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Abstract

Although geologists have long assumed that cementation is an abiologic process, there is increasing evidence for microbial activity even in extreme subsurface environments. While the small pores of a typical petroleum reservoir are difficult to examine for microbes, the larger openings of modern caves have many analogous features to pore spaces. Therefore, I propose to study the role of microbes in forming calcite in cave pools as an analog for calcite cementation. 

The first step in testing the hypothesis that some pool calcite is biologic in origin is quantitative physical descriptions of the pool setting and the pool precipitates. Second, samples of each kind of pool precipitate will be collected and tested for microbial influence by looking for purported biosignatures such as external morphology, micritic fabrics, fossil microbes and biofilms (in SEM), and diagnostic stable isotopic values. The combination of the various methods should allow distinction of biologic versus abiologic precipitates. Statistical analysis of physical parameters and the various biosignatures will be conducted to determine controlling factors. Results will be compared with ongoing research on the biology of active cave pools by collaborators Drs. P. Boston and D. Northup.

Undergraduate students will assist with all phases including field work, in-house lab work, and/or accompany me to research facilities for the SEM and stable isotope analyses. Each student will complete a senior project using data they gathered and present it on-campus and at a national or regional meeting.

Objectives and Significance

Traditionally, when geologists have thought about cements, minerals precipitating into open voids, they have considered the kinetics and thermodynamics of the process but rarely examined the possible role of microbes (e.g., Morse and Mackenzie, 1990). Yet microbes are common in the subsurface and have been shown to affect mineral precipitation (Nealson and Stahl, 1997; Barns and Nierzwicki-Bauer, 1997; González-Muñoz et al., 2000; Northup and Lavoie, 2001; Newman and Banfield, 2002). The problem is how to tell their importance on cementation (Jones, 2001; Barton et al., 2001). Are the microbes just passively existing? Or are they changing the microenvironment in such a way as to cause, or at least facilitate, mineral precipitation (González-Muñoz et al., 2000; Tobin et al., 2000)? In the relatively small pore spaces of an oil reservoir these questions are very difficult to address (but see Tobin et al., 2000). However, the larger openings of caves provide a more accessible study site with many analogous features. 

The long-term objectives are to fully understand the role microbes play in the precipitation of pore-filling calcite, specifically by studying cave pools. Ultimately this will involve building a microcosm and recreating pool conditions in the laboratory. However, so little is known about the distribution and variety of pool precipitates that we do not even know the important variables. Specific objectives for this study, therefore, are:

1) 
Define the geologic setting of cave pools including bedrock, pool depth and area, slope of pool floor and cross-sectional shape (i.e. gentle or steep sides).

2) 
Document the range of pool precipitates and develop a classification scheme at the field and microscopic scales. 

3) 
Correlate pool precipitates with the geologic setting. For example, pool fingers are known to require an overhang: does the nature of this overhang impact the morphology of the pool fingers?

4) 
Examine a range of pool precipitates for biosignatures including petrographic fabrics, fossil microbes or biofilms (in SEM) and stable isotopes.

Testable Hypothesis

Significant research has been conducted on bacterially mediated precipitation of carbonate minerals (Grey 1989; Chafetz and Buczynski 1992; Ferris et al. 1997; Jones et al. 1998; Yates and Robbins, 1998, 1999; González-Muñoz et al., 2000) but comparatively little work has focused on bacterial influence on the formation of cave minerals (Thraikill 1976; Danielli and Edington 1983; Cox et al. 1989; Davis et al. 1990; Jones 1995; Groth et al., 2001), and even less on subaqueous pool precipitates (Melim et al., 2001a). A number of studies have looked at the chemistry of pool waters (e.g. Thrailkill, 1971; Forbes, 2000; Turin and Plummer, 2000) but none have specifically looked at pool precipitates or addressed the role of microbes. 

Since the top of the pool interacts with the cave atmosphere, mineral precipitation is usually attributed to supersaturation developed as dissolved CO2 degasses (Thrailkill, 1976; Hill and Forti, 1997; Turin and Plummer, 2000). With the growing recognition that microbes are present (Northup et al., 1994) and can affect mineral precipitation (Barns and Nierzwicki-Bauer, 1997; Fortin et al., 1997; Nealson and Stahl, 1997; Northup et al., 1997; Northup and Lavoie, 2001; Newman and Banfield, 2002), this assumption of abiologic precipitation needs to be challenged and tested. 

