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controls. Phylogenetic analyses of sequences from clone libraries
constructed from culture DNA identified two genera known to oxidize manganese, but most clones represent previously unknown
manganese oxidizers. We suggest that this community is breaking
down the bedrock and accumulating iron and manganese oxides in
an oligotrophic environment.

Unusual ferromanganese deposits are found in several caves in
New Mexico. The deposits are enriched in iron and manganese by
as much as three orders of magnitude over the bedrock, differing
significantly in mineralogy and chemistry from bedrock-derived
insoluble residue. The deposits contain metabolically active microbial communities. Enrichment cultures inoculated from the ferromanganese deposits produced manganese oxides that were initially amorphous but developed into crystalline minerals over an
8-month period and beyond; no such progression occurred in killed
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INTRODUCTION
Ferromanganese deposits (FMD) are accumulations of iron
and manganese that are known throughout the geological record.
Deep-sea manganese nodules have been intensely studied because of the unexplained mode of their occurrence, as well as
the economic resource they represent (c.f. Ehrlich 2000 for a
recent review). Manganese and iron oxyhydroxides in marine
and freshwater sediments are often biogenic indicators (Skinner
1993). The biomineralization of manganese is known in hot
springs (Ferris et al. 1987; Mita et al. 1994; Chafetz et al. 1998),
fresh water sediments (Maki et al. 1987), and soils (Ghiorse
1988; Stiles et al. 2001); the biogenicity of the deposits in desert
varnish (Ghiorse and Ehrlich 1992) is less certain.
Deposits of iron and manganese oxides in caves are rare.
Dark stalactites and flowstone, containing Fe- and Mn-oxides,
are known in a few caves (Peck 1986; Hill 1997; Provencio and
Polyak 2001). A specific and unusual type of unconsolidated
FMD is found in a few caves. The deposits are present in several
caves in New Mexico, in a newly discovered cave near Tucson,
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Arizona, in Jewel Cave (Northup and Spilde 2002, unpub. report
to National Park Service) and Wind Cave (Chelius and Moore
2004) in South Dakota, and in an extensive cave system, CuppCoutuun, in Turkmenistan (Maltsev 1997; K. Cunningham, pers.
comm.). Of all the known occurrences, Lechuguilla and Spider
Caves, in Carlsbad Caverns National Park, New Mexico, contain the most prodigious accumulations of FMD found thus far.
Iron and manganese oxides make up the bulk of these deposits,
occurring as thick, fluffy coatings on cave walls and ceilings.
The most unusual feature of cave FMD is its subaerial deposition rather than the more common form of iron and manganese
oxidation in aqueous environments. The oxide-rich FMD are believed to be the insoluble residue left from corrosion of carbonate
bedrock by air circulating in cave passages (Queen 1994). Additional evidence of bedrock corrosion is seen in the altered, decomposed nature of the rock underneath the FMD, termed “punk
rock” by Hill (1987). The condensation-corrosion model provides an abiogenic explanation for the layer of minerals, mainly
oxides and clays, covering the carbonate bedrock, and hence
the deposits are often referred to as “corrosion residue.” However, Cunningham et al. (1994) observed evidence of microbial
presence in these deposits using scanning electron microscopy
(SEM) and postulated that there might be a biotic process involved in the creation of the cave FMD (Cunningham et al.
1995). Recently, Northup et al. (2003) found a diverse community of microorganisms present in the Lechuguilla and Spider
Cave FMD. While revealing a diverse community, there is little
evidence for known manganese and iron oxidizers shown by the
phylogenetic analyses, even in the limited iron and manganese
enrichment-culture experiments.
Based on the discovery of microbial and preliminary geochemical evidence for a possible biogenic origin of the oxides, a new hypothesis was proposed that FMD in caves are
the end-product of microbially assisted dissolution and
leaching of the underlying host carbonate and enrichment of
iron and manganese through microbial oxidation (Northup et al.
2000, 2003; Boston et al. 2001). We proposed that the bacteria are “mining” the substrate bedrock within the punk rock
zone for reduced iron and manganese present in the carbonate,
which is subsequently oxidized by iron- and manganese-oxidizing bacteria, and deposited at the cave air-rock interface
(Figure 1).
In this paper, we expand upon the geochemical and mineralogical evidence to support this hypothesis and demonstrate
that microorganisms cultured from the cave FMD can produce
similar manganese-oxides in the laboratory. Since manganese
oxidation is more likely to be clearly microbially mediated than
is iron because of the latter’s readiness to oxidize chemically
(Tebo et al. 1997), we concentrated our culturing studies on
manganese, using selective enrichment media to encourage production of manganese oxides by promising isolates. This was
followed by molecular phylogenetic analysis of the cultured organisms that were proven manganese oxide producers in our
experiments to determine if they were known manganese oxi-

dizers, known organisms that were not previously reported to be
manganese oxidizers, or novel strains with such talents.
MATERIALS AND METHODS
Study Areas
Two caves in Carlsbad Caverns National Park (CCNP),
New Mexico were sampled for this study: Spider Cave, located
2 km west of the CCNP Visitor’s Center, and Lechuguilla Cave,
3.5 km further west-northwest from Spider Cave. The caves occur in a Permian-age (Guadalupian) reef complex. The complex
consists of bedded limestone and dolostone backreef formations,
a massive limestone reef formation that truncates the backreef
beds, and forereef strata that slope out toward marine sedimentary rocks that were deposited in a deep basin, seaward of the
reef. The backreef formations were deposited in a shallow, arid
lagoon behind the reef (King 1948; Hill 1996) and consist of
thickly bedded dolostone or limestone, interbedded with sandstone and siltstone. The reef rock, known as the Capitan Formation, is a fossiliferous limestone containing a small percentage
of dolomite (Melim 1991).
Both Spider and Lechuguilla Caves are examples of hypogenic sulfur cave systems formed when H2 S was oxidized
to sulfuric acid at an air/water interface or in mixing zones of
aerobic and anaerobic waters (Davis 1980; Egemeier 1981; Hill
1987, 1990; Palmer, 1991). However, neither cave system has
any measurable H2 S present today. Spider Cave is a small and
shallow cave with about 5.7 km of mapped passageway and a
total of 41 m vertical extent (A. Palmer and P. Palmer, unpublished data). The cave is situated entirely within a single unit
of backreef sedimentary rock. Lechuguilla Cave is an immense
cave system with 181 km of mapped passages to date and is the
deepest cave in the continental United States at 489 m in depth.
Although the entrance and upper part of the cave are in the backreef rocks, the largest chambers and the majority of Lechuguilla
Cave are within the reef limestone.
A definitive study by Polyak et al. (1998) places the lower
limit ages of various portions of the cave between 6 and 8 million years old. This age range provides a long period in which
microbial adaptation may have occurred. In contrast to most
other known caves, Lechuguilla Cave has been largely isolated
from the outside for at least the last several thousand years
(and possibly much longer) until opened in 1986. Radon studies
(Cunningham and LaRock 1991) indicate that the known cave
passages are atmospherically isolated, which helps to protect microbial communities from surface influences. The aboveground
climate of the site is Chihuahuan desert, and little organic material is brought into the cave from the surface by either in-fall
or water-borne transport. Thus, microorganisms in Lechuguilla
Cave have been living in a highly oligotrophic environment,
apparently for thousands if not millions of years. Since the beginning of exploration in 1986, steps have been taken to preserve
the pristine nature of the cave and its microbial communities via
an airlock and controlled and limited human access.
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FIG. 1. Cave ferromanganese. (A) Multicolored bands of FMD on the wall and ceiling of Spider Cave. Colors range from yellow (light gray in image) to
red-brown and to dark brown (dark gray in image). Hand and arm in lower left shows scale of photo. (B) Schematic diagram of cave FMD at the interface between
the cave void on the right and the bedrock on the left side.

