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A Field Overview of the Aqueous Chemistry, Travertine Mineralization, and Microbiology of Angel Terrace, Mammoth Hot Springs, Yellowstone National Park

Bruce W. Fouke, Department of Geology and Department of Microbiology, University of Illinois Urbana-Champaign, Urbana, Illinois 61801 (e-mail: fouke@uiuc.edu)

ABSTRACT

The Fouke research group at Illinois has recently completed a culture-independent molecular survey indicating that the composition of bacterial communities is distinctly partitioned between travertine depositional facies in the surface drainage system of Angel Terrace, Mammoth Hot Springs, Yellowstone National Park. Polymerase chain reaction (PCR) amplification and sequencing of 16S rRNA genes with universally conserved bacterial primers has identified over 553 unique partial and 104 complete gene sequences (derived from more than 14,000 clones) affiliated with 221 unique species that represent 21 bacterial divisions. These sequences exhibited less than 12% similarity in bacterial community composition between each of the travertine depositional facies. This implies that relatively little down stream bacterial transport and colonization takes place despite the rapid and continuous flow of spring water from the high-temperature to low-temperature facies. These results suggest that travertine depositional facies, which are independently determined by the physical and chemical conditions of the hot spring drainage system, effectively predict bacterial community composition as well as the morphology and chemistry of travertine precipitation.

INTRODUCTION

The purpose of the present study has been to complete the first comprehensive survey of bacterial 16S rRNA gene sequences in the context of the travertine sedimentary depositional facies that the bacteria inhabit.  The study was completed in the surface drainage system of the terrestrial carbonate hot spring called Spring AT-1 on Angel Terrace in the Mammoth Hot Springs complex of Yellowstone National Park (Fouke et al. 2000). This location was chosen because the physical, chemical, and biological conditions of the spring water change drastically as it flows away from the vent, resulting in the precipitation of carbonate mineral deposits called travertine (sensu strictu Pentecost 1994; Ford and Pedley 1996). These environmental changes create a systematic series of 5 travertine depositional facies along the Spring AT-1 drainage systems, each of which have previously been defined by their aqueous chemistry and travertine morphology and chemistry (Fouke et al. 2000). Results are presented in the present study that indicate the bacterial communities inhabiting each travertine facies are more than 87% unique from the next directly adjoining down flow facies. This suggests that the travertine facies model is an accurate predictive tool for bacterial community composition in addition to the morphology and chemistry of travertine deposition.

HOT SPRING WATER AND TRAVERTINE SYSTEM

Geothermal groundwater erupts at a temperature of 73oC from subsurface conduits at Spring AT-1 on Angel Terrace in the Mammoth Hot Springs complex (Fig. 1), creating a series of terraced travertine deposits (Allen and Day 1935; Bargar 1978; Figs. 2 and 3). As the Spring AT-1 groundwater cools, degasses, and flows along surface drainage channels, travertine composed of aragonite and calcite (CaCO3) is precipitated at rates as high as 5 mm/day (Friedman 1970; Pentecost 1990; Fouke et al. 2000). The travertine depositional facies described from the Spring AT-1 drainage system in Fouke et al. (2000) is briefly summarized in the following. 

Angel Terrace Spring AT-1 is composed of a series of shallow-water environments extending from the spring vent to the distal parts of the system. These aqueous environments and their associated travertine deposits are divisible into five depositional facies, which include the: (1) vent facies, (2) apron and channel facies, (3) pond facies, (4) proximal-slope facies, and (5) distal-slope facies (Figs. 2 and 3). The boundaries of the facies are based on systematic changes in travertine crystal morphology and chemistry and associated changes in water chemistry. The composition and relative sequence of the facies has been observed in other springs, and is consistently re-established as the springs shift their position due to changes in spring water flow velocity and the opening of new vents (Fouke et al. 2000; Fouke 2001). Travertine precipitated in each of the Spring AT-1 facies exhibits distinct growth forms and chemistries, which are accompanied by a general transition in mineralogy from aragonite in the high-temparture waters to calcite in the low-temperature waters (Fig. 2). The water in the drainage system ranges from depths of approximately 1 to 30 cm and flows over substrates composed of actively precipitating travertine and living microbial mats. Water temperature decreases from 73oC to 18oC. Vent water temperatures are invariant throughout the year, while the distal-slope waters reach their minimum temperatures in the winter (Fouke et al. 2000; Fig. 2). The inconsistent drops in water temperature observed along the drainage system are caused by lateral diversions in flow and the variability in water depth between each facies. Spring water pH increases from 6.2 at the vent to 8.7 in the distal-slope (Fig. 2). This is accompanied by large magnitude changes in the chemistry of the spring water (total dissolved inorganic carbon, 13C, 18O, 87Sr/86Sr, dissolved sulfate, 34S) and travertine (13C, 18O, 87Sr/86Sr, 34S; Fouke et al. 2000; Fig. 4). 