The proposed research, therefore, plans to test the hypothesis that some pool precipitates are biologic precipitates rather than abiologic precipitates. In order to test this hypothesis that microbes are somehow assisting in calcite precipitation, there must be a recognizable biosignature left behind (Barton et al., 2001; Boston et al., 2001; Jones, 2001; Northup, 2002). This study will apply a variety of possible biosignatures have been previously identified including: 

1) External morphology of speleothems (Davis et al.,1990). 

2) Microbial fabrics such as micritic laminations or clotted micrite (Cox et al., 1989; Jones, 2001; Melim et al., 2001a).

3) Fossil microbes (Jones 1995; Melim et al., 2001a) with care being taken to ensure they are not contaminants (Schopf, 1999; Barton et al., 2001) or preparation artifacts (Schopf, 1999; Kirkland et al., 1999).

4) Chemical analysis of reputed biologic forms using EDX showing increased carbon content (Melim et al., 2001a; Northup, 2002).

5) Stable isotopic values indicating microbial involvement in calcite formation (Spilde et al, 1999; Melim et al., 2001a).

A pilot study on pool fingers in Hidden Cave, New Mexico documented alternating microbial and abiologic layers (Melim et al., 2001a) and showed the value of this broad approach (Boston et al., 2001; Newman and Banfield, 2002). The proposed geologic study will integrate with ongoing biologic studies in active pools in the Guadalupe Mountains using molecular phylogenic techniques (Dr. Diana Northup; see support letter) and culturing in the lab (Dr. Penny Boston; see support letter).
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	Figure 1. Location map showing proposed study caves. Carlsbad Cavern is within Carlsbad Caverns National Park; Hidden Cave is within Lincoln National Forest. After Palmer and Palmer (2000).




Proposed study area

For this study, I plan to focus on Carlsbad Cavern, in Carlsbad Caverns National Park and Hidden Cave, in the Lincoln National Forest (Fig. 1) with additional caves examined as time permits. Most pools in these caves are either dry or intermittently dry. A few consistently wet pools are the sites of ongoing research by Drs. Diana Northup and Penny Boston into the microbiology (see support letters). Their studies revealed a need for understanding the geologic context of pool precipitates and directly led to the proposed study. In addition, the chosen caves are accessible, some inventory has already been done, and preliminary studies indicated good promise for microbial involvement in some pool precipitates (Davis et al., 1990; Northup et al., 1994; Melim et al., 2001a). 

The caves of the Guadalupe Mountains of New Mexico are mainly hypogenic caves, forming as a result of H2S rising from nearby hydrocarbon reservoirs and mixing with groundwater to create highly corrosive sulfuric acid (Egemeier, 1981; Davis, 1980; Hill, 1990; DuChene, 1997; Jagnow et al., 2000; Palmer and Palmer, 2000). The caves thus formed typically have large rooms and great vertical extent (Hill, 1987; Jagnow et al., 2000; Palmer and Palmer, 2000). Cave pools are common in the Guadalupe caves although many are now dry. The large size of many cave rooms often results in equally large pools (many >10 m2) with a wide variety of pool precipitates. This diversity may provide a means to recognize physical controls on precipitation within pools and increases the possibility of finding evidence for biologically influenced features. Although the biologists are concentrated on the few wet pools, this study will preferentially look at the many dry pools to gain a greater database. The more pools that can be described, sampled and analyzed, the better the chance of identifying general relationships that will have larger significance. 

Within Carlsbad Cavern, I propose to study pool deposits in Left Hand Tunnel and Lower Cave, both easily accessible areas off the main tourist portions of the cave.  The National Park Service lists over 150 pools in these areas and a reconnaissance survey conducted in 2002 identified a large number of suitable pools (Figs. 2 and 3). Obviously, the total number of pools is more than can be addressed in the proposed study but the variety allows a selection of pools with a wide range of precipitate types. 
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	Figure 2. Edge of dry pool in Lower Cave, Carlsbad Caverns. Pool bottom is coated in subaqueous crust. The edge of the pool is recognized by the transition to smooth flowstone (upper portion of photo). Tape measure is 8 cm long. Inset: close up of pool fingers extending down from a break-down block in the same pool. Photos by K. Ingham.


