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ABSTRACT - 

Siliceous sinters are hot-spring deposits that initially form as silica deposits from 

discharging alkali chloride thermal fluids. The biotic and abiotic components present in the path 

of the hot-spring discharge channels are subject to rapid mineralization by the precipitating 

silica. Hydrothermal systems have been implicated as possible sites for the origin and evolution 

of early life. Therefore, sinters may serve as analogs for recording environmental conditions akin 

to those that prevailed on Earth millions of years ago. However, with time, sinters also undergo a 

series of silica phase transformations and other post-depositional overprints. These changes must 

be recognized if paleoenvironmental information is to be successfully extracted from the sinter 

archive. In this study, four sinter deposits were examined with different plate tectonic settings 

and climatic histories. They have a range of 14c AMS ages: (1) the -6300 years BP sinter from 

Steamboat Springs, Nevada, U.S.A., (2) the - 1920 years BP sinter from Opal Mound. Roosevelt 

Hot Springs, Utah, U.S.A., (3 )  the -450 years BP deposit from Sinter Island, Taupo Volcanic 

Zone, New Zealand, and (4) a 2 year old Wairakei drain sinter placed within a fumarole at 

Orakei Korako, Taupo Volcanic Zone, New Zealand. The sinter transplanted into the fumarole 

yielded only opal-A and quartz mineralogies after the field experiment; whereas, the other three 

sinters have captured the entire diagenetic continuum of siliceous mineral phases, namely opal- 

A, opal-AICT, opal-CT, opal-C, quartz + moganite. Collectively, these sinter deposits enabled 

mineralogic, morphologic, and crystallographic diagenetic pathways to be mapped at the sub- 

micron scale using a variety of analytical techniques. Regardless of location, mineralogical 

transformations were almost identical. The accompanying morphological changes consist of a 

repeating pattern of nano-micro-nano-sized silica particle changes, and follow the Ostwald step 

rule. Each silica phase exhibits a particular morphology. namely opal-A spheres, opal-AICT 

nanospheres, opal-CT bladed lepispheres, opal-C nanostructures, and quartz micro-crystals. The 

length of time required for each sinter to reach mineralogical maturity (i.e., become quartzose) 

varies among deposits, and can be attributed to differences in both environmental and diagenetic 

. . 
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post-depositional events. Diagenesis is controlled by shifts in micro-scale physico-chemical 

conditions that are not time dependant. In all sinters, mineralogic transformations precede 

morphologic modifications, and both are driven by crystallographic (i.e., internal mineral 

structure) changes. During diagenetic transformations, the crystal axes of opal-CT, opal-C and 

incipient quartz develop incrementally. The arrangement of nano- and micron-scale 

morphological features in the sinter matrix for each silica phase is not random but represents 

emerging orientations of future quartz crystal faces. Post-depositional events also are recorded 

within sinters (e.g., tephra deposition, faulting, lowering of the local water table, further pulses 

of thermal fluids), but are site-specific, and can occur at any temporal stage during a sinter's 

history. Such overprinting (e.g., by acid steam condensate infiltration, mineral dissolution) may 

accelerate or retard diagenesis or obliterate primary textures. Furthermore, brecciation and 

recementation may create a deposit with a range of silica phase minerals and ages. Nonetheless, 

primary textures can persist in the geologic record despite up to five silica phase transformations 

and potentially multiple post-depositional events. Thus, sinter deposits require a complete 

analysis of its post-depositional components and their interaction with diagenetic processes in 

order to reconstruct the spatial and temporal setting of the original hot-spring environment. 
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CHAPTER 1: Introduction 

Figure 1.1: Typical clear, blue colored, alkali chloride pool, surrounded by white siliceous sinter. 
Abyss Pool, West Thumb Geyser Basin,Yellowstone National Park, U.S.A., August 2005. 

All photographs presented in this thesis were taken by Bridget Y. Lynne. 

1.1 HOT-SPRING SETTINGS 

Siliceous sinter is a terrestrial hot-spring deposit forming where silica-rich thermal fluids 

ascend quickly to the surface and discharge in vents, pools and outflow channels. As the 

temperature of the discharging spring water decreases below 100 OC, the silica carried in solution 

precipitates (Fournier and Rowe, 1966; Weres and Apps, 1982; Fournier, 1985; Williams and 

Crerar, 1985; Fig. 1.1). Silica deposits as opal-A on all surfaces over which shifting channels 

flow, or where ponding occurs, entombing and silicifying plants (Fig. 1.2), pollen, insects, 

diatoms (Fig. 1.3), and other materials. Hot-spring discharge aprons and channels are inhabited 

by microbes thriving in the thermal water. All these biotic components, as well as previously 

formed abiotic sinter or other substrate surfaces, can become mineralized in the newly-depositing 



silica. Therefore, hot-spring deposits can archive paleoenvironrnental settings and record 

changing geothermal conditions throughout time. 

Figure 1.2: Silicification of plants in hot-spring environments. (A-C) Yellowstone National Park, U.S.A. (A) 
Fallen tree undergoing silicification in hot-spring (white areas on branches). (B) Cluster of trees on a hot- 
spring discharge apron, with lower sections of tree trunks silicified (white areas). (C) Cross-section of a 
tree trunk totally silicified and partially submerged in thermal water on a discharge apron. (D) Totally 
submerged, silicified leaf, fallen into spring discharge channel at Kuirau Park, Rotorua, New Zealand. 
(E) Leaves (arrows) on a small branch in a hot-spring discharge channel at Orakei Korako, New Zealand, 
coated in orange colored, microbial mat. 