The vent facies (5 – 30 cm water depth) contains mounded travertine composed of aragonite needle botryoids (Fig. 3). The vent facies gradually transitions into the apron and channel facies (< 5 cm water depth), which is floored by hollow travertine tubes composed of aragonite needle botryoids that encrust filamentous thermophilic bacteria. An transition into the pond facies is an abrupt contact, with the pooled pond waters reaching depths of 30 cm. Travertine in the pond facies forms large step-like morphologies called terracettes that include aragonite needle shrubs at higher temperatures, ridged networks of calcite and aragonite at lower temperatures. In addition, calcite “ice sheets”, calcified bubbles, and aggregates of aragonite needles (“fuzzy dumbbells”) precipitate at the air-water interface and settle to pond floors (Fouke et al. 2000). An abrupt facies transition is exhibited at the margins (or lips) of the pond pools. The proximal-slope facies (< 3 cm water depths), which are composed of arcuate aragonite needle clusters that create small fluted microterracettes on the steep slope face. Finally, a gradual transition takes place into the distal-slope facies (< 2 cm water depths) where travertine forms broad low relief microterracettes that are composed entirely of calcite spherules and “feather” calcite crystals (Fig. 3).
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Figure 1.Location of Spring AT-1 at Angel Terrace in the Mammoth Hot Springs complex of Yellowstone National Park.  Shading depicts the surface area covered by the Spring AT-1 waters as the flow away from the vent (shown by a ().
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Figure 2. Field photograph (A) and schematic cross-section (B) of Spring AT-1 at Angel Terrace, indicating travertine depositional facies distributions, spring water temperature and pH, travertine mineralogy, flow directions, and rates of travertine precipitation. Note the large well-developed terracette pool in the center of the photograph, which forms the characteristic terraced travertine geomorphology of Angel terrace and the Mammoth Hot Spring complex.
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Figure 3. A. Field photograph of Spring AT-1 and travertine crystal fabrics observed 

in each depositional facies. B. Field photograph and chematic diagram of a rimmed pool at the boundary between the Pond and Proximal Slope facies.
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Figure 4. A. Spring water 13C versus DIC illustrating dominant control by CO2 degassing on 13C. B. Fractionation between travertine 18O, 13C and 34S, spring water and predicted equilibrium values. C. Thermodynamic saturation state, HCO2- concentration and CO2 fugacity calculated using Geochemist’s WorkBench.

The aqueous chemistry of the hot spring drainage system is strongly influenced by CO2 degassing, as indicated by Rayleigh-type fractionation calculations of spring water 13C versus dissolved inorganic carbon concentrations (Fig. 4). However, while the physical factors of temperature decrease and degassing are significant in helping to drive the rapid precipitation of travertine, strong bacterial influences on travertine crystal form and isotope composition have also been observed throughout the Spring AT-1 drainage system. One important example are aragonite crystals that encrust and thus preserve the shape of filamentous bacteria as hollow travertine “streamers” in the vent as well as apron and channel facies (Farmer and Des Marais 1994; Fouke et al. 2000; Farmer 2000). A chemical expression of biological influence is the disequilibrium fractionation observed in the 13C, 18O and 34S composition of the travertine, which can be detected only after the fractionation effects of CO2 degassing and temperature drop have been quantitatively subtracted (Fig. 4).