	Figure 3. Portion of long dry pool in Left Hand Tunnel, Carlsbad Cavern. Subaqueous crust covers pool floor and has partially sealed passage (note opening under figure's feet). The walls above the pool are covered with white flowstone. Inset: Close-up shot of subaqueous crust showing sharp points; contrast with smoother surface on subaqueous crust in Figure 2. Photos by K. Ingham.




Hidden Cave contains unusually large pool fingers that were the focus of a preliminary study to test for microbial influence in pool precipitates (Melim et al., 2001a). These pool fingers consist of alternating lamina of dense micrite and clear spar (Fig. 4, Melim et al., 2001a). SEM examination of etched samples found fossil microbes in the micritic lamina (Fig. 5) but not in the spar lamina. Preliminary carbon isotopic data showed a consistent 0.5‰ depletion in micrite layers versus spar layers. Melim et al. (2001a) interpreted these data to support a microbial origin for the micritic layers. As part of the current study, I propose to return to Hidden Cave to obtain additional samples for isotopic analysis and to more fully describe the context of the pool fingers and associated pool precipitates. 
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	Figure 4. Photomicrograph of Hidden Cave pool finger showing alternating laminations of dense micrite and clear spar. Melim et al. (2001) interpreted the micrite layers as microbial and the spar layers as inorganic precipitation. Sample HC-3, photo by L. Melim.
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	Figure 5. Scanning electron photomicrograph of microbial filaments in micritic layer in Hidden Cave pool finger. Sample was etched in dilute HCl for 10 seconds to expose calcitized filaments. Arrows indicate areas where filaments disappear beneath calcite matrix, indicating the filaments are part of the rock and not a surface contaminant. Sample HC-1; photo by L. Melim and M. Spilde.




Before any sampling can be done, sampling permits are required. These caves are protected by the National Park Service (Carlsbad Caverns National Park) and the U.S. Forest Service (Hidden Cave). Although a new sample permit will be required for Carlsbad Caverns, preliminary samples have been obtained under an existing permit (see attached permit). I do not anticipate any problems obtaining a new permit because of my good working relationship with the National Park Service (see attached support letter). A permit has already been obtained from the U.S. Forest Service that includes this proposed research as well as related research by Dr. Northup (see attached permit).

	[image: image6.jpg]



	Figure 6. Pool fingers in Hidden Cave, New Mexico. These pool fingers are larger than most and extend down from an overhanging cave wall. Shelfstone above the pool fingers (not seen here) marks the upper pool surface. Photo by K. Ingham.




Proposed research

Phase 1: Define and document the geology of cave pools: 

Little has been documented in the cave pool environment, so the first phase of the proposed research involves the field description of a range of pools. To minimize the perturbing effect of drips, pools will be selected that were (or are) deeper than 10 cm. In this environment, known features include subaqueous coatings, shelfstone, chenille spar, U-loops, webulites, and pool fingers (Figs. 2, 3, 6, 7; Hill and Forti, 1997). Although brief definitions of these features exist (summarized in Hill and Forti, 1997), there are no published data concerning their occurrence, and definitions lack adequate depth and detail. Therefore, the first step in the proposed study is to gather such data in the study caves. Undergraduate students will assist in the field work and use their own data to complete senior projects.
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	Figure 7.  Webulites extending from and connecting pool fingers in Lower Cave, Carlsbad Cavern.  The external morphology of webulites lead Davis et al. (1990) to suggest these are calcified biofilms.  Photo by K. Ingham.




In order to develop a comparative database suitable for later statistical analysis, I plan on describing a large number of pools encompassing different cave areas. In order to maximize the number of pools, I will be using volunteers as well as undergraduate assistants. In fact, an active caving group, the High Guads Restoration Project has already expressed interest in helping. The difficulty, however, will be ensuring consistent descriptions. Therefore, a fill-in-the-blank pool description form will be developed suitable for use by volunteers with a second form developed to standardize advanced descriptions by myself and my students.