Samples
The discussion of cave FMDs must involve three layers: 1) the
underlying bedrock, which grades into 2) a leached layer (punk
rock), and 3) an oxide-rich ferromanganese layer at the surface,
shown in Figure 1. These layers are treated as distinct parts in the
following discussion. Small pieces of bedrock were sampled in
several locations in both Spider and Lechuguilla Caves and two
drill cores were taken in Spider Cave. Larger samples for bulk
chemical analysis of backreef dolostone and reef limestone were
collected outside of the National Park from the same geologic
units in which the caves occur.
The layer of altered and leached bedrock between the surficial
oxides and the bedrock is the punk rock zone (Hill 1987). It is
soft and friable and usually white, light pink, or light yellow
in color. This layer can extend many centimeters into the cave
walls or ceilings. Samples were taken from beneath FMD deposit
samples and from drill core in Spider Cave.
The outer-most of the three layers is the oxide-rich ferromanganese layer. This material occurs in a wide range of colors, from
pink, bright red, brick red, ocher, brown, chocolate, to black or
purplish-black on limestone or dolostone and gunmetal grey on
crystalline calcite. The color can vary substantially over short
distances (Figure 1A). The predominant color varies from cave
to cave, with red, orange and ochre prevalent in Spider Cave and
chocolate brown to black being more widespread in Lechuguilla.
Thickness of the deposits ranges from a few mm on ceilings and
up to a cm or more on walls, although it may build up to 10s of
cm thickness where the material falls from the ceiling and accumulates on floors and ledges. Samples of all the colors were

collected for geochemical analysis from Lechuguilla Cave and
Spider Cave.

Geochemical Analysis Methods
Bulk chemical analysis was performed on 27 colored FMD,
8 punk rock, and 6 bedrock samples (18 from Lechuguilla Cave
and 19 from Spider Cave, including one bedrock sample from
each cave). The remaining four bedrock samples were from the
surface. Major and minor elements were analyzed by means of
X-ray fluorescence (XRF), with a detection limit of 0.01 wt%
in most cases. Ferrous iron titrations where done to determine
Fe(II)/Fe(III) ratios and loss-on-ignition (LOI) to define volatile
content (Kolthoff and Sandell 1952; Husler and Connolly 1991).
Total carbon was determined by thermal decomposition and
analysis of the resulting gases on a CE Instruments NC 2100 elemental analyzer (Carlo Erba EA/NA 1110). The same method
was used for total nitrogen and organic carbon after dissolution of inorganic carbon with acid. Bulk density was determined
from a procedure outlined by Brady and Weil (1996), where the
volume of push cores taken from punk rock and FMD was measured, dried overnight at 80◦ C, and then weighed. Bulk density
of the bedrock was determined from solid pieces in a similar
fashion. Mineralogical composition was determined on powdered samples by X-ray diffraction (XRD) using a Scintag Pad
V diffractometer.
Bulk samples of carbonate were dissolved using a buffered
acetic acid technique (Crossey et al. 1986) and the insoluble
residue was analyzed by XRF and XRD. Using this dissolution
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technique, iron and manganese should be oxidized and retained
in the insoluble portion. In addition to bulk analytical techniques,
samples were examined on a JEOL 5800 scanning electron microscope (SEM) equipped with an Oxford (Link) Isis energy
dispersive X-ray analyzer (EDX). Typically, sediment and rock
samples were mounted directly on an SEM sample stub while in
the cave and then coated by evaporation with Au-Pd in the lab
prior to imaging. Culture samples and biofilm specimens, containing large amounts of organic material (i.e., EPS, extracellular
polysaccharide), were fixed, dehydrated, and treated either by
critical point drying or by the use of the chemical drying agent
HMDS (Dekker et al. 1991) before coating. Some samples were
examined in a JEOL 2010 transmission electron microscope
(TEM) using high-resolution imaging and electron diffraction to
identify the phases. The samples, mainly FMD, were prepared
for TEM analysis by grinding under acetone and then suspended
on holey carbon grids.

Epifluorescent Microscopy: Direct Cell Counts
and Bacterial Metabolic Activity using AO/INT
Direct estimates of total and respiring cells in both FMD
and punk rock were made using microscopic techniques similar
to those of Rusterholtz and Mallory (1994). Total cells were
determined by counting cells stained with acridine orange (AO),
a dye that intercalates into DNA in both active and inactive
bacteria (Porter and Feig 1980). Respiring cells were detected
by staining cells with the metabolic dye (2-( p-iodophenyl)-3( p-nitrophenyl)-5-phenyltetrazolium chloride (INT) added on
site in the cave.
Samples for AO/INT analysis of the ferromanganese layer
and punk rock were taken at four areas each in Lechuguilla
Cave and Spider Cave. Both treatment samples and killed controls were collected at each site. Each control received an aliquot
of a 2% (v/v) glutaraldehyde solution and was then incubated
for one hour in the cave to stop metabolic activity. Each treatment sample was stained with 0.02% (w/v) INT solution (Sigma
Chemical, St. Louis, MO) and allowed to incubate undisturbed,
except for an hourly hand-vortexing, for 4 h at the sample site.
The reduction reaction was stopped by adding glutaraldehyde
following incubation. We varied the percentage of glutaraldehyde and ultimately used a 4% (v/v) formaldehyde solution in
order to completely kill the control samples. All were stained
with a 0.1% AO solution in the laboratory.
We observed cells that fluoresced green or orange (total cell
counts, AO-stained) with epifluorescence microscopy using the
appropriate filters on a Zeiss Axiolab epifluorescent microscope.
The presence of dark red formazan crystals within the cells indicated that the INT metabolic dye was reduced and deposited
within the once living cells; the count of these cells equal the total number of respiring cells (AO/INT-stained cells). Because of
initial problems with incompletely killed controls, we subtracted
the percentage of respiring cells in the killed control from that
of the paired live sample.

Selective Enrichment Media Cultures
To separate the metal oxidizers from the larger community,
we conducted metabolic challenge studies (e.g., absence of organic carbon, presence and absence of different sources of reduced manganese and iron, presence or absence of various
growth factors). These experiments, in controlled laboratory
environments, mimic salient aspects of the natural cave environments in an attempt to reproduce biomineralization or other
processes that may contribute to biosignature production. When
culturing in situ, significant time was allowed (days to years) for
in-cave incubation of the inoculum in growth medium to minimize shock. Temperature, humidity, and dark conditions of the
native habitat were maintained when cultures were brought back
to the laboratory. To promote development of mineralization, we
used solid media dispensed in plates and sealed after inoculation

