 5 0 
7 l 2 
1 6 1 
15 3, 7 2 1 
2 0 5, 1 1 5 
1 4 4, 7 3 0 
8 0 0, 8 0 1 
3 6 1, 5 5 1 
4 5 3 
5 6 0, 6 5 2 

hkl (0 ) 

1 0 0 
0 0 2 
1 0 2 
1 1 2 
0 13 , 2 10 
0 2 0 
9 9 9 

0 1 4 
1 2 2 
3 0 1 
2 2 0 
2 2 2 
0 2 4 
3 0 3, 1 2 4 
2 0 5 
1 3 0 
4 0 0, 13 2 
4 1 0 
2 2 5 
1 3 4 
4 2 1 
2 3 4 
4 0 5 
5 1 1 
4 2 4 
4 3 0 
0 4 4 
1 4 4 
3 4 0 
5 2 3 
5 1 5 
6 1 1 
1 5 0 
1 5 2 
3 1 9 
4 4 3 
4 4 4 
0 5 5 
5 4 0, 6 3 0 
6 1 6 
4 5 1 
3 5 5 
7 0 5 
4 5 4 
6 4 2, 3 2 11 
5 4 6 
0 6 5 , 2 3 11 
3 6 3 
4 6 2 
2 7 2 

"meas 

(A) 
10.35 
8.33 
6.49 
5.21 
4.49 
4.211 
4.000 
3.735 
3.527 
3.395 
3.261 
3.041 
2.960 
2.890 
2.808 
2.713 
2.585 
2.485 
2.337 
2.282 
2.193 
2.123 
2.049 
2.000 
1.951 
1.908 
1.877 
1.849 
1.797 
1.770 
1.726 
1.690 
1.658 
1.629 
1.606 
1.569 
1.522 
1.500 
1.476 
1.448 
1.406 
1.377 
1.357 
1.338 
1.320 
1.306 
1.292 
1.264 
1.219 
1.158 

dcalc W 
(A) 
10.33 
8.40 
6.52 
5.17 
4.52 
4.200 

3.536 
3.414 
3.262 
3.041 
2.942, 2.982 
2.891 
2.800 
2.703 
2.583 
2.483, 2.482 
2.331 
2.283 
2.200 
2.125 
2.051 
2.003 
1.949 
1.911 
1.873, 1.872 
1.849 
1.796 
1.769 
1.722 
1.688 
1.658 
1.629 
1.606 
1.567 
1.520 
1.508, 1 497 
1.476 
1.449 
1.408 
1.382 
1.355 
1.338 
1.320 
1.306 
1.292 
1.264 
1.219 
1159 

c/„, (0 ) 
(A) 
10.40 
8.35 
6.51 
5.15 
4.64, 4.42 
4.202 

3.738 
3.530 
3.393 
3.268 
3.043 
2.961 
2.941,2.848 
2.809 
2.705 
2.599,2.573 
2.483 
2.335 
2.270 
2.191 
2.121 
2.051 
2.004 
1.953 
1.905 
1.876 
1.847 
1.796 
1.767 
1.727 
1.688 
1.659 
1.627 
1.605 
1.568 
1.521 
1.501 
1.478 
1.449 
1.406 
1.377 
1.357 
1.337 
1.320 
1.305 
1.291 
1.265 
1.220 
1.158 

'meas 

10 
100 
10 
10 
10 

100 
5 
5 

30 
5 

100b 
100b 

1 
1 

40 
10 
80b 
10 

1 
10 
10 
60 
15 
20 
20 
15 
15 
15 

1 
30 
10b 
10 
20 
s 

15 
15 
20 
20 

5 
1 
5 
1 
5 
5 
5 
1 
1 
1 
1 
1 

Note. (M) is monoclinic and (O) is orthorhombic. Orthorhombic cell is reported 
in the literature. The monoclinic cell generated here is after carnotite 
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Table A. 14: X-ray powder diffraction data for tyuyamunite from 
Carlsbad Cavern. 