All descriptive information will be placed in a Filemaker Pro Database for easy comparisons. The design of the database will be based on existing petrographic databases that I have used successfully for years. Based on my past experience, the database will probably go through several iterations before an adequate format is found; again this is a excellent learning opportunity for a student. Ultimately a uniform set of descriptive terms can be derived that will facilitate statistical analysis.

Phase 2: Petrography of cave pool precipitates:

Although fossil bacteria are not visible at the petrographic scale, a number of fabrics are strongly indicative of microbial activity.  Clotted or pelmicritic fabrics are generally interpreted as microbial (e.g., Chafetz, 1986; Burne and Moore, 1987; Buczynski and Chafetz, 1993; Arp et al., 1998; Riding 2002), particularly when the peloids have fuzzy edges (Buczynski and Chafetz, 1993). In addition, micrite is increasingly seen as a microbial precipitate, either as calcified biofilms (Riding, 2002) or directly from microbial activity (Yates and Robbins, 1998, 1999).  

 Cox et al. (1989) examined large stalagmites in caves in Australia and attributed laminations in the flowstone to cyanobacteria, calling them cave stromatolites. In their study, the surfaces were coated with a living cyanobacteria mat. A study of pool fingers from a dry pool in Hidden Cave revealed similar laminations of micritic material alternating with clear spar (Fig. 4; Melim et al., 2001a). No living microbes were present. However, the micritic layers contained fossil microbes while the spar layers did not (Melim et al., 2001a). Although Melim et al. (2001a) also interpreted the laminations as stromatolitic, the microbes involved could not have been photosynthetic as the Hidden Cave samples are from the dark zone of the cave.

Are the Hidden Cave pool fingers typical or a special case? As mentioned earlier, very few studies have looked at pool precipitates in detail (Hill and Forti, 1997) and I have not found any that did detailed petrography. Therefore, samples of each kind of pool precipitate will be collected from already broken pieces, preferably where the point of origin can be identified. It is possible to collect additional samples in undamaged areas but only when extreme scientific need can be justified to the governing agency. I do not expect such need, at least not at this stage of the research, as all of the study caves have available broken samples. Since the focus of this study will be dry pools, where any microbes will be fossil (i.e., calcitized), samples do not have to be collected using sterile methods. In addition, I will be looking at freshly broken or cut surfaces from the interior of each sample to avoid surface contamination (see Barton et al., 2001).

Thin sections will be cut from each sample and examined using standard petrographic techniques. Results will be entered into the Filemaker Pro database developed for the field descriptions. Undergraduate students who helped describe the samples in the field will also describe the thin sections as part of their senior projects. Additional students may be involved in data analysis who did not participate in the field work. 

Phase 3: Search for fossil microbes using the Scanning Electron Microscope:

Since microbes are small (typically 1-2 µm in diameter or less) a scanning electron microscope (SEM) is needed to find evidence of fossil microbes. I propose to examine selected samples using a JEOL 5800LV SEM at the Institute of Meteoritics, University of New Mexico (see supporting letter by M. Spilde). The microscope is equipped with an Oxford energy dispersive X-ray (EDX) analyzer. This modern EDX system utilizes a thin polymer-film window, which allows the analysis of low energy x-rays of light elements such as carbon (Z > 5). Coating by gold-palladium alloy ensures any carbon identified is within the sample. Microbiologist colleagues (Drs. Northup and Boston; see collaborators below) and M. Spilde, mineralogist and SEM specialist, will assist in distinguishing fossil microbes from mineral features. Care will also be taken to ensure fossil microbes identified are not sample preparation artifacts (Schopf, 1999; Kirkland et al., 1999). The combination of geologic and biologic expertise is critical in accurate identification of fossil components (Barton et al., 2001). 

Etching in dilute HCl will be required to exhume fossil microbes entombed within the calcite (Melim et al., 2001a). Fossil filaments tend to resist the acid better than the surrounding matrix, perhaps because the filaments have a remnant coating of organic carbon that protects them (Melim et al., 2001a). Regardless of why, based on past results the fossil filaments should stand out nicely from the etched matrix (Fig. 5). Traveling to the University of New Mexico and using the SEM to test for the presence of fossil bacteria makes a good senior project. A past student completed such a project and presented it at the annual meeting of the Geological Society of America (Shinglman et al., 2000). I expect future students to complete similar projects.