R
with Parafilm M (Pechiney Plastics, Chicago). Plate culture allowed uninhibited growth of crystalline minerals and subsequent
ease of extracting the organisms and minerals from the plate surfaces for further study. Isolates incubated in-cave for protracted
periods and showing black, red, orange, or other significant coloration in the original plates were subcultured in the laboratory.
Cultures of manganese-oxidizing and iron-oxidizing organisms
were isolated using a large array of selective enrichment media
(Table 1). The media provided all the basal salts, reduced manganese and/or iron, and were either carbon free or with small
amounts of organic carbon.
DNA Extraction, Sequencing, and Phylogenetic Analysis
Cells were scraped aseptically from plate cultures of Boston’s
basal salts (Table 1) containing MnCO3 that supported organisms previously isolated from the Rainbow Room of Lechuguilla
Cave. Nucleic acids were extracted and purified using the beadmill homogenization procedure described by Kuske et al. (1998)
and a phenol:chloroform extraction. PCR amplification of the
small subunit 16S rRNA genes was conducted with the forward
primer 27F and the reverse primer 1492R (Lane 1991) with an
MJ thermal cycler as follows: 4 min denaturation at 94◦ C, followed by 35 cycles of 45 s annealing at 55◦ C, 2 min at 72◦ C (extension), and 30 s at 94◦ C (denaturation), with a final 45 s 50◦ C
annealing and 20 min 72◦ C extension step after cycling was complete. PCR amplicons were ligated into TOPO TA plasmid vectors (Invitrogen, Carlsbad, CA), according to the manufacturer’s
protocols. Recombinant plasmids were transformed into TOP10
Escherichia coli cells (Invitrogen, Carlsbad, CA) and plated on
LB agar plates containing ampicillin. Ninety-six colonies were
randomly selected from the cloning, and clones with inserts of
the correct size (approximately 1.5 kb) were purified with a
QIAprep plasmid miniprep kit (Qiagen, Inc., Chatsworth, CA).
Clones were initially screened by sequencing with the T3 or T7
primers, which gave approximately 500 nucleotides of singlestranded sequence for each clone. For a subset of representative
clones, a full-length (approximately 1500 bp), double-stranded
sequence was obtained by using sequencing primers internal to
the 16S rRNA gene.
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TABLE 1
Media for isolation of Mn- and Fe-utilizing organisms from cave FMD
Medium

Recipe or modifications per liter

Organic carbon per liter

Boston’s Basal Salts

5.0 g Rock floura
2.0 g Na2 HPO4 7H2 O
0.5 g (NH4 )2 SO4
0.4 g KNO3
4.8 mg MgSO4 7H2 O
2.5 mg FeCl3 7H2 O
2.5 mg MnCl2 4H2 O
2.5 mg NaMoO4 2H2 O
Add 0.1 g of one of:
MnCl2 4H2 O
MnCO3
Mn2 O3
Mn(NO3 )2 4H2 O
Complex Manganese (0.025 g each
of the above 4 compounds)
Fe2 O3
FeCl2
FeCO3
Complex Iron (0.025 g each of the
above 3 compounds)
OR one of the following:
0.1 g FeS2
0.5 g FeSO4 7H2 O
0.3 g FeCl3 6H2 O

None
OR one of:
Glucose 0.01%
Acetate 0.05%
Citrate 0.03%
Formaldehyde 0.05%
Methanol 4.0 ml/liter
Ethanol 2.0 ml/liter
Urea 3 ml/liter of 20% soln.

1/2 R2A

R2A (Difco) prepared at half strength
With 0.1 g MnCO3
Or
With 0.1 g FeCO3

Yeast extract 0.25 g
Proteose Peptone 0.25 g
Casamino acids 0.25 g
Glucose 0.25 g
Soluble starch 0.50 g
Na-pyruvate 0.30 g

Caulobacter Low
Nutrient Mediumb
Hyphomicrobium
Enrichment
Mediumc

Peptone 0.5 g, (0.05%)
5.0 g rock floura

4 ml methanol
2 ml ethanol

Stella & Caulobacter
Medium 2c

Peptone 2.0 g
Yeast extract, 1.0 g

Boston’s Fermented
Iron Thioglycollate
Medium for
Facultative
Anaerobes

4.0 g R2A (Difco)
0.25 g FeCl2
0.3 g Fe SO4
1 galvanized nail per tube or plate.
Sterilize, add 1 g unsterile garden soil,
cap, allow to ferment for 3 months.
Dilute by factor of 10, add agar if
desired, add 0.5 g thioglycollate.

0.01% glucose
0.01% sodium acetate

Metals “44”c

Added to above media.

NA

a

b

c

Rock flour milled from rock at sampling sites. Gerhardt (1994). Atlas and Parks (1993).
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Each sequence was submitted to the CHIMERA\ CHECK
program of the Ribosomal Database Project (RDP; Maidak et al.
2001; http://rdp.cme.msu.edu/html/) to detect the presence of
possible chimeric artifacts. All sequences were initially analyzed
using BLAST (NCBI; Altschul et al. 1997) and SIMILARITY\
MATCH (RDP; Maidak et al. 2001) to identify related sequences
available in public databases and to determine phylogenetic
groupings of clone sequences. Clone inserts representative of
each phylogenetic group identified were sequenced in their entirety. Alignment of the final dataset was accomplished using
Clustal X (Thompson et al. 1997) and manually using the BioEdit
editor http://www.mbio.ncsu.edu/BioEdit/bioedit.html, guided
by 16S primary and secondary structure considerations. Identity
values were generated by the similarity identity matrix program
in BioEdit http://www.mbio.ncsu.edu/BioEdit/bioedit.html.
Distance analyses were performed using PAUP (version 4.0b10,
distributed by Sinauer; http://paup.csit.fsu.edu/ with the JukesCantor model. The tree of highest likelihood was found by repeated tree building using random sequence input orders. Bootstrap analyses were conducted on 1000 resampled datasets, using
PAUP.
RESULTS
Geochemistry and Mineralogy
Geochemical analysis was done to determine if there are significant chemical differences among the different colors of FMD
and also what dissimilarities were present between bedrock,
punk rock and FMD. Differences in composition may provide
clues to the origin of FMD. The results of bulk rock geochemical and XRD mineralogical analyses are presented in Table 2.
In many cases, it was not possible to determine whether the
FMD originated in dolostone or limestone, so a direct comparison to bedrock type often could not be made. Therefore, data are
presented as averages of predominant rock type or FMD color.
The analytical results were averaged into seven categories: (1)
bedrock; (2) punk rock; (3) pink and white; (4) yellow and ocher;
(5) orange, salmon, orange-red; (6) red-brown, orange-red; and
(7) chocolate brown, black. The bedrock and punk rock reported
in Table 2 represent the average of equal numbers of limestone
and dolostone samples from both caves. Also shown in Table 2
are an individual backreef dolostone sample (WC1) and the insoluble residue resulting from acid dissolution of that sample
(WC1-IR).
The bedrock in these caves is either dolostone or limestone,
depending on whether a particular cave section is in the backreef or reef rocks. Neither the dolostone nor the limestone is
pure carbonate: the dolostone contained up to 3 wt% SiO2 and
0.5 wt% Al2 O3 , whereas the limestone contained far fewer impurities, with SiO2 only to 0.32 wt% and Al2 O3 to 0.05 wt%.
The silica and alumina are present mainly as authigenic and detrital clays (kaolinite, illite, montmorillonite, and dickite) and
silt-sized detrital quartz and feldspar (Melim 1991; Polyak and
Guven 2000). Most bedrock samples contained trace levels of