Figure 1.3: Diatoms preserved in siliceous sinter. (A, 6, E) Sinter Island, Taupo Volcanic Zone, New 
Zealand. (C, D) Steamboat Springs, Nevada, U.S.A. (A-6) Cyclotella meneghiniana. External view of 
valvar face and mantle showing marginal spines. These diatoms are planktonic, tolerate high 
temperatures and salt, and thrive in freshwater with pH>8. (C) Rhopalodia gibberula. A freshwater diatom 
that tolerates high alkalinity and saline conditions. (D) Diatom frustule with opal-A silica spheres resting 
on surface (arrows). (E) Campylostyhs normannianus, a freshwater, salt tolerant diatom. Internal view of 
valve base. 



In modem hot-springs, texturally distinctive microbial andlor eukaryotic communities 

display spatial zonation in a vent-to-distal apron-terrace gradient of changing pH, temperature 

(100 OC to ambient), hydrodynamics and chemical conditions (cf. Farmer, 2000). Many 

discharging alkali chloride springs can be divided broadly into: (1) near-vent high temperature 

zones (> 60 OC); (2) mid apron-slope, mid-temperature areas (-35-60 "C); and (3) distal apron- 

slope, low temperature zones (< 35 OC; Walter, 1976; Farmer and Des Marais, 1994; Cady and 

Farmer, 1996; Jones et al., 1997a, 1998; Campbell et al., 2001; Lowe et al., 2001; Guidry and 

Chaftez, 2002,2003a; Lynne and Campbell, 2003). Hot-spring microbial mats may become 

coated with opal-A wherever the rate of silica deposition outpaces the rate of microbial growth 

or decay. Some filamentous microbes occupying low- and mid-temperature sinter aprons are 

protected by sheaths of exopolysaccharide (EPS), which become preferentially mineralized 

(Phoenix et al., 1999; Yee et al., 2003). These silicified microbes or their filament moulds can 

constitute up to half the sinter deposit (Bartley, 1996; Cady and Farmer, 1996; Konhauser et al., 

2001). 

Filamentous microbial mats silicified within hot-spring deposits yield information about 

their depositional environments. Thermophilic microbes produce distinctive macro-textures (Fig. 

1.4E-F, 1.5D) that relate to temperature-pH gradients and the hydrodynamics of hot-spring 

environments (Weed, 1889a, b; Walter, 1976; Farmer and Des Marais, 1994; Cady and Farmer, 

1996; Jones et al., 1997b, 1998; Campbell et al., 2001; Lowe et al., 2001; Guidry and Chafetz, 

2002, 2003a; Lynne and Campbell, 2003). Measurements of filament exterior sheath and internal 

trichome diameters have been used as indicators of broad approximate temperature gradients for 

cyanobacteria, and represent a range of spatial locations on the apron-slope (Walter, 1976; 

Cassie, 1989; Cassie and Cooper, 1989; Farmer and Des Marais, 1994; Cady and Farmer, 1996; 

Jones et al., 1998; Lowe et al., 2001; Guidry and Chafetz, 2003c; Lynne and Campbell, 2003; 

Jones et al., 2004). Low-temperature (< 35 OC) alkali chloride hot-springs commonly support the 

cyanobacterium Calothrix (Cassie, 1989; Cady and Farmer, 1996; Jordan, in prep). They form 



sinters that contain coarsely filamentous, sheathed cyanobacteria (Cassie, 1989; Cady and Farmer, 

1996: Fig. 1.4A-D), and form sinters of closely-packed, vertically-stacked micro-pillar structures 

referred to as palisades textures (Fig. 1.4E-F). These microbes consist of an inner tubular 

filament mould or perhaps an interior trichome of porous cellular material, and thick outer 

sheaths, with a total exterior diameter of > 8 pm. Palisade texture is visible at the macro-scale 

and laminae thickness is controlled by water depth. Palisade textures have also been reported in 

mid-temperature settings (Cady and Farmer, 1996; Lynne and Campbell, 2003), and in high- 

temperature vent-splash zones (Jones et al., 2003). This may result from warmer shifting channel 

flow or perhaps internal vertical micro-temperature gradients that do not reflect surface-water 

conditions (cf. Jones et al., l997b). 

In contrast, mid-temperature waters (-35-60 OC), flowing over mid- to distal-apron slope 

settings, are inhabited by thin, sheathed filamentous cyanobacteria (Fig. 1.5; cf. Walter, 1976; 

h w e  et al., 2001). The filamentous cyanobacterium Phonnidium thrives in mid-temperature 

thermal waters (cf. Walter, 1976; Lowe et al., 2001) and forms conical tufts that contain 

microbes with finely filamentous, < 5 pm exterior diameters (Hinrnan and Lindstrom, 1996; 

Campbell et al., 2001; Lynne and Campbell, 2003). As these microbes photosynthesize, released 

gas accumulates within the mat and form bubbles. The bubbles silicify in the mats to produce 

macro-scale sinter textures of multiple curved laminations with oval or lenticular voids. 

Microbes living in high temperature, near-vent environments (Fig. 1.6A-B) consist of 

thin filaments with no sheath and a total exterior diameter of < 1 pm. They form multiple stacked 

horizontal layers or stromatolitic macro-scale textures (Fig. 1.6C-D; Walter et al., 1972; Cady et 

al., 1995; Cady and Farmer, 1996; Braunstein and Lowe, 1996, 2001; Jones et al., 1997a, 2001a, 

b, 2003; Inagaki et al., 1998, 2003; Guidry and Chafetz, 1999; Blank et al., 2002). Commonly in 

the splash zone of a geyser and around the vents of hot-springs (> 60 OC), surface exposures 

consist of a nodular sinter texture, known as geyserite (Fig. 1.6C-D), formed by rapid cooling 

and evaporation of water ejected during eruptive cycles (White et al., 1964; Renaut and Jones, 



2000). Vent area geyserite can also display spicular textures in splash zones, although spicular 

sinter can also form under wave wash (Handley et al., 2005) and even quiescent hydrodynamic 

conditions (Schinteie et al., in press). 

