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Abstract:
The fine scale mineralogy of two Sulfolobus and Acidianus harboring acid sulfate geothermal areas in
Yellowstone National Park was investigated to determine the interrelationships between these
microbial populations and the ambient mineralogy. The two geothermal areas are a highly altered
solfatara in Rabbit Creek, Midway Geyser. Basin and a less mature solfatara in Ragged Hills, Norris
Geyser Basin. The fine scale mineralogy was determined using X-ray diffraction (XRD) in
combination with scanning electron microscopy (SEM) equipped with energy dispersive spectroscopy
(EDS). Cryogenic SEM was used to investigate in situ potential interactions between the mineralogy
and microbial populations using both natural and cultured samples. Water chemistry of the natural
springs was monitored over a one and a half year time span, and thermodynamic modeling was used to
predict the equilibrium mineral assemblages.
The mineralogy of the two sites was found to be significantly different. Abundant sulfide and sulfate
minerals were present at the Ragged Hills site, while no sulfate minerals and only trace amounts of
sulfides were present at Rabbit Creek. Both sites contained kaolinite, quartz, a variety of paracrystalline
silica phases, amorphous aluminum hydroxides, and a various residual volcanic phases. Rabbit Creek
also contained hematite and halloysite. Elemental sulfur was only observed at one uniqe spring at the
Ragged Hills site.
The mineralogy observed at these sites was found to influence the populations of sulfur metabolizing,
acidophilic, hyperthermophiles in several ways. The microbes from high temperature springs at these
sites were found to attach, both in situ and in culture, to a variety of mineral surfaces, including quartz,
alunite, sulfur and kaolinite. Microbes from these springs were also found to consume elemental sulfur.
It was determined that the kaolinite and amorphous aluminum hydroxide present at both sites are
capable of buffering the pH in the range acceptable to sustain Sulfolobus and Acidianus. Observations
indicate that elemental sulfur is potentially consumed by metabolic oxidation as rapidly as it forms.

MINERALOGICAL AND GEOCHEMICAL CHARACTERIZATION OF TWO
SULFOLOBALES HARBORING HOT SPRING SYSTEMS: RABBIT CREEK
. AND RAGGED HILLS, YELLOWSTONE NATIONAL PARK, WY, USA

by
Braden Thomas Hanna

A thesis submitted in partial fulfillment
of the requirements for the degree
of
Master of Science
in
Earth Sciences

MONTANA STATE UNIVERSITY
Bozeman, Montana
April, 2003

H

I cI S 3

ii

APPROVAL
of a thesis submitted by
Braden Thomas Hanna

This thesis has been read by each member of the thesis committee and has been
found to be satisfactory regarding content, English usage, format, citations, bibliographic
style, and consistency, and is ready for submission to the College of Graduate Studies.
David Mogk

\V-J^
(Signature)

Date

Approved for the Department of Earth Sciences
David Lageson
(Sighafture)
Approved for the College of Graduate Studies
Bruce McLeo

T Z ^^ < L £-

(Signature)

Date

iii

STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the requirements for a master’s
degree at Montana State University, I agree that the Library shall make it available to
borrowers under rules of the Library.
If I have indicated my intention to copyright this thesis by including a copyright
notice page, copying is allowable only for scholarly purposes, consistent with “fair use”
as prescribed in the U.S. Copyright Law. Requests for permission for extended quotation
from or reproduction of this thesis in whole or in parts may be granted only by the
copyright holder.

Signature
Date

iv
TABLE OF CONTENTS

ABSTRACT..............................................................................................
1. PURPOSE OF STUDY...........................................................................................

I
2

2. BACKGROUND...... ....................!...................:............................................................3
Microorganisms Can Influence Their Environment.......................................................3
Mineralogy Can Influence Microbial Populations......................................................... 5
Site Selection.......................................................................................
6
Extremophiles..............................
8
Hyperthermophilic Sulfur Metabolizing Organisms.................................................... 10
Acid Sulfate Springs..................................................................................................... 14
Research Approach....................................................................................................... 18
3. STUDY SITES.............................................................................................................20
Rabbit Creek.................................................................................................................20
Ragged Hills.................................................................................................................23
4. WATER CHEMISTRY................................................................................................25
Chemical Composition..................... .......................................................:.................. 25
Temperature and p H ................................................................................................25
Dissolved Ionic Concentrations...............................................................................31
Oxidation State........................................................................................................42
Predicted Mineralogy (Thermodynamic Modeling).....................................................42
Eh/pH Diagram..............................................................................................
45
Gibbsite Dissolution................................................................................................47
Alunite Precipitation................................................................................................48
Kaolinite Dissolution...............................................................................................49
Amorphous SiOi.....................................
51
Significance OfWater Chemistry................................................................................54
5. OBSERVED MINERALOGY.....................................................................................56
Silica Phases.................................................................................................................56
. Clay Mineralogy...........................................................................................................68
Rabbit Creek.................................................................................
73
Ragged Hills.............................................................................
89
Sulfate Hydrate Salts............................................................................................. 106
What’s The State OfThe Sulfur?............................................................................... 113
Significance Of Observed Mineralogy....................................................................... 114

V

TABLE OF CONTENTS - CONTINUED
Comparison Of Observed And Predicted Mineralogy............................................... 116
6. MICROBE MINERAL RELATIONSHIPS................................:.............................119.
In Situ Microbe Mineral Observations....................................:................................ 119
Culture Experiments................................................................................................... 126
SEM Observations of a Ragged Hills Culture....................................................... 126
Sulfur Substrate Experiment.................................................................................. 128
Mineral Substrate Experiment (Environmental Culture)....................................... 132
Mineral Substrate Experiment (Pure Isolate Culture).............
133
Iron Speciation in a Pure Culture.......................................................................... 138
7. DISCUSSION............................................................................................................ 140
Comparison And Contrast Of Study Sites.................................................................. 140
Microbes And Minerals.............................................................................................. 143
Energy and Nutrients............................................................................................. 143
Microbial Attachment............................................................................................ 145
Buffering Reactions............................................................................................... 146
8. CONCLUSION................................................. :...................................................... 148
REFERENCES CITED.............................................................................................. 149

vi
LIST OF TABLES
Table

Page
1. Metabolic Reactions o f Sulfolobus acidocaldarius............... .....................12
2. Sensitivity of Sulfolobus acidocaldarius and
Sulfolobus solfataricus to Important Cations,
Anions, and Metals................................................................................. 13
3. Characteristics of Representative Detailed Study
Springs from Rabbit Creek................................ i.................................... 21
4. Characteristics'of Representative Detailed Study
Springs from Ragged Hills...................................................................... 22
5. Chemistry from Rabbit Creek and Ragged Hills,
2/2001and 6/01/2001.............................................................................. 26
6. Chemistry from Rabbit Creek and Ragged Hills,
6/17/2001,10/2001, and 9/2002.............................................................. 27
7. Thermodynamically Stable Mineral Phases Based
on Chemical Analyses from 6/2001 and 10/2001 ................................... 44
8. Thermodynamically Stable Mineral Phases Based
on Chemical Analyses from 9/2002........................................................ 45
9. Rabbit Creek Observed Mineralogy...................................*.................... . 57
10. Ragged Hills Observed Mineralogy......................................................... 58
11. Properties of Minerals from Rabbit Creek and
Ragged Hills.................... .............. *....................................................... 59

V ll

LIST OF FIGURES
Figure

Page

1. Map of Study Sites.....................................................................................7
2. Photograph of Rabbit Creek Study Site...................................................... cd-rom
3. Photograph of Ragged Hills Study Site...................................................... cd-rom
4. Phylogenetic Tree of Life........................................................................... 9
5. Photographs of Rabbit Creek Detailed Study Springs................................. cd-rom
6. Photographs of Ragged Hills Detailed Study Springs................................ cd-rom
7. Temperature and pH Variation in Ragged Hills Spring I .......................... 28
8. Temperature and pH Variation in Rabbit Creek Spring I .......................... 28
9. Short Term Temperature Variation in Rabbit Creek Spring...................... 29
10. Short Term Temperature Variation in Ragged Hills Spring 1.................. 30
11. Composition of Rabbit Creek Spring I .................................................... 31
12. Composition of Ragged Hills Spring 1..................................................... 32
13. Rabbit Creek Spring I Chemistry Over Time..........................................33
14. Ragged Hills Spring I Chemistry Over Tim e................................ ......... 34
15. Frequency Distribution Plots for Select Ions in
Rabbit Creek and Ragged Hills...............................................................36
16. Piper Diagram of Ragged Hills Spring I and
Rabbit Creek Spring I .............................................................................39
17. Modified Piper Plot of Rabbit Creek Samples
from 6/1/2001 and 6/17/2001..................................................................40
18. Modified Piper Plot of Ragged Hills and
Rabbit Creek Samples from 2/2001, 6/2001,
and 9/2002.............................................................................................. 41

vni
LIST OF FIGURES - CONTINUED
Figure

Page

19. Saturation Indices for Rabbit Creek Spring 1...........................................43
20. Eh/pH Diagram for the Fe-S-ELO System at 85° C ................................. 46
21. 3D Stability Diagram for Gibbsite, Kaolinite,
Quartz, and Opal......................................................................................51
22 View Along Strike of the Kaolinite Surface..............................................52
23. View perpendicular to the base of Figure 21............................................53
24 Histogram of dissolved Si concentrations in
Rabbit Creek springs...............................................................................54
25. Rabbit Creek Spring I Various SiO% Phases............................................62
26. Rabbit Creek Various Si02 Phases II.......................................................63
27. Rabbit Creek Soil...................................................................................... 65
28. Quartz Crystallinity Index........................................................................ 66
29. Rabbit Creek Spring 8 .............................................................................. 67
30. Evidence for Presence of Kaolinite and
Absence of Chlorite................................................................................ 70
31. Evidence for Absence of Smectite............................................................ 71
32. Evidence for Kaolin Polytypes................................................................ 72
33. Rabbit Creek Spring I Bulk Mineralogy.................................................. 74
34. Red and White Color Separations..... ...................................................... 76
35. Rabbit Creek Spring I Suspended Sediment............................................ 78

36. Rabbit Creek Springs with Apparent
Amorphous Aluminum Hydroxide..

79

ix
LIST OF FIGURES - CONTINUED
Figure

Page

37. Secondary Electron Image of Rabbit Creek
Spring I Pool Bottom Sediment..............................................................80
38. Backscattered Electron Image of Rabbit
Creek Spring I Pool Bottom Sediment...................................................81
39. Rabbit Creek Spring 3 Pool Perimeter Sediment.....................................82
40. BSE Image of a Black Obsidian Grain.....................................................84
41. Geyserite Spicule from a Rabbit Creek Outflow Channel...................... . 85
42. Tip of Geyserite Spicule from a Figure 40...............................................85
43. Leaf Shaped and Tubular Structures Associated
with Spicular Geyserite........................................................................... 86
44. Secondary Electron Image of Lepispheres
Associated with Leaf Shaped Structures...................................'............. 87
45. Rabbit Creek spring 7 Pool Perimeter Sediment...................................... 88
46. Ragged Hills Spring I Diffraction Patterns.............................................. 91
47. BSE Image of Pseudocubic Alunite......................................................... 93
48. Secondary Electron Image of Pseudocubic Alunite................................. 94
49. Secondary Electron Image of an Aggregate
Jarosite Rosette............... ........................................................................ 95
50. Secondary Electron Image Showing Various
Sulfide and Sulfate Minerals...................................................................95
51. Backscaftered Electron Image Showing
Various Sulfide and Sulfate Minerals.....................................................96
52. Secondary Electron Image of Blocky Rhombs
of Gypsum..... ...........................................................;............................. 96

X

LIST OF FIGURES - CONTINUED
Figure
53. Secondary Electron Image of Gypsum....................

Page
97
\

54. Ragged Hills Spring 6............................ ..................

98

55. Ragged Hills Spring 15..... .......................................

100

56. Secondary Electron Image of Frothy Material
from Ragged Hills Spring 15.......................... .......

101

57. Backscattered Electron Image of Frothy Material
from Ragged Hills Spring 15..................................

101

58. Ragged Hills Spring 4..............................................

102

59. Ragged Hills Spring 12..................................... .......

104

60. Ragged Hills Spring 19................... .........................

105

61. Photograph of Sulfate Hydrate Salts in an Elk Print

cd-rom

62. Ragged Hills Sulfate Salts.......................................

108

63. Secondary Electron Image of Metavoltine and an
Unidentified Sulfate Salt from the Ragged Hills .
Soil Surface............................................................

109

64. Secondary Electron Image of Alunogen from the
Ragged Hills Soil Surface........................................................................ 109
65. EDS Spectra from Area Marked 4el in Figure 6 2 ................................... 110
66. EDS Spectra from area marked 4d in Figure 63........................................ I l l
67. EDS Spectra from Area marked 4e2 in Figure 62..................................... 112
68. Secondary Electron Image of Interwoven Fibrous
Texture with Cell Sized Coccoids............................................................ 120
69. Secondary Electron Image of Web-Like Interwoven
Texture with Cell Sized Coccoids......... ■
................................................. 121

xi
LIST OF FIGURES - CONTINUED
Figure

Page

70. Secondary Electron Image of Web-Like Material
Coating a Topographic Ravine from Rabbit Creek
Spring 5 ............................ ............................................ ......................... 121
71. Secondary Electron Image of a Web-Like Material
Coating the surface of a Topographic Ravine from
Rabbit Creek Spring 9 ............................................................................. 122
72. Secondary Electron Image of Sulfur Substrate After
Immersion in Rabbit Creek Spring 2 ....................................................... 125
73. Secondary Electron Image of Pitted Texture in
Sulfur Substrate........................................................................................ 125
74. Secondary Electron Image of a Cell Attached to
an Alunite Grain.......... .............................................................................127
75. Secondary Electron Image of an Alunite Grain
with Attached Coccoid Shaped Particles.................................................. 128
76. Backscattered Electron Image of Cells on
Elemental Sulfur...................................... ;.............................................. 130
77. Secondary Electron Image of Cells Attached to
Elemental Sulfur....................................................................................... 130
78. Secondary Electron Image of Cells Attached to
a Grain of Silica........................................................................................ 131
79. Secondary Electron Image of Cells Attached to
Silica Grain with EPS............................................................................... 131
80. Secondary Electron Image of Unidentified
Spheres from a Culture Solution....................

133

81. Secondary Electron Image of Cells Attached
to Surface Features on an Epoxy Puck......... ............................................135
82. Close Up Secondary Electron Image of Area
Shown in Figure 8 0 .................................................................................. 135

X ll

LIST OF FIGURES. - CONTINUED
Figure

Page

83. Secondary Electron Image of Cells Attached
to a Surface Feature on Quartz.................... ................................... !...... 136
84. Secondary Electron Image of Textured Sulfur
Surface................. ;.................................................................................. 136
85. Secondary Electron Image of Filaments and
Collapsed Coccoids in Recessed Areas on
the Sulfur Surface......................................................................... ...... :... 137
86. Secondary Electron Image of Filament's and
Collapsed Coccoids............................. :.................................................. 138
87. Plot of Ferrous Iron in Sterile and Innoculated
Zillig Culture Media.........i..................................................................... 139

Xiii

LIST OF MAPS
Map

Page
1. Map of Rabbit Creek Study Site.................................................................cd-rom
2. Map of Ragged Hills Study Site

cd-rom

ABSTRACT

The fine scale mineralogy of two Sulfolobus and Acidianus harboring acid sulfate
geothermal areas in Yellowstone National Park was investigated to determine the
interrelationships between these microbial populations and the ambient mineralogy. The
two geothermal areas are a highly altered solfatara in Rabbit Creek, Midway Geyser.
Basin and a less mature solfatara in Ragged Hills, Norris Geyser Basin. The fine scale
mineralogy was determined using X-ray diffraction (XRD) in combination with scanning
electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS).
Cryogenic SEM was used to investigate in situ potential interactions between the
mineralogy and microbial populations using both natural and cultured samples. Water
chemistry of the natural springs was monitored over a one and a half year time span, and
thermodynamic modeling was used to predict the equilibrium mineral assemblages.
The mineralogy of the two sites was found to be significantly different. Abundant
sulfide and sulfate minerals were present at the Ragged Hills site, while no sulfate
minerals and only trace amounts of sulfides were present at Rabbit Creek. Both sites
contained kaolinite, quartz, a variety of paracrystalline silica phases, amorphous
aluminum hydroxides, and a various residual volcanic phases. Rabbit Creek also
contained hematite and halloysite. Elemental sulfur was only observed at one uniqe
spring at the Ragged Hills site.
The mineralogy observed at these sites was found to influence the populations of
sulfur metabolizing, acidophilic, hyperthermophiles in several ways. The microbes from
high temperature springs at these sites were found to attach, both in situ and in culture, to
a variety of mineral surfaces, including quartz, alunite, sulfur and kaolinite. Microbes
from these springs were also found to consume elemental sulfur. It was determined that
the kaolinite and amorphous aluminum hydroxide present at both sites are capable of
buffering the pH in the range acceptable to sustain Sulfolobus and Acidianus.
Observations indicate that elemental sulfur is potentially consumed by metabolic
oxidation as rapidly as it forms.
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CHAPTER I
PURPOSE OF STUDY

The primary purpose of this study was to determine the mineralogy of two
geothermal systems in the Rabbit Creek (Midway Geyser Basin) and Ragged Hills
(Norris Geyser Basin) areas of Yellowstone National Park, and to compare and contrast
the older, more mature system (Rabbit Creek) with the younger, less mature system
(Ragged Hills). Comparing and contrasting the older and younger systems provides the
opportunity to determine the potential influences of the mineralogical evolution of the
system on the microbiological populations in the system. This study also investigated the
extent to which the mineralogy of each system influences and is influenced by the
thermophilic microbial populations present in these springs) The potential relationships
investigated include the attachment of these organisms to mineral surfaces, the use of
certain minerals for energy or nutrients, and the implications of the buffering capacity of
specific mineral precipitation reactions.
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CHAPTER 2
BACKGROUND
Microorganisms Can Influence Their Environment

Microorganisms, such as bacteria and archaea, comprise the majority of the
diversity of life, and perhaps the majority of Earth's biomass is composed of subterranean
lithotrophs (Pace, 1997). They are found in nearly all environments, from underneath the
surface of rocks and ice, to the depths of the oceans, to up to 3.5 kilometers beneath the
surface of the Earths crust (Amend and Shock, 2001). In fact, they are capable of living
in the most extreme environments of any known life forms. They are capable of altering
their local environment, thereby influencing physical parameters such as pH, Eh,
concentration of various aqueous elements and complexes, and precipitation and .
dissolution of minerals. Some of these microorganisms are chemotrophic, deriving their
metabolic energy directly from the free energy associated with changes in the chemical
state of their environment. These chemotrophic organisms allow ecosystems to develop
where the energy source is from geologic processes rather than sunlight (Nealson and
Stahl, 1997). In fact, all known hyperthermophiles and many therrtiophiles are
chemosynthetic, using oxidation reduction reactions of inorganic or organic compounds
(Amend and Shock, 2001).
Microbially induced chemical transformations can occur in aqueous, solid, or
gaseous phases. Solid phase alteration has been well investigated with respect to the
microbially induced oxidation of pyrite (FeSz) and subsequent acidification in acid mine
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drainages (Bigham and Nordstrom, 2000). In this process the sulfur and iron in pyrite are
microbially oxidized, leading to the dissolution of pyrite and the acidification of surface
waters. Microbes can also indirectly mediate mineral dissolution or precipitation by
depleting or increasing concentrations of various dissolved chemical species, driving
dissolution and precipitation through equilibrium reactions (Fortin et ah, 1997).
Microbial mediation occurs when these reactions are “thermodynamically favored but
kinetically inhibited” (Amend and Shock, 2001), as in the oxidation of pyrite at surface
conditions. Microorganisms are capable of directly mediating the precipitation of
minerals such as iron and manganese oxides, various other metals, opaline silica,
carbonates, on and or inside their cell perimeters (Tebo et ah, 1997, de Vrind-de Jong and
de Vrind, 1997). Microbes have also been shown to selectively mediate mineral
dissolution to gain access to limiting nutrients such as the phosphate contained in the
mineral apatite (Ca5(P04)3(F,Cl,0H)) (Rogers et ah, 1999). Microbial populations have
been shown to accelerate weathering rates of quartz and feldspar even when aqueous
concentrations are at saturation (Heibert and Bennett, 1992). The coupling of high
temperatures and microbial activity provides an opportunity for greatly accelerated
weathering processes and microbially mediated mineral transformations.
The microbial alteration of physical conditions can have profound implications
for the system. The oxidation state of metals such as iron and arsenic influence
characteristics such as mobility (Xu et a l, 1991), toxicity (Stauffer et al, 1980), and
bioavailability (Banfield and Hamers, 1997). In order to understand the ramifications of
microbially mediated physical environmental change, it is necessary to investigate the
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role that microorganisms play in influencing their environment, as well as the details of
the physical environments they inhabit.
Mineralogy Can Influence Microbial Populations