iron, phosphorous, and titanium at or above detection limits (0.01
wt%). Although the bedrock contained trace amounts of detrital
hematite and illite, most of the iron in the bedrock was in the
reduced form since it had a low Fe3+ /Fe of 0.1 to 0.25. The
reduced iron is likely present in the calcite or dolomite, substituting for calcium. For the most part, manganese was below the
detection limit (<0.01 wt% MnO) of the bulk analysis method
used. The insoluble residue from the dolostone bedrock sample
(WC1) contained mainly silica (76.74 wt%) and alumina (13.35
wt%) with minor or trace levels of other elements, including iron
and manganese at the detection limit (Table 2). This residue was
made up almost entirely of quartz, with small amounts of kaolinite, illite, and goethite in order of relative abundance.
The layer adjacent to the bedrock is punk rock. The main
difference between the two is a much lower density of the punk
rock. In the microscope, it showed extensive evidence of corrosion by chemical or microbial attack. Figure 2 shows a secondary
electron (SE) image of unaltered dolomitic bedrock compared to
a sample of punk rock from Lechuguilla Cave (Figure 2B). The
carbonate grains in this figure have a corroded appearance, which
is typical of both calcite and dolomite grains in the punk rock, although calcite tends to demonstrate a greater degree of corrosion
than dolomite. Despite the difference in physical appearance and
porosity, the bulk chemical composition of the punk rock was
not significantly different from that of the bedrock.
The outermost layer of the FMD is the colorful ferromanganese layer, chemically, physically, and mineralogically distinct from the underlying bedrock or punk rock. There was a
good correlation between color and chemical composition of the
FMD: the lighter colors tended to have high concentrations of
SiO2 and Al2 O3 (as high as 58.6 wt% SiO2 and 32.4 wt% Al2 O3
in the yellow/ocher) with low Fe- and Mn-oxides. Iron oxide
systematically increased from the pink through the red/brown
FMD to a maximum of 78.8 wt% Fe2 O3 before dropping somewhat in the chocolate brown/black color. Likewise, MnO increased with darker colors to reach a maximum of 21.6 wt% in
the black FMD. However, the ratio of Mn/Fe remained low and
constant (0.07) through all the colors of FMD except the chocolate brown and black category, where it increased by a factor of
10 (to 0.78). The predominant Fe-oxide in all FMD was goethite,
with minor hematite and lepidocrocite [FeO(OH)]. Lithiophorite
[(Al,Li)MnO3 (OH)2 ] was by far the most abundant Mn-oxide
in all samples. Todorokite was identified by XRD, although
peak overlap with other phyllomanganates made such identification tenuous. However, todorokite and birnessite have recently been confirmed by micro-XRD on two cave samples at the
Berkeley Lab Advanced Light Source synchrotron (M. Spilde
and J. Bargar, unpublished results). The Al-hydroxide nordstrandite [Al(OH)3 ] was the most common mineral in many of the
dark FMD samples, and svanbergite [SrAl3 (PO4 )(SO4 )(OH)6 ],
an unusual strontium mineral, was a common accessory mineral
in the dark samples.
The iron and manganese minerals in the FMD displayed distinctive morphologies that were visible in the SEM. Crystalline
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TABLE 2
Results of chemical analyses for selected elements, XRD analyses, and AO/INT cell counts

Sample typea
% Lost in dryingc
SiO2
Al2 O3
Fe2 Od3
MnO
MgO
CaO
TiO2
P2 O5
% LOI
% Insoluble residue
Bulk density
Fe+3 /FeT
Mn/Fe
Mineral abundanceae
Calcite
Dolomite
Quartz
Illite
Kaolinite
Dickite
Goethite
Hematite
Gibbsite
Nordstrandite
Svanbergite
Todorokite
Lithiophorite
No. cells/sample (×107 )a
% Metabolically activea

Insoluble Dolostone
residue bedrock
WC-1IRb WC-1
nd
76.74
13.35
0.79
0.01
0.57
0.2
0.98
0.04
nd
nd
nd
nd
0.01
(1)
∗ ∗ ∗∗
∗∗
∗∗∗
∗
∗

nd
nd

nd
1.57
0.38
0.10
<0.01
21.03
30.57
0.03
<0.01
45.89
2.29
nd
0.25
0
(1)
∗∗∗
∗ ∗ ∗∗

nd
nd

All
bedrock
Ave (5)
0.77
0.75
0.12
0.03
<0.01
10.84
45.02
0.01
0.02
44.14
1.23 (3)
2.7 (1)
0.18 (2)
0
(2)
∗ ∗ ∗∗
∗ ∗ ∗∗
∗

nd
nd

White/
Punk rock pink
Ave (8) Ave (7)
8.37
0.72
0.63
0.33
0.08
13.46
40.24
0.08
0.05
44.27
1.19 (4)
0.98 (2)
1.0 (3)
0.26
(4)
∗∗
∗ ∗ ∗∗
∗∗∗
∗
∗
∗

15.82
16.61
8.15
0.86
0.05
11.11
26.46
0.74
0.11
33.61
8.39 (1)
0.23 (1)
0.95 (1)
0.07
(3)
∗∗∗
∗ ∗ ∗∗
∗∗
∗∗
∗∗∗
∗
∗

∗

∗
∗

1.2 (118)
11 (52)

4.5 (32)
9 (16)

Yellow/
ocher
Ave (4)

Red/
orange
Ave (3)

Redbrown
Ave (7)

23.38
46.03
25.00
5.31
0.31
2.09
4.87
1.64
0.27
7.10
nd
0.37 (2)
0.99 (1)
0.06
(1)

24.00
28.52
24.64
8.18
0.57
1.47
11.15
1.69
0.32
21.59
nd
0.44 (2)
1.0 (2)
0.07
(2)
∗∗∗
∗∗

37.16
21.15
12.01
30.30
1.73
4.39
7.40
1.48
0.94
20.83
nd
0.06 (3)
0.93 (6)
0.06
(6)
∗∗
∗∗∗
∗∗
∗
∗∗∗

∗
∗ ∗ ∗∗
∗
∗∗∗
∗
∗

∗∗
∗∗∗
∗
∗
∗
∗ ∗ ∗∗

2.7 (16)
20 (8)

1.3 (28)
6 (14)

Chocolate
brown/
black
Ave (4)
58.43
2.28
13.03
17.07
13.23
4.62
13.17
0.91
1.90
21.93
73.24 (2)
0.07 (4)
1.0 (3)
0.78
(4)
∗∗
∗∗∗
∗
∗∗

∗ ∗ ∗∗
∗
∗
∗
∗
∗∗∗
∗ ∗ ∗∗
∗
∗∗
∗
∗
∗
∗∗∗
3.1 (24) 4.0 (151)
6 (12)
15 (51)

a
Number of samples in parentheses. b WC-1 IR, Insoluble residue remaining after acid dissolution of backreef dolostone sample WC-1; all
other results are averages. c Weight loss on drying, chemical analysis reported on dry weight basis. d Total Fe reported as Fe2 O3 . e Approximate
abundance given by number of asterisk, from ∗∗∗∗ as most abundant to ∗ as trace; gypsum observed as trace in punk rock, lepidocrocite trace in
chocolate brown/black FMD.