MICROBIOLOGY RESULTS

Bacterial clone 16S rRNA gene sequence libraries were constructed for each of the 5 travertine depositional facies at Spring AT-1. The following is a brief summary of the distribution of these sequences and their species-level and division-level affiliations. More than 14,000 clones were generated from the vent, apron and channel, pond, proximal-slope, and distal-slope travertine depositional facies. From this large pool, 1050 clones were selected based on their RFLP patterns and submitted to be sequenced. Ultimately, 657 clones were successfully sequenced, yielding 221 unique gene sequence types (16S rRNA gene species-level affiliations). The remaining 436 sequences were duplications of the 221 unique 16S rRNA gene sequence types. Only 6% of the bacterial gene sequences detected in the Spring AT-1 drainage system could not be assigned to a particular division (i.e. these particular 16S rRNA gene sequences differ significantly in their gene sequence from those previously detected and recorded in the GenBank database). In contrast, 94% of the Spring AT-1 bacterial 16S rRNA sequences are similar in nucleotide structure to sequences reported in GenBank from cultured isolates and environmental samples. This similarity has permitted interpretation of bacterial affiliation and associated ecology from the Spring AT-1 sequences.

The number of samples analyzed and PCR analyses completed in this study have been concentrated on the pond facies in order to eventually determine the bacterial communities associated with formation of the pond lip (Fig. 5), which is the hallmark structural component of hot spring travertine terracette morphology. The approach adopted in the present study, as in many previous studies of hot spring microbiology (e.g. Hugenholtz et al. 1996; Blank et al. 2002) has been to conduct a minimum number of PCR reactions to establish a reliable first-order base-line estimate of the bacterial communities inhabiting the Spring AT-1 drainage system.  However, the present study has the important advantage that the analyses were conducted within the environmental framework of an independently established travertine facies model. Therefore, the resulting information on bacterial community composition has a direct physical and chemical environmental context that has not previously been known for hot spring microbial communities.

A pie chart graphical format has been chosen to depict the sequencing data in this study because phylogenetic trees are not effective in illustrating the environmental context provided by the travertine facies model (Hillis et al. 1996). Therefore, the division-level phylogenetic diversity of bacteria affiliated with the 16S rRNA gene sequences in each facies is presented in two types of pie diagrams (Fig. 6). The first type divides the number of 16S rRNA genes cloned from each bacterial division by the total number of sequences in each facies clone library (Figs. 6A, C, E, G, and I). The second type divides the total number of division-level affiliations observed in the clone library by the total number of affiliated species identified in each facies (Figs. 6B, D, F, H, and J). Use of these graphs permits a comparative evaluation of bacterial community composition from the total proportion of 16S rRNA gene sequences (the raw data) and the proportions of division-level identifications (the interpreted data). Both approaches are useful because neither the proportions of 16S rRNA gene sequence or species-level sequence affiliations are necessarily accurate estimates of bacterial community structure due to potential biases during PCR amplification and other laboratory manipulations (Hurst et al. 2002). Determination of the bacterial community structure and functional metabolic diversity in each facies will be completed in future studies by applying optical and molecular techniques that build directly upon the 16S rRNA gene sequence clone libraries constructed in this study.

CONCLUSIONS

The 16S rRNA diversity of terrestrial hot spring bacteria has been mapped within travertine depositional facies comprising the Spring AT-1 drainage system at Angel Terrace, Mammoth Hot Springs, Yellowstone National Park. This has permitted direct correlation of the distribution of bacterial communities with systematic changes in spring water conditions and travertine crystal morphology and chemistry. For the Spring AT-1 drainage system as a whole, a remarkable 88% of 657 gene sequences and 77% of 221 16S rRNA gene types were found in only one of the 5 travertine depositional facies. Therefore, relatively little (< ~ 25%) downstream transport of bacterial cells occurs despite the constant flow of water across the surface of the Spring AT-1 drainage system. These results indicate that the aqueous environmental conditions defining each travertine depositional facies are also the dominant controls on microbial ecology and distribution. The correlation of community based bacterial diversity with the morphology and chemistry of travertine in each facies is a first step toward using carbonate crystal shape and composition as a sensitive indicator of bacterial diversity and activity during carbonate crystal precipitation.
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Figure 5. Histogram summary of the molecular microbiology analyses completed in the Spring AT-1 travertine depositional facies, including number of gene sequences, inferred 16S rRNA gene types, PCR reactions, and affiliated divisions.
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Figure 6. Pie diagrams illustrating the division-level diversity of the partial 16S rRNA bacterial sequences comprising the clone libraries derived from each facies. The clone library data is presented in two different ways for each facies. The first is a pie diagram showing the division-level proportion of the total number of gene sequences (raw data) representing each division. The second is a pie diagram showing the division-level proportion of 16S rRNA gene types (interpreted data) representing each division.
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