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Abstract—Trioctahedral smectite is a constituent of Mg-rich carbonate crusts and moonmilks (pasty
deposits) in caves of the Guadalupe Mountains of southeastern New Mexico. Energy dispersive X-ray
microanalysis of individual crystallites and their aggregates along with the X-ray diffraction analysis
indicates that the smectite is probably stevensite. Saponite is likely present in some samples also. The
smectite is intimately associated with dolomite crusts and huntite moonmilks in Carlsbad Cavern, Lechu-
guilla Cave, and other dolostone caves. Clay particles appear as fibers and films, with aggregates com-
prising decimicron-sized filamentous masses that envelop crystals of dolomite, huntite, and magnesite.
The occurrence of smectite is related to the genesis of the Mg-rich carbonate minerals. In water films,
progressive evaporation and carbon dioxide loss results in the sequential precipitation of Mg-rich calcite,
aragonite, dolomite, huntite, and magnesite. This sequence of carbonate precipitation removes Ca and
greatly increases the Mg/Ca ratio in the solutions. Silica is commonly available probably because of high
pH conditions, and consequently, smectite forms in the Mg-rich alkaline environment. Along with the
Mg-rich carbonate minerals, opal, quartz, and uranyl vanadates may precipitate with the smectite.
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INTRODUCTION

Caves such as Carlsbad Cavern and Lechuguilla
Cave in the Guadalupe Mountains of southeastern
New Mexico are well known for their natural beauty
and their mineralogy. These caves have formed in a
thick, dolomite-rich carbonate rock sequence and con-
tain abundant chemical sediments known as speleo-
thems, which contain a variety of Mg-bearing miner-
als. See Jagnow (1977), Hill (1987), and Polyak et al.
(1998) for a detailed geologic history of Carlsbad Cav-
ern and for the general location of the caves, and Hill
and Forti (1997) for descriptions of speleothems. We
report the authigenesis of trioctahedral smectite in Mg-
rich carbonate speleothems, such as crusts and moon-
milks from Carlsbad Cavern and other caves of the
Guadalupe Mountains. To our knowledge, authigenesis
of trioctahedral smectite (saponite and sauconite) in
caves has been reported only in Bulgaria, Romania,
and Turkmenistan (Hill and Forti, 1997).

MATERIALS AND METHODS
Sample descriptions and cave setting

Samples from six caves (Table 1) were selected for
this study. Carbonate crusts and moonmilks are com-
mon in caves of the Guadalupe Mountains. They occur
most often on the cave walls and floor. Carbonate
crusts are thin incrustations of carbonate minerals that
have a rough ‘stucco” or ‘plaster’” appearance.
Moonmilks are thin, pasty to powdery deposits that
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may resemble ‘‘cottage cheese’” when moist. In these
caves, some crusts consist primarily of dolomite,
whereas moonmilks commonly consist primarily of
hydromagnesite or huntite. Dolomite crusts exhibit
desiccation and curling. Mg-rich crust and moonmilk
speleothems occur throughout these caves, but more
abundantly deep within the zone of total darkness. Ar-
eas where samples 90031, 94012, 94027, and 94044
(crusts and moonmilk) were collected had relative hu-
midities (RH) at 90-95%. Measured RH in areas
where samples 88014, 89037, and 90018 (rimstone
and stalagmites) were collected varied more widely
(70-95%) because they were located in the zone of
indirect light near the cave entrances. Temperatures
measured in these areas were 10-17°C.

Methods

Samples were collected by permission from the
Carlsbad Caverns National Park Service, Lincoln Na-
tional Forest Service, and the Bureau of Land Man-
agement. The carbonate minerals in crust and moon-
milk samples were removed by the sodium acetate
method of Jackson (1974). We used 5% hydrochloric
acid to extract insoluble materials from a stalagmite
(sample 89037). Insoluble residues were dried in an
oven at 40°C for 24 h, lightly ground, and the powders
were analyzed using X-ray diffraction (XRD) and
transmission electron microscopy (TEM). XRD of ran-
dom powders and oriented clay aggregate mounts
were performed using a Philips Norelco diffractometer
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Table 1. General information on cave samples.

Sample Cave Speleothem Mineralogy Remarks
88014 Cottonwood rimstone cc, as 1% ir
89037 Hidden calcitic stalagmite cc, ar, as 1% ir
90018 Gunsight aragonitic stalagmite ar, cc, as 1% ir
90031 Hell Below crust ar, as, ps 1% ir
94012 Spider floor crust do, ts, as nd
94027 Hell Below moonmilk hu, do, ma, ts 6% ir
94044 Carlsbad wall crust do, ts, qz 2% ir

ar = aragonite, as =

amorphous silica, cc = calcite, do = dolomite, hu =

huntite, ir = non-carbonate insoluble residue,

ma = magnesite, nd = not determined, ps = poorly crystallized silicate (kerolite-like), qz = quartz, ts = trioctahedral smectite.

operated at 40 kV and 20 mA with CuKa radiation.
Oriented clay mounts were dried at 25°C and 50% RH.
Samples were treated with ethylene glycol vapor for
24-48 h. Characteristic X-ray spectra were obtained
on films and aggregates of clays using energy disper-
sive X-ray (EDX) microanalysis interfaced to a JEOL
JEM-100CX analytical electron microscope. Micro-
graphs of clay particles were obtained in TEM mode.
Small fragments of freshly fractured samples were
mounted, coated with gold, and examined with scan-
ning electron microscopy (SEM) on the same micro-
scope.