Minerals can influence microbial populations by controlling physical and
chemical processes in a variety of ways. In addition to providing a source of energy
through potential oxidation-reduction pathways and a serving as a source of nutrients
such as phosphorous, calcium, sodium, potassium, iron, etc, minerals can also influence
microbial populations in other ways. The presence of certain minerals can buffer
concentrations of chemical species. For example, the presence of calcite will buffer the
pH of surface waters with which it is in contact at a pH of 8.3. The precipitation of
minerals that contain certain metals will prevent the respective metals from exceeding a
given aqueous concentration. Minerals such as clays are capable of retaining large
amounts of water, as well as inhibiting the flow of groundwater. These properties directly
influence the spatial distribution of organisms. Clays can also serve as a temporary
reservoir for elements such as calcium, potassium, and other biological elements, thus
keeping them available to organisms after their liberation from the host rock. Surface
properties of minerals vary widely, and can provide conditions that enable
microorganisms to attach to mineral surfaces.
Sulfur oxidizing organisms from hydrothermal environments have been shown to
attach to a variety of surfaces (Guezennec et a/., 1998). Dynamics of surficial attachment
of microbes to minerals are diverse and complex. Attachment can range from
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electrostatic and transient to the permanent attachment of entire colonies via exopolymers .
produced by the organisms. Attachment and biofilm production can provide refuge in
particularly dynamic environments by inhibiting transport across thermoclines and
chemoclines (Little et ah, 1991). Attachment also enables colony forming organisms to
generate localized physical conditions between mineral and biofilm surfaces. Rocks and
soils with different mineralogies also have porosities and permeabilities that vary of
several orders of magnitude. The mineralogy of an environment can drastically influence
and even control the chemical composition of water, the processes of attachment and
transport, and the availability of water, nutrients, and energy.
Site Selection

Two different geothermal areas within the Yellowstone caldera were chosen for
this study. These two sites are referred to here as Rabbit Creek and Ragged Hills (see
Figure I). High resolution maps were created for each of these sites and are provided in
the cd-rom insert.
The Rabbit Creek study site is located along the otherwise alkaline Rabbit Creek
drainage in Midway Geyser Basin (UTM zone 12, 0515034E, 4929794N). A photograph
of the Rabbit Creek thermal site is shown in Figure 2. This site is a relatively mature
geothermal area and appears to be highly altered. No dead trees are remaining from the
emergence of the thermal area, although a few stunted pines do continue to live in the
thermal area. The presence of this acidic sulfate rich thermal site was recorded as early as
1935 (Allen and Day).
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Figure I : Map of study sites. Rabbit Creek and Ragged Hills study sites are shown as
black circles. Boundary of Yellowstone National Park is marked with the thick black line,
state borders are shown in thin black (from Spatial Analysis Center, Yellowstone
National Park, 1995), and the most recent caldera limits (from Hildreth et a l, 1991) are
marked with the dashed line.
The second study site, Ragged Hills, is located in the Ragged Hills area of Norris
Geyser Basin (UTM zone 12, 521000 E, 4952543 N). A photograph of the Ragged Hills
site is shown in Figure 3. Ragged Hills is composed of silica cemented glacial gravels
and as of 1935 there was no evidence of any past thermal activity (Allen and Day, 1935).
This site is a much less mature geothermal area than Rabbit Creek. There are abundant
dead trees, killed off from the recent emergence of the thermal area, and the emergence
of new springs at Ragged Hills over the 3 year interval from 1999-2001 has been recently
noted (Nordstrom et a l, 2001). Both sites have a variety of geothermal features including
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mud pots, thermal springs, outflow channels, and fumaroles. Both sites contain springs
which maintain pH in the range of 2-4, and temperatures in the range of 65 0C to 90 0C.
In addition, they both have alteration mineral assemblages derived from similar
underlying rhyolite flows.
The geomicrobiological aspect of this study focuses on the highly acidic (pH 2-4),
high temperature (65 0C to 90 0C) springs. The organisms that inhabit this environment
are referred to as acidophilic hyperthermophiles (Bams and Nierzwicki-Bauer, 1997).
Although numerous types of organisms do inhabit this niche, it has much less diversity
than other less extreme habitats. While this study focuses on the sulfur oxidizing
organisms Sulfolobus and Acidianus, it is important to note that other acidophilic
thermophiles are undoubtedly present at these sites. However, the microbial diversity and
potential role of other microbial organisms at these sites was beyond the scope of this
study.
Extremophiles

Extremophiles, organisms that grow in environments that are inhospitable to most
living things, have recently become an important topic for research. Categories of
extremophiles include thermophiles and hyperthermophiles (which grow optimally at
>80C), psychrophiles (which grow optimally at <15C) halophiles (which grow in high
salinity), endoliths (which grow inside rocks), barophiles (which grow at high hydrostatic
pressure), acidophiles (which grow at low pH), as well as many others. Extremophiles
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can also demonstrate the ability to grow multiple extreme environments such as
thermophilic acidiophiles.
The construction of a universal phylogenetic tree using evolutionary distances
between different organisms based on their 18S andl6S rDNA sequences (Figure 4) has
indicated that there are three major domains of life, or urkingdoms (Woese, 1987). The
hypothetical last common ancestor is represented by the root of the tree. Theoretically,
the closer an organism is to the root of the tree, the closer it is to the last common
ancestor (Woese, 1987). The fact that extremophiles plot close to the base of the tree is
evidence that they may serve as analogues of extraterrestrial life and of early life on Earth
as well.
Bacteria

Archaea

Eucarya

Crenarctiaeota« 1
8 SO

Figure 4: Phylogenetic tree of life. Sulfolobus lies in the group labeled 8 on this tree.
Branching order and length are based on rRNA sequences. Length of branches and
distance from the base of the tree are proportional to evolutionary distance from the
hypothetical common ancestor. Numbers on the tree represent the following groups: I,
the Thermotogales; 2, the flavobacteria; 3, the cyanobacteria; 4, the purple bacteria; 5, the
Gram-positive bacteria; 6, the green nonsulur bacteria; 7, Pyrodictum; 8, Thermoproteus;
9, the Thermococcales; 10, the Methanococcales; 11, the Methanobacteriales; 12, the
Methanomicrobiales; 13, the extreme halophiles; 14, the animals; 15, the ciliates; 16, the
green plants; 17, the fungi; 18, the flagellates; and 19, the microsporidia. (From Woese et
ctl., 1990).
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Research focus on these organisms has grown dramatically in recent years. They
are important for a number of reasons. Their environments serve as analogues for
potential extraterrestrial ecosystems. In fact, hot springs are a primary potential site for
the origin of life on Earth and are currently a primary target for the search for life and
fossils of past life outside of Earth (Farmer, 2000). They are also very important for
industrial and biomedical applications because of the novel proteins they use to catalyze
reactions under such unique conditions (Madigan and Marrs, 1997). The extremophiles
of direct interest in this study are acidophilic hyperthermophiles.

Hyperthermophilic Sulfur Metabolizing Organisms

The domain archaea consists of two phyla, the Crenarchaeota and the
Euryarchaeota. The phylum Crenarchaeota is composed of acidophilic, obligately
thermophilic (Garrity, G.M., 2001), sulfur-dependent organisms (Howland, 2000). Most
cultured Crenarchaeotes are hyperthermophilic (Snyder and Young, in press). Within the
phylum Crenarchaeota, the sole class, Thermoprotei, has three orders: Thermoproteales,
Desulfurococcales, and Sulfolobales (Garrity, G.M., 2001). Among these, the sulfur
reducers, Thermoproteales, and the sulfur oxidizers, Sulfolobales are the most widely
studied (Snyder and Young, in press). Two genus from the family Sulfolobaceae order
Sulfolobales, Sulfolobus and Acidianus, have been isolated from the high temperature
areas of the Rabbit Creek and Ragged Hills sites (although a true Acidianus type-member
has not yet been isolated from Rabbit Creek) (Rice et ah, 2001).
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The first acidophilic hyperthermophile to be characterized was the Crenarchaeote
Sulfolobus (Brock et ah, 1972), found in Yellowstone National Park. Since then, a variety
of acidophilic hyperthermophiles have been identified in solfatara environments around
the world. There are currently six recognized species of the genus Sulfolobus: S.
acidocaldarius, S. solfataricus, S. hakonensis, S. metallicus, S. shibatae, and S.
yangmingensis (as well as two other proposed species, S. islandicus and S. thuringiensis)
(Garrity, G.M., 2001). The Sulfolobus species isolated from Rabbit Creek and Ragged
Hills most closely resemble S. acidocaldarius and S. solfataricus, based on 16S rRNA
sequencing (Rice et al., 2001).
Sulfolobus cells are coccoid in shape and can be highly lobed or spherical
(Garrity, G.M., 2001). They have a diameter ranging from 0.7 to 2 microns, can be either
motile or immotile, and flagella, pillus-like, and pseudopodium-like structures have all .
been observed. They live in a pH range from 1-5.5 and a temperature range from 65 to
85°C. Sulfolobus is a facultative chemolithoautotroph, meaning it can use inorganic or
organic carbon sources and attains energy from oxidation reduction reactions of organic
molecules or inorganic sulfur and iron compounds. All species are obligate aerobes,
requiring oxygen (although some species can use Fe3"1", or M0O42") as electron acceptors.
Lithotrophic growth can occur using sulfide ores, sulfide, elemental sulfur, tetrathionate,
or Fe2+ ions as electron donors. Organotrophic growth occurs using complex organic
materials, sugars, or amino acids. (Garrity, G.M., 2001).
Although Sulfolobus is one of the most widely studied archaebacteria, its
identification and characterization is often confounding. In fact, widely available
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Sulfolobus cultures have been found to be impure and misidentified (Grogan, 1989), even
after repeated RNA polymerase, DNA binding protein and ribosomal protein analyses.
Sulfolobus acidocaldarius was found to have narrower temperature ranges, more
sensitivity to organic carbon sources, and less tolerance to phosphate than other wild
types investigated (Grogan, 1989). Some known metabolic reactions of Sulfolobus
acidocaldarius are given by Amend and Shock (2001) and have been listed in Table I.

Table I: Metabolic reactions of Sulfolobus acidocaldarius. (Reactions from Amend and
Shock, 2001).

S(,,)+1.502(aq) + H20(i)
SO42" + 2H+

2S4 °6 + 6 H20(l) + 7 0 2(aq)
-» SSO42" + 12H+

^ 2°2(aq)
-> SO42" + 2H+

I_________________
The sensitivity of Sulfolobus to salts, heavy metals, and organics has been shown
to be similar for the acidocaldarius and solfataricus strains investigated by Grogan
(1989). The sensitivity to several anions, cations, and metals are listed in Table 2.
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Table 2: Sensitivity of Sulfolobus acidocaldarius and Sulfolobus solfataricus to important
cations, anions, and metals. (From Grogan, 1989)
Ion
S042'
Cl"
NO32"
PO/"
K+
Na+

Ag+
Cr2Oy2'
Cu2+
Ni2+
Pb2+
Zn2+

Growth Inhibiting Concentration
(Molarity)
>0.64
0.64
0.08-0.16
<0.06
0.32
0.32
0.32
0.64
8 * 10-6
65 * 10-6
5 * 10-3
2 * 10-6
6 * 10-4
1.6 * 10-3
5 * 10-2

In addition to Sulfolobus, an Acidianus-Yike organism has also been isolated from
Rabbit Creek and Ragged Hills (Rice, personal communication). The genus Acidianus
has three species, A. infernus, A. ambivalens, and A. brierleyi. Acidianus cells are coccoid
in shape and highly irregular. They range from 0.5 to 2 microns in diameter, and occur
almost exclusively as single cells. (Garrity, G.M., 2001). They grow in a pH range from I
to 6, and a temperature range from 45 to 96 0C (Segerer et al., 1986). Acidianus is
capable of using CO2 (autotrophic) or organic carbon (mixotrophic) as a carbon source.
A. brierleyi and A. ambivalens are obligate chemotrophs, capable of reducing elemental
sulfur with H2 to H2S under anaerobic conditions or oxidizing elemental sulfur to sulfate
under aerobic conditions (Segerer et al., 1986) (or under anaerobic conditions in the
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presence of MoO/XGarrity, G.M., 2001)). A. brierleyi can also use oxidation of ferrous
iron and can grow heterotrophically on complex organics like yeast extract and peptone
in the presence of oxygen (Segerer et al., 1986). Some species have been reported to
directly mobilize metals from oxidation of sulfide ores (Garrity, G.M., 2001).
Acidophilic hyperthermophiles are known to inhabit acid sulfate springs from
Yellowstone National Park (Fliermans and Brock, 1972). Oily films on the surface of
mud pots have been found to have very high Sulfolobus populations (Garrity, G.M.,
2001). Sulfolobus and Acidianus have been isolated from springs at Rabbit Creek and
Ragged Hills. These organisms are known to be capable of obtaining energy by
catalyzing reactions involving a variety of gasses, minerals, and dissolved ions in their
environment. The physical, chemical, and mineralogical properties of their environment
strongly influence the ability of these organisms to survive.
Acid Sulfate Springs

Not all geothermal springs provide conditions suitable to acidophilic
hyperthermophiles. White et al. (1971) characterized two end-member types of
geothermal systems, vapor-dominated and hot-water systems. Each type produces hot .
spring environments with specific physical and chemical properties.
Water-dominated systems tend to have high outflow in the range of several
hundred to several thousand liters per minute, low sulfate to chloride ratios, and a near
neutral pH. Occasionally these systems have dominantly sub-surface outflow. These
water-dominated systems with primarily subsurface outflow have significantly different
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properties. In these cases Fe3"4", Al3"4", Ca2"4", and Mg2"1"are dominant relative to Na+ and K+,
the pH ranges from 2.5-5, the ground is usually bleached white and contains kaolinite
(Al2Si2O5(OH)4), elemental sulfur, and orange, yellow, and white sulfate minerals, and
chloride concentrations below 20 mg/L. The water-dominated systems which have
primarily subsurface flow have some characteristics, such as a pH of 2.5-5, that could
provide a suitable environment for acidophilic hyperthermophiles.
Vapor-dominated systems tend to have smaller pools with little (less than 100
liters per minute) to no outflow, chloride concentrations below 2 mg/L, sulfate
concentrations on the order of thousands of mg/L, little to no sinter, and are strongly
acidic pH (2-3). According to White et ah, the vapor-dominated systems are “uncommon
and poorly understood compared with hot-water systems” and have received very little
research drilling attention. These characteristics associated with vapor-dominated springs
are consistent with the type of environment where acidophilic hyperthermophiles such as
Sulfolobus and Acidianus are commonly found.
The model vapor-dominated system (White et al., 1971) evolves from an
originally water-dominated system. With a high heat supply or a lack of sufficient
recharge the water-dominated systems begin to transform. When recharge does not keep
pace with outflow and boiling, the system begins to become vapor-dominated. The
surface expression of a well developed vapor-dominated system is then characterized by
fumaroles at or near boiling temperature, a lack of high chloride springs (>2 mg/L), the
presence of acidic springs and mud pots (occasionally they have nearly neutral pH from
abundant NH2 oxidation and limited H2S oxidation) with very low surface flow (<100
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lpm), high sulfate concentrations (>1000 mg/L), and little or no silica sinter. They also
commonly exhibit bleached ground and little or no vegetation. The temperature in this
type of system increases rapidly below the surface before tapering off and following the
hydrostatic boiling curve. This results in sediment with temperatures in the optimal range
for hyperthermophiles (80-90°C) within a meter from the ground surface. Heat transfer in
this near surface region occurs from both convective and conductive processes. Within
this near surface region there are isolated areas of up-flowing steam and condensate as
well as areas of down-flowing condensate and meteoric water. This model for a vapordominated system explains many of the characteristics observed in the acid sulfate
springs found in Yellowstone National Park. Apparently vapor-dominated springs, mud
pots, and fumaroles are found locally within the major geyser basins in areas of high
relief and abundant H2S (White et ah, 1971). In this study the Rabbit Creek and Ragged
Hills systems are investigated within the framework of this model.
The mineralogy and water chemistry associated with thermal features in
Yellowstone National Park have been studied extensively (Allen and Day, 1935,
Fournier, 1989, S t a u f f e r al, 1980,Walter, 1976, White et al., 1988). The majority of
those studies have focused on the alkaline silica and travertine depositing systems.
Lithofacies, biofacies, and taphofacies models have been developed for siliceous sinters
in those alkaline systems (Walter, 1976). Acid sulfate springs have been studied less
extensively than SiOi and CaCOg depositing springs (White et al, 1971, Foos, 2000),
although some characterization of the mineralogy of acid sulfate springs has been done
(White et al, 1971, Foos, 2000, Kokaly et al, 1998). Alunite
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((K,Na,H30)Al3(SO4)2(OH)6) and kaolinite deposits have been observed as being
associated with acidic sulfate systems, while dominant silica and montmorillonife
((Na,Ca)o,3(Al,Mg)2Si40io(OH)2-n(H20)) are interpreted as indicative of neutral to
alkaline conditions (White et ah, 1988). The model of White et ah (1971) proposed that
the interaction of the upwelling CO2 rich vapor with the surrounding silicate minerals
resulted in the formation of kaolinite and montmorillonite.
Mineralogical mapping of acid sulfate areas in Yellowstone has been done using
AVIRIS remote spectroscopy (Kokaly et ah, 1998), however, the spatial resolution of this
technique is 20 meter by 20 meter pixels. AVIRIS data was used to produce mineral
maps for the acid sulfate system in the Roaring Mountain hydrothermal area, as well as
for the primarily neutral to alkaline systems of Mammoth Hot Springs, Norris Geyser and
Upper and Lower Geyser Basins. The mineral maps of Roaring Mountain show abundant
alunite, an aluminum sulfate mineral, in the center of the area. The alunite region is
surrounded by the clay minerals kaolinite and halloysite (ALSLOs(C)H^). The perimeter
of the area has some minor outcrops of montmorillonite and siliceous sinter. The maps
indicate that sulfide oxidation products dominate the mineralogy at the center of the
thermal area and silicate alteration products dominate the perimeter.
Acid sulfate springs have a large flux of HzS. Brock and Mosser (1975)
determined the flux OfH2S derived sulfate through Moose Pool, an acid sulfate spring, to
be in excess of 44 kilograms per day. In addition to H2S, a variety of other gases are
dissolved in the spring water, including H2, CO2, and other various sulfur gasses (SOx)
(Xu et ah, 1998, Sheppard et al, 1992). These constituents are difficult to measure and

18
results are highly dependent on location of sample collection and on collection technique
(Sheppard et al, 1992). These gasses are involved in a variety of chemotrophic reactions,
such as CO2 fixation, H2 oxidation, and sulfide oxidation (Amend and Shock, 2001). This
supply of reduced sulfur, along with other reduced metals and gases, to an oxidizing
environment results in a system that is energetically out of equilibrium. These reduced
phases are metastable under oxidizing conditions. Transformation to their oxidized states
is thermodynamically favored, but is often inhibited by kinetics. This thermodynamic
disequilibrium is used advantageously by microbes which catalyze the oxidation of these
and other reduced species as an energy source to sustain life.
A detailed study of the mineralogy of the specific acid sulfate systems is
necessary to facilitate a better understanding of the microbe mineral interactions
occurring in a particular acid sulfate system. Two of the areas recently identified as being
significant gaps in the understanding of thermopbiles and hyperthermophiles are the
impact of solid phases and the quantification of the energetics of reactions under the
physical and chemical conditions of the natural systems (Amend and Shock, 2001). The
research described below is directed at addressing some of these gaps.

Research Approach

This study examines in detail the mineralogy, water chemistry, and physico
chemical characteristics in and around the high temperature acidic springs at the Rabbit
Creek and Ragged Hills sites. The mineralogy was determined using a combination of
XRD and SEM with EDS. The use of these two methods allowed for the determination of
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the major and minor mineral phases present, as well as the morphology of the minerals. A
combination of in situ field experiments and experiments with organisms cultured from
the field sites were used to determine some of the potential influences of the
microbiology on the mineralogy and vice versus. Detailed field mapping was performed
for each site. These maps show the spatial aspect of variability and provide a reference
for the location, distribution, and relative size of geothermal features studied. The water
chemistry, Eh, pH, and temperature of a variety of spring types were measured. Several
springs were also monitored periodically over time to gain some insight into their
temporal variation. Geochemical modeling was performed to determine whether or not
the mineral assemblages observed represented equilibrium assemblages, and if not to
determine how they differed from equilibrium assemblages. This information was used to
further analyze the potential influences between the microbial population and the
mineralogy.
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CHAPTER 3
STUDY SITES

Each of the sites studied had a very heterogeneous nature. At each location, a
comprehensive suite of samples was collected from pools, mud pots, fumaroles, soils, and
outflow channels. In addition to this general survey of the mineralogy of the site, several
features representative of the diversity of each site were studied in more detail. These
springs only represent a portion of the thermal features present at the site. Most, but not
all, of the representative features chosen were in the temperature and pH range of
Sulfolobus and Acidianus, the organisms of interest. They serve as representative
examples, at least with respect to appearance, of all of the features at the site with
appropriate temperature and pH ranges. The characteristics of the representative springs
in Rabbit Creek are given in Table 3, and those for Ragged Hills are given in Table 4.
One spring at each of the two study areas. Rabbit Creek spring I and Ragged Hills spring
I, was selected for a more comprehensive chemical and mineralogical investigation.