Hence, the sedimentary fabrics and facies forming within these zones record a variety of 

distinctive textures with strong genetic implications related to the hot-spring environmental 

gradient of subaerial thermal spring discharge (Walter, 1976; Farmer and Des Marais, 1994; 

Cady and Farmer, 1996; Jones et al., 1997a, 1998; Campbell et al., 2001; Lowe et al., 2001; 

Guidry and Chaftez, 2002,2003a; Lynne and Campbell, 2003). Because of this zonation, 

measurements of exterior sheath diameters of filaments have been used as broad indicators ot 

fluid discharge temperature gradients, in mid to distal apron-slope settings (Walter, 1976; 

Campbell et al., 2001; Cassie, 1989; Cassie and Cooper, 1989; Farmer and Des Marais, 1994; 

Cady and Farmer, 1996; Jones et al., 1998,2004; Lowe et al., 2001; Guidry and Chafetz, 2003b; 

Lynne and Campbell, 2003). However, caution is advised when utilizing this method (cf. Jones 

et al., 2004) because post-depositional overprinting can result in encrustation through 

mineralization (Chapters 2, 4 and 5) or dissolution of primary filamentous textures (Chapter 3), 

resulting in either a thickening or thinning respectively, of the original exterior filament 

diameter. Also, post-depositional overprints may result in a loss of distinction between primary 

filament sheaths and interior trichomes for mid- and low-temperature related cyanobacteria. 

Therefore, filament sheath and trichome measurements are not always possible or accurate 

(Jones et al., 2004; Lynne and Campbell, 2003; Lynne et al., 2006). Even so, primary sinter 

fabrics have been identified in ancient sinters (Trewin, 1994; Rice et al., 1995; Guido et al., 

2002) In summary, identification of distinctive macroscale sinter textures enables reconstruction 

of broad temperature gradients (high, mid and low) from the sinter rock record. 



Figure 1.4: Typical discharging, alkali chloride, low-temperature ( ~ 3 5  OC) waters that host thermophilic 
microbial communities and their palisade rock textures. (A-D) Orakei Korako, New Zealand, brown mats 
on low-temperature distal apron-slopes. (A) Siliceous sinter rock (white areas) partially covered with 
microbial mats. (B) Brown colored low-temperature (32 "C) microbial mats and orange colored mid- 
temperature (42 "C) mats on a channel apron. (C-D) Cryostage scanning electron microscope images of 
living low-temperature microbial mat from a 32 "C discharge apron terrace at Orakei Korako. (C) Plan 
view of closely-packed, vertically oriented, coarsely-filamentous, microbial mat in a mesh of 
exopolysaccharide (EPS). (Dl Coarse filament comprising thick outer sheath and inner trichome 
segments (arrows). Newly-deposited opal-A spheres on fibrous EPS that binds together individual 
filaments into a mat. (E-F) Hand specimens reveal typical palisade rock textures (arrows). (E) Orakei 
Korako, New Zealand. (F) Steamboat Springs, Nevada, U.S.A. 



Figure 1.5: Common alkali chloride hot-springs hosting mid-temperature (-3560°C) thermophilic 
microbial communities and their rock textures. (A) Alkali chloride pool with orange rim of mid-temperature 
microbial mat. Yellowstone National Park, U.S.A. (B) Typical bubblemat textures formed by gas 
accumulations (arrows) within orange microbial-rich mat in a 47 OC discharge channel at Yellowstone 
National Park, U.S.A. (C) Living conical tufted mid-temperature microbial mat on fallen leaves at Kuirau 
Park, New Zealand. (D) Typical hand specimen of sinter reveals preserved oval and lenticular voids 
where gas was once trapped. (E-F) Cryostage scanning electron microscope images of living microbes 
from a 45 "C discharge channel at Orakei Korako, New Zealand, showing thin outer sheath and porous 
trichome. 
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Figure 1.6: Typical discharging, high temperature (>60 OC) alkali chloride water and associated rock 
textures. (A) Diamond Geyser, Orakei Korako, New Zealand. (0) Nodular geyserite around vent at 
Yellowstone National Park. (C-D) Hand specimens of geyserite sinter from Orakei Korako, New Zealand. 
(C) Smooth, nodular texture of geyserite. (D) Stromatolitic texture consisting of multiole stacked layers. 

1.2 SILICA PHASE MINERALOGY 

In alkali chloride springs, silica deposits initially as non-crystalline opal-A. With time 

and little or no burial, sinters undergo diagenesis, which involves a series of silica phase 

transformations from opal-A to para-crystalline opal-CT f opal-C, and eventually to micro- 

crystalline quartz (Bramlette, 1946; Herdianita et al., 2000a). X-ray powder diffraction (XRPD) 

is the technique used to identify the different silica phases. Each mineralogical state produces its 

own distinctive diffractogram. Recent work by Lynne and Campbell (2003, 2004) has identified 

and documented an additional silica phase, opal-MCT, by XRPD analysis. Opal-MCT 

represents an early diagenetic, intermediate silica phase that is easily recognizable on a XRPD 

trace by the steepening of both sides of the broadband to form a peak. Accompanying the 

changing shapes of the various XRPD traces is a left lateral shift in the apex position from 22.2 

O28, or 4.00A (opal-A), to 21.75 O28, or 4.09A (opal-MCT, opal-CT, opal-C), to 20.85 '28, or 

