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ABSTRACT


The objective of the proposed study in Yellowstone National Park is to characterize the spectral signature of hyperthermal environments which have extremophile organisms. That spectral signature will then be analyzed to examine whether it has unique attributes and whether these can be correlated with specific organisms and minerals.  Spectral will also be obtained of biologically inactive sites in order to examine the extent to which a unique signature might persist with time.  Data at various spatial resolution will be acquired ranging from high resolution (both laboratory and field) of individual minerals and biota to more regional views of entire hot spring environments.


This research is part of a broader study in which the spectral signature of various extremophile habitats are being studied.  The overarching objective is to determine if extremophile environments have unique spectral signatures which could be used to identify such sites on Mars using orbital spectral data.

PROBLEM STATEMENT


The problem to be addressed by this research is the characterization of the spectral signature of hyperthermal biologic environments as exemplified by the hot springs of Yellowstone National Park.  The spectral range of interest is the visible to near infrared, 0.35 to 2.5 microns.  We will asses the extent to which unique signatures are associated with such environments and whether they can be used as a guide to characterize other sites remotely and to search for such sites on Mars using orbital spectral data.  


Clearly, the minerals and biota associated with a hot spring have unique spectral signatures when measured in a laboratory setting (Figures 1 and 2).  The question to be addressed here is whether under field conditions, the individual components can be uniquely identified in a composite spectrum and the extent to which the biologic component remains after the biologic activity ceases.  We plan to collect spectral data at a variety of hot spring environments to sample the diversity of hyperthermophile organisms and mineral deposits associated with the range of temperature and chemistry.


Observations will be made at variable spatial resolution such that the field-of-view varies from single colonies of organisms or single minerals to meter-scale views of entire hot springs.  We also plan to compare the field observations with aircraft (e. g., AVIRIS) and satellite (Landsat TM, ASTER) spectral data to determine the spatial scale of observation necessary to recognize hyperthermal environments.


In addition to active sites, data will also be collected at sites no longer biologically or thermally active.  This will provide a constraint on temporal history of the spectral signature.  It may be that once the organisms die, the organic materials are rapidly destroyed and the spectra indicate only the mineralogic components.  Even under such circumstances, the morphology of the remaining minerals may influence the spectra.  Alternatively, organic material may remain in a fossilized state and influence the spectra.  In either case, the data should constrain the period of time over which biologic material is preserved and detectable within the hydrothermal mineralization.

Issues: This research is driven by NASA’s focus on the question of whether life ever began on Mars and if so whether it might persist to the present.  Hyperthermophile organisms occupy the deepest branches on the terrestrial phylogenetic tree and have been suggested to be the first types of organisms that evolved on Earth (Woese, 1987; Woese et al., 1990; Stetter, 1994; Blank et al., 1997).  Given the widespread volcanic and fluvial activity in the past on Mars, hydrothermal conditions are likely to have been present. It has been suggested that if life began on Mars, it too might have begun in a hydrothermal environment.  Thus, examining hydrothermal environments on Mars is a priority in terms of Mars exploration (e.g., Farmer, 2000; Cady and Farmer, 1996; Walter and Des Marais, 1993).


The question to be addressed as part of this research is whether one could use spectral data to remotely identify sites on the martian surface that had hyperthermophile organisms.  The results of this study will be used as a guide to determine the feasibility as well as the spatial and spectral requirements necessary to achieve detection on Mars.

Why is this being done in the park?  This research is being conducted in Yellowstone National Park as it represents a unique and accessible environment in which hyperthermophile organisms can be studied.

OBJECTIVES


The proposed research focuses on a set of nested questions:


1.  What are the spectral signatures of a hydrothermal site with hyperthermophile organisms?


2.  Is there a unique attribute of the spectra of a hyperthermophile environment that can be used to differentiate such sites from abiologic hydrothermal sites?


3.  Can the various hyperthermophile species be identified by their spectral signature in field spectral data?


4.  Once the hydrothermal site is inactive, how long does the unique spectral signature, if present, persist?


5.  What are the spatial and spectral resolutions necessary to recognize hyperthermophile environments?


The new information to be learned from this study is extent to which field spectrometer data can be used to characterize hydrothermal sites with hyperthermophile organisms.

BACKGROUND


Remote sensing is a powerful tool to identify inorganic and organic materials from a remote perspective.  In the case of Mars, surface exploration has been limited to only three sites and to date only elemental compositions have been measured in situ, thus reflectance and thermal emission spectroscopy have been and continue to be important in understanding the mineralogic structure of the surface materials.  With the focus of NASA’s Mars exploration program on the search for life, finding sites that were conducive to the development of pre-biotic or biotic processes and which might at present harbor life is of paramount importance.  In order to find such sites, the exploration strategy envisions using remote sensing to find diagnostic minerals or other indicators to identify such sites.