Determining that fossil bacteria are present is just the first step in SEM analysis. In addition, fossil locations have to be tied to petrographic fabric. This can be difficult because the SEM scale is so much smaller than the petrographic scale. Ideally, SEM mounts could be made from leftover thin section blanks. Unfortunately, the epoxy impregnation required to obtain quality thin sections from cave samples interferes with the etching. Hence, mirror slabs will be used if the samples are large enough. Slabs will be scanned into a computer prior to coating for the SEM and the scanned image used to help track position. Using these techniques, Melim et al. (2001) was able to determine that only micritic layers in pool fingers contained fossil bacteria. The proposed research will build on these previous findings. The SEM observations will be integrated into the database containing the field and petrographic data.  

Phase 4: Stable isotopic analysis of pool precipitates:

Speleothem calcite has long been used as a proxy for paleoclimate (e.g. Hendy, 1971; Lauritzen, 1995). Fluid inclusions within speleothems have been used to determine paleo-water values (e.g. Matthews et al., 2000; Genty et al., 2002). For this study, however, stable isotope analysis is not after paleoclimate information but rather looking for any biosignatures in the 13C values (Boston et al., 2001). Depleted 13C values are generally considered to be indicative of input from degradation of organic matter (Allan and Matthews, 1982). In the thin carbon-limited biofilms found in caves, the depletion may be small (Melim et al., 2001a; Boston et al., 2001) or even absent as the larger water-carbon reservoir may overwhelm any biosignature. Alternatively, removal of lighter 12C during photosynthesis can result in an increase in 13C values (Guo et al., 1996; Andrews and Riding, 2001). Although photosynthesis is not an option in the dark environment of a cave, chemosynthesis might produce a similar effect.

Pool fingers in Hidden Cave have alternating micritic and spar layers, and preliminary data found the 13C of the micritic layers lighter by 0.5‰ (Melim et al., 2001a). Melim et al. (2001a) interpreted these data as suggesting a microbial influence in the micritic layers. The limited data set (n = 4) and small signal, however, prevented a more definitive interpretation, so a more detailed study is planned on the Hidden Cave pool fingers. In addition, any new laminated features will be analyzed as well as a selection of other precipitates. Carbon and oxygen isotopic analyses will be run at the Stable Isotope Lab, Southern Methodist University (see attached supporting letter). The SMU lab has facilities for microsampling which will be required to compare different layers. The PI will travel to SMU with an undergraduate student to complete this work. Again, the student will be expected to complete a senior project utilizing their own data.

Phase 5: Data analysis:

I expect different pool precipitates to show varying levels of microbial influence. For example, the external form of U-loops and webulites (Fig. 7) is strongly suggestive of lithified microbial slime (Davis et al. 1990) while the more regular crystal shape of subaqueous coatings (Fig. 2) is less indicative. A detailed comparison of the finer scale features (petrographic, SEM scale) is required to determine whether or not the external morphology is significant, as has been assumed (Davis et al. 1990). The use of a FileMaker Pro database to organize all of the data facilitates correlation between the different scales and kinds of observations (field, petrography, SEM, isotopes). I have used this approach successfully in the past in analyzing marine diagenesis in a variety of lithologies (Melim et al., 2001b, 2002).

There should be a limited number of simple relationships that control the distribution of the different forms, at least within a single cave. To give an obvious example, pendant forms such as chenille spar and pool fingers require an overhang to grow from. However, not all overhangs have pendent features and adjacent pools can have different morphologies so there must be additional factors (including, perhaps, microbes) at play.  Until an adequate descriptive database is constructed, these relationships are impossible to identify.

With the assistance of Dr. Farideh Dehkordi-Vakil (see support letter), statistical descriptive analyses will be completed on all physical characteristics, petrographic, and SEM examination of the pools. This involves an examination of means or medians for continuous variables, and proportions for categorical variables. Variables will be examined for accuracy and possible data entry error.

In addition, correlation and factor analysis will be used to identify variables which could contribute to varying levels of microbial presence on pool precipitates. These models will describe, if possible, the covariance relationship among these variables in terms of a few underlying constructs, that are responsible for the observed correlation. Careful consideration will be given to the plausibility of the models that are selected using these techniques.