iron oxides were found as star-shaped, disk-like, bottlebrushlike, and tabular (Figure 3). The star morphology seemed to
have two modes of occurrence: as clusters of irregular, needlelike crystals in which the ends of the crystal and angles between crossing legs of the star were irregular (Figure 3A, also
Figure 5A) or as very distinct six-pointed stars of regular lengths
and angles, looking very much like tiny six-pointed starfish
(Figure 3B). The irregular stars were identified as goethite in
the TEM (Figure 5A). Another common crystal form was that of

tabular to blocky hexagonal crystals of hematite, which usually
occur as groups of single crystals or as rosettes, shown in Figure
3C. Irregular shapes were also observed, such as that in Figure 3E
and 3F where the Fe-oxides resembled bottlebrushes. This type
of feature was roughly oblong, 1–2 µm wide by 2–5 µm long, to
circular 2 µm in diameter. These features were made up of fine,
straight to curving fibrous Fe-oxide crystals. The bottlebrushlike features appeared to be hollow, which is shown in detail in
the inset in Figure 3F. A less common form of iron oxide was
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FIG. 2. SEM images of bedrock and punk rock. (A) Bedrock sample DC-1: limestone with a dolomite component. Both calcite and dolomite crystals are present
in the image. (B) Punk rock sample L309. Original bedrock was likely a calcite/dolomite mixture. Nearly all calcite has been dissolved away and only dolomite
crystals remain. Note the corroded nature of the remaining crystals.

disk-shaped (Figure 3D). The disks were usually less than 1–
2 µm in diameter, with a thickness much less than the diameter.
Like the iron oxides, the manganese oxides were characterized by distinctive shapes. Generally, the manganese oxides

were be grouped into five different morphologies: (1) crumpled
tissue paper-like, (2) box-work, (3) filamentous, (4) platy or
sheet-like, and (5) star-shaped. The most prevalent morphology
of Mn-oxide minerals in the caves resembled crumpled tissue

FIG. 3. SEM images of iron oxides observed in the cave FMD. (A) Cluster of regular stars in a dissolution pit in calcite. (B) Close up of a single regular,
six-pointed star. (C) Cluster of tabular and rosette-shaped iron oxides. (D) Group of disk-shaped oxides. (E) Hollow clusters of oxides resembling bottle brushes, in
center of image. Arrow points to a manganese oxide that has the appearance of a scrap of fabric. (F) Higher magnification image of iron oxide “brushes” dispersed
on a holey-carbon TEM grid. Inset: TEM image of one of the “brushes.”
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FIG. 4. SEM images of manganese oxide textures observed in the cave FMD. (A) “Crumpled tissue paper” form. (B) “Box-work” form. Note attached microbial
chain (arrow). (C) “Filamentous” form. Arrow points to a svanbergite crystal. Svanbergite is usually seen as cube-shaped crystals with one face modified by the
monoclinic crystal form. (D) Sheet-like form. (E) Close up of sheets showing the “woven” texture of felted filament masses. (F) Manganese oxide stars, similar to
the geometrically regular iron oxide stars. Arrow points to a putative microbial filament.

paper (Figure 4A), which graded into the box-work type, with
fine intersecting vertical structures. The box-work form is shown
in the SEM micrograph in Figure 4B, along with presumptive
bacterial chains. This form is reported to be characteristic of
birnessite (Sorem and Fewkes 1977). These two forms of manganese oxide were usually present in large masses visible in the
SEM, sometimes associated with indistinct iron oxides such as
the bottlebrush form. Another common variety of manganese
oxide was the filamentous type, shown in Figure 4C and 4E.
The filaments were on the order of 100 nm or less in diameter and hundreds of micrometers in length. They were often
closely associated with sheet-like forms, which were sometimes
“stitched” together into macroscopic threads that hung from the
cave ceiling. The platy or sheet-like form (Figure 4D) was much
like a “fabric” of individual filaments woven or felted together,
shown in Figure 4E and 3E. The filaments were sometimes vis-

ible crossing at more or less regular angles of around 120◦ . The
most interesting and unusual morphology was the star-shaped
form, shown in Figure 4F, similar in appearance to the goethite
stars (Figure 3A, 3B and Figure 5A). However, unlike the Feoxide stars, which were found as individuals or in clusters on
other minerals such as calcite, the Mn-oxide stars were usually
associated with sheets of the same oxide.
The iron and manganese oxide minerals present in the FMDs
exhibited a range of crystallinity. A significant portion of the
oxide material may be amorphous because large humps characteristic of amorphous materials were often observed in bulk XRD
spectra, in addition to crystalline oxide peaks. In the TEM, amorphous or poorly crystalline oxides exhibited nanometer-sized
domains of lattice patterns surrounded by amorphous material.
The examples in Figure 5 are typical of the poorly crystalline
oxides. The goethite displayed characteristic smearing of the
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FIG. 5. TEM images of several iron and manganese oxides showing the amorphous or poorly crystalline nature of much of the ferromanganese. (A) Goethite
stars. Inset: rings in the diffraction pattern indicate that the goethite is poorly crystalline. (B) Wispy, nearly amorphous appearance is characteristic of the crumpled
tissue-paper morphology, a common texture in much of the manganese oxide.

diffraction spots indicating an incoherent lattice (Figure 5A).
The wispy manganese oxide was likewise poorly crystalline,
and in Figure 5B, a dark spot can be seen where the material has
reacted under the electron beam while an EDX spectrum was
collected.
Chemical Enrichments and Depletions in the
Ferromanganese Deposits
Calculated enrichment factors can be used to determine the
degree to which a component is enriched, as a result of another
being removed from a multicomponent mixture. The enrichment
factor is simply the concentration of the element in the sample divided by the concentration of the element in the bedrock (Brady
and Weil 1996). Figure 6 shows the enrichment factors plotted
for major elements of the FMD averages compared to averages
of the bedrock and the insoluble residue. All colors of FMD
were enriched in major elements, except Ca and Mg, relative to
the bedrock. The punk rock had the smallest degree of enrichment, but Fe, Mn, and Ti are higher than in bedrock while Ca
was slightly lower. However, the most striking feature was the
degree to which iron and manganese were enriched in the dark
FMD, at least a hundred times more Fe2 O3 , and over a thousand
times more MnO than in the bedrock.
Observational Evidence of Microbial Activity
Putative bacteria were observed in the FMD samples, although rarely were they well preserved enough that they stood
out as distinct microorganisms in SEM. The most common recognizable bacteria were cocci interconnected on a filament, like
beads on a string. These forms were observed in several samples
from Lechuguilla, most notably associated with tissue paper-like
Mn-oxide, illustrated in Figures 4B and 7A. Because of the extremely friable nature of the FMD, it was difficult to preserve

delicate microbial features intact. As a result, most preserved
microbes were those still attached to larger pieces of rock, such
as those in Figures 7B, 7C, and 7D. Attached forms included
filaments with septae (Figure 7B), cocci, and segmented filaments (Figure 7C). Putative cells were rarely observed in the
punk rock, but evidence of a filamentous network of carbonrich (determined by EDX) material, possibly exopolysaccharide
(EPS) was found. An example of this type of material is shown
in Figure 7D where the fine filaments span dissolution pits, attached to dolomite crystals. Northup et al. (2003) reported a
variety of microbial morphologies, observed using acridine orange staining. We expanded on these findings by investigating
the degree to which these microorganisms were metabolically
active.
Direct Cell Counts and Bacterial Metabolic Activity
Using AO/INT techniques, we investigated (1) the number of
cells present in ferromanganese and punk rock, (2) the degree
to which these cells were metabolically active, and (3) where
prosthecate bacteria, which may be manganese oxidizers, were
present. Samples stained with AO revealed a variety of bacterial
shapes including cocci, rods, filaments, and prosthecate bacteria.
We analyzed the average number of cells by color, categorizing
samples into the six color groups above; the average number of
cells per sample is reported in Table 2.
Of special interest was the presence of prosthecate bacteria
in the ferromanganese layer and punk rock. A ratio of number of
prosthecate bacteria to total number of cells was created for each
analyzed sample. The relationship of the ratio of prosthecate
cells to total cells and to the color of samples was analyzed
using the analysis of variance (ANOVA) procedure in the SAS
statistical software (release 6.12; SAS Institute, Cary, NC, USA).
Data were considered significant at p < 0.05. Two trends were
discerned: (1) darker colors had a greater number of cells than
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FIG. 6. Plot of enrichment factors for major elements in bedrock, insoluble residue, and each of the FMD color categories. The enrichment factor is determined
by dividing the concentration of the element in the sample by the concentration in the bedrock. Data from Table 2.