In an exploration strategy relying on remote sensing, a key question is whether environments which might support or have supported life can be distinguished from those which did not.  For example, many hydrothermal sites on the Earth are characterized by the deposition of silica and or carbonate and the presence of hyperthermophile organisms.  For Mars exploration, the issue is whether such sites, if they exist(ed), could be recognized from orbital spectral data.  


At hydrothermal sites such as Yellowstone, siliceous sinter is deposited around some hot springs; whereas carbonates occur around others.  In addition to these primary minerals, a suite of secondary minerals also occur.  The spectra of opal and calcite, which might be expected as precipitates around thermal features, are illustrated in Figure 1.  It can be clearly seen that the character of the spectra of the two minerals is distinctly different, with absorptions at specific wavelengths characteristic of the specific minerals.

Figure 1.  Spectral reflectance curve for poorly crystalline opal and calcite. Opal spectra has been offset for comparison. (USGS Spectral Library Sample).

Many of the hot springs also have a diverse suite of biota living in the water which become incorporated into the sinter.  The admixture of various biota and the influence of the biota on the physical form of the mineral precipitation will alter the observed spectra.  In hypersaline environments, microorganisms become trapped within the precipitate giving it a distinct color.  In tufa deposits, the algae become entrapped in the carbonate matrix and the carbonate forms a unique physical texture.  Thus, it would be expected that the spectra of such hydrothermal targets would be different from that of pure minerals.


Spectral measurements of the blue green bacteria Synechococcus (Figure 2) show that it has a reflectance spectra distinctly different from other types of vegetation due to a distinctive chlorophyll band.  Hence, a hot spring composed of siliceous sinter and Synechococcus  should have a unique signature.  Hyperthermophile communities consist of a relatively small number of species within any limited temperature environment making separation of the spectra components somewhat simpler.  In addition, the spectral signature of any biologic community will be determined by the composition of the upper few mm (the limited penetration of light).

Figure 2.  Spectral reflectance of the Yellowstone thermophile Synechococcus.  The spectra shows distinct absorption bands.

Studies of the spectral properties of organisms in high salinity environments indicate they too have unique spectral signatures (Oren et al., 1992; Oren and Dubinsky, 1994).  Bacterioruberin in Halobacterium, Haloferax, and Haloarcula has a well-defined absorption in the 450-500 nm spectral region.  


As part of a broader research program evaluating remote sensing data for environmental mapping, the USGS collected high spatial resolution (4 m / pixel) AVIRIS hyperspectral data over Yellowstone National Park (Kokaly et al., 1998).  Figure 3 illustrates the coverage of AVIRIS data acquired over the park in 1996 and 1997.  

Figure 3.  AVIRIS data over Yellowstone National Park.  Areas outlined in red were obtained in 1996; areas outlined in yellow were obtained in 1997.

Studies done by Kokaly et al. (1998) using those AVIRIS data suggest that the various hot springs colonized by different bacteria can indeed be distinguished not only from the surrounding vegetation, but also from each other (Figure 4).  The bacteria and algae associated with hydrothermal features can be discriminated from the minerals and other vegetation in the scene based on their spectral characteristics. For example, algae (Cyanidium) and cyanobacteria (Synechococcus) contain chlorophyll a whereas green bacteria (Chloroflexus) do not contain chlorophyll a and have bacteriochlorophylls which absorb at different wavelengths (such as an interesting bacteriochlorophyll-c absorption at 740 nm). The AVIRIS data have been examined using the Tetracorder algorithm (Clark et al., 1990, 1991, 1995) to identify individual components of the spectra. The Tetracorder software uses a spectral library to compute the components of the observed spectra.  The library consists of inorganic compounds (minerals), organic materials, and specific biota.

Figure 4a  AVIRIS based discrimination of different bacteria and algae in the Fountain and Great Fountain Geyser Groups.  Red, green and blue denote three different types of bacteria; light blue denotes algae.

To date those data have been analyzed only to a limited extent and the high resolution work necessary to characterize the components of those spectral signatures has not been done. Although the differentiation in Figure 4 is qualitative at present because the spectra of individual bacteria have not yet been measured, it does indicate that differences can be detected.  Other studies using AVIRIS data (e.g., Shafer and Marrs, 1997) also indicate that the airborne data can be used to discriminate the mineralogy and relate the alteration mineralogy to water chemistry within the geyser basins.

Figure 4b  AVIRIS based discrimination of different bacteria and algae in the Old Faithful Group.  Red, green and blue denote three different types of bacteria; light blue denotes algae.