Although data analysis is listed herein as the last step, it clearly is an ongoing process. The current data on pool precipitates is so limited that early results must be used to control what observations are gathered in later stages. In addition, a feedback is required between the different scales of observations such that petrographic and SEM-scale observations help guide later fieldwork and choice of samples. 

Role of Undergraduate Students

My experience with undergraduate students on my earlier PRF grant (ACS-PRF #35241-GB) illustrates my approach. During the two years of the project, two students completed senior projects. The first, Kimberly Maxeiner, accompanied me to the ODP Bremen Core Repository in Bremen, Germany for two weeks in the summer of 2000. Maxeiner described and sampled core and observed a number of other researchers doing similar work. Back at WIU, Maxeiner prepared samples for thin sections and started grinding samples for later X-ray diffraction and total carbonate analyses. Her senior project on "Characteristics of light layers from ODP Leg 166, Miocene, Bahamas" was completed in December 2000 just before she graduated. After Maxeiner left, a second student, Melinda Wamsley, continued the sample processing. In the summer of 2001, Wamsley accompanied me to the University of Miami (Florida), for a week of sample analysis. She ran the total carbonate line and assisted in running the XRD for mineralogy. During Fall 2001, Wamsley completed her senior project on "Pressure solution in deep water carbonates from ODP Leg 166 Site 1007C". Both students utilized data they helped gather in completing their projects. The sum of the two senior projects was presented at GSA Boston, November 2001 by Wamsley and Maxeiner (Wamsley et al., 2001).

I also involved a student in the early stages of this cave research. Kristen Shinglman completed an Undergraduate Honors Thesis on "Fossilized Bacterial Remains in Pool Fingers from Hidden Cave, New Mexico." Shinglman accompanied me in 1999 to University of New Mexico to use their SEM to test for fossil bacteria in pool fingers. Her results were later presented at GSA (Shinglman et al., 2000), and they were published as part of a larger paper (Melim et al., 2001a). 

Undergraduate students will be involved at all stages of the proposed research. I anticipate three to four undergraduates completing senior projects funded by this proposal. In most cases, the student will accompany me either to the field or to a major university research lab to collect data they will later work on for their project. Thus, each student will get a hands-on research experience and the opportunity to interact with other scientists. Topics for senior projects will be chosen by each student with my guidance. Available topics include a broad range of scales from the field (e.g., do adjacent pools have similar subaqueous coatings? Why or why not?), to the microscope (e.g., What are the similarities and differences between subaqueous coatings and pool fingers?), to the SEM (e.g., Do webulite samples contain fossil microbes?). 

All students completing senior projects will present their results in a public presentation on campus and, time permitting, in a regional or national meeting. All three previous students presented on campus and at national GSA meetings, albeit two had already graduated at the time. This exposure to a wider audience is very useful to the students as they plan their future in geology.

Collaborators

This proposed study is part of a ongoing study of microbe/mineral interactions in caves in the Guadalupe Mountains involving microbiologists Dr. Diana Northup, University of New Mexico, and Dr. Penny Boston, New Mexico Tech, and geologists Dr. J. Michael Queen, Pomona College, and Mr. Michael Spilde, University of New Mexico. Assisting in the research is Mr. Kenneth Ingham, cave photographer. Barton et al., (2001) pointed out the value of including both biologists and geologists in studies on cave geomicrobiology. Our team was chosen to provide a range of specialties to facilitate such an interaction. Several members of the team (Boston, Northup, and Splide) have been doing multidisciplinary cave geomicrobiology research since 1995 (e.g., Northup et al., 1997; Spilde et al., 1999; Boston et al., 2001, Northup and Lavoie, 2001). Dr. Northup is experienced in microbial ecology and molecular biology while Dr. Boston's specialty is in the field of microbiological culturing and astrobiology. Dr. Queen is an experienced carbonate petrographer and Mr. Spilde is a mineralogist and an expert on the SEM and microprobe. All four are experienced technical cavers. The P.I., Leslie Melim, brings expertise in carbonate diagenesis, petrography and geochemistry. In addition, Dr. Farideh Dehkordi-Vakil, a biostatistician, will assist in the statistical analysis. We anticipate that the results of the proposed research herein will lead to further research in experimental modeling of the cave pool system led by the microbiologists.
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