Rabbit Creek

The Rabbit Creek study site, as previously mentioned, contained a wide variety of
types of thermal features such as springs, mud pots, and fumaroles. These features were
quite diverse in appearance, having a wide range of sizes, colors, turbidity, clarity, and
consistency. Pools ranged in clarity and color from completely transparent to very murky
browns, grays, and reds. Mud pots ranged in color from red to white to brown and also

Table 3: Characteristics of representative detailed study springs from Rabbit Creek.
Spring

Diameter

Color

Clarity A^iscosity

Outflow
Channel

Notes

Rabbit Creek
spring I

30 cm

Brown

Murky

No

Has repeatedly produced cultures of Acidianus and
Sulfolobus over the past 3-4 years

Rabbit Creek
spring 2

75 cm

Red to
Brown

Mud Pot to
Murky

No

Located on small topographic mound on south end
of site, spring is recessed below surrounding
. ground

Rabbit Creek
spring 3

20 cm

Brown

Murky

Small,
Ephemeral

Fed outflow channel on west edge of the site

Rabbit Creek
spring 4, 1

5-10 cm

White to
Lt. Gray

Mud Pot

No

Pools were recessed 5-10 cm below surrounding
ground, pools bridged when water was high

35 cm

Red

Murky

Small,
Ephemeral

<10 cm

Red

Mud Pot

No

Rabbit Creek
spring 8

25 cm x
50 cm

None

Clear

Rabbit Creek
spring 9

10 cm x
20 cm

Brown

Murky

No

Red

Clear

Yes,
Perennial

Rabbit Creek
spring 5
Rabbit Creek
spring 6

Rabbit Creek
spring 10

Im

Yes,

Perennial

Tributary to larger westward flowing marshy
outflow channel that fed main outflow channel
Thin black oily film on surface/ Pool dried up by
09/02
Located within the outflow channel of other
springs, small gas bubbles constantly rose from
circular features on pool floor, circular features
had distinct clear and black grains
Pool was recessed about 5 cm below surrounding
. ground, bubbled vigorously
Heart shaped pool, sinter deposit around
perimeter, fine grained sediment on pool bottom,
tranquil, alkaline, source of main outflow channel

Table 4: Characteristics of representative detailed study springs from Ragged Hills.
Spring

Diameter

Color

Clarity/
Viscosity

Outflow
Channel

Notes

Ragged Hills
spring I

15 m

Brown

Murky

Yes, perennial

Repeatedly produce cultures of Acidianus and Sulfolobus
over past 2-3 years, nicknamed the Plaza, recessed below
ground surface 30 cm, bridged to Ragged Hills spring 2 by
small isthmus, unclear if it contributes to channel draining
Ragged Hills spring 2 and 3

Ragged Hills
spring 4

4m

Blue

Hazy

No

Higher up on the hill than other pools at this site, walls
around pool had unique blue and red color, intensity of blue
diminished significantly over 3 years since emergence

Ragged Hills
spring 6

2m

Grey to
Brown

Murky

No

Had frothy scum floating on pool surface, smooth crust on
surface of water logged soil surrounding the pool

Ragged Hills
5mx 2 m
Spring 8
Ragged Hills
spring 12
Ragged Hills
spring 15

Blue

Im

Dark Grey

2m

Dark Grey

Ragged Hills
spring 19

10 cm

Yellow

Ragged Hills
spring 20

50 cm

Brown

This pool has a steel gray center, surrounded by a 20 cm wide
reddish orange annular ring, surrounded by another ring of
Hazy
Yes, perennial
black to dark gray spicular geyserite at the air water interface,
surrounded by sandy sediment
This pool had 2 terraces around its perimeter, upper terrace
Clear Yes, perennial
was red, lower was dark grey
Had frothy scum on pool surface, had some waterlogged soil
Murky
•No
around perimeter
This pool had fine grained yellow sediment on pool bottom
Yes,
ephemeral
Murky
and along the outflow channel, only occurrence of elemental
sulfur
This pool was only present on one occasion, but produced a
No
Murky
strong environmental culture
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had a wide range of viscosity. Fumaroles ranged from vapor escape cracks to sediment
cones a foot tall. The individual springs and mud pots ranged in size from very small
pools, less than 10 cm in diameter, to medium sized pools as much as 5 meters in
diameter.
There was also a temporal aspect to the variability of these features. New springs,
mud pots, and outflow channels appeared occasionally throughout the study period. Some
of the features dried up or disappeared, failing to persist throughout the period of study.
The Rabbit Creek site was approximately 40 meters by 30 meters (see cd-rom: Rabbit
Creek site map). Photographs of the representative springs from the Rabbit Creek site are
shown in Figure 5 (cd-rom), and their locations are marked on the map in (cd-rom).

Ragged Hills

The Ragged Hills site was several times larger than the Rabbit Creek site,
approximately 500 meters by 100 meters (see cd-rom: Ragged Hills site map). The site is
located across the northwest striking ridge of a small saddle connecting the Ragged Hills
area of Norris Geyser Basin to another small hill to the north. Most of the features at the
Ragged Hills site drain to the northeast, into the One Hundred Springs Plain area of
Norris Geyser Basin and eventually north into the Gibbon River. The southwestern half
of the site drains to the southwest, away from Norris Geyser Basin and directly into the
Gibbon River.
Photographs of the representative thermal features from the Ragged Hills site are
shown in Figure 6, and their locations are marked on the map (cd-rom). Many of the
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springs at the Ragged Hills site are significantly larger than those of the Rabbit Creek
site, ranging from about 10 centimeters in diameter to as much as 13 meters in diameter.
Many of the outflow channels at the Ragged Hills site were perennial and
appeared to have substantially more discharge than the Rabbit Creek outflow channels,
although there were springs in Ragged Hills with ephemeral outflow as well as with no
apparent outflow. The flowing springs had a diverse range of colors including clear, hazy
blue, murky grey, murky brown, and murky white. The non flowing pools also had a
variety of colors, but were often murky and yellow to brown in color. The outflow
channels in the area ranged from <I centimeter wide to greater than 20 meters wide. The
larger channels were perennial, but smaller ephemeral channels were also present. There
was also a wide array of colors found in the outflow channels, often changing
downstream as well as through time. The outflow channels were often brown, yellow,
red, orange and white. Some, if not most, of their color was apparently from the
microbial mats which occurred as thin films as well as thick streaming mats. The outflow
channels were all shallow, ranging from well under a centimeter to about 20 cm deep in
places along the main drainage to the north. The shallow outflows did not maintain the
exceptionally high temperatures found in some of the springs and were consequently
capable of supporting a more diverse ecological community than the springs.
There were also some fumaroles and mud pots in Ragged Hills, but they were not
as abundant or pronounced as those in Rabbit Creek. None of the mud pots at Ragged
Hills were as viscous as those in Rabbit Creek, and there were not any well developed
sediment cones around any of the fumaroles in Ragged Hills.
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CHAPTER 4
WATER CHEMISTRY
Chemical Composition

The presence of specific mineral phases and the ability of microorganisms to
survive and metabolize is, at least in part, governed by the temperature and chemical
composition of the springs. In order to gain some understanding of the chemical character
of the springs, the chemistry from a variety of features was determined, and the chemistry
of select springs was monitored over time. Table 5 and 6 show the results of chemical
analyses of select representative springs in Rabbit Creek and Ragged Hills. Results show
that the chemistry of the springs is highly variable both over space and through time, and
that the two sites have diverse yet distinct chemistries. The chemical composition of the
springs shifts in and out of stability fields of various minerals oyer short periods of time.

Temperature and pH
The pH and temperature were recorded periodically for Ragged Hills spring I and
Rabbit Creek spring I using a field calibrated, temperature compensated, Ag/AgCl
electrode, Orion pH meter. The temperature and pH of Ragged Hills spring I was
measured periodically over a period of 21 months and is shown in Figure 7. .The range is
about 13° C for temperature and about I pH unit. The temperature and pH of Rabbit
Creek spring I was measured periodically over a 2 year period and is shown in Figure 8.
There is a temperature range of about 15° C and a pH range of more than 2 pH units.

Table 5: Chemistry from Rabbit Creek and Ragged Hills, 2/2001and 6/01/2001.2/2001 samples collected by Langner, H. and
analyzed at Montana State University Soil Testing Laboratory. 6/01/01 samples were analyzed at Montana State University Soil
Testing Laboratory, “na” indicates sample was not analyzed for that component, “nd” indicates that the sample was analyzed for that
component and the concentration was below detection. All concentrations in mg/L.__________________________
Spring
RC1
RH1

Date
2/2001
2/2001

S04
36
120

Si
35.5
179

K
4.86
54.6

Al
1.58
2.52

Ca
0.84
4.63

Fe
0.37
1.7

Cl
52
547

RC1

cont.
cont.
Date
cont.

Cu
1.43
1.38
DOC
2.8

Mg
0.25
0.22
Se
0.15

As
0.11
2.08
Mo
nd

Zn
0.95
0.86
Be
nd

Cr
nd
nd
Ba
nd

Ni
0.39
0.35
B
0.59

Rm

cont.

2.6

0.08

Mn
nd
nd
Pb
0.28
0,2

0.26

nd

0.1

7.86

pH
5
3.5
3
2.8

SO4
37.5
87.2
50.3
198.9
81.5
Cu
nd
nd
nd
0.02
nd

Si
31.7
28 .
7.7
181.2
181.1
Mg
0.1
0.1
0.1
0.5
0.3

K
5
1.1
0.4
56
48.1
Mn
0.02
0.01 .
0.01
0.07
0.06

Al
0.71
6.98
8.06
2.55
2.34
As
nd
nd
nd
1.07
2.47

Ca
0.8
0.3
0.1
4.9
4.9
Zn
0.04
0.03
0.02
0.06
0.03

Fe
0.16
0.21
0.02
3.31
1.47
Cr
nd
nd
nd
nd
nd

Cl
16.6
. 1.1
0.8
491
585.5

Temp °C

pH

Spring

Date

RC1
RH1

Spring

Spring
RC1
RC3
RC7
RH1
RH4

Date
Temp °C
6/01/2001
79
6/01/2001
80
6/01/2001
83
77
6/01/2001
6/01/2001
Spring
RC1
RC3
RC7
RH1
RH4

Date
cont.
cont.
cont.
cont.
cont.

P
Na
nd
40.2
nd
355
N 03 - as NH4+ as
N
N
nd
2
nd
0.7
Sb
Cd
nd
' 0.08
0.14
0.12
P
na
na
na
na
na

Na
18,7
1.1
0.3
285
357

Table 6: Chemistry from Rabbit Creek and Ragged Hills, 6/17/2001,10/2001, and 9/2002. 6/17/2001 samples were analyzed atMontana State University Soil Testing Laboratory. All other samples were analyzed at Energy Laboratories in Billings, MT. “na”
indicates sample was not analyzed for that component, “nd” indicates concentration was below detection. All concentrations in mg/L.
Spring
RC6
RC7
RC8
RC1
RC5
RC9
R C 10

Date
6/17/2001
6/17/2001
6/17/2001
6/17/2001
6/17/2001
6/17/2001
6/17/2001

Temp 0C
85
80.7
77
78.5
74
78.3
77.7
Spring
RC6
RC7
RC8
RC1
RC5
RC9
R C 10

Spring
RC2
RC1
RC2
RH1
RH4
RH6
RH8
R H 12
R H 19
RC1
RC2

Date
10/17/01
10/24/01
10/24/01
9/16/2002
9/16/2002
9/16/2002
9/16/2002
9/16/2002
9/16/2002
9/18/2002
9/18/2002

Temp °C
87
73
83.1
71.5
78.9
61.7
86
86.1
57.1
67.5
81.9

pH
3.3
2.98
5.05
3.96
3.4
3 .6

9.02
Date
cent.
cent.
cent.
cent.
cent.
cent.
cent.

pH
2.6
3.7
2.8
2.65
3.42
3.18
3.1
3
3.6
2.7

SO 4
57.5
58.4
18.0
38.3
67.1
118.3
16.2
Cu
0.01
nd
0.02
nd
0.01
nd
nd

Si
23.8
10.4
1.9
31.8
40.4
23.4
121
Mg
0.5
0.1
0.1
0.1
0.2
0.3
nd

K
2.7
1.1
2.3
5.8
4.6
2.6
10.5
Mn
0.09
0.02
nd
0.03
0.07
0.05
nd

Al
0.24
8.13
0.71
0.7
2.71
7.23
0.57
As
nd
nd
0.09
nd
nd
nd
1.83

Ca
0.7
0.3
0.1
0.3
0.7
1.2
0.5
Zn
0.17
0.02
0.02
0.05
0.09
0.03
0.01

Fe
0.1
0.1
0.04
0.37
0.37
2.42
0.02
Cr
nd
nd
nd
nd
nd
nd
nd

Cl
3
0.9
72.8
25.3
49.1
9.8
267.8

P
na
na
na
na
na
na
na

SO4

Si
126
35.7
123
393
385
301
336
289
196
49.4
140

K
3
1
3
49
41
42
44
38
7
13
6

Al
1.6
8.1
1.8
2.1
2.5
4.3
2.1
1.8
0.4
26.2
3.4

Ca
<1
1
1
6
6
8
5
4
nd
8
1

Fe
0.04
0.09
0.05
4.59
• 5.66
7.,08
8.93
4.85
0.26
24.9
2.73

Cl
na
na
na
583
687
651
606
521
18
44
28 .

P
0.03
0.03
0.03
0.09
0.1
0.27
0.15
0.17
0.58
0.09
0.04

83

77
61
164
92
115
88
84
42
318
116

Na
4.7
1.2
56.2
21.2
36.4
17.9
312
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Figure 7: Temperature and pH variation in Ragged Hills spring I. Values of field
measured pH and temperature were recorded periodically throughout the study period.
Temperature is shown as solid triangles and pH is shown as solid squares.
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Figure 8: Temperature and pH variation in Rabbit Creek spring I. Values of field
measured pH and temperature were recorded periodically throughout the study period.
Temperature is shown as solid triangles and pH is shown as solid squares.

29
The temperature of Rabbit Creek spring I and Ragged Hills spring I was also
monitored using an automated data logger. Figure 9 and Figure 10 show the short-term
temperature variation within Rabbit Creek spring I and Ragged Hills spring I
respectively.

Rabbit Creek Spring 1 Short-term
Temperature and pH
Spring Temperature
Air Temperature

<
% rt
^ ? !S1 5

-X

CD

-I.

$S r t

Figure 9: Short term temperature variation in Rabbit Creek spring I . The graph shows the
temperature of the spring approximately 10 cm below the water surface and the air
temperature for the 8 day period including the 9/16/02 and 9/18/02 sample collection
dates. Temperatures were recorded every 7 minutes with an automated data logger. The
spring temperature is shown as a solid black line and the air temperature as a dashed
black line.
Over an 8 day period there is a temperature range of about 20 0C in Rabbit Creek
spring I, with a strong diurnal component accounting for about IO0C of the temperature
fluctuation. In Ragged Hills spring I there is an overall fluctuation of about 8 0C, and the
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diurnal variation accounts for up to 7 °C of the variation. The spring temperature is 7
hours out of phase with the air temperature in Rabbit Creek spring I and 12 hours out of
phase with the air temperature in Ragged Hills spring I, with respective correlation
coefficients of 0.59 and 0.53. The significantly larger volume of water in Ragged Hills
spring I probably accounts for the slower response time.
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Figure 10: Short term temperature variation in Ragged Hills spring I. The graph shows
the temperature of the spring approximately 10 cm below the water surface and the air
temperature for the 8 day period including the 9/16/02 and 9/18/02 sample collection
dates. Temperatures were recorded every 7 minutes with an automated data logger. The
spring temperature is shown as a solid black line and the air temperature as a dashed
black line.
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Dissolved Ionic Concentrations
The aqueous concentrations of dissolved cations, anions, and metals were
measured in Rabbit Creek spring I and Ragged Hills spring I in February of 2000 (see
maps on the cd-rom for spring locations). The results are shown in Figure 11 and Figure
12 respectively. Both springs have sodium as the dominant cation and chloride as the
dominant anion. They also both have strong silica and sulfate components. Rabbit Creek
spring I had a total measured dissolved solids value of 180 mg/L and Ragged Hills spring
I had a total dissolved solids value of 1281 mg/L. Neither spring fits the vapordominated system model of White et. al (1971), where sulfate is the dominant anion and
chloride values are less than about 10 mg/L.

Rabbit Creek Spring 1 Relative Abundance
of Dissolved Ions 2/2001

Figure 11: Composition of Rabbit Creek spring I . The composition is normalized and
plotted as a percentage of the measured dissolved ions. The dissolved solids measured
totaled 180 mg/L.
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Ragged Hills Spring 1 Relative Abundance
of Dissolved Ions 2/2001

Figure 12: Composition of Ragged Hills spring I. The composition is normalized and
plotted as a percentage of the measured dissolved ions. The dissolved solids measured
totaled 1281 mg/L.

A reduced suite of dissolved species was chosen for further analysis of a variety
of spring types in both Rabbit Creek and Ragged Hills. Preliminary mineralogic and
chemical analyses were used to determine the dominant ions in solution and the elements
which corresponded to the major observed mineral phases. These parameters were also
measured at several points in time for Rabbit Creek spring I and Ragged Hills spring I in
order to constrain the temporal variability of the springs.
Figure 13 shows the variation of these dissolved species in Rabbit Creek spring I
over time. The concentration of all measured ions was highest in the September 2002
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sample. The concentration of sulfur (sulfate sulfur reported as mg/L of sulfur) is much
higher during the fall than during the winter or early summer, increasing by as much as a
factor of 10. The dissolved aluminum follows a similar pattern to the sulfate, except that
it increases by more than a factor of 25. The increase in concentration was particularly
dramatic for iron, which increased by a factor of approximately 75. However, this
increase only occurred in the September 2002 sample and not in the October 2001
sample.

Rabbit Creek Spring 1 Water Chemistry
Through Time
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Figure 13: Rabbit Creek spring I chemistry over time. Concentrations of select ions
dissolved in Rabbit Creek spring I are shown from periodic analyses of water chemistry
during the course of the study. The fluctuations in concentration are as large as one order
of magnitude and concentrations of various ions do not vary proportionally.
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Figure 14 shows the variation of the dissolved species in Ragged Hills spring I
over time. The concentration of dissolved species did not change seasonally as much as it
did in Rabbit Creek spring I . The chloride, potassium, iron, aluminum, and calcium
remained relatively constant. There was a five fold increase in sulfate, but the highest
sulfate concentrations occurred in the mid summer, not in the fall. The silica
concentration in Ragged Hills spring I doubled in the fall 2002 sample.

Ragged Hills Spring 1 Water Chemistry
Through Time
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Figure 14: Ragged Hills spring !chemistry over time. Concentrations of select ions
dissolved in Rabbit Creek spring I are shown from periodic analyses of water chemistry
during the course of the study. The fluctuations in concentration are as high as a factor of
four and concentrations of various ions do not vary proportionally.

The chloride concentrations in Rabbit Creek vary widely over time and space.
They range from <1 mg/L to >250 mg/L. This range is not consistent with the value of
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<10 mg/L appropriate for vapor-dominated systems or with the value of <20 mg/L for
water-dominated systems with primarily subsurface outflow (White et ah, 1971). Nor is it
consistent with the higher chloride levels expected for a system with dominantly water
phase hydrothermal input.
The chloride concentrations in Ragged Hills are generally in the 500 to 670 mg/L
range. This range is nowhere near that suggested for vapor-dominated or subsurface
outflow water-dominated systems. In fact, these concentrations well exceed the chloride
concentration of 310 mg/L in the deep thermal water of the Yellowstone hydrothermal
system (Truesdell, et ah, 1977). Concentration from boiling as the geothermal fluids rise,
as well as evaporative effects at the surface can account for these elevated levels of
chloride (Truesdell, et ah, 1977). Since the partitioning of chloride into the vapor phase is
minimal, these high chloride concentrations clearly indicate that there is a significant
liquid water hydrothermal input to the surface hydrology at the Ragged Hills site.
The water chemistry analyses from all of the samples analyzed were used to
construct frequency distribution plots for several key chemical components. The
frequency distribution plots for chloride, silica, aluminum, potassium, calcium, sulfate,
and iron are shown in Figure 15. The distribution of chloride, silica, potassium, and
calcium are all clearly bimodal, with modalities corresponding with the two sites.
The Ragged Hills concentrations are consistently in the higher grouping, while the
Rabbit Creek concentrations are consistently in the lower grouping. There are a couple of
exceptions to this grouping of distributions. Rabbit Creek spring I had exceptionally high
concentrations of iron, aluminum, and calcium in the September of 2002 sample. As a
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result, it appears as the outlier to the Rabbit Creek group in the aluminum, iron, and
calcium frequency distribution plots.
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Figure 15: Frequency distribution plots for select ions in Rabbit Creek and Ragged Hills.
Plots for a) SO42", b) Si, c) K+, d) Al3+, e) Cf, f) Fe, and g)Ca2+ show the frequency of
measured concentrations within a given range. The values on the x-axis indicate the
maximum value of the range plotted immediately above.
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The most likely explanation for the anomalous chemical character of the Rabbit
Creek spring I, Septeitiber 2002 sample is desorbtion and dissolution of solid phases
induced by a drop in pH. While the pH on this date was the lowest of all of the sampling
dates, it was only 0.1 pH units lower than the next lowest pH. Although this observed
change in pH is minimal, it is quite possible that the pH had dropped significantly lower
during the interim.
Ragged Hills spring 19 (see Ragged Hills map on the cd-rom for spring location)
had exceptionally low values for potassium and chloride relative to all of the other
springs in Ragged Hills. Ragged Hills spring 19 is apparently not controlled by the same
processes as the other study springs in the Ragged Hills site. These data clearly indicate
that the Rabbit Creek and Ragged Hills compositions are distinctly different.
Trilinear diagrams showing the relative concentrations of the major cations and
anions in solution are called Piper diagrams. They are useful for indicating the dominant
chemical signature of a solution, as well as for indicating simple mixing of two solutions.
Major cations are plotted in the ternary region on the left, major anions in the ternary
region on the right and then both are projected into the upper domain of the diagram.
Where the data plots in the upper portion indicates the dominant chemistry, and simple
mixing of two waters is indicated by data that plots in a straight line in the upper portion
of the diagram. The composition of Rabbit Creek spring I and Ragged Hills spring I are
plotted on a Piper diagram shown in Figure 16. Both springs plot in the sodium chloride
dominant region. The HCOg is assumed to be negligible because H2CO3 (which was not
analyzed) is the dominant carbonate species at a pH below about 6.
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A modified piper diagram with potassium equivalence substituted for magnesium,
and silica equivalence (as a monovalent species) substituted for HCO3 is shown in Figure
17 and Figure 18. The scatter in Figure 17 shows high variability in the water chemistry
of features in the small (approximately 40m by 30m) Rabbit Creek geothermal site.
Mixing of two water types would have simply plotted as a straight line in the upper
portion of the Piper diagram. The scatter of the samples in Rabbit Creek indicates that
simple mixing can not account for the distribution of chemical composition of springs in
Rabbit Creek. Rabbit Creek spring 8 and Rabbit Creek spring 10 both plot as sodium and
chloride dominant and sulfate depleted relative to the other springs in Rabbit Creek.
Figure 18 shows that the samples from Ragged Hills cluster closely together with
the one exception of Ragged Hills spring 19, which has much lower chloride and sodium
concentrations. Rabbit Creek spring 10, the only alkaline pool from the Rabbit Creek site,
plots in the cluster of Ragged Hills springs. It is the only spring from Rabbit Creek in that
cluster. The winter sample from Rabbit Creek spring I plots nearby, but has
proportionately higher sulfate and lower chloride. Rabbit Creek spring 8, the other outlier
from Figure 17 has similar sulfate, and much lower silica and chloride concentrations
than Rabbit Creek spring 10.
The Rabbit Creek and Ragged Hills Piper plots further illustrate the difference in
the two sites, and indicate that simple mixing of two waters does not account for the
chemical variation seen at either site. The variation appears to be due to temporal changes
in the relative input of geothermal liquid and geothermal vapor, which have distinctly
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different chemical signatures. The occasional rapid dissolution of fine grained
particulates such as amorphous gibbsite and iron oxides also causes some of the variation.