4.26A (quartz). Moganite, a semi-stable silica polymorph, may form as a transitionary silica 
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phase between opal-C and quartz (Rodgers and Cressey, 2001). Peak positions of moganite and 

quartz overlap on XRPD traces but are identifiable on a laser Raman scan, with moganite 

positioned at 501 cm-' and quartz at 465 cm-' (Kingma and Hernley, 1994; Gotze et al., 1998; 

Rodgers and Cressey 2001; Rodgers and Harnpton, 2003). The five common silica phases (opal- 

A, opal-ACT, opal-CT, opal-C, quartz) consist of silicon and oxygen atoms arranged into 

tetrahedral units. Each silica phase is unique in the way in which the Si-0 bond lengths and 

angles are linked within each tetrahedral unit (Battey and Pring, 1977; Deer et al., 1978; Perry, 

1999). Opaline silica (opal-A) is a hydrated silica polymorph, with its composition given by the 

formula Si02.nH20. Opal-A consists of a random arrangement of Si-0 bond angles and lengths, 

while quartz consists of an ordered pattern where Si-0 bond lengths and angles are equal (Perry, 

1999; Fig. 1.7). Accompanying diagenesis is the loss of hydroxyls during dehydration, which 

forces the remaining atoms to rearrange themselves. 

OPAL-A 

OPAL-CT 

QUARTZ 

Figure 1.7: 
Schematic diagram of the 
various atomic 
arrangements of silicon, 
oxygen and hydroxyl 
molecules in the different 
silica polymorphs. (A) 
Opal-A shows no regular 
order with a variety of 
bond lengths and angles. 
(B) Opal-CT shows 
atomic bond lengths and 
angles becoming more 
ordered as hydroxyls are 
driven off through 
dehydration. (C) Quartz 
forms an ordered 
arrangement of silicon 
and oxygen atoms with 
equal bond lengths and 
angles when all hydroxyls 
are driven off. 
Diagram modified from 
Perry (1 999). 



Quartz is the stable diagenetic end-member of these silica phase transitions. Over time, all silica 

mineral phases undergo mineralogic, rnorphologic and crystallographic transitions toward quartz 

(cf. Lynne et al., in press). Silica diagenesis through the same mineral phases also occurs in 

wood petrification (Stein, 1982), and siliceous marine sediments (Murata and Nakata, 1974; 

Wise and Weaver, 1974; Murata and Larsen, 1975; Oehler, 1975; Taylor, 1976; Hein et al., 

1978; Isaacs, 1981; Kano, 1983; Schwartz, 1983; Williams et al., 1985). 

Much research has been undertaken on sinter formation mechanisms (cf. Lynne and 

Campbell, 2004, and references therein), but little is understood about the mineralogic and 

morphologic transformations of siliceous sinters during diagenesis and what mechanisms 

actually drive this process. Recognition of these transformations is necessary to identify 

diagenetic overprints that become imprinted on preserved microbial textures. Other post- 

depositional changes also may take place within a sinter deposit through time, such as acidic 

steam condensate overprinting, which may accelerate or retard diagenesis (Chapter 3). Sinters of 

this study represent a range of ages and mineralogies, from -456 years BP quartzose sinter at 

Sinter Island, New Zealand (Chapter 5), to -1900 years BP quartzose sinter at Opal Mound, 

U.S.A. (Chapter 2), to - 11,500 years BP quartzose sinter at Steamboat Springs, U.S.A. (Chapter 

4) and -1600 years BP opaline sinter at Opal Mound, U.S.A. (Chapter 2) to -8600 years BP 

opaline sinter at Steamboat Springs, U.S.A. (Chapter 4). Herdianita et al. (2000a) estimated that 

sinter diagenesis requires tens of thousands of years to reach the mineralogic end-member of 

quartz, and that different diagenetic pathways existed for sinters containing organic matter or 

other minerals. In contrast, Campbell et al. (2001) and Rodgers et al. (2004) documented that 

diagenetic states vary within and between individual sinter outcrops at all scales. 

In discharging hot-springs, the chemical composition of the discharging fluids can vary, 

and the thermal fluid discharge rate and temperature also may increase or decrease. Faults open 

new conduits for fluids to discharge at the surface, while other vents may self-seal, or fluid flow 

may cease altogether. Surface features can alternate between discharging alkali chloride hot- 



springs to acid sulfate pools or steam vents (fumaroles), which reflect a lowering of the water 

table (Schoen et al., 1974; Martin et al., 2000; Campbell et al., 2004; Moore et al., 2004). 

Sometimes the elevation of discharging springs drops, resulting in stratigraphically out-of- 

sequence deposits (cf. Lloyd, 1972). Are such events recorded within sinter deposits? 

Sinters have the potential to record many aspects of the primary paleoenvironmental 

setting including biology, hydrology, discharge fluid temperature, wetting and drying periods 

and tectonic and sedimentary events. Some ancient sinter deposits retain many of their original 

macro-scale textural characteristics, such as those in the Devonian Drummond basin, Australia 

(Walter et al., 1996), and the Devonian Rhynie Chert, Scotland (Trewin, 1994: Rice et al.. 1995). 

However, some reports state that diagenetic modification (mineralization, cement infill, 

replacement, dissolution/reprecipitation) can result in patchy recrystallization, destroying 

original textures (Campbell et al., 2001; Guidry and Chafetz, 2003a: Lynne and Campbell, 2003; 

Hinman and Walter, 2005). It is still uncertain why some sinter deposits preserve 

paleoenvironmental indicators in almost pristine condition while many do not. 