FIG. 7. SEM images of bacteria observed in FMD. (A) Strings of bacteria in manganese oxide. Note that the bacterial bodies (arrows) are progressively coated
with thicker layers of manganese oxide (black arrow). (B) Bacterial filaments crossing mineral grains. Note septa in filaments (white arrow) and “hairy” rod-shaped
bacteria (black arrow). (C) Several different forms of bacteria on calcite: segmented filaments (arrow) and cocci with attachments. (D) Carbon-rich threads, possibly
remnants of EPS, spanning a corrosion pit in dolomite punk rock.
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lighter colors (red-brown, red, and orange) and (2) the white/pink
color category had the greatest number of prosthecate cells per
sample. A one-way ANOVA performed on these data showed
that the number of cells per sample varied significantly by color
category ( p = 0.0093).
Prosthecate bacteria were seen in most samples. Stalks varied in length, with some being very long, and with branching
present in many. An ANOVA procedure performed on the ratio
of prosthecate bacteria to total cells amongst darker and lighter
FMD and punk rock did not show a statistically significant difference ( p = 0.272). The ratio of prosthecate cells to total cells
in a sample varied from 0.0 to 0.5, with averages of 0.03 for both
light and dark FMD and 0.05 for punk rock. Although the result
was not statistically significant, the highest mean of prosthecate
cells was for the punk rock.
The number of metabolically active cells was determined
from the AO/INT stained samples. The percent of active cells per
sample is reported in Table 2. After subtracting the killed control
percentage of metabolically active bacteria from its paired live
sample, the average number of metabolically active cells across
samples was the same for FMD (all colors pooled) and punk
rock. The three highest categories in decreasing order were yellow, black/brown, and punk rock. Higher percentage of activity
in the chocolate brown/black samples paralleled cell number,
which was also high in these colors of FMD. The dark colors
were sites of the most active microbial communities.
An examination of sampling sites by percentage of metabolically active cells showed that there were differences among sites.
Samples from Sanctuary in Lechuguilla Cave and H1X/H2X in
Spider Cave contained the highest percentages of metabolically
active cells. Although the H1X/H2X site was a very metabolically active site, it was low in terms of overall number of cells
present. Sanctuary samples, on the other hand, had high total
numbers of cells, evidence of an extensive microbial
community.

Enrichment Cultures of Cave Ferromanganese
Cultures of manganese-oxidizing bacteria were isolated from
the dark FMD using selective enrichment media in which reduced manganese was provided to the bacteria in growth media containing low organic carbon or no organic carbon. Cultures were initially isolated in tubes incubated in the cave and
took many months to years to exhibit visible growth. Approximately twenty different organism strains were isolated on the
various manganese media types listed in Table 1. Two particularly interesting strains were selected for more intensive study,
both isolated from Boston’s Basal Salts media containing mixed
manganese salts. Although growth occurred on media with no
organic carbon, it was more robust on media containing organic
carbon. Both strains copiously precipitated manganese oxides
in great swaths across Petri plate surfaces.
Secondary cultures of these strains on plates grew quicker
than initial inoculations and showed visible growth of dark Mn-

rich material after only a few weeks, while uninoculated control
samples exhibited no visible growth or darkening of the medium.
XRD analysis of some of the young plate cultures (at 1 mo)
revealed the presence of amorphous oxidized manganese with
no apparent crystalline material, shown in Figure 8. The initial
X-ray amorphous precipitate (Figure 8A) subsequently crystallized over 3 months in the bacterial cultures, as evidenced by
the presence in XRD spectra of the 10 Å peak of manganate
(Figure 8B). The XRD spectrum produced by the manganeseoxidizing isolates includes a low angle peak attributable to
buserite, Na4 Mn14 O27 · · · 21H2 O, that matches a synthetic 10 Å
phyllomanganate (JCPDF no. 32-1128). Buserite is a poorly
crystalline 10 Å manganate that collapses irreversibly to the
typical 7 Å birnessite spacing upon drying (Post 1998).
The cultures were X-rayed again at 8 months with significant changes in the number and intensity of peaks present
in the XRD pattern (Figure 8C). Both liquid and plate cultures precipitated identifiable Mn-oxides: buserite, birnessite
[(Na,Ca)0.5 Mn2 O4 · 1.5H2 O], and vernadite [(Mn4+ , Fe3+ , Ca,
Na) (O,OH)2 · nH2 O]. Buserite is present initially in the 3-mo
XRD patterns, but birnessite and vernadite peaks become visible only later, after a number of months. Phosphate was added
to the media to ensure adequate basic nutrition; as a result, the
most abundant Mn mineral that forms in the agar plate cultures
was a manganese phosphate (switzerite: Mn3 (PO4 )2 · 7H2 O)).
To test whether microbial activity had an influence on the degree of crystallinity, three live plate culture were killed and fixed
with 2.5% glutaraldehyde at 1 month, resealed with Parafilm and
stored at room temperature. Over the same time span that the
inoculated medium was monitored, the amorphous manganese
oxides in the fixed culture did not develop into crystalline manganate. Indeed, almost three years after the plates were killed,
they still show no development of crystalline material.
Molecular Phylogeny of Cultures
Clones from DNA extracted from enrichment cultures precipitating manganese oxides grouped with seven different cultured or environmental species: (1) AB002633 environmental
clones from the deepest mud of the Mariana Trench (Takami
et al. 1997) (1 clone, 98.1% similarity); (2) Alcaligenes sp.
(2 clones 96.6–99.1% similarity); (3) Bacillus fusiformis (1 clone,
98.7% similarity); (4) Bordetella sp. (1 clone, 99.4% similarity); (5) Brevundimonas diminuta (2 clones, 91.5–96.7% similarity); (6) Devosia riboflavina (4 clones, 85.3–95.2% similarity) and (7) Mesorhizobium (2 clones, 88.4–96.9% similarity).
A phylogenetic tree of rainbow Room sequences is shown in
Figure 9.
DISCUSSION
Origin of Cave Ferromanganese
Several theories attempt to explain the origin of the cave
FMD, postulating a chemical or abiotic origin. One theory states
that the material is simply the insoluble residue remaining from
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FIG. 8. XRD spectra of manganese-enrichment cultures, showing how the cultured oxides change with time. (A) Spectrum of amorphous oxides at 1 mo.
(B) weak crystalline peaks at 3 mo, (C) developing crystalline peaks at 8 mo. Tall sharp peaks in A and B are from corundum, added as an internal standard to
account for peak shifts due to differences in sample height. No standard was added to the 8-month sample. Sw, switzerite; Bu, buserite; Br, birnessite; V, vernadite.
X-axis in Angstroms.