RESULTS
Trioctahedral smectite

Filamentous materials compose a small fraction (1—
10%) of Mg-rich carbonate speleothems in these
caves. These materials are intrinsically associated with
dolomite, huntite, magnesite, opal, quartz, and uranyl
vanadates in crusts and moonmilks. The filamentous
materials consisted of fiber-like particles and films of
trioctahedral smectite.

The crusts (samples 94012, 94044) consist of mi-
cron-sized rhombohedral-shaped dolomite, and the
moonmilk (sample 94027) is composed of micron-
sized huntite platelets. The dolomite and huntite crys-
tals are intertwined with filamentous smectite. Figure
1 shows SEM and TEM images of smectite from
crusts (Figure la and 1b) and a moonmilk (Figure 1c
and 1d). In places, the filaments are relatively large
and complex. In moonmilk, they are composed of
smaller fiber-like particles as shown in Figure 1c¢ with
platelets of huntite (sample 94027). In these samples,
the smectite particles are predominantly fibrous in ap-
pearance, although some particles are films. EDX mi-
croanalysis of crystals in sample 94027 indicates that
the smectite lacks Al. Microanalysis of sample 94044
shows a mixture of Al-bearing and Al-free Mg-rich
smectite. In all cases Al is absent or minor and the
d(060) value ranges from 1.516 to 1.528 A, which
indicates that the smectite is trioctahedral (probably
stevensite). Minor to trace amounts of fibrous Mg-rich
silicates such as sepiolite may be present, but we could
not identify them because of the small sample sizes.
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Figure 2 shows the XRD patterns for the insoluble
residues of samples 94027 and 94044.

Silicates in other speleothem types

Other carbonate speleothems were examined for the
presence of smectite. A sample of aragonite crust
(sample 90031) was digested and found to contain 1%
insoluble residue consisting of a mixture of amorphous
silica and a poorly crystallized Mg-rich kerolite-like
silicate (Brindley et al., 1977). A fragment of stalag-
mite (sample 89037) was also digested and found to
contain 1% insoluble residue consisting of amorphous
silica, preserved mites and arthropod parts, and trace
amounts of detrital silt-sized quartz, mica, and dickite
grains. The stalagmite is composed of Mg-rich calcite
and aragonite. Amorphous silica, which was especially
abundant along thin layers of aragonite, formed molds
of the aragonite crystals. X-ray microanalysis of the
arthropod parts revealed amorphous silica incorporated
in the chitinous remains. No authigenic clays were
found in the insoluble residue of the stalagmite sam-
ple. Samples of an aragonite stalagmite (sample
90018) and a calcite rimstone (sample 88014) were
digested and found to contain ~1% insoluble residue
that also consisted mostly of amorphous silica. The
rimstone fragments consisted of low magnesian calcite
with minor aragonite.

The mineralogy in these carbonate speleothems in-
dicates that silica is precipitating from cave waters.
Amorphous silica is the main precipitate phase in the
insoluble residues of calcite and aragonite stalagmites.
Both amorphous silica and a poorly formed Mg-rich
silicate are major components of insoluble residues in
an aragonite crust, whereas trioctahedral smectite is
the main constituent of insoluble residues in the Mg-
rich carbonate crusts and moonmilks. Opal or quartz,
and tyuyamunite are found associated with the car-
bonate minerals and trioctahedral smectite.

DISCUSSION

Authigenesis of smectite and origin of Mg-rich
carbonates

The formation of trioctahedral smectites in caves is
obviously related to carbonate precipitation, particu-
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Figure 1.

Scanning and transmission electron micrographs of trioctahedral smectite from caves. (a) Fibrous-like smectite

particles (sample 94044). (b) Filamentous smectite intertwined with dolomite crystals (sample 94044). (c) Filament associated
with platelets of huntite. Note that the filament fragment is comprised of fiber-like smectite (sample 94027). (d) Filamentous

smectite intertwined with huntite platelets (sample 94027).

larly the precipitation of Mg-rich carbonates. The se-
quence of carbonate deposition in caves is predicted
from the phase diagram of the CaCO,-MgCO,-H,O
system at 25°C (Lippmann, 1973). Ford and Williams
(1992) and Hill and Forti (1997) modified this diagram
to show the expected sequence of carbonate precipi-
tation/neoformation in caves as water evaporates and
loses carbon dioxide (Figure 3). From petrographic
and field observations, we suggest that the sequence
of anhydrous carbonate precipitation in these caves is
Mg-rich calcite — aragonite — dolomite — huntite —
magnesite. Precipitation of calcite depletes the thin
cave water film on the speleothems of Ca?* and in-
creases the Mg?+/Ca’* ratio. Aragonite then precipi-
tates, which further depletes the water film of Ca?* and
further increases the Mg?+/Ca?* ratio. There is a cor-
responding increase in alkalinity and pH of the cave
water. The carbonate-mineral phase diagram suggests
the precipitation of magnesite and brucite under con-
ditions of extreme evaporation and carbon dioxide
loss. Magnesite is a minor constituent of the huntite
moonmilk (sample 94027); however, brucite has not
been reported in caves (Hill and Forti, 1997). The
smectite has formed with the Mg-bearing carbonate
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minerals, indicating that the fluids have undergone sig-
nificant evaporation and carbon dioxide loss. The rate
of evaporation and loss of carbon dioxide is probably
very slow during formation of the Mg-rich carbonate
and smectite.