""•' "meat aca[c Imeas 

(Aj (A) 
0 0 2 9.77 
1 1 0 6.45 
0 0 4, 2 0 1 4.90 
2 1 0 4.46 
0 0 5. 2 12 4.063 
12 3, 3 02 3.336 
3 11, 22 1 3.212 
0 0 7, 3 04 2.917 
13 0, 3 2 1 2.648 
10 8, 4 0 3 2.480 
3 3 0, 02 8 2.157 
3 3 2, 42 3 2.116 
4 2 4, 0 4 0 2.050 
3 2 7, 142 1.971 
3 0 9, 3 35 1.913 
5 0 6, 4 18 1.802 
0 4 6, 3 42 1.750 
6 0 4, 2 46 1.668 
7 2 4, 62 8 1.371 

Note: Sample was X-rayed with a Gandolfi camera and indexed 
on the orthorhombic cell reported by Stem, et al., 1956. Unit-cell are: 
a=10.618(12)A, b=98.194(16)A, c=20.42(4)A. 

10.21 
6.49 
5.14 
4.45 
4.084 
3.333 
3.209 
2.918 
2.645 
2.482 
2.162 
2.115 
2.042 
1.973 
1.911 
1.802 
1.755 
1.666 
1.370 

100 
20 
20 
5 
20 
40 
60 
10 
10 
10 
15 
15 
5 
5 
20 
20 
5 
10 
20 
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Table A. 15: X-ray powder diffraction data for rancieite, Spider Cave. 

"*d dmsjs dcalc lm3JS 

(A) (A) 
001 
002 
100 
101 
102 
103 
104 
1 10 
1 1 1 
202 

7.452 
3.758 
2.454 
2.349 
2.062 
1.756 
1.494 
1.426 
1.399 
1.172 

7.507 
3.754 
2.468 
2.344 
2.062 
1.757 
1.494 
1.425 
1.400 
1.172 

100 
15 
5 
5 

<5b 
5 

<5b 
<5b 
<5bb 

5 

Note: Sample was collected from wall residue and X-rayed with a 
Gandolfi camera. Unit-cell are: a=2.8498(9)A. c=7.508(6)A, V=528.05(4)A7 
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Table A. 16: X-ray powder diffraction data for todorokite, Carlsbad Cavern. 

™ ^meas ^calc ?i meas 

wi ŷ ^59 inr 
002 467 479 15 
102 
300 
301 
1 1 1 
004 
104 
403 
304,403 
306 
315,020 

4.37 
3.25 
3.11 
2.55 
2.386 
2.246 
1.984 
1.889 
1.460 
1.400 

438 
3.24 
3.11 
2.58 
2.397 
2.224 
1.978 
1.886,1.891 
1.460 
1.400 

5 
5 

<5b 
5 

<5b 
<5b 
<5bb 
5 
5 
5 

Note: Unit-cell dimensions are: a = 9.72(3)A, c =2.799(6)A, V = 261(8)A3, 
(3=92°38(7)\ The sample was X-rayed with a Gandolfi camera. 
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APPENDIX B 

SAMPLE INVENTORY 
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Table B.l: Sample Inventory 

Sample 
no. Cave 

Sample 
location 

Sample 
material Remarks 

91001 Endl 
91002 Endl 

92001 Spid 
92002 Spid 
92010 Carl 
92011 Carl 
92012 Carl 
92013 Carl 
92014 Carl 
92015 Carl 
92016 Carl 
92023 Endl 
92024 Endl 
92025 Endl 
92026 Endl 
92027 Endl 

93001 Spid 
93002 Spid 
93003 Spid 
93004 Spid 
93005 Spid 
93006 Spid 
93007 Spid 
93008 Carl 
93009 Carl 
93010 Carl 
93011 Carl 
93012 Carl 
93013 Carl 
93014 Carl 
93015 Carl 
93016 Lech 
93017 Lech 
93018 Lech 
93019 Lech 
93020 Lech 
93021 Carl 
93022 Lech 
93023 Lech 
93024 Carl 