Data for various hot springs areas show that common minerals (calcite, siliceous sinter, montmorillonite, kaolinite, and alunite) can be discriminated allowing acidic and alkaline hydrothermal regions to be distinguished on the basis of mineralogy.  In neutral to alkaline water, siliceous sinter is typically deposited as amorphous opal or silica gel, which over time undergoes a transition to  cristobalite,  cristobalite, then to chalcedony and finally quartz.  


Based on the indication that specific bacteria can be distinguished, it may be possible to differentiate the biota of various hydrothermal vents remotely and compared with the biotic community as determined through field work.  AVIRIS data show qualitatively that many of the different vent regions have different spectral signatures; a quantitative relationship between the spectra and the biota is thus expected, but the framework needs to be systematically developed.


Terrestrial hyperthermic systems are characterized by both hyperthermophile biota and mineral precipitation.  Although many hot springs contain diverse biologic communities, the role of algae and bacteria in mineral precipitation remains disputed.  Walter et al. (1972) suggest that silica precipitation is purely a nonbiologic process due to precipitation of silica from supersaturated water.  Konhauser and Ferris (1996), in studies of Icelandic geysers, suggest that microorganisms may provide nucleation sites for minerals even though they do not specifically affect the chemistry.  Ferris et al. (1986), Schultze-Lam et al. (1995, 1996), and Thompson and Ferris (1990) have argued that mineralization is biologically induced.  Ferris et al. (1986) have shown that bacteria from an acidic hot-spring fed stream in Yellowstone can control mineralization and that cell morphology is preserved.  Thompson and Ferris (1990) showed that Synechococcus was responsible for biomineralization of calcite, gypsum and magnesite in Fayetteville Green Lake, NY.  In terms of this study, the issue of the specific role of the biota with respect to mineral precipitation will not be considered.  Mineral precipitation and biologic activity occur and each contributes to the spectral signature. 


Anderson and Lowe (1994) have shown that sinter morphology at Fountain Paint Pots geysers is directly associated with the different morphology of the bacterial mats (Phormidium, Calothrix).  Cady and Farmer (1996) similarly indicate that while microorganisms do not control the precipitation of silica (or carbonate) they do influence the microscopic textures.  The micro-morphology is directly related to the morphology of the extant microorganisms with silicification occurring around filaments and on biofilms.  Allen et al. (1998) show that the filaments of Thermothrix control the morphology of aragonite deposition with the aragonite needles oriented with their long axis parallel to the filament direction and the current direction. 


The preservation of organic material and forms is highly variable but seems to occur better in siliceous rather than carbonate environments.  Hinman et al. (1994) found that the rapid deposition of silica promotes incorporation of bacterial filaments.  Farmer et al. (1997) examined preservation as a function of hydrologic and chemical conditions in ponds where silica was being deposited and found that preservation was better where the ponds where deep with water depth and temperature being more stable. Allen and McKay (1998) indicate that preservation of microbes in carbonates is poor, whereas preservation in quite good in silica deposits.  They do note, however, the presence of cell material and biofilms in carbonate material from Narrow Gauge Spring.  Studies by Guidry and Chafetz (1999) indicate that biologic material is preserved to varying degrees in older siliceous sinter from inactive thermal areas.  


Geysers and springs of Yellowstone exhibit a range of temperatures and chemistries (Brock, 1978) making a simple hyperthermic label inappropriate.  Hot spring temperatures range from ~ 50°C to 95°C and cover a pH range of 2 to 9.  The chemistry of the water is also highly variable.  Mineral precipitation depends upon the water chemistry of the hot springs with some precipitating silica, others carbonate, and a few sulfur. 


Walter and Des Marais (1993) present a nice summary of the mineral and biologic activity over various temperatures.  At the highest temperatures (>74°C), silica is deposited due to cooling of the water.  Typically there are no obvious colonies of microorganisms but Ward et al. (1991) indicate that stringy masses of organisms can become entrapped in the geyserite.  In addition, electron microscopy shows that some organisms must occur as they influence the morphology of deposited silica (Cady and Farmer, 1996; Braunstein and Lowe, 1996).  At moderate temperatures (57-74°C) filamentous bacteria (Synechococcus and Chloroflexus) occur as mats and filaments and trap sediment.  Between 30° and 59° C) mats of Phormidium with associated eubacteria and archaebacteria occur.  These mats acts as foci for the silica deposition.  Finally in the lowest temperature environments (<30°C) the water is dominated by Calothrix mats occur. 


Similarly, the ecosystems associated with hyperthermic environments can be divided into three groups on the basis of the chemistry: acidic, neutral and alkaline.  The acidic environments have pH in the range of 1-5, limited microbial flora, often contain toxic heavy metals, and are corrosive.  Neutral environments have pH in the range of 6-7.5 and are characterized by a diverse flora and deposition of significant travertine.  Alkaline environments have a pH >7.5 and deposit silica with a diverse biota. 