The silicates associated with the carbonates in these
speleothems indicate that a sequence of silicate pre-
cipitation coexists with a sequence of carbonate pre-
cipitation with progressive evaporation and carbon di-
oxide loss. This path of sequential precipitation is il-
lustrated in the carbonate phase diagram in Figure 3.
The succession from amorphous silica in stalagmites
to smectite in crusts and moonmilks is indicated by
the XRD patterns of insoluble materials from these
speleothems (Figure 4).

Two depositional settings

Two locations of Mg-rich smectite are areas: (1)
where condensate forms and (2) near dripping water.
In the first setting, condensate forms by mixing of in-
coming cool and dry air with outgoing humid, warm,
and carbon dioxide-charged air. The condensate forms
a water film that moves downward along the walls
dissolving the dolostone bedrock. On the lower cave
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Figure 2. XRD patterns of oriented (a and b) and random (c) preparations of smectite fractions dissolved from Mg-rich

carbonate speleothems (samples 94027 and 94044).

wall and floor, the environment is conducive for pre-
cipitation of carbonates and eventually Mg-rich sili-
cates. In the second setting, drip water charged with
carbon dioxide and the appropriate chemistry for car-
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Figure 3. Carbonate phase diagram modified after Lipp-

mann (1973), Ford and Williams (1992), and Hill and Forti
(1997). The diagram shows the evolutionary path of carbon-
ate precipitation from a hypothetical cave water. The evolu-
tion of silicates follows this path because of the presence of
silica, extraction of Ca?*, and progressive increase of Mg?*/
Ca?* as the cave water evaporates and degasses CO,.
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bonate precipitation, produces splashes, aerosols, and
thin films, which are sensitive to evaporation and car-
bon dioxide loss. Mg-rich carbonates and smectite pre-
cipitate along the margin of the dripstones. In both
settings (by slow evaporation, carbon dioxide loss), the
Ca?* in solution is removed by the precipitation of
calcite (Mg-calcite) and, with a subsequent increase in
Mg** content, by the precipitation of aragonite. Then
dolomite, huntite, magnesite, and/or hydromagnesite
precipitate utilizing the remaining Ca?* and much of
the Mg?*. The pH of these solutions is high (i.e., pH
> 8). The resultant solution is concentrated in Mg?*
and silica. Smectite forms in crusts and moonmilks
with occasional opal or quartz.

Possible origin of trioctahedral smectite

Detrital clays probably have not been altered to
smectites in these settings. The fibrous-like morphol-
ogy of the smectite, and the way in which they anas-
tomose around the dolomite crystals is consistent with
this conclusion. It is also not likely that sepiolite
formed first and later converted to stevensite if tem-
peratures needed for such a conversion approach
150°C (Giiven and Carney, 1979). Presence of sepio-
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Figure 4. Powder XRD patterns for insoluble fractions of
huntite moonmilk, aragonite crust, and stalagmites show an
apparent progression of silicates with increasing Mg?*+/Ca?*
of the carbonate speleothems. (a) Insoluble residue from hun-
tite moonmilk consists of trioctahedral smectite and minor
quartz. (b) Insoluble residue from aragonite crust consists of
amorphous silica and poorly crystalline Mg-rich silicate. (¢)
Insoluble residue from calcite and aragonite stalagmites con-
sists of amorphous silica and minor to trace amounts of quartz
and other detrital components. Q = quartz, O = amorphous
silica.

lite is not confirmed in these caves, and the cave tem-
peratures probably never exceeded 30°C. Smectite
may have formed by the conversion of hydromagne-
site similar to that synthesized by Takahashi et al.
(1997). Such an origin of the smectite is reasonable,
but hydromagnesite is platy and most of the triocta-
hedral smectite particles are fibrous-like. The smectite
may form by neoformation of brucite as discussed by
Baird et al. (1971, 1973) and Harder (1972) for syn-
thetic smectite. Although a brucite precursor is engag-
ing, brucite is not known from caves. Stevensite prob-
ably forms in cave environments by the maturation of
Mg-bearing amorphous silicate materials (Farmer et
al., 1991), or by direct precipitation from cave waters.
For the samples studied here, the progression of the
complexity of silicate mineralization from amorphous
silica to trioctahedral smectite observed in calcite, ara-
gonite, dolomite, and huntite speleothems supports ei-
ther mode of formation.
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