1.3 IMPORTANCE OF SINTER DEPOSITS 

Economically important mineral deposits such as gold and silver are found in association 

with active hydrothermal systems and are often in association with sinter deposits (Grange, 

1937: Weissberg, 1969; Browne, 1971: Seward and Sheppard, 1986; Krupp and Seward, 1987; 

Thompson and White, 1964; Simmons and Browne, 1991). Silica phase transformations also 

occur in other economically important depositional environments such as siliceous marine rocks, 

which are commonly found as host rocks for petroleum (Isaacs, 1981). 

The evolution of early Earth is associated with hydrothermal processes (Des Marais, 

1996). Therefore, hydrothermal deposits such as siliceous sinters may serve as analogs of 

environmental conditions that prevailed on Earth billions of years ago (Bock and Goode, 1996; 

Stetter, 1996; Westall et al., 2001). Furthermore, the extreme environments of hydrothermal 

systems have been implicated as possible crucibles for the origin and evolution of early life 
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(Bock and Goode, 1996; Walter et al., 1996). Nonetheless, biosignals in very ancient rocks can 

be quite difficult to identify, where recent debates have shown that even understanding their 

geologic settings can be problematic (Brasier et al., 2002; Fedo and Whitehouse, 2002; Kerr, 

2002; Palin, 2002; van Zuilen et al., 2002). 

Previous reports on quite ancient sinters such as the Devonian Drummond Basin deposit, 

Australia (Cunneen and Sillitoe, 1989; White et al., 1989; Walter et al., 1996), the Devonian 

Rhynie Chert of Scotland (Trewin, 1994; Rice et al., 1 9 9 9 ,  and the Jurassic sinter of Argentina 

(Guido et al., 2002), all describe paleoenvironmentally significant textural components based on 

modern-day analogs. However, almost no previous studies have also assessed the detailed affects 

of diagenesis on siliceous sinter (cf. White et al., 1989; Campbell et al., 2001). Recognition and 

understanding of diagenetic components such as specific morphologies, silica phase transitions, 

crystallographic modifications, recrystallization patterns, density and porosity trends, and their 

interaction with post-depositional changes within the geothermal setting, allow primary 

paleoenvironmental signatures to be extracted from the sinter archive. 

1.4 Thesis outline 

The focus of this thesis is to examine diagenesis of siliceous sinter and the nature of the 

paleoenvironmental record that is preserved in sinter deposits of different ages, and with 

different climatic and tectonic settings from the U.S.A. and New Zealand. Four sinter deposits 

were analyzed in detail: 

(1) Opal Mound, Roosevelt, Utah, U.S.A. (Chapter 2) 

(2) Steamboat Springs, Nevada, U.S.A. (Chapter 4) 

(3) Sinter Island, Taupo Volcanic Zone, New Zealand (Chapter 5) 

(4) Sinter placed inside a fumarole in a field experiment at Orakei Korako, Taupo 

Volcanic Zone, New Zealand (Chapter 3) 



Sinter Island is situated inside the Taupo Volcanic Zone (TVZ),a -200 km long volcanic arc 

segment that lies at the southern end of the larger Tonga-Kermadec arc system (Simmons and 

Browne, 1991). The total crustal heat transfer within the TVZ is anomalously high in comparison 

to other active arcs, and may be the highest in the world for this setting (Hochstein, 1995). Most 

of the heat is transferred by convective geothermal systems (Hochstein, 1995). The TVZ is 

characterized by active volcanoes (e.g., Mt. Ruapehu, White Island), and earthquakes. Generally 

geothermal activity within the TVZ is fault controlled. The two western U.S.A. sinters are 

situated inside the Basin and Range Province, with the Steamboat Springs sinter on its western 

and the Opal Mound sinter on its eastern margin. This tectonically active region results in faults 

and fractures opening conduits to the surface allowing thermal fluid to discharge. New Zealand 

presently has a temperate maritime climate with high rainfall. whereas the U.S.A. locations are 

largely arid with a continental climate and extreme seasonal temperature fluctuations. Finally, a 

field experiment was performed (Chapter 3) by suspending newly-formed, opal-A sinter into an 

actively discharging fumarole at Orakei Korako, New Zealand. The post-depositional 

mineralogic and morphologic changes were monitored over a two-year period to assess the 

impact of a changing geothermal surface environment on sinter diagenesis and primary textures. 

Findings from the four individual deposits are compared with one another in Chapter 6, enabling 

diagenetic trends to be assessed. 

Aims of this study: 

(1) To identify silica phase transitions at the macro-, micro-, and ultrastructural-scales as sinter 

matures from opal-A to quartz, using a multi-technique approach, including petrography and 

scanning electron microscopy, X-ray powder diffraction, electron backscatter diffraction, 

infrared spectroscopy, laser Rarnan microprobe, differential thermal analysis (DTA) and 

thermogravirnetric analysis (TGA). 

(2) Develop diagenetic models for sinter deposits. 

(3) Compare diagenetic transformations of U.S.A. and New Zealand sinters. 
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(4) Identify which parameters (depositional, post-depositional) affect andlor drive diagenetic 

rates. 

(5) Identify how overprinting affects primary textures. 

(6) Assess whether sinters record evidence of changes within a geothermal system. Examples 

include a lowering of the piezometric level or a change in surface features from alkali 

chloride to acid-sulfate. 

(7) Evaluate sinters for their potential to record local geological events (e.g., volcanism, 

faulting). 

(8) Comparelcontrast ages, density, porosity, depositional, and post-depositional components of 

sinter deposits from different climatic and tectonic settings. 

1.5 Chapter outline 

Chapter 1 : Introduction 

Chapter 2: Diagenesis of 1900-year-old siliceous sinter (opal-A to quarh) at Opal 

Mound, Roosevelt Hot Springs, Utah, U.S.A. 