2 /2 0 0 1 P ip e r D ia g r a m
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Figure 16: Piper diagram of Ragged Hills spring I and Rabbit Creek spring I. The 2/2001
chemical ananlyses from Rabbit Creek and Ragged Hills are plotted on a conventional
Piper diagram. Components were plotted as charge equivalents and normalized to 100%
for each ternary diagram. Compositions of individual samples are plotted in the
quadrilateral region by projecting their composition from the ternary regions parallel to
the dashed lines, and then plotting the composite value at the intersection of 2 lines of
projection. The concentration of HCO3 was assumed to be zero because the stable
dissolved carbonate phase under the acidic conditions observed in these springs is
H2CO3, and not HCO3.
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M o d ifie d P ip e r D ia g r a m o f R a b b it C r e e k
W a te r C h e m is tr y fro m 6 /0 1 /2 0 0 1 a n d 6 /1 7 /2 0 0 1
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Figure 17: Modified Piper plot of Rabbit Creek samples from 6/1/2001 and 6/17/2001.
The Piper diagram was modified by replacing Mg+ with K+ and HCO3" with FbSiOg".
Although the stable phase under the observed conditions is actually FLjSiO^ the
monovalent Si equivalent HgSiOg" was chosen for consistency with the convention of
plotting cations on the left ternary diagram and anions on the right ternary diagram.
Samples from 6/01/01 are shown as black circles and samples from 6/17/2001 are shown
as black rectangles. Individual springs are labeled in the composite portion of the
diagram.
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M o d ifie d P ip e r D ia g r a m o f R a b b it C r e e k a n d R a g g e d
H ills W a te r C h e m istr y

20 / .....

Figure 18: Modified Piper plot of Ragged Hills and Rabbit Creek samples from 2/2001,
6/2001, and 9/2002. The Piper diagram was modified as in Figure 16. The Rabbit Creek
samples are all shown as solid black circles and The Ragged Hills samples are all shown
as white circles with a black outline. Select springs are labeled in the SO42", Cf, HsSiOg"
region of the plot.
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Oxidation State
The redox state of the system was measured using an Orion AgZAgCl combination
electrode, an Fe2+ZFe3+ Hach colorimetric Ferrozine test kit, and a Hach S2" colorimetric
test kit. The test kits did not provide acceptable results, primarily due to the suspended
sediment and coloration of the water samples. The Orion probe produced highly variable
readings for any given spring. The readings for Rabbit Creek spring I on 9Z18Z02
wavered between 110 mV and 250 mV. The maximum reading obtained for any spring
was 290 mV and the lowest was 90 mV. This gives a range of measured Eh of 0.3 to 0.5
V. The failure of Eh measurements to stabilize is characteristic of solutions which are not
in a state of redox equilibrium (Langmuir, 1997). These measured values represent a
weighted value of all redox pairs in the system and may not be representative of any one
redox pair or of the redox state of the system as a whole.

Predicted Mineralogy
(Thermodynamic Modeling)

The water chemistry was used to predict the stable mineralogy of several spring
types using the geochemical thermodynamic model PHREEQCI (Parkhurst et al, 1997).
The model was used to calculate the mineral phases at and above saturation with respect
to the observed water chemistry. All modeling calculations were performed setting
kaolinite and amorphous silica as equilibrium phases. Due to the unreliable nature of the
Eh measurements, the default value of 4 (standard log units) was used for pe, which
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corresponds to the value characteristic of transitional acidic groundwater environments
(Langmuir, 1997).
The saturation index for the minerals predicted by the model to be at saturation
with respect to the water chemistry in Rabbit Creek spring I are shown in Figure 19. The
dynamic nature of the springs is evident in the fluctuations of the saturation indices of the
minerals in Rabbit Creek I through time. The saturation index for quartz and chalcedony
vary slightly because of temperature effects, but are essentially fixed because amorphous
silica and kaolinite were set as equilibrium phases. The mineral phases predicted to be at
or above saturation for various springs in Rabbit Creek and Ragged Hills are given in
Table 7 and Table 8.
Saturation Indices for Rabbit Creek Spring 1
with kaolinite and amorphous silica phases set at equilibrium
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Figure 19: Saturation indices for Rabbit Creek spring I. Values were calculated using the
geochemical model PHREEQCI v.2.6. Positive values indicate that the spring is saturated
and negative values indicate that the spring is undersaturated. Saturation indices were
calculated with the solution set in equilibrium with amorphous silica and kaolinite.
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Table 7: Thermodynamically stable mineral phases based on chemical analyses from 6/01
and 10/01. Kaolinite and amorphous silica were set at equilibrium. As, Cr, and Ti were
not included in the database (Parkhurst et al, 1997) used for geochemical calculations.
Estimated value of 4 was used for pE («250 mV). For each sample, saturated phases are
listed in descending order of degree of supersaturation.______________________
Date
Sample ID
Spring

6/1/2001
6121
RH1

6/1/2001
6115
RC7

6/1/2001
6113
RC3

6/1/2001
6111
RC1

Saturated
Mineral
Phases

Quartz
Chalcedony
Alunite

Quartz
Chalcedony

Quartz
Chalcedony
Hematite

Date
Sample ID
Spring

6/17/2001
61713
RC1

6/17/2001
61722
RC5

6/17/2001
61742
RC6

Hematite
Goethite
Quartz
Chalcedony
6/17/2001
61752
RC7

Saturated
Mineral
Phases

Quartz
Chalcedony

Quartz
Chalcedony
Hematite

Date
Sample ID
Spring

Hematite
Goethite
Quartz
Chalcedony
6/17/2001
61761
RC8

6/17/2001
61772
RC9

6/17/2001
61782
RC10

Saturated
Mineral
Phases

Hematite
Goethite
Quartz
Chalcedony

Hematite
Quartz
Chalcedony

Date
Sample ID
Spring

10/17/2001
1017-1
RC2

10/24/2001
1024-1
RC2

Hematite
Goethite
WiIIemite
K-mica
K-feldspar
Quartz
Albite
Chalcedony
10/24/2001
1024-2
RC1

Saturated
Mineral
Phases

Quartz
Chalcedony

Quartz
Chalcedony

Quartz
Chalcedony

Quartz
Chalcedony

-
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Table 8: Thermodynamically stable mineral phases based on chemical analyses from
9/02. Kaolinite and amorphous silica were set at equilibrium. As, Cr, and Ti were not
included in the database (Parkhurst et ah, 1997) used for geochemical calculations.
Estimated value of 4 was used for pE («250 mV). For each sample, saturated phases are
listed in descending order of degree of supersaturation. _____________
Date
Sample ID
Spring

9/16/2002
RH1
RH1

9/16/2002
RH4
RH4

9/16/2002
RH6
RH6

Saturated
Mineral
Phases

Alunite
Quartz
Chalcedony

Quartz
Alunite
Chalcedony
Hematite

Date
Sample ID
Spring

■9/16/2002
RH8
RH8

Hematite
Quartz
Chalcedony
Goethite
9/16/2002
RH12
RH12

Saturated
Mineral
Phases

Date
Sample ID
Spring
Saturated
Mineral
Phases

Hematite
Goethite
K-mica
Quartz
Fe(OH)3(a)
Chalcedony
K-feldspar
9/18/2002
RC1
RC1
Hematite
Alunite
Quartz
Chalcedony
Goethite

Hematite
Quartz
Chalcedony
Alunite
9/18/2002
RC2
RC2
Quartz
Chalcedony
Alunite

Eh/pH Diagram
The oxidation state of components known to be involved in metabolic redox
reactions of Sulfolobus, sulfur and iron, are of particular interest. In order to investigate
the state of these components, an Eh/pH diagram was constructed for the Fe, S, and FEO
system at 85° C (Figure 20) using the concentrations from Rabbit Creek spring Ifor Fe
and SO4 from 2/2000. There is a stable region for elemental sulfur between the FES and
the Fe2"1"+ SO42"regions. This stable elemental sulfur field shrinks as the temperature
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increases, and is no longer discemable at a temperature of 85° C. The conditions
observed in Rabbit Creek spring I (in the simplified Fe, S, H20 system) plot on the
border of the Fe2++ SO42" ions in solution and the hematite + SO42' fields. At the higher
pH and the higher oxidation states, the solid iron oxide and SO42" ions in solution become
the stable phases. At the lower limits the dissolved Fe2+and SO42" ions are stable.

Eh/pH Diagram for Fe-S-H2O System at 85°C

pH

Figure 20: Eh/pH diagram for the Fe-S-H2O system at 85° C. Total dissolved Fe was set
at 0.37 mg/L and total S was set at 12 mg/L based on conditions observed in Rabbit
Creek. Conditions typical of Rabbit Creek spring I are marked with a box labeled RC I.
Jarosite field is estimated . (Fields created using data from Amend and Shock, 2001)

Under equilibrium conditions the dissolution and precipitation of minerals is a
reversible process governed by the free energy equation log K=AGr0Z(RT). In this
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equation K is the equilibrium constant and is the product of the activities of the products
divided by that of the reactants. Assuming ideal behavior, the equilibria are a function of
the temperature and the dissolved concentrations of the reaction components. When the
temperature is known, the value of any single component can be viewed ais a dependant
variable, controlled by the values of the other components.

Gibbsite Dissolution
At a temperature of 25° C and below a pH of 5 Al3+ is the dominant aluminum
species in solution (Langmuir, 1997). Under this circumstance the dissolution of gibbsite
is given by the reaction Al(OH)S + BH+ = Al3"1"+ BHzO (reaction I). At a temperature of
25° C the equilibrium constant for this reaction is IO8'11. At equilibrium, IO811 * [H4"]3 =
[Al3"1"]. In this case a small increase in the activity of H+ (a small drop in pH) will cause a
dramatic rise in the activity of dissolved Al3"1"via the dissolution of gibbsite.
At a temperature of 25°C, the reaction Al3+ + HaO = AlOH2+ + H+ (reaction 2) has
a K value of IO"5, thus as the pH approaches 5 the activity of the dissolved species
AlOH2+ increases. At a pH above 5.0 AlOH2+becomes the dominant aluminum ion in
solution and the solubility of gibbsite is no longer controlled by the reaction I, but by the
sum of reaction I and reaction 2: Al(OH)S + 2H+ = AlOH2+ + 2HaO (reaction 3), which
has a K value of 8.11 - 5.0 = 3.11. As the pH rises above about 5, these hydroxide
complexes cause gibbsite to become very insoluble.
As mentioned above, these reactions are also a function of temperature. If the
Vamft Hoff correction for temperature (to 80° C) is applied to the equations above, the
pH where gibbsite becomes more soluble (Al3+ dominates in solution) drops to about 3.7,
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the K value of gibbsite drops to 5.5, and the resulting K value for reaction 3 drops to 1.8.
This means that 80° C gibbsite is highly insoluble down to a pH of about 3.7, at which
point it becomes highly soluble.
The springs in these systems have been shown to have rapid fluctuations in pH
and temperature. These fluctuations have been shown to be greater than two pH units and
20° C in a short period of time. These types of changes in conditions clearly have the
capacity to cross thresholds such as the 3.7 pH threshold for a dramatic increase in
gibbsite solubility (at a temperature of 80° C). Once that threshold is crossed, the
dissolution of gibbsite will consume acidity until a new equilibrium condition is

.

established or until the gibbsite is completely dissolved. This threshold pH value
(calculated for conditions in Rabbit Creek spring I) corresponds almost exactly with the
observed increase in aluminum and iron on the sampling date where the pH had dropped
to 3.6.

Alunite Precipitation
The reaction for the precipitation and dissolution of alunite, KAl3(S04)2(0H)g + 6
H+= K ++ 3 Al+3+ 2 S04"2+ 6HzO (reaction 4), has a log K value o f-1.4 at 25° C, and is
dependant on the pH, and the concentration of dissolved aluminum, potassium, and
sulfate. The temperature dependence of this reaction is negligible in the range appropriate
for these systems.
If the potassium concentration is fixed at 50 mg/L and the aluminum
concentration is fixed at 2 mg/L (representative of Ragged Hills spring I) and a pH of
2.7, this reaction will buffer the concentration of dissolved sulfate around 0.07 molar,
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which is well below the observed Sulfolobus growth inhibiting concentration of about
0.64 molar (see Table 2).
However, if the potassium concentration is fixed at 5 mg/L, the aluminum at 0.7
mg/L (representative of Rabbit Creek spring I), and pH at 2.7, this reaction will buffer
the concentration of dissolved sulfate at about 1.06 molar. This is well above the 0.64
molar growth inhibiting concentration of sulfate. This reaction is highly dependant on
pH. As the pH decreases, the ability of alunite to buffer a solution with respect to
aluminum, potassium and sulfate decreases dramatically. The abundance of alunite at the
Ragged Hills site indicates that these precipitation reactions are indeed buffering the
concentration of "sulfate in that system. However, the lack of any alunite observed in
Rabbit Creek indicates that this reaction is apparently not exerting any influence over the
chemistry at that site.

Kaolinite Dissolution
The clay mineral kaolinite was nearly ubiquitous in samples from Rabbit Creek
and Ragged Hills (see next section). The reaction for the precipitation and dissolution of
kaolinite is given by AlzSizOs(C)H^ + 6 H+ = HzO + 2 H4Si04 + 2 Al3+(reaction 5). This
reaction is dependent on temperature, pH (to the sixth power), activity of aluminum
(squared), and activity of silica (squared), and has a K value of 7.44 at 25° C and a K
value of 3.40 at 80° C. When kaolinite becomes undersaturated due to a decrease in pH,
the dissolution of kaolinite will buffer the pH of the springs.
Using a temperature of 80° C and fixing the other variables based on conditions
observed in Rabbit Creek spring I on 6/01/01, the dissolution of kaolinite would buffer
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the pH at 3.1. As the dissolved silica and aluminum concentrations increase, the pH at
which kaolinite buffers the system decrease. The highest silica concentration was
observed in Ragged Hills spring I on 9/16/02. Fixing the silica and aluminum
concentrations at the values measured on 9/16/02, kaolinite dissolution would buffer the
pH at 2.7. In the range of temperature, dissolved silica, and dissolved aluminum common
to Rabbit Creek and Ragged Hills, a drop in pH will be buffered by the dissolution of
kaolinite in the pH range of 2.7 to 3.1 until the reaction equilibrium is established or the
kaolinite is consumed.
Figure 21 is a 3-D plot of the kaolinite saturation surface at a temperature of 80
0C. Samples from Rabbit Creek and Ragged Hills are plotted on that surface and appear
as depressions where kaolinite is undersaturated and mounds where kaolinite is
supersaturated. The only springs that are undersaturated with respect to kaolinite have a
pH in the range of 2.6 to 3.1.
Figure 22 is a view along strike of the kaolinite saturation surface from Figure 21.
It clearly shows that all of the springs plotting below the saturation surface for kaolinite
have high Al3+activity and low pH. In fact, the spring with the highest Al3"1"activity
(Rabbit Creek spring 7) is actually undersaturated with respect to kaolinite, while the
spring with the lowest Al3"1"activity is supersaturated with respect to kaolinite. This is due
to the inverse relationship of pH and Al3"1"discussed earlier. Within the range of silica
concentrations observed in the Ragged Hills and Rabbit Creek sites, there appears to be a
threshold pH between about 3.5 and 3 (depending on the temperature and Silica
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concentration) where kaolinite dependency on pH outweighs that for Al3"1", causing
kaolinite to become undersaturated.

3-D Stability Diagram for Gibbsite, Kaolinite,
Quartz, and Opal
Log [Al3+]
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Figure 21: 3D stability diagram for gibbsite, kaolinite, quartz, and opal. The base of the
diagram shows the stability fields for quartz and amorphous silica. Amorphous gibbsite is
stable to the right of the vertical boundary at pH=3.7. Kaolinite is stable above the striped
sloping surface. The composition of select springs is plotted on the diagram. Springs
plotting above the kaolinite surface are contoured as mounds on the surface and springs
plotting blow the kaolinite surface are plotted as depressions in the surface. (Fields
created using data from Parkhurst et a i, 1997)

Amorphous SiO?
The saturation with respect to the pure silica phases is shown in Figure 23. The
only sample supersaturated with respect to amorphous silica is Ragged Hills spring I.
The only springs not supersaturated with respect to quartz are Rabbit Creek spring 7 and
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Rabbit Creek spring 8. The remainder of the samples are above saturation with respect to
quartz, but below saturation with respect to amorphous silica.

View Along Strike of Kaolinite
Solubility Surface
RC2 10/17

RC7 6/17
I RC7 6/1
y RC2 10/24
I / RC6

RC5
;RC1 10/24
RC9
^ RC 3
, RCl 6/17 ,

RCl 6/1

Figure 22: View along strike of the kaolinite surface from Figure 21, such that the Al
value on the vertical axis represents the concentration in equilibrium with kaolinite
independent of the silica concentration. Kaolinite is supersaturated above and
undersaturated below the hypotenuse of the triangle. Kaolinite is stable in all of the
springs with a higher pH, and it is unstable or right at saturation in the springs with a pH
below about 3.3, even though the aluminum concentrations are higher at the lower pH.
(Fields created using data from Parkhurst et a l, 1997)

Below a pH of about 10, quartz and opal equilibrium is independent of pH
(Langmuir), it is, however, highly temperature dependant. At O0 C, an approximate
temperature for snowmelt in equilibrium with snow, the equilibrium Si concentration
with respect to amorphous silica is approximately 34 mg/L. The average Si concentration
of the acidic pools at Rabbit Creek was 29.1 mg/L (excluding Rabbit Creek spring 2, the
one pool near opal equilibrium at 80° C). The dissolved silica concentrations of springs
from Rabbit Creek are shown in Figure 24. These data suggest that there is a significant
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contribution to the Rabbit Creek system by shallow ground water from snow melt which
has partially equilibrated with amorphous silica at low temperatures.

Quartz and Opal Stability
Fields at O0C and SO0C

log [H4SiO4]
80° C

o°c

Figure 23: View perpendicular to the base of Figure 21. This view shows the state of the
select plotted springs with respect to quartz and amorphous silica (opal). Points plotting
above the quartz line are stable with respect to quartz. Points plotting above the opal line
are stable with respect to amorphous silica. (Fields created using data from Parkhurst et
a /.,1997)
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Concentration of Dissolved Silica in Rabbit Creek
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Figure 24: Histogram of dissolved Si concentrations in Rabbit Creek springs. The
equilibrium concentration with respect to opal at O0 C is shown as a dotted line and at 80°
C as a dashed line.

Significance of Water Chemistry

These systems are clearly both very dynamic. Not only do they have seasonal
shifts in their chemical composition, but they also have very short-term variation. This is
evident in the changes that occur in water chemistry over a two week period, as well as
in the daily variation in temperature in excess of I O0 C. Changes in pH have been
observed which are sufficient to drive the water chemistry in and out of the stability
fields of minerals like gibbsite and kaolinite.
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Neither of the systems studied is appropriately classified as an acid sulfate
system. Their chemistry indicates that both are sodium chloride dominant and that there
is more dissolved silica than dissolved sulfate. These systems would be better
characterized as sodium chloride acid springs. The water chemistry also indicates that
neither of these systems fits the model for a vapor-dominated system.
The water chemistry of springs from the Rabbit Creek and Ragged Hills sites
indicates that the springs are controlled by a complex combination of several processes.
The springs are supplied by varying combinations of deep geothermal water, geothermal
gasses, meteoric shallow ground water, and precipitation and surface runoff. In addition,
the processes of evaporation, degassing, and mineral precipitation and dissolution all
influence the composition of the water once it reaches the pool.
Although there are some similarities between the systems, the chemistry of these
systems is clearly different. Their chemical signatures indicate that different dominant
processes are controlling their water chemistry. Rabbit Creek appears to be a combination
of the vapor-dominated and water-dominated endmembers, while Ragged Hills appears
to be closer to a water-dominated type of system. Observed fluctuations in pH in springs
in Ragged Hills and Rabbit Creek of I to 2 pH units are sufficient to cross the threshold
for the stability fields of amorphous aluminum hydroxide, kaolinite, and possibly alunite
in some cases. The observed fluctuations in pH do not influence the stability field of
quartz or amorphous silica, but temperature does. The observed fluctuations in silica
concentration through time in Rabbit Creek spring I and Ragged Hill spring I are not
sufficient to cross the threshold for quartz or amorphous silica solubility.
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CHAPTER 5
OBSERVED MINERALOGY
The minerals present in Rabbit Creek and Ragged Hills along with their
composition, texture, spatial distribution, and morphology were investigated using XRD
and SEMZEDS. The minerals identified from each site, method of identification, and
sample location are listed in Table 9 and Table 10. The formula, crystal habit, and mode
of occurrence of the minerals from Table 9 and Table 10 are given in Table 11.