Middle maze 
Middle maze 

Sta TJ3-TJ-4 
Sta TJ3-TJ-4 
Green Clay Rm. 
Green Clay Rm. 
Green Clay Rm. 
Lower C. sta CRF6 
Lower C. sta CRF6 
New Mexico Rm 
New Mexico Rm 

hhal 
hhal 

clay 
clay 
clay 
clay 
clay 
clay 
clay 
hhal 
hhal 

Sangre de Cristo Rm clay 
Sangre de Cristo Rm dolo 
Middle maze 
Middle maze 
Middle maze 

Near entrance 
Cobble stream 
Sta A-36x 
Sta A-36x 
Sta A-36x 
Below Ghost Rm 
StaAM-17 
Big Room 
Big Room 
Big Room 
Big Room 
Big Room 
Big Room 
Boneyard 
Boneyard 
Apricot Pit (top) 
Little White Bastard 
Lake LeBarge 
Little White Bastard 
Lake LeBarge 
Left Hand Tunnel 
StaFF-17 
Sta FF-9D 
New Mexico Room 

hhal 
dolo 
dolo 

clay 
mud 
clay 
dickite 
clay 
yellow 
mud 
clay 
hhal 
quartz 
clay 
clay 
hhal 
hhal 
clay 
nord 
dolo 
hhal 
clay 
hhal 
silt 
dolo 
calc 
calc 

floor deposit 
floor deposit 

red clay from wall residue 
black clay from wall residue 
green clay 
calcite-rich green clay 
red clay filling solution cavities 
green clay 
brown clay 
natroalunite in this sample 
nodule buried in silt 
clay from weathered bedrock 
silty dolostone 
floor deposit 
bedrock sample 
bedrock sample 

clay-rich seam in dolostone 
mud associated with cobbles 
greenish gray clay-rich ledge sediment 
white nodules 
reddish brown clay in same deposit 93003 
yellow crystals - metatyuyamunite 
thin mud layer 
brown clay 
hydrated halloysite and alunite 
chert on TX trail 
clay seam in silt pile 
brick-red smectite 
hydrated halloysite and alunite 
solution cavity fill 
brown clay filling solution cavity 
floor deposit 
wall crust (gypsum and dolomite 
bedrock pocket in floor 
bedrock pocket in floor 
bedrock pocket on boulder 
sample of silt 
wall crust (gypsum and dolomite 
drip tube liner fragment 
flowstone on silt pile 
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Table B.l: Sample Inventory (continued) 

Sample Sample Sample 
no. Cave location material Remarks 
93025 Spid 
93026 Spid 
93027 Spid 
93029 Carl 
93030 Spid 
93031 Carl 
93032 Carl 
93033 Carl 
93034 Carl 
93035 Carl 
93036 Carl 
93037 Carl 
93038 Carl 
93039 Carl 
93040 Carl 
93041 Carl 
93042 Carl 

94001 Wind 
94002 Wind 
94003 Wind 
94004 Wind 
94005 Wind 
94006 Carl 
94007 Carl 
94008 Carl 
94009 Spid 
94010 Spid 
94011 Spid 
94012 Spid 
94013 Cott 
94014 Cott 
94015 Cott 
94016 Cott 
94017 Cott 
94018 Cott 
94019 Carl 
94020 Carl 
94021 Carl 
94022 Carl 
94023 Carl 

94025b Hell 
94026 Hell 
94027 Hell 
94028 Hell 
94029 Hell 

Sta ALA2-ALA3 
Ghost Room 
Ghost Room 
Left Hand Tunnel 
Below Ghost Rm 
Lower Cave sta B14 
Lower Cave sta R-4 
Lower Cave sta yy2 

res i 
ss 
ss 
silt 
uran 
clay 
silt 
hhal 

Lower Cave sta cf B1 mud 
Lower C. staR78-17 
Lower C. sta R78-13 
Lower C. sta R78-13 
Lower C. sta LPP-1 
Lower C. sta TBMLC 
Green Clay Rm. 
Green Clay Rm. 
Green Clay Rm. 