Chapter 2 consists of a paper by Bridget Y. Lynne, K.A. Campbell, J.N. Moore, and P.R.L. 

Browne, published in Sedimentary Geology (2005), volume 179, p. 249 - 278. K. Campbell, J. 

Moore and P. Browne assisted with editing and K. Campbell assisted with figure 2.3. 

Raw data for this chapter are presented in Appendix A. 

Chapter 3: Acceleration of sinter diagenesis in an active fumarole, Taupo 

Volcanic Zone, New Zealand. 

Chapter 3 consists of a paper by Bridget Y. Lynne, K.A. Campbell, R.S. Perry, P.R.L. Browne, 

and J. N. Moore, published in Geology (2006), volume 34, p. 749-752. K. Campbell, R. Perry, 

P. Browne and J. Moore assisted with editing. 

Raw data for this chapter are presented in Appendix B. 



Chapter 4: Origin and evolution of the Steamboat Springs siliceous sinter deposit, 

Nevada, U.S.A 

Raw data for this chapter are presented in Appendix C. 

Chapter 5: Tracking crystallinity in siliceous hot-spring deposits. 

Chapter 5 consists of a paper by Bridget Y. Lynne, K.A. Campbell, B.B. James, J.N. Moore, and 

P. Browne, inpress with the American Journal of Science. B. James assisted with the operation 

of the EBSD and editing of the EBSD methods section; K. Campbell, J. Moore and P. Browne 

assisted with proof reading. Raw data for this chapter is presented in Appendix D. 

Chapter 6: Synthesis and Discussion 

Chapter 7: Conclusions 

References 

Appendices 



CHAPTER 2 

Diagenesis of 1900-year-old siliceous sinter (opal-A to quartz) at Opal 
Mound, Roosevelt Hot Springs, Utah, U.S.A. 

2.1 OVERVIEW 

This chapter presents the results of a study of the Opal Mound siliceous sinter deposit, 

Roosevelt Hot Springs, Utah, U.S.A. (Fig. 2.1). This deposit preserves the entire silica phase 

continuum from opal-A to quartz, making it ideal for the examination of sinter diagenesis. This 

study presents new information regarding the series of mineralogical and morphological changes 

that accompany sinter diagenesis. 

Figure 2.1 : Opal Mound sinter deposit. 



2.2 ABSTRACT 

White, vitreous, siliceous sinter dated by "C at - 1900 years BP is located along the crest 

of the Opal Mound deposit at Roosevelt Hot Springs, Utah, U.S.A. Deposition at vents resulted 

from the Opal Mound fault opening conduits to the surface, allowing thermal fluids to discharge. 

Fault movement subsequently fractured the sinter and initiated a second period of fluid 

discharge. Colorful silica was deposited in this later period and formed the distal slope sinter, 

dated at - 1600 years BP. The sinter preserves both end-members in the mineralogical 

maturation of silica, from initial opal-A to mature quartz, and also records incremental 

intermediate steps, as revealed by X-ray powder diffractrometry and by scanning electron, 

optical and Raman laser microscopy. Textural and mineralogical changes from one silica phase 

to another transpired gradually and gradationally. During diagenesis, incremental morphological 

changes alternated three times through nano- to micro- particle size transitions. The three 

corresponding mineralogical steps comprise: (1) opal-A to opal-CT, (2) opal-CT to opal-C, and 

(3) opal-C to quartz. Mineralogical changes preceded all morphological changes. Each step was 

initiated when silica nanostructures reached a critical diameter of 200 nm. The initial starting 

point of fresh (modern), polymeric, siliceous sinter deposition worldwide is nano-spherical 

particles of colloidal opal-A. Opaline sinter at Opal Mound is slightly more mature, reflecting 

the beginning of the aging process, and comprises botryoidal clusters of silica microspheres (c 8 

pm diameter). The conversion fkom these agglomerated rnicrospheres to opal-CT bladed 

lepispheres at Opal Mound is marked by the reorganization of the microspheres into randomly 

oriented rows (- 800 nm in length) of aligned nanospheres, up to 200 nrn diameter. Each row 

merges into joined beads, which sharpen into classic opal-CT morphology of bladed lepispheres 

(- 4 pm diameter). During this first diagenetic step, the X-ray powder diffraction trace undergoes 

an early shift in peak position, from - 4.0 A to 4.09 lining itself up in the position of the next 

more advanced mineralogical state, prior to emergence of the classic opal-CT blades. In the 

second step, the bladed lepispheres subsequently change into rectangular nano-rods (- 50 x 100 



nm long segments) during early opal-C development. During the third step of early quartz 

formation, the opal-C nano-rods recrystallize into groups of blocky nanostructures, each up to 

200 x 300 nm. Quartz crystals grow at the expense of and pseudomorph opal-C, shown by 

remnant bands of blocky nanostructures at the base of the quartz crystals. Two generations of 

quartz crystals occur at Opal Mound: (1) diagenetic, which developed as opal-C nanostructures 

recrystallize to quartz; and (2) hydrothermal, formed by the injection of silica-infused thermal 

fluids into fractures and veins within the sinter deposit. Several silica phases commonly co-exist 

within individual samples. Moganite, a metastable silica phase. occurs with opal-CT, opal-C and 

diagenetic quartz, but is most abundant with opal-CT. Hence, the complete diagenetic continuum 

from opal-A to quartz is preserved within this sinter deposit. It formed in the short time span of i 

1900 years. 