Silica Phases

A variety of silica phases are present at both Rabbit Creek and Ragged Hills.
Quartz, opal A, opal C, opal CT, and volcanic glass have all been identified from both
sites. Often more than one phase is present within a single spring or single sample. The
diffraction pattern for quartz can easily be distinguished, even when an opaline pattern is
also present. However, the presence of multiple opaline phases can not easily be
deconvoluted because of the signatures used to differentiate paracrystalline phases.
The nature of opaline silica, and the differentiation of opaline phases has been
thoroughly investigated using XRD (Jones and Segnit, 1971, Guthrie et al, 1995, Smith,
1998) and transmission electron microscopy (TEM) (Williams et ah, 1985, Elzea and
Rice, 1996, Cady et al., 1996). The terminology for the various opaline phases suggested
by Smith (1998) is paracrystalline. The different paracrystalline phases are composed of
SiCVifrLO with varying types of silica tetrahedral linkage and various degrees of short

Table 9: Rabbit Creek observed mineralogy. Major mineral phases were those detected using XRD (~5%-10% detection limit). Minor
mineral phases were those only detected using SEM/EDS._____________ ;_________ _________________
Feature type/ sample location

Rabbit Creek

Brown murky
pool

Spring #1

Brown murky
pool

Spring #3 .

White murky
pool .

Spring #7 .

Red mud pot

Spring #6

Clear pool

Spring #8

Thermal soil

Soil #1

Major Minerals (detectable with XRD)

Silicates

Kaolinite,
halloysite,
quartz, opal C,
opal CT
Kaolinite,
halloysite, opal
A, opal C, opal
CT
Kaolinite,
halloysite,
quartz, opal CT
Kaolinite,
opal C
Kaolinite,
quartz, opal CT,
obsidian
Quartz, opal C,
opal CT
sanidine,
kaolinite

Minor Minerals
(only detected with SEM/EDS)

Sulfides/
Sulfates

Oxides/
hydroxides/
raise.

Silicates

Sulfides/
Sulfates

Oxides/
hydroxides/mis
c.

X

Hematite,
amorphous
gibbsite*

X

pyrite

X

X

Hematite

X

X

X

X

amorphous
gibbsite*

X

X

X

X

amorphous
gibbsite*,
hematite*

X

X

X

X

X

X

X

FeOx, ilmenite,
apatite, zircon

X

X

X

X

X

Table 10: Ragged Hills observed mineralogy. Major mineral phases were those detected using XRD (~5%-10% detection limit).
Minor mineral phases were those only detected using SEM/EDS.
Feature type/ sample location

Ragged Hills

Major Minerals (detectable with XRD)

Silicates

Sulfides/S/
Sulfates

Oxides/
hydroxide
s/misc.

Minor Minerals
(only detected with SEM/EDS)
Silicates

Sulfides/
Sulfates

Oxides

Spring #1

Kaolinite5quartz,
sanidine, opal C5
opal CT5opal A

Alunite

obsidian*

X

Jarosite5barite,
gypsum pyrite,
arsenopyrite

Hazy blue
pool

Spring #4, Spring
#8

Kaolinite5quartz,
opal CT

Alunite

amorphous
• gibbsite

X

jarosite

Fe, Ti.
oxides

Murky grey
pool

Spring #6 and
Spring #15

Kaolinite5quartz,
opal C

Alunite5
pyrite

X

X

Pyrite5
Jarosite5

Fe5Ti
oxides,
zircon

Clear pool

Spring #12

Kaolinite5quartz,
opal CT5opal A

X

X

X

X

X

Yellowbrown murky
pool

Spring #19

Quartz5opal C

Alunite5
sulfur

X

X

X

X

Thermal soil
crust

5 meters east of
Spring #2

Brown murky
pool

Metavoltine5
tamarugite,
alunogen
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Table 11: Properties of minerals from Rabbit Creek and Ragged Hills. Formulas are
given for pure endmembers. Crystal habit is based on SEM observations.
Mineral
Name
Kaolinite

Al2Si2O5(OH)4

Crystal
Habit
Platy

Halloysite

Al2Si2O5(OH)4

Tubular

Quartz

SiO2

OpalA

SiO2oIiH2O

Opal CT

SiO2oIiH2O

Opal C

SiO2oIiH2O

Gibbsite

Al(OH)3

Boehmite .

AlO(OH)

Hematite
Ilmenite
Zircon
Apatite
Sanidine
Alunite
Jarosite .

Formula

Fe2O3
FeTiO3
ZrSiO4
Ca5(PO4)3(F5Cl5OH)
(K5Na)(Si5Al)4Og
(K5Na5H3O)Al3
(SO4MOH)G
(K5Na5H3O)Fe3
(SO4)2(OH)G

Tamarugite

CaSOdZH2O
BaSO4
Al2(SO4)3 IV(H2O)
K4Na4(Fe^5Zn)Fe3+G
(SO4)IlO 2ZO(H2O)
NaAl(SO4)2-O(H2O)

Sulfur

S

Pyrite

FeS2

Arsenopyrite

FeAsS

Gypsum
Barite
Alunogen
Metavoltine

Prismatic,
Massive
Amoiphous
precipitate
Amoiphous
precipitate
Amorphous
precipitate
Amorphous
precipitate
Amorphous
precipitate

Pseudocubic
Druzy
Bladed
tabular

Notes
Nearly ubiquitous
Pool sediment and outflow channel
on surface of spicular geyserite
Nearly Ubiquitous5Residual
Volcanic
Pool sediment, suspended sediment
Pool sediment, suspended sediment,
and soil
Pool sediment, suspended sediment
and soil
Pool sediment
Pool sediment
Pool sediment, soil
Inclusions in glass, residual volcanic
Inclusions in glass, residual volcanic
Inclusions in glass, residual volcanic
Residual volcanic
Suspended sediment, pool sediment,
Soil
Pool perimeter sediment, scale on
surface of alunite in suspended and
pool bottom sediment
Pool perimeter sediment
Pool perimeter sediment
Efflorescent bloom on soil surface
Efflorescent bloom on soil surface

Cubic,
Framboidal

Efflorescent bloom on soil surface
Lining floor of pool and outflow
channel
Pool sediment, floating on surface of
pools
Pool sediment
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range ordering. The paracrystalline phases have enough short range order to produce
diffraction patterns, but do not have enough long range 3-dimensional ordering to be
classified as crystalline (Smith, 1998).
The International Mineralogical Association recognizes all forms of opaline silica
as a single mineral species, but opaline silica is commonly classified as opal A, opal C, or
opal CT, as defined by their diffraction patterns (Jones and Segnit, 1971). Opal A is the
most amorphous of the paracrystalline varieties. It is further broken down into opal Ag,
which is composed of silica lepispheres which have a gel-like linkage, and opal An,
which has a network-like structure similar to that of silica glass. Opal CT has more short
range ordering than opal A. It has been shown to have interstratified domains of tridymite
and cristobalite (Cady et al., 1996). Guthrie et al. (1995) have modeled opal CT
diffraction patterns using ordered and disordered interstratified planar tridymite and
cristobalite units. Their model successfully produced diffraction patterns for opal CT with
varying amounts of tridymitic ordering. Opal C has more ordering than opal CT and opal
A (Smith, 1998).
Some basic characteristics of XRD patterns can be used to distinguish the various
paracrystalline silica polymorphs. The diffraction pattern for opal A is composed of a
very broad hump centered near 22° 2 0 and covering the area from about 15° to 30° 20.
The diffraction pattern for opal CT also has a broad hump centered on 22° 20, however
the opal CT hump is not as broad as the opal A hump and it has a satellite peak on the
low angle side from tridymitic stacking, as well as a possible shoulder on the high angle
side. There is also a peak that develops around 36° 20 with ordering from opal A to opal
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CT (Smith, 1998). The intensity of the 20.7° 2© peak is relatively representative of the
amount of tridymitic ordering. Peaks develop in the 41-45° 2 0 region upon ordering to
opal C. In addition, the 22° 20 peak is less broad (0.222 to 0.453 °20) and more intense
in opal C. The deviation of the peak in the 22° 2 0 region from the 4.04 angstrom (21.98°
20) peak of alpha cristobalite is significant to distinguish opal CT from alpha cristobalite.
When that peak location is insufficient to distinguish the two, the shape of the peak and
the presence of traces of tridymite character can be used to infer opal C (Elzea et ah,
1994).
The presence of quartz in Rabbit Creek and Ragged Hills is ubiquitous. Opal A,
opal CT and opal C also occur in various locations at both sites. The occurrence of the
various types of paracrystalline silica varies as a function of grain size within a single
sample. The 15° to 30° 2 0 region of the XRD patterns, for the bulk sediment, the less than
2 micron fraction, and the suspended sediment from Rabbit Creek spring I are shown in
Figure 25. The 33° to 38° 20 region of the same diffraction, pattern from Figure 25 is
shown in Figure 26. The diffraction patterns show an apparent trend from opal A toward
opal CT and quartz with an increase in grain size.
The bulk sediment has a diffraction pattern representative of quartz and opal CT
with a tridymitic ordering component evidenced by the 20.7° 20 peak, and the strong
tridymite shoulder on the 22° 20 peak. The less than 2 micron grain size fraction has a
pattern similar to that of the bulk sediment, but the tridymite shoulder and the 20.7 ° 20
peak are no longer apparent, and the only remaining quartz peak is a broad peak around
45°-46° 20. The suspended sediment shows no evidence of quartz and has the peak at
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Figure 25: Rabbit Creek spring I various SiC^ phases. The 15-30° 2 0 region of the XRD pattern from sediments from Rabbit Creek
spring I show a decrease in quartz, a decrease in opal CT character, and an increase in opal A character with decreasing grain size.
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Figure 26: Rabbit Creek various Si02 phases II. The 35-47° 20 region of the XRD pattern from sediments from Rabbit Creek spring I
show a decrease in quartz, opal CT character, and opal C character with decreasing grain size.
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22° 2 0 indicative of cristobalitic ordering (opal C), but also shows the broad hump from
15° to 30° 20 that is characteristic for opal A. The suspended sediment does not show the
36° 2 0 peak associated with opal CT and opal C, or the peak from 41°-450 20 that
develops upon ordering of opal CT to opal C.
The thermal soil mineralogy distal from any current spring or fumarole was also
analyzed as a function of grain size and the XRD patterns are shown in Figure 27. The
soil shows a trend of decreasing quartz with increasing grain size and an increase in
ordering in opal CT with an increase in grain size. The quartz present in the smallest size
fraction (< 63 micron) has a diffraction pattern with a quartz crystallinity index of 9.15,
consistent with well crystallized volcanic quartz (Murata and Norman, 1976). The data
used to calculate the crystallinity index for quartz from the Rabbit Creek soil is shown in
Figure 28.
Rabbit Creek spring 8 had a combination of small (0.25-lmm diameter) clear to
pink translucent sub-rounded grains and larger (3-5 mm diameter) black, vitreous, sub
rounded grains lining the bottom of the pool. These grains were separated manually and
analyzed with XRD. The diffraction pattern for the small clear grains, larger black grains,
and the <63 micron fine grained sediment and suspended sediment are shown in Figure
29. The clear grains have a diffraction pattern consistent with nearly pure quartz. The
black grains have a pattern consistent with amorphous silica glass. The <63 micron
separation has very strong characteristic quartz peaks as well as kaolinite and some minor
peaks indicating cristobalitic and tridymitic stacking domains in paracrystalline silica
(opal CT). The suspended sediment also contains peaks indicative of quartz, kaolinite,
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Figure 27: Rabbit Creek soil. The 18-45° 2 0 region of the XRD pattern from sediments from Rabbit Creek thermal soil shows a
decrease in quartz, an increase in the ordering in opal CT with an increase in grain size. The increase in ordering is evidenced by the
decreasing width of the 22° peak, the decreasing intensity of the 20.7° shoulder, and the increasing intensity of the 36° peak.
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Figure 28: Quartz crystallinity index. The data used to calculate the quartz crystallinity index (Murata and Norman, 1976) from the
<63 micron size fraction of Rabbit Creek thermal soil. The calculated crystallinity index is 9.15, consistent with volcanic quartz.
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Figure 29: Rabbit Creek spring 8. XRD patterns from the various types of sediment in Rabbit Creek spring 8 indicate the pinkish
translucent grains are quartz, the black grains are opal Ag, and the suspended sediment and <64 micron sediment on the pool floor
contain quartz, kaolinite, and opal C l. The opaline silica in the suspended sediment has less order than the sediment from the pool
floor. This is evidenced by the more pronounced hump in the 20-25° region and the increased intensity of peaks representing
tridymitic character (e.g. 30°, 32°, and 44.1° 20).
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and paracrystalline silica (opal CT). The only major differences in the suspended
sediment and the <63 micron pool bottom sediment are related to the relative intensity of
various cristobalite and tridymite stacking domains and the overall shape of the
paracrystalline hump. The suspended sediment has a broader hump, which is associated
with less ordering, and has higher intensity tridymitic peaks, also associated with less
ordering.
The data from Rabbit Creek suggests that the quartz present is residual volcanic
quartz, that modem opaline precipitation in the form of opal A is present in some springs,
and that opal CT is present in the soil as well as in the pools and outflow channels. It is
unclear why the quartz in the Rabbit Creek soil sample is only present in the smaller
grain size fractions and quartz grains in pools (e.g. Rabbit Creek spring 8) are as large as
lmm. The fact that the spring waters are frequently supersaturated with respect to silica
could explain a lack of quartz dissolution in the pools. Partial dissolution of quartz in the
soil, however, does not seem like a plausible explanation for the reduction of quartz
grains from >1 mm to <63 microns in less than 600,000 years. Rather, it seems likely
that the soil consists primarily of volcanics which were finely ground by glacial
processes, and that post-glacial rhyolite alteration has liberated larger quartz grains,
which now occur in high abundance in and proximal to the pools.

Clay Mineralogy

The clay mineralogy in both Rabbit Creek and Ragged Hills is apparently quite
simple. The kaolin minerals kaolinite and halloysite are the only clays that have been
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identified at either site. Samples from both sites were subjected to a series of treatments
to verify that the only clay minerals present were kaolinite and halloysite (as per Moore
and Reynolds, 1997).
The diffraction patterns from the pool perimeter sediment from Rabbit Creek
spring I air dried and heat treated samples is shown in Figure 30. The intensity ratio of
<10:1 for the 002/003 peaks of kaolinite, the lack of 6.2° and 18.8° 2© peaks for
chlorite, and similar width of the 12.5° 2® and 24.9° 20 peak for kaolinite indicate that
there is kaolinite present in nearly all samples and no significant chlorite in any samples.
The diffraction pattern for air dried and ethylene glycol solvated Rabbit Creek
spring I pool perimeter sediment is shown in Figure 31. The lack of peaks indicative of
smectite and the lack of expansion upon salvation indicate that smectite is not present in
any significant amount. The 001 peak for smectites (6° 20) is a very high intensity peak
and allows the detection of smectites in amounts as small as a few percent (Moore and
Reynolds, 1997).
A portion of the X-ray diffraction pattern for Rabbit Creek spring I is shown in
Figure 32 along with the characteristic peak locations for each of the kaolin polytype
minerals. The peaks for kaolinite matched well with all of the samples, and the peaks for
metahalloysite matched for some samples. The peaks for dickite and nacrite did not
match well for any of the samples.
Halloysite, in its hydrated state (metahalloysite), swells to produce a basal 001
reflection at approximately 8.8° 2®. However, the tubular morphology of halloysite
inhibits the preferential orientation that provides such intense basal reflections in most
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Figure 30: Rabbit Creek spring I evidence for presence of kaolinite and a lack of chlorite. Kaolinite is indicated by the high intensity
001(12.4°) and 002 (24.9°) peaks, the presence of an 003 (37.3°) peak. The lack of chlorite is indicated by the absence of chlorite 001
(6°) and 002 (18°) peaks, the <10/1 ratio for kaolinite 002/003 peaks, and the similar peak breadth for the kaolinite 001 and 002 peaks.
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Figure 31: Rabbit Creek spring !evidence for absence of smectite. The lack of smectite is indicated by the absence of a smectite 001
peak at 6° and the lack of change in XRD pattern upon ethylene glycol solvation.
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Figure 32: Evidence for kaolin polytypes. An XRD pattern from Rabbit Creek spring I is shown along with locations for peaks
indicative of various kaolin polytypes. Metahalloysite is shown as solid black circles, kaolinite as open cirlces, dickite as open
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for the lower than characteristic intensity of the other kaolinite peaks.
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other clay minerals (Moore and Reynolds, 1997). Although the JCPDS-ICDD card for 10
angstrom (hydrated) halloysite does not include a reference peak for the 002 basal
reflection, the 002 should be half the d-spacing of the 001 peak, at 10.1 angstroms.
Therefore, if an 002 reflection is present, it should occur at a d-spacing of approximately
5.05 angstroms. This d-spacing corresponds to a 17.6° 20 peak.
Kaolin minerals were the only clay minerals that were identified in any of the
samples from Rabbit Creek or Ragged Hills. Kaolinite was determined to be present in
nearly every sample, and halloysite was determined to be present in a few samples from
Rabbit Creek. Montmorillonite was not identified in any samples from Ragged Hills or
Rabbit Creek.

Rabbit Creek

The mineralogy of a variety of thermal features at the Rabbit Creek site was
surveyed using XRD and SEM with EDS. The features studied included the clear and
murky springs, the red and white mud pots, and the.thermal soil. The relative sizes and
locations of the features studied, referred to by spring number, are shown on the map of
the Rabbit Creek study site (cd-rom).
Rabbit Creek spring I repeatedly produced cultures of Sulfolobus from
environmental samples. Figure 33 shows an XRD pattern of a pool perimeter sample
from Rabbit Creek spring I . The sample was a clay rich sediment that was very cohesive.
It had distinct red and light grey to white color zones.
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Figure 33: Rabbit Creek spring I bulk mineralogy. The XRD pattern of sediment from the edge of Rabbit Creek spring I indicates the
presence of kaolinite, quartz, hematite, and opal C.
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The diffraction pattern indicates the presence of kaolinite and quartz, as well as a
paracrystalline silica phase with some cristobalite type stacking domains. In addition to
these dominant peaks, the diffraction pattern also indicates the possible presence of
hematite. In order to determine if hematite was responsible for the red coloration, the
sample was manually separated based on color and the resulting white and red samples
were analyzed with XRD. Figure 34 shows diffraction patterns for the red and white
separations and for the suspended sediment from Rabbit Creek spring I . The red
separation contains diffraction peaks that are consistent with hematite and that do not
occur in the white separation. The white separation and the suspended sediment both
have a low intensity peak located at 8.8° 20. This peak is consistent with the kaolin
mineral halloysite. The white separation and the suspended sediment from Rabbit Creek
spring one have peaks at approximately 8.9° and 17.9° 20. There is some deviation (0.1°0.3°) between the location of the observed peaks and those from the reference pattern, but
a good deal of variation is to be expected for fibrous clay minerals such as halloysite
(Moore and Reynolds, 1997).
The suspended sediment in Rabbit Creek spring I also had a very broad, high
intensity peak that centered on 18.3° 20 and which overlapped the broad peak from
paracrystalline silica centered on 22° 20 (Figure 34). The primary peak for gibbsite is
located at 18.2° 20 and this diffraction pattern most likely indicates a precipitate
analogous to amorphous gibbsite. The pH on June 1,2001, the time of the collection of
the suspended sediment sample in Figure 34, was 5.0.
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Figure 34: Red and white color separations. The XRD patterns of red and white separations of the sample from Figure 29 indicate that
the red color corresponds with the presence of hematite peaks. The white separation also had some evidence of the presence of
halloysite. The suspended sediment did not have the hematite, the quartz, or the opal C character seen in the bulk sediment, but did
have peaks suggestive of halloysite and amorphous gibbsite.
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Another sample of suspended sediment was collected from the same spring on
June 17, 2001, 16 days later. The pH of Rabbit Creek spring I on June 17th was 4.0. The
diffraction patterns of these two different samples of the suspended sediment in Rabbit
Creek spring I are shown in Figure 35. Amorphous aluminum hydroxide present in the
sample taken while the pH was 5.0 and absent two weeks later, when the pH was 4.0,
illustrates the fact that the fluctuations in pH observed in these springs are significant
enough to alter the mineralogy of the springs. Figure 36 shows the diffraction patterns
and pH for several pools at the Rabbit Creek site which appear to contain amorphous
aluminum hydroxide in their suspended sediment. The amorphous gibbsite seems to
persist as a metastable phase in some springs when their pH drops below about 3.7, the
lowest pH at which gibbsite is stable under these temperatures.
In addition to the diffraction peaks from Rabbit Creek spring I corresponding to
kaolinite, halloysite, quartz, paracrystalline SiOz, amorphous aluminum hydroxide, and
hematite, there are several small peaks in the white separation and the suspended
sediment samples from Rabbit Creek spring I. These peaks, at 14.5° and 38.4° 2©
correspond to two of the three strongest lines for Boehmite (AlO(OH)), an aluminum
oxyhydroxide. While the presence of these peaks is not sufficient for definitive
identification, they do suggest the possible presence of Boehmite in some of the samples
from Rabbit Creek.
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Figure 35: Rabbit Creek spring I suspended sediment from 6/01/01 and 6/17/01. Diffraction patterns show the presence of an
amorphous aluminum hydroxide on 6/01/01, when the pH was 5.0, and the absence of an amorphous aluminum hydroxide on 6/17/01,
when the pH was 4.0.
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Figure 36: Rabbit Creek springs with apparent amorphous aluminum hydroxide. Diffraction patterns and pH at the time of collection
are shown for several other springs from Rabbit Creek that appear to contain amorphous gibbsite.
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Pool bottom and suspended sediment for cryogenic SEM analysis was collected
from Rabbit Creek spring I and frozen in the field using liquid N2. A secondary electron
image (SEI) of the frozen pool bottom sediment is shown in Figure 37. A backscattered
electron image (BSE) of the same area is shown in Figure 38. The grain labeled Py in
Figure 38 was determined to be pyrite based on morphology and EDS. This sample is the
only observed occurrence of pyrite at the Rabbit Creek site. The majority of the sample
appears to be coated in kaolinite clay. Numerous 1-10 micron grains of SiO?, as well as a
grain of iron oxide were also observed in this image.