Aragonite Tree Rm. 
Red River 
StaL-13 
StaL-13 
Mud City 
Guadalupe Rm. 
Guadalupe Rm. 
Guadalupe Rm. 
Sta A-36x 
Sta A-36x 
Sta A-36x 
Ghost Room 
Balcony-Wonderland 
Balcony-Wonderland 
Balcony 
Balcony 
Balcony 
Balcony 
LH Tunnel/Brainrillen 
LH Tunnel/Lk. Cloud 
LH Tunnel/past door 
Lower Devil's Den 
Lower Devil's Den 
StaA19 
Gyp Joint/1 st lake 
At Moondancer 
At Moondancer 
At Moondancer 

clay 
silt 
silt 
silt 
silt 
silt 
hhal 
silt 

matrix 
siltstone 
clay 
clay 
mud 
hhal 
silt 
hhal 
dick 
goethite 
rancieite 
clay/uran 
hhal 
quartz 
opal 
moonmilk 
alunite 

ledge deposit of wall residue 
wall sample from bedrock siltstone 
wall sample from bedrock siltstone 
sample of silt 
metatyuyamunite on limestone 
brown clay 
sample of silt 
bedrock pocket under popcorn 
mud caked on wall 
green clay fallen from above 
matrix of cobble gravel, Nooges Realm 
top of large silt mound 
silt capped by carbonate crust 
silt from Rookery 
silt from floor deposit 
alunite/halloysite-solut. Cavity 
matrix of cobble gravel 

silty matrix of breccia 
Permian siltstone sample 
shelf deposit of wall residue 
wall residue 
clayey floor deposit 
bedrock pocket 
silt filling bedrock pocket 
bedrock pocket assoc./silt 
floor/ledge deposit 
wall residue / reddish brown 
wall residue / silvery black 
floor deposit / clay / metatyuyamunite 
bedrock pocket 
quartz and goethtite / sol. cav. 
floor deposit 
aluminite moonmilk on walls 
alunite nodules in ledge deposit 

green stuff green material on ceiling 
orange sill : silt and green clay of ledge deposit 
green clay fracture/joint filling clay 
silt 
gypsum 
hhal 
clay 
clay 
moonmilk 
clay 

laminated silt 
white/green inclusions in gyp blocks 
bedrock pocket 
wall residue 
wall residue behind gypsum wall block 
huntite, magnesite, dolomite 
wall residue 

black stuff possible bedrock pocket 
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Table B.l: Sample Inventory (continued) 

Sample Sample 
no. Cave location 

Sample 
material Remarks 

94030 Lech 
94031 Lech 
94032 Lech 
94033 Lech 
94034 Lech 
94035 Lech 
94036 Lech 
94037 Lech 
94038 Lech 
94039 Lech 
94040 Lech 
94041 Lech 
94042 Carl 
94043 Carl 
94044 Carl 
94046 Endl 
94047 Endl 
94048 Endl 
94049 Endl 
94050 Endl 
94051 Dry 
94052 Dry 
94053 Virg 
94054 Virg 
94055 Virg 
94056 Virg 
94057 Thre 
94058 Thre 
94059 Barr 
94060 Barr 
94061 Barr 

95001 Spid 
95002 Spid 
95003 Spid 
95004 Spid 
95005 Spid 
95006 Surf 
95008 Surf 
95010 Carl 
95011 Carl 
95012 Carl 
95013 Carl 
95014 Surf 
95015 Virg 
95016 Surf 