2.3 INTRODUCTION 

Siliceous hot spring deposits, or sinter, are common in geothermal regions where alkali 

chloride waters discharge at the surface after equilibrating with the underlying rocks at 

temperatures > 175 OC (Fournier and Rowe, 1966). The silica is initially deposited as non- 

crystalline opal-A when the waters cool below 100 "C. The deposits entomb and silicify both 

biogenic and abiogenic material, and therefore provide valuable records of paleobiologic, 

paleohydrologic and paleoenvironmental conditions in these hydrothermal settings. However, 

recognition of depositional versus diagenetic components of sinters is a critical step if biogenic 

components are to be recognized through later physiochemical overprints (cf. Knoll and Walter, 

1996). This problem is especially relevant for understanding the fossil record of early life on 

Earth, where geological events have often altered or destroyed biosignals (cf. Kerr, 2002). Later 

overprinting can be mistaken for depositional textures in these rocks, making it important to 

analyze younger deposits from analogous hydrothermal environments, so that the transformation 

of primary fabrics can be tracked as they undergo diagenesis (cf. Campbell et al., 2001; Guidry 



and Chafetz, 2003a; Lynne and Campbell, 2003,2004). Because sinter diagenesis is patchy and 

inhomogeneous at all spatial and temporal scales, it is also necessary to reconstruct a detailed 

paragenetic history using an integrated micron-scale approach (cf. Farmer, 1999; Grotzinger and 

Knoll, 1999; Lynne and Campbell, 2004). This study evaluates fine-scale diagenetic changes that 

have occurred in vent, mid-slope and distal apron facies of the Opal Mound sinter deposit, 

Roosevelt Hot Springs, U.S.A., where the complete silica maturation sequence from opal-A to 

quartz has taken place within only 1900 years. 

2.4 SILICA MINERAL DlAGENESlS 

Morphological and mineralogical changes occur gradually and gradationally at the nano- 

to micro-scale, resulting in an intricate diagenetic process. This involves the progressive 

alteration of non-crystalline opal-A into paracrystalline opal-CT f opal-C f moganite, and 

eventually to microcrystalline quartz (Herdianita et al., 2000a). Such transitions can occur in 

deposits with little or no burial. Siliceous sinter initially deposits from solution as opal-A. We 

know of no study that has found other silica phases present. Recent work on modem and ancient 

sinter deposits suggests that complex dissolution, reprecipitation and recrystallization take place 

within pores during diagenesis to produce spatially patchy silica fabrics of differing 

mineralogical and morphological maturity (e.g. Cady and Farmer, 1996; Campbell et al., 2001; 

Guidry and Chafetz, 2003a; Lynne and Campbell, 2003,2004). Lynne and Campbell (2003) 

reported two transitional phases between opal-A and opal-CT, evident in X-ray powder 

diffraction patterns, with maximum intensity peak positions of - 4.0 A and 4.09 A respectively. 

Both transitional phases display a sharp-peaked scattering band centered at 4.09 A, with the first 

designated as opal-AICT (opal-A dominant) and the second as opal-CTIA (opal-CT dominant). 

Lynne and Campbell (2004) reported that these diagenetic mineralogical changes precede 

microstructural morphological changes from opal-A to opal-CT. Herdianita et al. (2000a) 

demonstrated that the phase transitions from opal-A microspheres, to opal-CT f opal-C bladed 



lepispheres, and eventually to blocky, microcrystalline quartz, are accompanied by an increase in 

density and decrease in porosity. Hence, a maturation model was developed for undisturbed New 

Zealand sinters, with an age estimate for transformation to quartz of - 40,000 years (Herdianita 

et al., 2000a). However, Rodgers et al. (2004) noted that diagenetic states within or between 

individual outcrops vary considerably, so that the model can only be applied in the most general 

terms. Hence, mineralogical maturation can not be used as a guide to the age of a sinter deposit, 

as diagenesis proceeds at different rates within each deposit. The presence of organic matter or 

other minerals (e.g. carbonates) may inhibit or accelerate the maturation rate (Herdianita et al., 

2000a, fig. 8,  p. 59). Moreover, sinter weathering or overprinting by acidic steam condensate can 

also affect rates of diagenesis (Lynne and Campbell, 2004). 

Siliceous marine sediments, wood petrification, and silica residue undergo the same 

progressive mineralogical transformations as outlined above. Lynne and Campbell (2004, and 

references therein), summarized previous research and outlined several mechanisms that affect 

siliceous sinter formation. These include pH changes, variations in fluid chemistry, seasonality, 

hydrodynamics and evaporation/cooling + wicking. However, the physicochemical factors 

controlling silica mineral diagenesis at the nanometer scale still remain uncertain, and await 

experimental or theoretical assessment outside the scope of this study. 

2.5 PREVIOUS STUDIES AND THE GEOLOGIC SETTING OF ROOSEVELT HOT 

SPRINGS 

Roosevelt Hot Springs is among the largest and hottest of the more than a dozen 

geothermal resources in the Basin and Range Province, U.S.A. It is a north-trending horst, 

located near the eastern margin of the province, on the western flank of the Mineral Mountains 

(Fig. 2.2), and bounded by Basin and Range normal faults. The geothermal reservoir, which 

covers an area of approximately 32 km2, is developed in fractured Precambrian gneiss and 

Tertiary granite (Christensen et al., 1983; Ward et al., 1978; Moore and Nielson, 1994). Fluid 



circulation is controlled by high-angle normal faults trending northerly and easterly, and 

westward dipping, low-angle normal faults (Nielson et a]., 1978; Sibbet and Nielson, 1980). 