speleogenetic processes (Polyak and Provencio 2001). One of
the most telling lines of evidence that the FMD are not residues
left from speleogenesis is the Al-rich composition. The mineralogy of this material was dominated by Al-hydroxides and
oxyhydroxides; the minerals present are controlled by pH. Aluminum solubility increases rapidly as pH decreases, due to the

higher solubility of Al3+ . However, Al(OH)-species are the dominant control on solubility at neutral pH and above, and while
Al hydroxides are weakly soluble around neutrality, their solubility increases as pH increases. Thus, aluminum is least soluble
from pH 6 to 8 and will be present mainly as hydroxy-aluminum
compounds. Silica solubility, on the other hand, is relatively low
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FIG. 9. Phylogenetic tree of bacterial 16S rDNA clone sequences from manganese-enrichment cultures from Rainbow Room (Lechuguilla Cave) ferromanganese
deposits. Rainbow Room culture sequences (designated “RR” in bold type) were analyzed with most closely related sequences obtained from the databases, as
well as other representatives of major bacterial groups. The tree was inferred by neighbor joining analysis of homologous nucleotide positions of sequence from
each organism or clone, using PAUP, and bootstrap percentages were calculated. Numbers indicate percentages of bootstrap resamplings that support branches in
maximum likelihood analyses. Bootstrap results are reported only for those branches that attained >70% support.

(6 ppm) and independent of pH, particularly below pH of 8 where
H4 SiO04 is the dominant species.
Silica solubility increases with increasing pH above 8, where
2−
H3 SiO−
4 and H2 SiO4 are dominant (Drever 1997). Thus, at low
pH, the chemical breakdown of aluminosilicate minerals such
as feldspar mobilizes Al, leaving behind a Si-enriched residue
(Spilde et al. 1993). Lechuguilla and Spider Caves are the result of limestone dissolution by aggressive sulfuric acid-laden
water, with a low pH, although the buffering capacity of lime-

stone makes it difficult to maintain pH below 6 because the acid
is immediately neutralized by the carbonate bedrock (Palmer
and Palmer 2000). Nevertheless, if these deposits were formed
during speleogenesis at pH 6 or lower, we should expect to find
SiO2 dominating the chemistry of the FMD as silicon would remain and aluminum would be removed in solution when clay and
feldspar impurities in the bedrock were attacked by the acid solutions. However, the observed chemistry was just the opposite:
aluminum concentration systematically increased from light to
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dark FMD. Furthermore, Al was much higher than Si in the
darker FMD. In addition, nordstrandite rather than gibbsite was
the most common Al-species. Experimental studies and field observations show that gibbsite is the favored precipitate in acidic
solutions whereas bayerite and nordstrandite form under neutral to alkaline conditions (Schoen and Roberson 1970; GarciaGonzalez et al. 2000; Hanchar et al. 2000). Thus, the chemistry
of these deposits indicates that they formed at a slightly alkaline
pH. In fact, pH measurements taken in the FMD range from 7.1
to 8.3 and from 8.7 to 9.3 in the punk rock (Northup et al. 2003).
Another theory explains these deposits as an “atmospheric
speleofact,” in which the FMD results from the attack of corrosive air on cave walls (Queen 1994; Davis 2000). In this process of condensation corrosion, warm moist air rises by way of
Rayleigh–Bernard convection to a cave passage ceiling where
water is condensed on the ceiling and upper walls, presumably
because these areas are slightly cooler due to the geothermal
gradient (Sarbu and Lascu 1997; Dublyansky and Dublyansky
1998). The moisture absorbs CO2 from the air to form weak carbonic acid, which then reacts with and corrodes the limestone.
The Ca-laden solution migrates down the cave wall where it
precipitates carbonate as water is evaporated by the warmer,
lower walls, forming a “bathtub ring” of clean, white calcite
around the lower walls of cave passages. The FMDs in this
model, then, are the result of the corrosion at the ceiling and
represent the insoluble residue left after the dissolution of the
bedrock.
The possibility that this level of enrichment could come from
the bedrock by simple mass loss, that is, dissolution of the carbonate while insoluble elements like Fe and Mn remain, was
evaluated by comparing the insoluble residue sample (Table 2)
to the average bedrock and FMD. An insoluble residue resulting
from either speleogenesis or condensate corrosion should leave
behind a quartz-rich deposit in these caves, since quartz is the
major insoluble mineral in the bedrock. Indeed, our analysis of
the insoluble residue derived from the local bedrock showed that
the residue remaining from acid digestion of the bedrock was
predominantly quartz and clay. Very little iron and manganese
were present. In fact only minor goethite or hematite and no
manganese minerals were detectable by XRD. The Fe-oxide in
the insoluble residue (Figure 6) exhibited an order of magnitude
gain from the bedrock, but this was still an order of magnitude
below the Fe2 O3 present in the natural samples. For MnO, the
difference between the insoluble residue and the black FMD
was even more dramatic, 3 orders of magnitude greater in the
FMD than in the insoluble residue. It is obvious, then, that the
chemical composition of the chocolate brown and black FMD
was markedly different from anything that would be produced
by simply removing carbonates, although as a result of the removal of carbonate, levels of residual minerals such as clay and
quartz were elevated. However, the much higher enrichment factors for Fe2 O3 and MnO in the FMD suggest that in addition to
carbonate removal, both iron and manganese must be added to
reach the observed levels of enrichment; the change in Mn/Fe
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suggests that manganese was enriched to a much greater extent
than iron in the darkest FMD.
Bulk chemical analyses of bedrock, punk rock and the ferromanganese layer document a significant increase in Fe- and
Mn- oxides of nearly four orders of magnitude over the bedrock
in the darkest colored deposits (Figure 6). Low levels of iron
and manganese are present in the bedrock, from 20 to 220 ppm
manganese and 50 to 2863 ppm iron (Melim 1991). Although
some iron is present as Fe(III) in clastic minerals, the majority of iron and certainly all of the manganese is in the reduced
state in the bedrock, where these elements are components of
the calcite or dolomite crystal structure, substituting for calcium.
Dissolution of the carbonate minerals, whether from microbial
action or a corrosive cave atmosphere, would release Fe(II) and
Mn(II) into the local environment. Based on the reported levels
of manganese in the bedrock, how much rock must be dissolved
to supply the level of MnO concentration observed in the FMD?
The FMD has a very low density (around 0.07 g/cm3 ) and thus a
centimeter of FMD collapses with a 58% loss in weight (Table 2)
to a thin layer of a few millimeters when dried. At the upper
limit of bedrock manganese concentration of 220 ppm, 3 cm of
bedrock would need to be dissolved to leave a 1 cm thick deposit
on the cave wall of dark FMD containing 13 wt% MnO, while at
the lower limit of concentration, 32 cm of dissolved carbonate
bedrock will be required. This suggests that either a large amount
of carbonate must be dissolved to form the FMD, particularly
in the limestone which has a low trace-metal abundance, or else
Mn is being transported to the cave wall/air interface where the
FMD is formed.
When all the soluble carbonate was removed from the dolostone bedrock, SiO2 , Al2 O3 , and TiO2 exhibited enrichment factors of around 100 times the average bedrock, or about 30–50
times the dolostone sample WC1, the actual source of the insoluble residue (Figure 6). The enrichment of Al2 O3 and TiO2 are
similar for the insoluble residue and for the FMD, whereas silica
is depleted, especially in the darker FMD. Titanium is commonly
considered immobile due to the insoluble nature of the minerals
like rutile (TiO2 ), in which the titanium is concentrated (Stiles
et al. 2003). The fact that Al2 O3 and TiO2 remained relatively
high throughout all the FMD suggests that those elements were
conserved while a good deal of the carbonate was removed as
the FMD was formed. However, not all the carbonate was dissolved. The LOI is a good indicator of remaining carbonate,
since carbonates make up the majority of the volatiles lost on
ignition. The red, red-brown, and chocolate brown/black FMD
contained approximately half of the carbonate of the bedrock
samples. Only the yellow/ocher category shows very low LOI,
indicating that most of the carbonate was removed.
It is clear that dissolution of carbonate has taken place in
the punk rock and in the FMD. The impact of microorganisms
on the degradation of stone monuments and buildings is well
known (Sand and Bock 1991; Schiavon 2002; Uchida et al. 2000;
Wakefield and Jones 1998). Furthermore, a number of studies
have shown that bacteria can increase mineral dissolution rates,
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thus increasing chemical weathering (Barker and Banfield 1998;
Ehrlich 1996; Hiebert and Bennett 1992). A realistic calculation
of how much bedrock has been dissolved can be accomplished
assuming Al2 O3 in the dark FMD is conserved from the level in
the bedrock. If bedrock averages 0.12 wt% Al2 O3 , then 0.75 cm
of bedrock would need to be dissolved to yield 1 cm of dark FMD
consisting of 13 wt% Al2 O3 . While this amount of bedrock corrosion is relatively small, it is much less than that calculated for
manganese and therefore does not account for the high MnO
concentration in the FMD. This suggests again that manganese
must be added to account for the observed enrichment. Therefore, we envision that the microbial community contributed to
the manganese enrichment by selectively extracting Mn(II) from
the punk rock zone, processing it metabolically, and discarding
it as a Mn(IV)-oxide byproduct. This results in the deposition
of more Mn-oxides at the cave wall/air interface than can be
attributed to only dissolution of bedrock from the surface inward by chemical corrosion. Partial carbonate dissolution was
observed in the punk rock, manifested in the corroded appearance of the grains. Corrosion was apparently taking place at
considerable depth in the punk rock. Of the two drill cores taken
in Spider Cave, one hole penetrated 7 cm before reaching solid
bedrock, and the second core did not reach solid rock before it
was stopped by technical problems at 11 cm. Therefore, there
appears to be adequate supply of manganese and iron in the
punk rock to produce the enrichment of oxides found in the
FMD present on the cave walls and ceilings.