Figure 37: Secondary electron image of Rabbit Creek spring I pool bottom sediment. The
image shows particulate kaolinite and silica and an interwoven texture with associated
spherical structures.
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Figure 38: Backscattered electron image of Rabbit Creek spring I pool bottom sediment.
The BSE image of the same area as shown in Figure 33 shows the presence of pyrite and
iron oxide in addition to the quartz and kaolinite visible in the SET
The diffraction pattern for the pool perimeter red and grey clay rich sediment
from Rabbit Creek spring 3 is very similar to the pattern from Rabbit Creek spring I, the
murky brown pool discussed above. The only noticeable difference is in the clay sized
fraction of a light grey and orange sandy clay sample from the pool perimeter. The
diffraction pattern for the clay sized separation of this sample is shown in Figure 39. The
diffraction pattern shows peaks for kaolinite and a very broad hump from 20° to 40° 20.
This broad hump is consistent with the diffraction pattern of opal A g , except that it has
some short range cristobalitic ordering. It is unclear whether the diffraction pattern
represents a mixture of kaolinite and one opaline phase with a combination of opal Ag
and opal C character, or kaolinite and a heterogeneous mixture of opal Ag and opal C.

Rabbit Creek Spring 3 Pool Perimeter Sediment
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Figure 39: Rabbit Creek spring 3 pool perimeter sediment. The XRD patterns of the perimeter sediment and the <2 micron size
fraction of the perimeter sediment indicate that the fine grained material is primarily kaolinite and highly amorphous opaline silica,
while the larger grained material has more ordered opaline silica and also contains quartz.
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The red mud pot, Rabbit Creek spring 6, contained mostly amorphous aluminum
hydroxide and kaolinite: There was also some indication of paracrystalline silica in the
suspended sediment (see Figure 36). The diffraction pattern also has a small broad peak
corresponding with the highest intensity peak for hematite.
The black grains from Rabbit Creek spring 8 were examined with SEM/EDS.
Figure 40 shows a cross section of one of the black grains from the bottom of this pool.
The EDS analysis of the matrix material of the grain is consistent with volcanic glass of a
rhyolitic composition. The grain contains inclusions of ilmenite (FeTiOs), zircon
(ZrSiO/i), iron oxides, and apatite. There is also some alteration to clay around the
perimeter of the grain. The apatite inclusions are present both in the glass matrix and
within the ilmenite inclusions in the glass matrix. The composition of the matrix and the
types of inclusions indicate that the vitreous black grains are residual volcanic glass. The
glass has been mechanically weathered to give the sub-rounded shape and has been
chemically altered to clay around the perimeter and along some external fracture
surfaces.
The outflow channel from some clear springs similar to Rabbit Creek spring 8
contained a region of white to reddish orange spicular geyserite. The temperature was
around 55° C and the pH about 3.5 in that region of the outflow channel. The spicules
ranged in size up to about 10 mm tall and less than a mm in diameter. The spicules were
deposited on a layer of orange clay varying in thickness from 0-1 mm. Below the orange
clay was a thin brown laminar crust overlying white clay rich sediment.
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Figure 40: BSE image of a black obsidian grain. This image of a polished cross section of
one of the black grains of volcanic glass from Rabbit Creek spring 8 indicates the
presence of a variety of volcanic inclusions. Using EDS these were interpreted as apatite,
ilmenite, zircon, and iron oxides. Some alteration to clay was present around the
perimeter.

The spicular material was analyzed with SEM/EDS. Figure 41 shows a secondary
electron image of a single spicule. The tip of the spicule is magnified in Figure 42. EDS
spectra were collected for the background material comprising the bulk of the spicule, the
leaf-shaped structures, and the tubular structures. The background material is primarily
SiO:, the leaf-shaped material is primarily Si02, and the tubular material has a Si:Al ratio
of 1:1. A close up of the tubular structures is shown in Figure 43. Due to the tubular
morphology, approximate I : I ratio of aluminum to silica, and insignificant abundance of
other elements, the tubular structures are interpreted as halloysite, a tubular polymorph of
kaolinite.
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Figure 41: Geyserite spicule from a Rabbit Creek outflow channel. Note the fibrous
texture near on the upper edge of the spicule, about 100 microns from the tip.

Figure 42: Tip of geyserite spicule from Figure 40. EDS spectra were taken from the
background texture of the spicule (a), the leaf shaped structure (b), and the tubular
structure (c). The background material is primarily SiC>2, the leaf shaped structure is
opaline silica, and the tubular structure is halloysite.
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Figure 43: Leaf shaped and tubular structures associated with spicular geyserite. This SEI
shows the smooth surface of the tubular structures and the small lepispheres associated
with the leaf shaped structures.

The ordered packing of lepispheres (spherical structures) with a diameter on the
order of 150-250 nm is characteristic of a particular variety of opaline silica, opal Ag
(Smith, 1998). The lepispheres can be packed in a highly ordered fashion, as in precious
opal, or in a disordered fashion as in potch opal. Figure 44 shows a close up image of the
lepispheres associated with the leaf shaped structures from Figure 43. The leaf-shaped
structures consist of small lepispheres approximately 300 nm in diameter, which are
packed in a highly ordered arrangement, consistent with opal Aq. The tubular structures
ranged in length up to about 10 microns. They have a smooth surface and appear to have
co-precipitated with the silica lepispheres. In some places the tubular structures appear to
be nucleating on the opaline material. In other places it appears that the tubules are
forming a substrate on which the silica lepispheres are either depositing or nucleating.
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Figure 44: Secondary electron image of lepispheres associated with leaf shaped
structures. These lepispheres are approximately 300 nm in diameter and are packed in a
highly ordered arrangement, fitting the description of opal Ag from Smith (1998).

The diffraction patterns from suspended sediment from the muddy white pool.
Rabbit Creek spring 7 are shown in Figure 36. The pool perimeter is composed primarily
of white clay rich sediment. There is a thin green biofilm under the surface of this pool
perimeter sediment. The temperature of the soil at the location of the green biofilm was
between 30° and 50° C. The diffraction pattern from the pool perimeter sediment is
shown in Figure 45. This diffraction pattern is very similar to the pattern of the separation
of the white pool perimeter sediment from Rabbit Creek spring I (Figure 34). The pattern
indicates the presence of kaolinite, quartz, paracrystalline silica (opal CT), and halloysite.

Rabbit Creek Spring 7 Pool Perimeter Sediment
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Figure 45: Rabbit Creek spring 7 pool perimeter sediment. This XRD pattern indicates the presence of kaolinite, quartz, opal CT, and
halloysite.
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The Rabbit Creek site contains a wide variety of geothermal features including
clear springs, red mud pots, white mud pots, murky springs, fumaroles, and unsaturated
thermally altered sediment. All of these types of features contain abundant kaolinite and a
variety of silica phases. The silica phases appear to be at least partially distributed as a
function of grain size, with the more ordered phases tending to dominate in the larger
grain sizes. In addition to kaolinite and SiO?, there is also hematite present in a number of
samples. The hematite appears to be at least partly responsible for the red color of mud
pots and soils at the Rabbit Creek site. The suspended sediment in some of the pools
appears to contain amorphous aluminum hydroxide and aluminum oxyhydroxide with
diffraction patterns similar to gibbsite and boehmite respectively. The presence of these
precipitates is sporadic and appears to be, at least in part, controlled by the dynamic pH
fluctuations of the springs. Very little evidence of sulfur compounds was found anywhere
in the Rabbit Creek site. The only sulfur bearing mineral identified was pyrite, which was
found only in one sample in spring I . No sulfate minerals were observed at the Rabbit
Creek site. Obsidian pebbles were present in a number of springs at the Rabbit Creek.
These pebbles contain inclusions of apatite, zircon, and iron and titanium oxides.

Ragged Hills

The large murky brown pool. Ragged Hills I, was selected as the in-depth study
pool at the Ragged Hills site. The x-ray diffraction data from several of the sediment
types in Ragged Hills pool I are shown in Figure 46. The unconsolidated sediment from
the perimeter of the pool appears to be a mixture of the pool bottom clays and dominantly
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sandy material from the surflcial sediments around the pool. The x-ray scan of this
sample contains some diffraction peaks associated with sanidine. Similar patterns are
observed in only a few other samples from Ragged Hills and not at all in Rabbit Creek. It
is only the sandy sediments at the pool perimeter that show any evidence of the presence
of feldspars. Diffraction peaks indicating the presence of quartz are also present. The
feldspar and quartz are interpreted as residual volcanic minerals. The diffraction patterns
in Figure 46 also indicate the presence kaolinite, alunite, and paracrystalline SiO2, which
are interpreted as hydrothermal precipitates and alteration products.
The geyserite sample from the pool perimeter is composed of a spicular crust on
top of an orange-brown layer which in turn sits on a loosely consolidated white sandy
loam. The spicules range in color from a light grey to black, and are less than 5 mm long.
The diffraction pattern for the spicular sample has less evidence of sanidine and evidence
of more paracrystalline silica than that of the sandy loam. It also shows evidence of more
ordering in the paracrystalline silica than in the suspended sediment. Aside from being
more pronounced, the paracrystalline silica peaks are similar to that in both of the pool
bottom sediment samples.
The pool bottom sediment consists of primarily a light grey to white clay (often
orange around the perimeter) with some sandy material intermixed. The sandy material
appears to be washed down into the pool from the surrounding area. The x-ray scan of
this sample shows kaolinite, alunite, and quartz, as well as a paracrystalline silica phase.
The paracrystalline silica appears to be either transitional opal CT-opal C or a
heterogeneous mixture of the two.

Ragged Hills Spring I Diffraction Patterns
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Figure 46: Ragged Hills Spring I diffraction patterns. XRD patterns indicate kaolinite and opaline silica are present in all samples.
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The orange sediment from the pool perimeter is composed of a thin layer of
orange clay draped over a highly altered, poorly consolidated sandy parent material
similar to the surface sediments of the surrounding area. The diffraction pattern of this
sample is very similar to that of the clay rich pool bottom. It contains kaolinite, alunite,
quartz, and paracrystalline SiOi- The paracrystalline silica in this sample is similar to
that from the pool bottom sediment, but shows signs of increased ordering.
The suspended sediment from Ragged Hills spring I is dominated by an
amorphous hump characteristic of opal A. Some opal CT character is also present. Again,
it is not clear whether a single transitional phase is present, or if it is a heterogeneous
mixture of two distinct phases. There are a few small peaks indicative of crystalline
quartz and an OOl and 002 basal reflection for kaolinite.
Scanning electron microscopy of samples from Ragged Hills spring I indicate the
presence of the minerals discussed above (although it does not allow for differentiation of
silica phases), as well as the presence of some other sulfate and sulfide minerals not
observed in the x-ray diffraction patterns. Sample 1106-21 is from the perimeter of
Ragged Hills spring I. It is highly altered, very friable, silica cemented detritus. It
appears to be composed primarily of white fine grained clay and silica with some larger
sand sized clear and black grains. There is a laminar crust on the surface of the sample
that ranges from flat to botryoidal to spicular. The crust has a slightly darker grey color to
it than the basal material. Figure 47 is a backscattered electron image of sample 1106-21,
showing pseudocubic grains of alunite coated with a druzy jarosite
((K,Na,H30)Fe3(SO4)2(OH)6) scale. Figure 48 shows a secondary electron image of the
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same area of sample 1106-21. EDS indicates alunite for spectra a and d, silica for spectra
b, and jarosite for spectra c.

Figure 47: BSE image of pseudocubic alunite. This image shows several pseudocubic
grains of alunite. There is also jarosite present as a scale on the alunite and as a fine
grained precipitate.

In addition to the alunite and silica identified in previous samples from this
spring, the sulfate minerals jarosite, gypsum (CaSOd ZPfzO), and barite (BaSC^), as well
as the sulfide minerals pyrite and arsenopyrite (FeAsS) were also present. Jarosite was
identified in sample 1106-4, from the perimeter of Ragged Hills spring I. This sample is
a silica cemented conglomerate of sand sized grains (clear, white, and black) and white
clay sized grains and is fairly well consolidated. The surface of the sample is coated in a
thin light orange coating of clay at the water level and a black botryoidal to spicular
coating just above the air water interface. The aggregate rosesette morphology of the
jarosite in this sample is significantly different than the druzy coating morphology of the

94
jarosite from sample 1106-21. The rosette morphology is shown in Figure 49. Sample
1106-4 also contained several other sulfate minerals and several sulfides. Figure 50 and
Figure 51 are images of the black precipitate coating that was located at and just above
the air water interface of the spring. This small area contains silicate, sulfide, and sulfate
minerals. EDS indicates the presence of pyrite, arsenopyrite, alunite, barite, and silica in
this area. Gypsum was also present in Ragged Hills spring I. It was found in samples
1106-3 and 1106-4. The gypsum was present both as blocky rhombs as well as with a
rosette morphology. Secondary electron images from 1106-3 and 1106-4 are shown in
Figure 52 and Figure 53.

Figure 48: Secondary electron image of pseudocubic alunite. The SEI shows the same
area as from Figure 46. Letters indicate areas of EDS analysis. The EDS indicates the
minerals are alunite for spectra a and d, SiOz for spectra b, and jarosite for spectra c.
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Figure 49: Secondary electron image of an aggregate jarosite rosette. Thejarosite in this
SEI has a different morphology than the jarosite in Figure 46 and Figure 47.

Figure 50: Secondary electron image showing various sulfide and sulfate minerals.
Pyrite, arsenopyrite, alunite, barite, and silica are all present in this image.
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Figure 51: Backscattered electron image showing various sulfide and sulfate minerals.
The areas of EDS analysis are marked with letters. Spectra are interpreted as indicating a)
pyrite, b) and c) barite, d), e), and f) arsenopyrite, g) alunite, h) silica, and i) silica and
al unite.
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Figure 52: Secondary electron image of blocky rhombs of gypsum. EDS analysis
indicates that the blocky rhombs are gypsum and the drusy coating is jarosite.
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Figure 53: Secondary electron image of gypsum. The gypsum in this SEI has a rosette
morphology.

The frothy material floating on the surface and the thin crust surrounding the
perimeter of Ragged Hills spring 6 were collected for SEM and XRD analysis. X-ray
diffraction patterns from the frothy material on the pool surface and the crust surrounding
Ragged Hills spring 6 are given in Figure 54. Both samples contain quartz, alunite, and
kaolinite. The diffraction pattern of the crust material also indicates the presence of opal
C. The diffraction pattern from the black frothy material shows very little of the opal C
character, has very low intensity quartz peaks relative to the surrounding material, and
has very high intensity alunite peaks relative to the surrounding material. It also contains
diffraction peaks indicative of pyrite.
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Figure 54: XRD patterns from Ragged Hills spring 6. The thin crust around the pool contains kaolinite, alunite, quartz, and opal C.
The black frothy material contains pyrite in addition to the minerals found in the crust. The frothy material has significantly less
intense quartz peaks than the surrounding material and significantly more intense alunite peaks than the surrounding material.
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The diffraction pattern of the frothy material from Ragged Hills spring 15 is
shown in Figure 55. Figure 56 and Figure 57 are SEM images of the black frothy
particulate that was suspended on the surface of water in Ragged Hills spring 15. The
pyrite in the black frothy material in sample 6260215b is framboidal pyrite. This is in
contrast to the blocky cubic morphology seen in samples from the perimeter of Ragged
Hills spring I. The framboidal pyrite occurs in significantly smaller crystallites with a 1.5
micron or smaller diameter. Framboidal pyrite is highly reactive due to its high surface
area to volume ratio. The size and shape of the pyrite framboids are very similar to that of
microorganisms with coccoid morphology. This similarity reinforces the argument that
the presence of microorganisms can not be made based on imaging techniques alone, but
that other lines of reasoning, such as compositional data and backscattered electron
imaging, must also be used.
Diffraction patterns from XRD analysis of Ragged Hills spring 4 are shown in
Figure 58. The pool and bottom and pool perimeter samples are both similar to the
sediment in other Ragged Hills springs, containing alunite, kaolinite, quartz and
paracrystalline SiC^. The pool bottom sediment also shows several peaks that coincide
with the high intensity peaks of ferroceladonite/aluminoferroceladonite
(KsFe2+Fe3+(SigOao)(OH)4 / K2Fe2+Al2(SigOao)(OH)4), an iron and silica rich mica. The
suspended sediment diffraction pattern is dominated by a large amorphous hump centered
on 18.3° 20, the main diffraction line of gibbsite (Al(OH)2). This pattern suggests a
strong component of Al(OH)2, as well as quartz, kaolinite and paracrystalline SiO2.
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Figure 55: XRD pattern of frothy material from Ragged Hills spring 15. The material was floating on the surface of the spring. The
pattern is similar to that of the frothy material in Ragged Hills spring 6, but with a significantly more pronounced opal C character. It
indicates the presence of kaolinite, alunite, pyrite, opal C, and some quartz.
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Figure 56: Secondary electron image of frothy material from Ragged Hills spring 15. The
letters indicate areas where energy dispersive spectra were collected. Spectra are
interpreted as b) framboidal pyrite, c) zircon, e) silica, f) alunite, g) jarosite, h) jarosite
and ilmenite, i) alunite and kaolinite.

Figure 57: Backscattered electron image of frothy material from Ragged Hills Spring 15.
Note the high intensity of the pyrite, zircon, and jarosite grains.
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Figure 58: XRB patterns from Ragged Hills spring 4. All three samples show quartz, kaolinite, and paracrystalline Si02. The
suspended sediment shows a strong amorphous diffraction centered at 18.3° 20, the main diffraction peak for gibbsite, indicating an
amorphous analog to gibbsite. The perimeter sediment and pool bottom sediment also show peaks indicative of alunite.
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Diffraction patterns for the two terraces around the perimeter of the small clear
spring, Ragged Hills spring 12 are shown in Figure 59. The suspended sediment pattern
shows strong basal reflections for kaolinite, a characteristic quartz peak, and
characteristic alunite peak, and also indicates the presence of opal CT. The lower gray
terrace diffraction pattern shows a strong signal from opal CT, a strong pattern for quartz,
small peaks characteristic of kaolinite, and a shoulder on the opaline hump that is
suggestive of amorphous aluminum hydroxide. The red terrace pattern indicates a
dominantly amorphous material. The signal to noise ratio is very poor, but the presence
of an opaline silica phase and kaolinite is apparent.
The diffraction pattern for Ragged Hills spring 19 pool bottom and suspended
sediment is shown in Figure 60. Both the suspended sediment and the pool bottom
sediment contained abundant alunite and elemental sulfur. In addition to the presence of
elemental sulfur, the mineralogy of this site differed in the fact that there was no
detectable kaolinite in either the suspended sediment or the pool bottom sediment. Quartz
and opal CT were present in both samples. This was the only observed occurrence of
elemental sulfur at Ragged Hills or Rabbit Creek.
A spring chemically similar to Ragged Hills spring 19 with a temperature of 63°
C is located about 500 m northeast of the Ragged Hills site has been studied Langner et
al. (2001). The source of drainage of this spring is about 60°C and the spring contains
highly crystalline elemental sulfur in association with a yellow filamentous microbial
mat. It has not been determined whether the sulfur is precipitating biotically or
abiotically, but the yellow mat corresponds spatially with the presence of elemental sulfur
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Figure 59: XRD patterns from Ragged Hills spring 12. The suspended sediment contains kaolinite and alunite. The upper red terrace is
primarily very amorphous silica with some kaolinite. The upper terrace contains quartz, kaolinite, opal CT, and amorphous gibbisite.
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Figure 60: XRD patterns from Ragged Hills spring 19. The suspended sediment and pool bottom sediment contain elemental sulfur,
alunite, quartz, and opal CT. Neither the suspended sediment or the pool bottom sediment appear to have any kaolinite.
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and the zone of decline of aqueous sulfide concentrations. Bacterial DNA from the mat
closely matches known sulfur and hydrogen oxidizer Hydrogenobacter acidophilus and
the sulfur reducer Desulfurella sp.