Our interests focus on the microbiota which include cyanobacteria (Synechococcus, Oscillatoria), photosynthetic bacteria (Chloroflexus), non-photosynthetic spore formers (Bacillus, Clostridium), actinomycetes (Streptomyces), sulfur-oxidizers (Thiobacillus, Sulfolobus, Thermothrix), and various other groups (Brock, 1978).

METHODS


The methodology of the experiment is relatively straight forward and noninvasive.  We will be using a portable field spectrometer, presumably an ASD FieldSpec FR which covers the spectral range of 0.35 to 2.5 microns.  The instrument is the size of a briefcase and is carried by an individual using a set of shoulder straps (Figure 5). 


Data can be acquired in two ways: using a fiber optic cable and using an artificial light source.  When using the fiber optic cable, the end of the cable is simply pointed at the target; the spatial resolution being a function of how far the end of the cable is from the surface.  Using the artificial light source (about the size of a flashlight - as indicated in Figure 5) the end of the unit is placed against the sample and a spectra is acquired.  Making measurements using the light source removes much of the atmospheric water affects, but requires that the unit be in contact(or near contact) with the sample.  In either method there are no detrimental physical affects on the sample and there is no sample preparation.

Figure 5.  ASD spectrometer being used in the field.


The measurement protocol is straight forward: the observation sequence begins with the measurement of a Spectralon target (for calibration) followed by target observations and concluded by additional measurements of the Spectralon.  The Spectralon target is a white plate ~10 x  10 cm on mounted on a camera tripod.  Target measurements are made by holding the fiber optic cable above the target or placing the light source next to the target.  Individual measurements take a few seconds.


In order to make the necessary spectral measurements, we would need to closely approach the springs and thermal features, something normal visitors would not be allowed to do.  The end of the optical fiber must be within a few centimeters of the surface in order to obtain a high spatial resolution measurement (allowing individual minerals or organisms fill the field of view) which is critical to the study.


The sites to be visited are listed below.  These sites represent a range of thermophilic organisms which we would like to sample.  However, if these sites are deemed inappropriate by the Park Service, we will consider alternative sites.

Sites


We list below the general areas we would like to examine.  The exact locations will depend upon the specific temperature and biotic conditions at the time of observation.  It is in the selection of exact site for data acquisition that Mike Ferris will play a key role.

• Nymph Creek, Norris

• New Pit, Mammoth Area

• Roland's Well, Mammoth

• Lemonade Spring, Amphitheater Springs
• Angel Terrace, Mammoth

• Octopus Spring


No equipment will be installed or left in the field.  There will be no impact to either the natural or culture features of the park.

COLLECTIONS


We would like to collect small samples of a representative suite of the minerals and organisms at the target site.  In each case about 1 cm3 of material would be collected for use in laboratory spectral measurements.  The laboratory measurements are important in that the observation conditions can be strictly controlled and they provides an indication of the amount of instrument and atmospheric noise inherent in the field measurements.

PARK PARTICIPATION


No assistance is required from Yellowstone National Park beyond permission to conduct the study.  However, any park personnel who may be interested in the project are welcome to accompany us.  In addition, if it is felt necessary that park personnel accompany us to ensure that we do not get into trouble, we would be happy to coordinate our schedule (to the best of our ability) to minimize the impact on park staff.

PERSONNEL


The primary personnel involved in the field work will be Jeffrey Plescia and Jeffrey Johnson of the USGS in Flagstaff; Ray Kokaly of the USGS in Denver and Mike Ferris of Montana State University.  Plescia’s role is that of the PI and overall project coordinator.  Johnson’s role is that of having expertise in the acquisition and analysis of field spectrometer data.  Kokaly is already familiar with the AVIRIS data and the locations in which spectral discriminations have been made.  He will assist in the specific locations.  Ferris’ role will be to assist in selecting the specific sites to be examined.  He is an expert in the biota of the hot springs and thus would be in a position to ensure that we sample a diverse suite of spring chemistry and biota.

PRODUCTS


The immediate products of the field work will be reflectance spectra in the wavelength region of 0.35 to 2.5 microns.  Ultimately there will be a series of abstracts, papers and talks about the results of the research.  If the Park Service is interested, we would provide them copies of the entire spectral data set.  The required copies of any abstracts or papers will be provided.  An annual report will also be filed.


We would be happy to present a seminar(s) to park personnel and / or the general public if such is desired.

BUDGET


No funding from the National Park Service is request.  All necessary funds are provided by the Astrobiology Program of NASA.
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