A Microbial Origin for Cave Ferromanganese
This and previous investigations (Northup et al. 2000, 2003;
Boston et al. 2001) have established that actively respiring cells
are present in both the oxide layer and the underlying punk rock.
Some of the clones are phylogenetically related to known iron
and manganese oxidizers, although similarity values are low
(Northup et al. 2003). Our culturing experiments show that the
organisms present in FMD are capable of producing significant
mineralization when supplied with reduced manganese. The absence of manganate in uninoculated identical media supports
the notion that the presence of the bacteria was instrumental
in the production of this mineral. At the very least, they accelerated the rate of manganese mineral production. To date,
the uninoculated sealed control plates have produced no manganese minerals three years after the original experiments. The
progression of mineral formation in culture is analogous to that
occurring naturally at the field sites. Spirakis and Cunningham
(1992) found 10 Å manganate in Lechuguilla, indicating that
a similar phase is present in the cultures and the natural samples. The transformation from amorphous manganese oxides to
phyllomanganate could be (1) actively precipitated by the organisms, (2) precipitated as a passive result of the presence of
the organisms (e.g., as nucleation sites for crystallization), or (3)
irrelevant to the process. We believe we have taken major steps
toward ruling out the third possibility.

Epifluorescent microscopy showed extensive microbial communities present in both the oxide layer and punk rock (on the order of 107 cells per cm3 ). Analysis of total cell numbers showed
that highest numbers of cells were seen at interfaces, with the
pink/white being the interface between oxide layer and punk
rock, and the black/brown being the interface between the oxide
layer and the atmosphere of the cave. Some sites, such as Sanctuary and H1X/H2X were more active, revealing the highly patchy
nature of the microbial community, typical of terrestrial soil microbial distributions (Herman et al. 1995; Zhou et al. 2002; Oda
et al. 2003). It is important to note that FMD that has detached
and fallen to the floor reportedly has little or no microbial activity visible in AO/INT cell counts (L. Mallory, pers. com.). The
presence of putative manganese oxidizers and higher metabolic
activity in the punk rock supports our hypothesis that an active
microbial community is deriving energy and nutrients from the
limestone.
The phylogenetic data lend additional support to our hypothesis that manganese-oxidizing bacteria are responsible, at least
in part, for the production of FMD, a hypothesis that was only
weakly supported in previously reported phylogenetic studies
(Northup et al. 2003). Nearest relatives from cultured species
that are known to oxidize manganese include species of Bacillus
and Alcaligenes. Some Bacillus spp. are known manganese oxidizers (e.g. Francis and Tebo 2002) and a species of Alcaligenes
has been reported to oxidize iron and manganese (Abdrashitova
et al. 1990). Other close relatives have more tenuous manganese
oxidation associations. Devosia riboflavina was formerly classified as Pseudomonas riboflavina, and other pseudomonads
are reported to oxidize Mn (e.g., Kepkay and Nealson 1987).
Mesorhizobium, a nitrogen fixer, is a close relative of several
of the clones found in iron/manganese enrichments in our prior
studies (Northup et al. 2003) and may be an unknown manganese
oxidizer. Bordetella sp. KP22 (Hanada et al. 1998) is a member
of the Alcaligenaceae, but no species of Bordetella have been
reported to oxidize iron or manganese. Based on enrichment
culture and phylogenetic studies, we appear to be dealing with
bacteria that can oxidize reduced manganese, but that are not
previously recognized manganese oxidizers. Therefore, future
studies will explore the physiology of these isolates.

CONCLUSIONS
Our hypothesis is that the microorganisms are actually “mining” the bedrock for reduced metal nutrients. Therefore, the
microbial community plays an active role in the breakdown of
bedrock. Thus, the ferromanganese minerals are by-products of
microbial metabolism. The punk rock layer may represent a zone
of where the microbial community is corroding the bedrock and
releasing reduced iron and manganese.
Cave FMDs show a high degree of enrichment of iron and
manganese that cannot easily be explained by only abiotic mechanisms. This oxide-rich material cannot be formed by simple
dissolution of carbonate bedrock. Indeed, the FMDs represent a
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complex change in the bedrock by leaching of carbonate minerals and an addition of some amount of iron and an extensive
addition of manganese. The likely source of the added metals is
from the leached punk rock below the FMD, as a result of chemical weathering and microbial attack. How the reduced metals
are transported to the cave wall/air interface is not yet known,
although the high humidity of cave air produces thin moisture
films on all surfaces, thus potentially acting as a fluid transport
avenue for dissolved materials. Further work is underway to determine how leaching takes place at depth in the bedrock and
how the leached metals are transported to the cave wall/air interface. Additional effort is being made to identify the agents of
microbial attack, whether or not organic acids are present in the
punk rock and what the transporting ligands are.
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