Sulfate Hydrate Salts
Highly soluble sulfate salts are also present in the Ragged Hills area. They are
ephemeral deposits and seem to be controlled by the degree of saturation of the soils as
well as by the influx of geothermal vapor. They are most prevalent during the driest part
of the year (late summer to early fall) and in the higher areas along the eastern margin of
the Ragged Hills site below the steep slopes of Ragged Hills. They range in color from
white to brown to yellow and are very soft, friable and soluble. Some samples did not
make it back to the lab for analysis because of their sensitivity to moisture fluctuations.
Many of these samples had a sour, pungent odor to them. They accumulate rapidly as
evidenced by the precipitate shown in Figure 61 (cd-rom), where they cover an elk
footprint from the current season. These minerals occur both as acicular crystallites that
radiate outward from the soil surface and as thin billowing crusts. Most of the samples
collected appear to be heterogeneous mixtures of at least two different sulfate hydrate
minerals.
Diffraction patterns of the sulfate hydrate minerals may not be truly representative
of the mineralogy present in the field. The high solubility and volatility of these minerals
makes them highly subject to phase transitions due to hydration, dehydration, and
dissolution and re-precipitation. When preparing a methanol slurry of sample 805025meRH2, the incongruent dissolution of the sample was noticed. The methanol
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preferentially dissolved the mineral with the brown hue. Instead of grinding this sample,
it was allowed to dissolve, and the brown solution was then allowed to re-precipitate as
the methanol evaporated. The washed white crystalline material was then ground and
analyzed separately from the material that precipitated out of the brown methanol
solution. The diffraction patterns from those analyses are given in Figure 62. Analysis of
x-ray diffraction patterns of the hydrate salts from soil surfaces in other areas in the
Ragged Hills site appear to indicate the same mineralogy: alunogen (Ali(SC)^sTT(HhO)),
metavoltine (K4Na4(Fe2+,Zn)Fe3+6(S04) I TO2TO(H2O)), and tamarugite
(NaAl(S 04 )2-6(H20 )).

.

Scanning electron microscopy of the sulfate hydrate salts from sample 80502-4, a
sulfate salt sample from the soil surface near Ragged Hills spring 2, are shown in Figure
63 and Figure 64. Their EDS spectra are shown in Figure 65, Figure 66, and Figure 67.
The mineral marked 4el in Figure 63 is interpreted as a metavoltine analog enriched in
aluminum and depleted in iron. The mineral marked 4d in Figure 64 is interpreted as
alunogen. In addition to the alunogen and aluminum rich metavoltine analog, another
sulfate mineral (4e2 in Figure 63) was also observed. This mineral was not identified, but
was rich in iron and potassium and also contained sodium, magnesium, and calcium. The
SEM analyses of the soil crust samples confirm the.XRD results. In addition to the
alunogen, tamarugite, and metavoltine identified with XRD, at least one other sulfate
hydrate salt was present in the soil crusts.

Ragged Hills Sulfate Salts
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Figure 62: XRD pattern of highly soluble salts from the Ragged Hills soil surface. The patterns are for the two separations of sample
80502-5meRH2. The white crystalline material shows diffraction peaks indicative of alunogen, metavoltine, and tamarugite. The
brown methanol soluble material shows peaks indicative of alunogen. Preferred orientation appears to be present in the alunogen
diffraction pattern.
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Figure 63: Secondary electron image of metavoltine and an unidentified sulfate salt from
the Ragged Hills soil surface. Locations of EDS spectra are marked 4E1 and 4E2.

Figure 64: Secondary electron image of alunogen from the Ragged Hills soil surface.
Location of EDS analysis is marked 4D.

Oil
Figure 65: EDS spectra from area marked 4el in Figure 62. Spectra is interpreted as metavoltine (K4Na4(Fe2+,Zn)Fe3+6
(804)1202 ^O(HaO)) with some Al3+ substitution for Fe3+.

80502-4d

Figure 66: EDS spectra from area marked 4d in Figure 63. Spectra is interpreted as alunogen (Al2(SO4)3-1V(HaO)).
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Figure 67: EDS spectra from area marked 4e2 in Figure 62. The sulfate, iron, and potassium rich, and sodium, magnesium, and
calcium bearing mineral corresponding to this spectra was not identified.
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The sulfate hydrate salts are ephemeral deposits. They serve as a very dynamic
reservoir for a variety of chemical components, especially iron, aluminum, and sulfate. It
is possible for single rainfall events to dissolve large quantities of these minerals,
resulting in surface runoff that is highly concentrated with respect to these components.
As a result, small springs such as Ragged Hills spring 19, which is located at the base of a
slope occasionally covered with these minerals, could be inundated by dissolved
components released by the rapid dissolution of these salts. Recharge from surface runoff
and shallow infiltration has the potential to induce rapid chemical changes in these
springs.

What’s the State of the Sulfur?

Upon first inspection, the Rabbit Creek site appears to fit the general
classification of an acid sulfate spring system. It even appears to fit Whites (1971) model
of a vapor-dominated system. The pools are generally less than 50 cm in diameter and
have little to no outflow. Most of the springs mapped in the immediate area are highly
acidic, with a pH from 2.5 to 5.0. The rotten egg smell characteristic of hydrogen sulfide
gas is always present, and the ground in the thermal area is highly altered, with little to no
silica or calcite sinter built up around the springs.
Detailed mineralogic investigation of the site, however, did not produce any
evidence of sulfate minerals or elemental sulfur. A small amount of pyrite was observed
using SEM, but in all cases was below the detection limit (1-5%) of XRD. The absence of
sulfate minerals observed in this system provokes the question: where is the sulfur? In the
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evolution of gossans from sulfide and sulfate bearing deposits, eventually a point is
reached where the sulfates and metals are leached and the sulfate minerals alter to iron
oxides (Stoffregen et al., 2000). For example, the incongruent dissolution of jarosite
above the goethite to hematite transition temperature of approximately 100° C is
KFe3(S04)2(0H)e (S) —> Fe^Os (S) + K+ (aq) + 2SO42' (aq) + 3 H+ (aq) +1.5 H2O y)
(Stoffregen et al., 2000). This reaction would account for the presence of hematite, the
mobilization of sulfate and potassium, and the continued production of acidity with the
evolution of an acidic sulfate bearing thermal system.
The Ragged Hills site contains a variety of sulfide and sulfate minerals. However,
elemental sulfur was only detected in one type of spring, the yellow murky pools (spring
19) found only on the northernmost perimeter of the Ragged Hills site. These springs
were chemically and mineralogically quite different from the other springs at both sites.
They were the only place kaolinite was not identified in the XRD patterns. The chloride
content was an order of magnitude lower than the other springs in Ragged Hills. The
concentrations of dissolved K, SO4 , Al, Ca, and Fe are less than half of that of other
springs in Ragged Hills and the phosphate is >200% of that from any other springs in this
study.

Significance of Observed Mineralogy

Rabbit Creek and Ragged Hills both had abundant kaolinite, consistent with larger
scale AVIRIS based mineralogic mapping (Kokaly et al, 1998) and field observations in
other acid sulfate areas (White et al., 1971). However, montmorillonite, which has been
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associated with acid sulfate thermal areas elsewhere in Yellowstone (Kokaly et al, 1998,
White et al., 1971), was not found in or around any of the springs at either site. Both sites
also contained abundant quartz, volcanic glass, and opaline silica, an observation which
is inconsistent with other studies of acid sulfate and vapor-dominated systems.
. In detail, the mineralogy of Rabbit Creek and Ragged Hills varied significantly
from the characteristic acid sulfate assemblage, as well as from each other. While both
sites did contain abundant kaolinite, a variety of silica phases, periodic amorphous
aluminum hydroxide, and some residual volcanic minerals, in detail there were several
important differences. The major differences in the observed mineralogy of Rabbit Creek
and Ragged Hills center on the sulfur and iron bearing phases.
Hematite was observed regularly at the Rabbit Creek site, and was not identified
at the Ragged Hills site. Conversely, sulfate minerals were never observed at the Rabbit
Creek site, but were seen in great abundance at the Ragged Hills site. The sulfate
minerals identified included alunite, jarosite, gypsum, barite, metavoltine, tamarugite,
and alunogen. Pyrite was detectable with XRD in 2 pools from Ragged Hills, and pyrite
and arsenopyrite were observed in more than one SEM sample from Ragged Hills spring
I . Elemental sulfur was found in one spring at Ragged Hills and not at Rabbit Creek.
However, the only observed occurrence was in a unique spring type on the northeast edge
of the Ragged Hills site. The Ragged Hills site contained abundant and diverse sulfur
bearing minerals in a variety of oxidation states, while only a single occurrence of pyrite
was observed at Rabbit Creek. Iron appeared to be primarily in the fully oxidized
hematite phase at Rabbit Creek, while it was apparently present in varying oxidation
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states within a variety of mineral phases, such as jarosite, pyrite, arsenopyrite, and
aluminoferroceladonite at the Ragged Hills site.

Comparison of Observed and Predicted Mineralogy

The majority of the minerals predicted were observed in the springs, with a few
notable exceptions. Alunite was never observed in Rabbit Creek, although it was
predicted in Rabbit Creek spring I and 2 based on the 9/18/2002 chemistry. Potassium
feldspar was not observed in either of the springs where it was predicted, Ragged Hills
spring 8 and Rabbit Creek spring 10.
No iron phase was set at equilibrium, and as a result multiple iron phases were
predicted when the precipitation of one would have precluded the precipitation of any
others. When multiple phases consisting of the same components are supersaturated in a
solution, the phase closest to saturation tends to be the phase that will precipitate. Figure
19 shows goethite being closer to saturation than hematite on all sampling dates. This is
in contrast to the observation that hematite is present in Rabbit Creek spring I . The
relative stability of hematite and goethite, however, is dependent on a number of factors
including particle size, temperature, and relative humidity. Goethite will convert to
hematite under hotter conditions, and once formed it is relatively unreactive (Langmuir,
1997). Considering these factors, it seems likely that hematite is not the phase which
precipitates from solution, but rather that goethite or amorphous iron oxides precipitate
originally and are converted to hematite over time.
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The observed dissolved silica concentrations in all but one of the springs from
Rabbit Creek were below saturation with respect to amorphous silica, in spite of the
presence of observed amorphous silica in and around the pools at this site. Setting
amorphous silica at equilibrium influenced the model results by buffering the dissolved
silica at a concentration well above the observed concentrations of these pools.
The presence of amorphous silica in spite of the low aqueous concentrations is
most likely due to the combined influence of surface runoff, cold shallow groundwater,
and geothermal water, vapor, and heat input to the Rabbit Creek system. If there had been
no kinetic barrier to the dissolution of amorphous silica, the presence of amorphous silica
should have buffered their silica concentration at approximately 131 mg/L, the modeled
buffering effect. However, the presence of solid amorphous silica did not prevent
observed dissolved silica concentrations from falling well below the saturation
concentration of amorphous silica at 80° C.
Although the minerals predicted with modeling were usually observed in the
springs, there were a variety of minerals observed in the springs that were not predicted
with the thermodynamic model. Pyrite, arsenopyrite, gypsum, jarosite, barite, zircon,
ilmenite, apatite, and amorphous gibbsite were observed in springs in Rabbit Creek and
Ragged Hills. None of these minerals were predicted with the model. There are several
possible reasons for the failure of the model to predict these minerals. The jarosite,
gypsum, and barite were frequently observed in samples from the perimeter of the pool.
The evaporative concentration of dissolved ions around the pool perimeter could account
for the precipitation of these phases. The, apatite, ilmenite, and zircon were determined to
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be residual minerals from the volcanic parent materials. The lack of gibbsite was an
artifact of the kaolinite and silica equilibrium phase. Setting amorphous silica in .
equilibrium initiated high silica concentrations which allowed kaolinite precipitation to
consume dissolved Al3+. The presence of pyrite and arsenopyrite has several possible
explanations. Their occurrence would be expected deeper in the system, where the
environment is less oxidizing. It is possible that grains of sulfide are transported by
flowing water from deeper in the system to the surface, where they are unstable or
metastable. It is also possible that there are microenvironments where the conditions are
more reducing and the precipitation of sulfide minerals would be expected.
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CHAPTER 6
MICROBE MINERAL RELATIONSHIPS

In Situ Microbe Mineral Observations

Spatial relationships between microbes and minerals in the natural systems were
investigated using cryogenic SEM/EDS. Natural samples were collected in 50 mL
centrifuge tubes, immediately submerged in a dewar of liquid Na, and kept frozen until
analysis. Samples were coated in gold and examined with SEM/EDS while maintaining a
temperature of less than -80° C in order to preserve the integrity of organic structures
under the high vacuum necessary for SEM/EDS analysis.
Natural mineral samples were taken from a variety of locations at the Rabbit
Creek site and examined for microbe mineral relationships using this technique. Figure
68, from Rabbit Creek spring I, is a close up secondary electron image of the interwoven
fibrous texture discussed earlier. There are numerous small coccoidal particles,
approximately I micron in diameter, associated with this material. The only place these
coccoids were observed was within this fibrous material. The image is interpreted to be
cells attached to biofilm on a heterogeneous mineral substrate of primarily kaolinite and
silica.
Rabbit Creek spring I was not the only spring where this type of relationship was
observed. Figure 69 and Figure 70 are secondary electron images of a pool perimeter
sediment from Rabbit Creek spring 5. Figure 69 shows a similar interwoven fabric with
approximately I micron spheres distributed throughout the fabric. Again, the spheres
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were seen only within this fabric, which is interpreted as coccoid cells in a biofilm
matrix. Figure 70 shows a topographic ravine that is coated with a web-like material.
Cell sized coccoids are not visible in this image. Nearly the entire surface of this area of
the sample is coated in kaolinite clay particulate. This material is also interpreted as a
biofilm.

Figure 68: Secondary electron image of interwoven fibrous texture with cell sized
coccoids. The sample is from Rabbit Creek spring I. Note that around the outer edge of
the area with this texture the spherical structures are obscured by kaolinite and silica
particulate.

Rabbit Creek 9 was also found to contain similar structures, also interpreted as a
biofilm. Figure 71 is a secondary electron image of a web-like material coating the inside
of a topographic ravine similar to the one from Figure 70. No cell sized spheres are
observed in this area, which is almost entirely coated in kaolinite particulate.
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Figure 69: Secondary electron image of web-like interwoven texture with cell sized
coccoids. This texture, found in Rabbit Creek spring 3 is similar to that from Figure 67.

Figure 70: Secondary electron image of web-like material coating a topographic ravine
from Rabbit Creek. No obvious cells are associated with this material. There is abundant
particulate/ precipitate in the area surrounding this texture.
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Figure 71: Secondary electron image of a web-like material coating the surface of a
topographic ravine from Rabbit Creek spring 9. No obvious cells are associated with this
material.

The natural samples examined with cryogenic SEM/EDS indicate that there are
structures present in the pool bottom and pool perimeter sediments which are similar in
appearance to biofilms. These biofilm like structure were observed to be associated with
coccoids the same size and shape as Sulfolobus and Acidianus, which are known to
inhabit these springs. These structures were found proximal to the only observed
occurrence of sulfides at Rabbit Creek, and were usually coated in particulate kaolinite.
The unconsolidated particulate nature of the minerals present in the natural
samples made mounting and gold coating difficult and provided sub-optimal imaging and
chemical analysis. The high porosity and water content of the sediments made acquiring a
sufficient vacuum difficult. In addition, the chemical analysis acquired using EDS does
not provide reliable information on the light elements such as carbon and hydrogen,
which are the major elements in organic matter. Structures and morphologies indicative
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of microbes and biofilms were sparse and often occluded by particulate minerals. Due to
the logistical and analytical difficulties of this technique, the use of other techniques such
as seeding of controlled substrates and the use of cultures was employed for further study
of microbe mineral relationships.
An experiment using mineral seed plates placed in Rabbit Creek spring 2 was
used to examine the spatial relationships between microbes and minerals in a more
controlled environment. Duplicate sets of Icm2 by 5 mm Teflon plates with a 3 mm deep
recess were packed with mineral substrates and placed in Whirlpak bags filled with
filtered spring water and immersed in the spring. Each set contained individual Teflon
plates packed with kaolinite, quartz, obsidian, hematite, sulfur, apatite, and alunite. All
mineral seeds were fine grained powders prepared by grinding with a diamonite mortar
and pestle and separated with a <63 micron sieve plate. One set of Whirkpak bags was
then filled with spring water filtered through 0.2 micron Gelman filters with a vacuum
filtration device (in an attempt establish a sterile control). The other set was filled with
spring water filtered through 0.8 micron Gelman filters to remove particulate material.
The bags were then weighted with a large piece of rhyolite and left submerged in the
spring for 7 days. Upon removal, the bags were drained, submerged in a dewar of liquid
Nz, and kept frozen until analyzed using cryogenic SEM/EDS.
The hot, acidic, turbid nature of the spring caused a variety of logistical problems
with this experiment. Firstly, the majority of the mineral seeds were mechanically washed
out of the plates due to the turbidity of the spring. Secondly, the Whirkpak bags did not
hold up well in the spring. Their twist-tie seals were no longer functional and the bags
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were shriveled and contorted. Because of these problems, only a few of the Teflon cubes
were able to be analyzed, and the confidence that the control group had remained sterile
was minimal. Teflon proved challenging to mount under cryogenic conditions, and as a
result several of the surviving plates were lost during the mounting process.
The remaining plates were examined with cryogenic SEM/EDS. Figure 72 shows
the surface of the elemental sulfur seed from the control group. In addition to the rounded
sulfur grains, apatite and sulfur crystals were also present. The apatite is most likely from
cross contamination from the apatite seed, and gypsum is most likely precipitate formed
from calcium and sulfate liberated from dissolution of the apatite and oxidation of the
elemental sulfur. There was one occurrence of a pitted dissolution type texture in the
elemental sulfur. Figure 73 shows this pitted surface. This texture was only observed in a
single, isolated area of the control sample. The sterility of the control was compromised
by damage to the Whirlpak bags and it is unclear what the pitted texture is from. The pits
are much more abundant in the spaces between the sulfur grains than on the surfaces of
the grains themselves. They may be pits in a secondary material that occupied the
interstices between the sulfur grains. It is also possible that they are not pits at all, but
rather are some type organic material with a honeycomb texture.
The mineral seed experiment proved to be logistically challenging and introduced
as much complexity as it was designed to eliminate. Although a unique texture was
observed associated with the elemental sulfur in this experiment, it remains unclear
whether this texture is a function of a biotic or an abiotic process involving native sulfur.
Due to the inconclusive results obtained from analysis on natural samples and controlled
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samples placed in the natural environment, microbial cultures were employed for further
investigation of the potential mineral microbe relationships in these environments.

Figure 72: Secondary electron image of sulfur substrate after immersion in Rabbit Creek
Spring 2. Rounded grains are elemental sulfur. Particulate material is apatite from cross
contamination by the apatite seed. Bladed crystals are gypsum precipitate.

Figure 73: SEI of pitted texture in sulfur substrate. No cells are associated with this
texture. Pits are located around the edges of the larger sulfur grains and vary in size from
about 0.25 microns to about 2 microns in diameter.
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Culture Experiments
Observations of natural environmental samples provided only a very limited
amount of information about the potential interactions between minerals and the
microorganisms present in the springs. Laboratory cultures of organisms were used to
further the understanding of these relationships. A variety of experiments were designed
to determine potential surficial and oxidation interaction between acidic
hyperthermophiles from the study springs and minerals and ions observed in the springs.
All cultures were grown the salt based Zillig liquid culture media. Environmental
enrichment cultures were prepared by collecting water samples in sterile 50 mL
centrifuge tubes, transporting them to the lab at ambient temperature, and inoculating
long necked Erlenmeyer flasks with I mL of spring water. Cultures were then placed in
an 80° C, self stirring oil bath incubator.

SEM Observations of a Ragged Hills Culture
Prior to any experiments using mineral substrates or added dissolved ions, an
environmental enrichment culture Eom Ragged Hills spring I was examined using
cryogenic SEM/EDS. Approximately 5 mL was extracted directly from the culture flask
using a sterile glass pipette. The extracted material was then passed through a 0.2 micron
Gelman filter paper using a vacuum filtration device. The filter paper was immediately
removed and submerged in a sterile Petri dish containing liquid N?. The filter paper was
then mounted on a brass plate using a cryogenic adhesive, coated in gold, and examined
with cryogenic SEM/EDS.
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A cell attached to the comer of a grain of alunite is shown in Figure 74. The cell
appears to be employing some type of exopolysaccharide (EPS) in its adhesion to the
alunite grain. This substance appears to extend across the mineral surface at least one
micron from the cell. Although cells were observed in this sample, there were very few
easily identified cells visible. There were several observed instances of what appeared to
be cells which had been covered by other materials. Figure 75, shows a grain of alunite
with several coccoid-shaped particles approximately one micron in diameter on its lower
left comer. It is unclear whether or not these are cells covered in EPS, particulate, and or
precipitate.

Figure 74: Secondary electron image of a cell attached to an alunite grain. The cell is
attached at the comer of the grain and appears to have employed some type of EPS for
attachment.
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Figure 75: Secondary electron image of an alunite grain with attached coccoid shaped
particles. The particles appear to be spherical in shape and about I micron in diameter.
They are obscured by what appears to be mineral particulate or precipitates and possibly
EPS.