Glacier Bay 
Apricot Pit - top 
Great Beyond 
Great Beyond 
Sta GF-3 
G-Survey Room 
Sta G-5/G6 
Sta GPB-9 
near 94037 
Rusticles Camp 
Rusticles Camp 
Boulder Falls - top 
New Mexico Rm. 
New Mexico Rm. 
Christmas Tree Rm. 
Above Mudcrack Rm 
Above Mudcrack Rm 
Mudcrack Rm. 
near Lit. Expressway 
Middle Maze 
Boulder Rm. 
Boulder Rm. 
4 Oclock Staircase 
Big Room 
Mud Room 
Porcupine Rm. Area 
Meador's Squeeze 
Temple of Cave God 
Second Pitch 
Stream Passage 
Stream Passage 

Sta A-36x 
Sta A-36x 
Sta A-36x/70' away 
Ghost Rm. 
Ghost Rm. 
Canyon near KFFC 
Dark Canyon-mouth 

hhal 
nordstr 
clay 
hhal 
todorokite 
goethite 
dolomite 
clay 
clay 
dolomite 
dolomite 
clay 
hhal 
hhal 
dolomite 

. clay 

. mud 
mud 
chert 
hhal 
clay 
apatite 
gibbsite 
alunite 
mud 
clay 
dickite 
dickite 
moonmilk 
silt/mud 
mud 

dickite 
clay 
dickite 
dickite 
dickite 
calcite 
dickite 

Bat Mauseleum-LHT clay 
Bat Mauseleum-LHT alunite 
Bat Mauseleum-LHT opal 
Entr. to Lower Cave 
Canyon near KFFC 
Big Room 
Big Canyon Ridge 

clay 
dickite 
alunite 
dickite 

ledge deposit -
floor deposit below wall residue 
orange and gray clay in fractures/joints 
bedrock pocket 
black wail residue 
red ochre in potholes 
crinkle crust on ceiling and walls 
partly altered pocket 
partly altered pocket 
cave rafts/stalactite 
wall crust 
bedrock pocket 
fallen nodule from Choc. High 
floor deposit in Balcony 
wall crust with tyuyamunite 
red/brown/green clay from Permian bed 
mud from LAG dig 
floor deposit of thick mud 
ledge occurrence of chert 
floor deposit 
Permian clay bed 
hydroxylapatite crust on boulder 
hhal/gibbsite of bedrock pocket 
bedrock pocket 
mud from floor 
white silty clay (dickite/calcite) on slope 
white joint filling dickite 
white clay on floor of small passage 
white moonmilk, contains some dickite 
silt/mud 
mud near stream 

pods of dickite picked from ledge deposit 
wall residue 
seam of dickite in bedrock 
ledge deposit at base of siltstone 
pods in dolostone at base of siltstone 
white clay-like deposit assoc/spar 
pods from dolostone 
green clay 
white alunite and hydrated halloysite 
clear opal botryoids on wall 
clay nodules from fallen debris 
clay pods in dolostone 
alunite from bedrock pocket 
dickite pods in dolostone/dolostone 
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Table B.l: Sample Inventory (continued) 

Sample Sample 
no. Cave location 

Sample 
material Remarks 

95017 Cott 
95018 Cott 
95019 Cott 
95020 Cott 
95021 Cott 
95022 Cott 
95023 Cott 
95024 Cott 
95025 Surf 
95026 Surf 
95027 Surf 

96002 
96003 
96004 
96005 
96006 
96007 
96008 
96009 
96010 
96011 
96012 
96013 
96014 
96015 
96020 
96021 
96022 
96023 
96024 
96025 
96027 
96028 
96029 
96030 
96031 
96032 
96033 
96034 
96035 

Endl 
Endl 
Endl 
Endl 
Endl 
Endl 
Endl 
Endl 
Endl 
Endl 
Endl 
Endl 
Surf 
Surf 
Virg 
Virg 
Mado 
Mado 
Mado 
Mado 
Carl 
Carl 
Carl 
Carl 
Lech 
Lech 
Lech 
Lech 
Surf 