Sulfur Substrate Experiment
The interaction between microbes in Ragged Hills spring I and crystalline
elemental sulfur was investigated using an enrichment culture as described above. A
replicate flask was prepared and was not inoculated for use as a sterile control. A puck of
epoxy resin was prepared with embedded crystalline elemental sulfur (Wards Scientific
Supply). The puck was then polished using a grinding wheel and corundum polishing
grit, followed by brief micro-polishing using a micro polisher with corundum polishing
grit. After the enrichment culture had been given a week to stabilize, the sulfur
embedded epoxy pucks were placed in the enrichment culture and the sterile growth
media. The culture and control were removed after 16 days, wicked dry with Kim wipes,
immersed in liquid N2, and placed in a -80° C freezer overnight. The next morning
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samples were analyzed using cryogenic SEM. The sterile control was damaged during
sample mounting and preparation and was not analyzed.
Figure 76 shows a BSE image of coccoid cells attached to a sulfur grain. There
are very well developed etch pits present in the sulfur grain. The etch pits correspond .
both in size and location to the coccoid organisms. Figure 77 shows more organisms
attached to a small spherical sulfur grain. There is a larger orb of elemental sulfur to the
left of the small colony. Both the small colony and the larger orb are resting on the
surface of the epoxy puck. It is unclear why there is the difference in the morphology of
the spherical grains of sulfur from this image and the coarse pitted grains in Figure 76. It
is possible that the spherical orbs are simply grains that were liberated from the epoxy
and experienced abiotic dissolution, or that they were actually present in the
environmental sample in the first place. The morphology of the organisms also appears
slightly different. The cells in Figure 76 have less surface texture and appear to be more
symmetrical. It is possible that the organisms are simply at different stages of growth or
that they are actually different types of organisms.
Microbes were also observed attached to minerals other than sulfur. They were
also observed attached to remnant grains of silica from the environmental sample. Figure
78 shows a small colony attached to a grain of silica. These cells have a morphology
similar to those in Figure 77. None of the grains of silica with attached cells were
observed to have any apparent dissolution features. In some cases an extracellular
substance appears to have been used to bind the microbes to the mineral surface or to
each other (i.e. attached cells on the lower right portion of the silica grain in Figure 79).
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Figure 76: BSE image of cells on elemental sulfur. Cell sized spheres are associated with
apparent dissolution pits equivalent in size and shape. The cells are interpreted as
inducing the dissolution of elemental sulfur. These dissolution pits have a very different
appearance that those from Figure 72

Figure 77: Secondary electron image of cells attached to elemental sulfur. The cells have
a rough surface texture and are attached to small grains of sulfur with a smooth surface
texture. The large rounded grain at the left is a grain of elemental sulfur.
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Figure 78: Secondary electron image of cells attached to a grain of silica. The cells
appear to be attached to the silica grain and each other with some type of EPS. No
dissolution pits are apparent on the silica surface.

Figure 79: Secondary electron image of cells attached to silica grain with EPS. No
dissolution texture is apparent on the silica grain.
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Mineral Substrate Experiment
(Environmental Culture')
An experiment similar to the sulfur substrate experiment described above was
used to investigate the potential attachment to a variety of minerals observed in the field.
Epoxy pucks embedded with pyrite, quartz, alunite, barite, gypsum, kaolinite, hematite,
and obsidian were prepared using the technique described above. The pucks were placed
in an enrichment culture that had been inoculated with sample water from Ragged Hills
spring I and had been allowed one week to stabilize. After 10 days of exposure, the
pucks were removed, prepared, and analyzed with cryogenic SEM as described above.
There was no discernible attachment to any of the minerals investigated in this
experiment. Although some spherical features in the 0.8 to 2.0 micron size range were
observed, they could not be conclusively distinguished from inorganic materials and did
not appear to have any exopolymers associated with them. An example of some of the
spherical features is given in Figure 80. Observation of mineral surfaces was complicated
by a number of factors. The kaolinite and hematite were liberated from the epoxy pucks.
In addition to the obstruction of mineral surfaces by kaolinite and hematite, there were
also a variety of precipitates present on the mineral surfaces. A thick jarosite scale
developed on the pyrite surface. It is unclear whether microbial attachment did not occur
at all or occurred but was not observed because of thick deposits of scale, precipitates,
and particulate matter. Polymerase Chain Reaction (PCR) based DNA analysis was not
performed on this environmental culture and it is unclear what organisms were present or
if they were the same as those present in the sulfur substrate experiment.
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Figure 80: Secondary electron image of unidentified spheres from a culture solution. The
spherical structures range in size from about half a micron in diameter to about 6 microns
in diameter. No EPS is visible, and the spheres appear to be preferentially coated with
precipitate.

Mineral Substrate Experiment
(Pure Isolate Culture)
An experiment using a pure isolate from a Ragged Hills spring I enrichment
culture was performed to compare the potential attachment of organisms to sulfur,
alunite, and quartz. An enrichment culture was started using the methods described
above. This culture was allowed to stabilize for one week. After the culture had stabilized
pure isolates were obtained using previously developed methods (Rice et a i, 2001). One
of these isolates was then cultured using the same technique as described above for the
enrichment cultures. Epoxy pucks with embedded crystals of sulfur, quartz, and alunite
were then placed into the pure culture for two weeks before removal, preparation and
cryogenic SEM analysis as described above. Several attempts have been made to
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characterize the organism from this culture using PCR based DNA analysis. As of yet,
the attempts have all been unsuccessful at replication of the 16rDNA of this organism.
Technical problems with an obstructed objective lens on the SEM during sample
mounting caused significant delays with the sample mounting process. As a result, the
sample experienced enough desiccation to cause cells to collapse. However, some
important observations about attachment were still obtained. The cells appear to have
been attached to all three of the minerals tested. In addition, they also attached to the
epoxy surface.
Their attachment, especially to the epoxy surface appears to have been strongly
influenced by surficial textural features. Long linear grooves were present in the epoxy
surface as a remnant of the polishing process. Dense populations of cells were present
along these linear features. Figure 81 shows the high population density near the
intersection of two. of these features. A close up of the densely populated area is shown in
Figure 82. Attachment to the quartz surface was also observed concurrent with textural
features. The attachment of several cells in small recesses on the quartz surface is shown
in Figure 83. There was very little evidence of attachment to alunite. Although, there
were a few spherical features on the alunite surface that were within the appropriate size
range. Much of the sulfur surface had small linear to sinuous features approximately 2
microns wide and tens of microns long, as shown in Figure 84. These features were
usually bounded on both sides by small ridges. Cells were frequently observed in these
recessed features, as seen in Figure 85.
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Figure 81: Secondary electron image of cells attached to surface features on an epoxy
puck. The cell and particulate density is much higher along the linear features on the
epoxy surface. The area around the nearly vertical feature in the right center of the image
is particularly densely covered.

Figure 82: Close up secondary electron image of area shown in Figure 80. The collapsed
coccoid cells and the filamentous structures are associated with abundant particulate or
precipitate. Together, they entirely occlude the epoxy substrate below.
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Figure 83: Secondary electron image of cells attached to a surface feature on quartz. The
cells are not clearly using EPS, but appear to be selectively attached in topographic
recessions on the quartz surface.

I

:

' I

r
' ', C '

. -

n

W a

7

8/29/02 X4000 W D 14 ISkV

..

829SR1

.if

f>

I-------- 7 urn -------- 1

Figure 84: Secondary electron image of textured sulfur surface. The nature of the long
linear features is unknown, but they are similar to abiotic dissolution features known to
form along cleavage planes.
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Figure 85: Secondary electron image of filaments and collapsed coccoids in recessed
areas on the sulfur surface. The ridges have abundant particulate/precipitate associated
with them. The precipitate is also present on the surfaces of the collapsed cells and the
filaments, but is sparse in the recesses.

In addition to the deflated coccoid cells, there were also some small filamentous
features and fine grained precipitate (or particulate). The filaments ranged in length from
about 2 microns to as much as 7 microns and were less than 0.5 microns wide. They are
shown on the surface of a sulfur grain in Figure 85 and Figure 86. They were usually
proximal to the deflated coccoid cells, but were occasionally found alone. These features
were much more abundant on the epoxy and sulfur surfaces than on the quartz or alunite
surfaces. There was fine precipitate or particulate matter scattered across the surface of
all of the materials examined. This matter was most abundant on and near clusters of cells
and filaments as well as along ridge tops on the sulfur surface, as can be seen in Figure
85 and Figure 86. EDS analyses of this material yielded inconclusive results regarding its
composition due to the fine grained nature of the material and the fact that samples were
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coated with gold rather than carbon. However, the EDS spectra indicate that it is enriched
in iron and aluminum relative to the sulfur and epoxy substrates.
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Figure 86: Secondary electron image of filaments and collapsed coccoids. This image
illustrates the common association between the filaments, the collapsed spheres, and the
unidentified precipitate.

Iron Speciation in a Pure Culture
An experiment monitoring the oxidation state of iron in a live culture and a sterile
control was conducted to determine if there was a microbial influence on the oxidation
state of the iron. A pure culture was prepared using the technique described above. A
1.25 mL volume of 100 mg/L stock solution made from FeSO^VHzO salt was added to
125 mL of the inoculated culture media and a 125 mL flask of sterile culture media. The
concentration of dissolved ferrous iron was measured using a Hach Ferrozine
colorimetric analysis. The results are shown in Figure 87. Although the data appears to
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suggest that the culture maintains higher concentrations of ferrous iron, the precision of
this technique is insufficient to determine if the concentrations are significantly different.

Iron Oxidation in a Ragged Hills Culture
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Figure 87: Plot of ferrous iron in sterile and innoculated zillig culture media. Differences
in concentration are well within the range of the error bars, signifying no apparent
microbially driven iron oxidation in the culture.

A similar experiment was attempted to see if H2S oxidation was influenced by the
cultured organisms. The oxidation of added H2S proceeded too quickly to discern any
difference between the biotic and abiotic oxidation. The Hach colorimetric test kit did not
provide rapid enough measurement, or enough sensitivity to concentration to determine if
the organisms present in the culture were influencing the oxidation of H2S.
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CHAPTER 7

DISCUSSION
Comparison and Contrast of Study Sites
The springs studied in this project were not actually acid sulfate springs. Although
acidic and sulfate bearing, most of the springs in the Rabbit Creek and Ragged Hills
study sites are more appropriately classified as acidic sodium chloride springs. Both
systems are very heterogeneous and highly variable. This study has shown that the
physical and chemical character of a spring fluctuates on a variety of time scales, from
hours to seasons. These changes in characteristics such as pH, temperature, dissolved
solids, etc. are sufficient to influence the mineral assemblages observed in the springs.
While the mineralogy of the springs was not in complete thermodynamic equilibrium, it
was indicative of the character of the system and responded quite rapidly to changes in
the system. Chemical, physical, and mineralogical surveys of Rabbit Creek and Ragged
Hills indicate that, in spite of their similarities, these systems are in detail quite different
from each other.
The mineralogy of Rabbit Creek was dominated by kaolinite, quartz, opal,
hematite, and amorphous gibbsite. This mineral assemblage, along with the observed
water chemistry, is consistent with a system that has been well leached of its cations. The
mineralogy of the system also indicates that it is highly oxidized. Although a flux of
I
reduced water and gas into the system still exists, there is very little evidence of sulfides
or ferrous minerals remaining in the system. The mineralogy was not consistent with the
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mineralogy described by other Kokaly et al. (1998) and White et al. (1971) for vapordominated and acid sulfate springs from other locations. The first major difference is the
abundant quartz, paracrystalline silica, and obsidian glass throughout the Rabbit Creek
site. Kokaly et al. (1998) have described abundant quartz only at the outer perimeter of
acid sulfate systems. The second difference is a lack of sulfate minerals such as alunite,
which others have described as a dominant mineral in acid sulfate systems.. The fin al
major difference is the lack of montmorillonite, which has been described as increasing in
abundance with quartz toward the perimeter of the system.
The water chemistry observed in Rabbit Creek indicates that a variety of
processes are controlling the composition of the water at the site. The majority of the
springs monitored at this site had chloride concentrations either within the range
characteristic of a vapor-dominated system, or intermediate between those suggestive of a
vapor-dominated system and those suggestive of a water-dominated system. The
chemistry of the springs at Rabbit Creek is apparently controlled by a combination of
water phase hydrothermal input, vapor phase hydrothermal input, dilution from runoff
and shallow groundwater, and evaporative concentration. However, the relative
concentrations of chloride, silica, and sulfate in springs at Rabbit Creek strongly suggest
that vapor phase hydrothermal input is the primary influence on water chemistry.
Ragged Hills was found to be less altered, have more cations and cation bearing
sulfate minerals, and to have less evolved weathering products than Rabbit Creek. The
major mineral phases from the Ragged Hills site were kaolinite, quartz, opaline silica,
alunite, pyrite, and amorphous gibbsite. In addition, other sulfate minerals such as
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gypsum, barite, and jarosite were found around pool perimeters and sulfate hydrate salts
like alunogen, metavoltine, and tamarugite were sometimes present as efflorescent
blooms covering soil surfaces. In spite of the high cation content of Ragged Hills,
montmorillonite was not observed at this site either. Like Rabbit Creek, the Ragged Hills
mineralogy varied from that of acid sulfate systems described by Kokaly et al. (1998) and
White et al. (1971) in the fact that quartz and opaline silica were nearly ubiquitous and
montmorillonite was not observed. The sulfate hydrate salts and bleached, siliceous
ground is similar to that described by White et al. (1971) for water-dominated systems
whose outflow is primarily sub-surface. While the lack of elemental sulfur and the fact
that sulfate is not the dominant anion contradict that interpretation.'
The extremely high chloride concentrations (»100mg/L) and the dominance of
Na and K over Fe, Al, Ca, and Mg is consistent with a basic water-dominated system.
The pH, however, is not consistent with a typical water-dominated system, but rather
with a water-dominated system whose outflow is primarily sub-surface. The water
chemistry at Ragged Hills indicates that this system is much closer to a typical waterdominated system than a vapor-dominated system.
The total dissolved solids in Ragged Hills were consistently much higher (>1000
mg/L) than in Rabbit Creek (<200 mg/L). The chemical variability between springs at
Ragged Hills was much less than at Rabbit Creek. The one exception was of a couple of
small springs on the northeast edge of the site which had moderate sulfate and low
chloride concentrations similar to springs in Rabbit Creek. Concentrations of chloride,
potassium, calcium, and silica were consistently much higher in Ragged Hills, while
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concentrations of iron, and aluminum were similar at both sites. Sulfate concentrations
were somewhat higher at Ragged Hills, with an average value of 109 mg/L vs. 77 mg/L
in Rabbit Creek. The increased concentrations of cations like potassium and calcium
directly influences the mineralogy of the system and also has potential implications for
the microbial populations in the system. The combination of higher sulfate concentrations
in the water, significantly larger springs with substantially more outflow, and abundant
sulfide and sulfate minerals suggests that the sulfur flux is much greater at Ragged Hills
than Rabbit Creek. A larger sulfur flux, along with a variety of potential sinks for sulfate,
the oxidized product, means more potential energy available to sulfur metabolizing
organisms.

Microbes and Minerals

Energy and Nutrients
The fact that elemental sulfur was not seen at Rabbit Creek and was only seen in
two small springs at Ragged Hills (which did not produce cultures in the
Sulfolobus/Acidianus culture media) is somewhat perplexing. Perhaps sulfur is a limiting
reagent for biotic oxidation reactions. This idea is supported by several observations; that
cells will attach to sulfur, that cells will consume sulfur (even in the presence of organic
energy sources), and that sulfur was only found where Sulfolobus was not. Under the
conditions observed for most of the springs at these sites, there is a very small range of
pH values and oxidation states where elemental sulfur is thermodynamically stable.
Observed natural conditions were usually above this range of pH and oxidation state.
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where elemental sulfur is metastable. These conditions, where a reaction is
thermodynamically favored but kinetically inhibited, are the type considered to be
optimal for biological energetic reactions by Amend and Shock (2001). Another
explanation is that elemental sulfur is just not forming in these systems. It is possible that
the sulfide is oxidized directly to sulfate, or through some other intermediate sulfur phase
(biotically or abiotically).
The inorganic nutrients used in all culture media known to support Sulfolobus
include: calcium, potassium, magnesium, manganese, chloride, sulfate, and copper.
Geologic sources were found to provide at least detectable concentrations of each of
these nutrients with the exception of manganese. However, natural concentrations of
nutrients like potassium, calcium, and magnesium were well below the concentrations
used in the liquid culture media. The concentrations of potassium and calcium were about
a third as high in Ragged Hills as in the culture solution and those in Rabbit Creek were
about !/35th and !/15th as high. The younger Ragged Hills system clearly supplies more
of the essential nutrients like potassium and calcium, which have been well leached from
the minerals associated with the Rabbit Creek system.
Nutrients like ammonium and phosphate were never observed in the springs in
concentrations over 2 mg/L, while they have concentrations of several hundred mg/L in
most of the culture solutions. The input of ammonium from volcanic gasses and the
presence of phosphate bound in apatite found as inclusions in the volcanic glass could
possibly be very important sources for the renewal of these essential nutrients. While
some essential nutrients have clearly been well leached out of the Ragged Hills site,'
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others are still presently bound in minerals. Water and vapor phase input from the
hydrothermal system has the potential to supply at least trace amounts of a wide variety
of nutrients including all of those discussed above. However, the apparently limited
influence of water phase input to Rabbit Creek has the capacity to lead to nutrient
stressed conditions. Conversely, the apparently extensive water phase input at Ragged
Hills should provide ample quantities of most of the necessary nutrients, but also
contributes much higher concentrations of potentially toxic metals such as arsenic.
Stresses associated with the need to obtain nutrients from minerals or to sequester toxins
from the environment can sometimes be accommodated by attachment to mineral
surfaces and excretion of exopolymers.

Microbial Attachment
None of the organisms observed in or cultured from the high temp acidic springs
formed large biofilm colonies. However, individual cells and small colonies
^approximately 50 cells), were found to attach to a variety of mineral surfaces. The
attachment of organisms was often associated with surface features like cracks, crevices,
comers, and edges. It is unclear exactly what organisms, but some of the coccoid cells
isolated from these environments employ EPS for this attachment. This EPS appears to
serve as a preferential site for precipitation or adhesion of iron and aluminum bearing
minerals. Materials resembling EPS were also observed filling interstices between
mineral grains in the natural environment. On several occasions web-like fibrous
materials from the natural environment were found to be associated with numerous cell
sized spherical structures. Materials interpreted as EPS were observed binding cells to
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alunite, sulfur, kaolinite, and silica. Cells were also seen attached to these and other
surfaces where EPS was not observed. Although these organisms do not form large
biofilm colonies, they are repeatedly observed attached to mineral surfaces. In the case of
elemental sulfur, attachment appears to facilitate utilization of the sulfur as an energy
source. In the case of alunite and kaolinite, the benefit of attachment may be the capacity
for the minerals to buffer acidity and sulfate concentrations. Regardless of the
composition of the surface, attachment provides some element of stability in a very
dynamic environment. While attachment does not seem to be necessary for the survival
of the majority of these organisms, (especially in culture), it does appear to be an
important survival mechanism for at least some of the organisms in these environments.

Buffering Reactions
In addition to providing a surface for attachment or a source of nutrients of
energy, minerals can be beneficial to microorganisms by controlling various aspects of
their environment. By serving as a sink for metabolic byproducts, or by providing a
buffering capacity for pH, minerals at Ragged Hills and Rabbit Creek can help maintain
environmental conditions such that they are hospitable for organisms like Sulfolobus and
Acidianus.
Sulfate minerals, particularly alunite in pools, can buffer the concentration of
sulfate, the byproduct of sulfur oxidation, well below levels known to be toxic for
Sulfolobus. Under the conditions observed in Ragged Hills, alunite can buffer the activity
of sulfate well below levels known to inhibit growth of Sulfolobus. However, under well
leached conditions with little water phase hydrothermal input such as occurs in Rabbit
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Creek, the concentration of potassium and aluminum are low enough that alunite may not
be able to buffer sulfate at concentrations hospitable to Sulfolobus.
Acidity can also be buffered by minerals found in Rabbit Creek and Ragged Hills.
As the pH drops, it will first be buffered by the dissolution of amorphous aluminum
hydroxide. At a temperature of approximately 80° C this reaction will buffer the pH at
around 3.7. When the amorphous aluminum hydroxide is consumed, acidity can then be
buffered by dissolution of kaolinite. The exact pH at which this reaction will buffer the
spring is dependant on the temperature of the spring and the silica concentration of the
spring. Given the range of silica concentrations observed in Ragged Hills and Rabbit
Creek, kaolinite would buffer the pH somewhere between 2.7 and 3.1 at a temperature of
80° C. With the abundance of kaolinite observed at both sites, kaolinite would likely
continue to be dissolved until the pH equilibrated with respect to kaolinite.
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CHAPTER 8
CONCLUSION
Rabbit Creek and Ragged Hills are both high temperature, acidic, sodium-chloride
systems known to support acidophilic hyperthermophiles like Sulfolobus send Acidianus.
The physical, chemical and mineralogical characteristics of the springs in these systems,
especially Rabbit Creek, are very dynamic. Changes in the physical and chemical
character of these systems drive rapid changes in the mineralogy of these systems.
Reactions involving the minerals in these systems in turn help to buffer the chemical
conditions of the springs within the limits tolerable to these extremophiles. The minerals
also serve as substrates for attachment, as sources for nutrients, and most likely as
sources of energy for these organisms. The more mature Rabbit Creek system tends to be
controlled more by vapor phase hydrothermal input, while the younger Ragged Hills
system tends to be controlled more by water phase hydrothermal input. The more
extensive leaching of cations, higher state of oxidation, and lower input of hydrothermal
water associated with the more evolved Rabbit Creek system results in a system with less
buffering capacity and less potential nutrients and energy sources than a younger system
such as Ragged Hills.
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Figure 2: Photograph of Rabbit Creek Study Site. The photograph shows the eastern
portion of the Rabbit Creek site.

Figure 3: Photograph of Ragged Hills Study Site. The photograph shows the
southwestern half of the site. Ragged Hills spring I, 2, and 3 are visible in the center of
the photograph.

a)Rabbit Creek Spring I
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i) Rabbit Creek Spring 10
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Figure 61: P hotograph of Sulfate Hydrate Salts in an Elk Print. The precipitates covering th e
recently form ed hoof print indicate th e rapid rate at which th e se highly soluble salts
precipitate.
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