Balcony 
Balcony 
Balcony 
Balcony 
Balcony 
Second Parallel Pas 
Second Parallel Pas 
Third Parallel Pass. 
McKittrick Hill 
N. of McKittrick Hill 
Below Ogle Cave 

Above Mudcrack Rm 
Above Mudcrack Rm 
Above Mudcrack Rm 
Above Mudcrack Rm 
Upper Maze 
Sta G-9 
Middle Maze at J-3 
Middle Maze at J-3 
Little Expressway 
Dome Room 
Dome Room 
Dome Room 
Below Swallow Cave 
near Llyorona Cave 
Big Room 
Big Room 
Lower Section 
Lower Section 
Upper Section 
Upper Section 
Big Room 
Big Room 
New Mexico Rm. 
Green Clay Rm. 
Glacier Bay 
Glacier Bay 
Glacier Bay 
Boulder Falls-lower 
near Lechuguilla C. 

opal bue nodules mixed with moonmilk 
hydrobas white pasty pods of hydrobasaluminite 
moonmilk aluminite and gypsum 
kaolinite kaolinite clay bed/poss. Permian bedrock 
Fe-oxide Fe-oxide assoc/sol. cav. and calcite spar 
Quartz Quartz powder in gypsum block 
Quartz Chert 
mud mud collected by Ransom 
dolostone dolostone fragment thought to be clay rich 
clay pods of clay exposed in ravine 
dickite pods from dolostone 

alunite Permian clay bed - l/S mixed-layer 
l/S clay Permian clay bed - l/S mixed-layer 
quartz quartz powder in gypsum block 
l/S clay brown clay deeper into bedrock 
l/S clay reddish brown clay 
quartz chert from ledge 
hhal hhal inclusions in floor gypsum block 
dolostone sample of dolostone bedrock 
l/S clay brown clay from clay bed 
quartz chert from ledge 
quartz reddish chert under flowstone 
l/S clay brown clay deeper into bedrock 
dickite dickite from pods in dolostone 
dickite dickite from pods in dolostone 
alunite bedrock pocket 
clay small inclusions of green smectite 
goethite manganese-bearing goethite 
kutnorhor kutnohorite/dolomite crust 
clay illite-rich floor clay 
clay illite-rich floor clay 
alunite near trail, collected for Ar-Ar dating 
alunite on TX trail in center of room 
alunite collected in Balcony for Ar-Ar dating 
alunite collected for Ar-Ar dating 
clay greenish gray clay 
alunite blue halloysite and white alunite 
alunite bedrock pocket 
alunite bedrock pocket 
dickite pods in dolostone 

97001 Cott Balcony 
97002 Cott Balcony 
97003 Cott Balcony 
97004 Cott Balcony 

hydrobas white hydrobasaluminite in bedrock pock 
gibbsite gibbsite/hydrobasaluminite/bed pockets 
hydrobas bedrock pocket 
hydrobas bedrock pocket 
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Table B.l: Sample Inventory (continued) 
Sample Sample 
no. Cave location 
97005 Cott Balcony 
97006 Cott Balcony 
97010 Carl Nooges Realm 

Kev to Table 

Endl = Endless Cave 
Carl = Carlsbad Cavern 
Spid = Spider Cave 
Lech = Lechuguilla Cave 
Wind = Wind Cave 
Cott = Cottonwood Cave 
Hell = Hell Below Cave 
Dry = Dry Cave 
Virg = Virgin Cave 
Thre = Three Fingers Cave 
Mado = Madonna Cave 
Barr = Barrancas Cave 
Surf = Surface collection 

Sample 
material 

hydrobas 
dolo 
silt 

Remarks 
nodules from bedrock pocket 
dolostone bedrock 
laminated silt for cosmogenic nucl dating 

clay = clay materials 
ss = siltstone 
dolo = dolostone 
dolomite = dolomite speleothems 
hhal = hydrated halloysite 
l/S clay = illite/smectite mixed-layers 
resi = wall residues 
nordstr = nordstrandite sample 
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