Hydrothermal-alteration mineral assemblages of the reservoir host rocks were reported by Parry 

et al. (1 979) and Moore and Nielson (1 994). Wells drilled to depths of 1770 meters encountered 

temperatures as hot as 268 "C (Capuano and Cole, 1982). The deep reservoir fluids are alkali 

chloride in character with a near-neutral pH. Fluids discharged from three of the wells are used at 

the Blundell power plant, commissioned in 1984, which generates 26 MW (gross) of electrical 

power (Blackett and Ross, 1992). The geothermal system is believed to be driven by heat from a 

young intrusion related to rhyolite domes emplaced beneath the crest of the Mineral Range. The 

pluton is 250 km2, the largest and youngest in Utah, with K-Ar dates from 9.4 Mpr to 14 Myr 

(Armstrong, 1970; Park, 1971; Ward et al., 1978; Parry et a]., 1979). 

Sinter deposits at Roosevelt Hot Springs occur primarily along the Opal Mound fault 

(Fig. 2.2), a north-trending structure defining the western boundary of the geothermal system. 

The largest sinter deposit at Opal Mound is located in the southern end of the field. Moore and 

Nielson (1994) recognized two generations of sinter deposition, the younger consisting of 

brightly colored sinter, and the older of white, vitreous sinter. They postulated that the hot spring 

system had undergone at least two stages of activity, with the Opal Mound fault serving as the 

fluid conduit for both. No historical activity at the Opal Mound deposit has been reported, 

although wells drilled adjacent to the deposit encountered hot water at a depth of 365 m. 

Bamford et al. (1980) found other volumetrically minor hot spring deposits cemented by calcite, 

manganese-oxide and hematite, which also occur elsewhere along the Opal Mound fault trace. 

These were not analyzed in this study. The concentrations of trace elements in the fluids are 

spatially disjunct, and reflect physical and chemical changes including conductive cooling, and 

boiling and mixing with calcium-rich groundwaters (Christensen et al., 1983; Moore and Nielson 

1994). Outside the study area, but adjacent to the northern part of the field, present-day thermal 

activity is limited to fumaroles, which reflects a lowering of the piezometric surface. 



* - Northern vent 1 

Figure 2.2: Location map and sample sites. (A) Map showing the location of Opal Mound and 
the surrounding geology. (B - E) Field sample sites, which are shown by the letter R, followed by 
a number. (B) Locations of sample sites and white versus colored sinter. (C) Mid-slope sinter 
apron with location of sample sites R4 - R6. (Dl Overview of the Opal Mound looking north, 
showing vent and proximal-vent deposits, and mid- and distal slope deposits. Location of 
sample site R3. (El Southern end of Opal Mound, with sample site R3. (F) Silicified northern 
vent, site R13; arrows show direction of outflow. (GI Silicified southern vent, site R15; arrow 
shows direction of upward flow from vent. 



2.6 SAMPLE CHARACTERISTICS 

Twenty-five sinter samples from Opal Mound were collected for study and represent 

vent, proximal vent, middle and distal apron-slope facies (Fig. 2.2B). These were further 

subdivided into 48 sub-samples which target individual horizons that have visible color or 

textural changes. The Munsell color chart was used to standardize the range in sample colors 

(Table 2.1). Samples from the Opal Mound vent area consist of white, vitreous sinter. Mid-slope 

samples are faintly colored and comprise vitreous or porous indurated sinter; whereas, distal- 

slope samples are dominantly composed of vibrantly colored, vitreous or porous indurated sinter. 

Sample descriptions are presented in Table 2.2. Along the crest of the Opal Mound deposit, 

erosion has exposed two discharge vents, here referred to as the northern and southern vents 

(Fig. 2.2F, GI. 

Table 2.1: Sinter sample colors compared with Munsell chart color, value, chroma and hue 
standardizations. 

Sample color color value chroma hue 
Yellow yellow 8 8 2.5Y 
Orange yellowish red 6 8 5YR 
Tan yellowish red 6 4 5YR 
Brown dark brown 4 3 7.5YR 
Red dusky red 3 3 5R 
Pink weak red 5 3 5R 
Cream pale yellow 8 2 2.5Y 
White white 8 1 7.5YR 
Clear light grey 7 1 2.5Y 

Table 2.2: Opal Mound siliceous sinter sample descriptions (N = north, S = south, W = west). 

AU Field Location Sample Description 
number Number 
55338 - R IA  
55342 

Distal sinter apron, SW 
slope of Opal Mound 
crest 

Distal sinter apron, SW 
slope of Opal Mound 
crest 

Distal sinter apron, SW 
slope of Opal Mound 
crest 
Distal sinter apron, SW 
slope of Opal Mound 
crest 

Alternating yellow, orange, and tan; porous indurated, 
undulose horizons < 5 mm thick with sham boundarv 
contacts. 4 horizons (AU55339 - ~ ~ 5 5 3 4 2 )  and bulk 
sample (AU55338). 
Finely laminated red, pink, white, and yellow vitreous 
silica; with sharp planar boundary contacts. 
Uppermost layer grades into thicker bands, (<3 mm) 
of pink, tan, and yellow vitreous sinter. 
Alternating horizons of 2 mm thick, red, pink, white, 
and tan vitreous silica with sharp planar boundary 
contacts. 
3 horizons of porous indurated sinter colored pink, 
white, and yellow, and 2 horizons of vitreous silica 
with planar boundary contacts (AU55356 - 
AU55360). Bulk sample, AU55355. 
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Distal sinter apron, SW 
slope of Opal Mound 
crest 
Distal sinter apron, SW 
slope of Opal Mound 
crest 
Distal sinter apron, SW 
slope of Opal Mound 
crest 
Distal sinter apron, SW 
slope of Opal Mound 
crest 
Distal sinter apron, SW 
slope of Opal Mound 
crest 
Distal sinter apron, SW 
slope of Opal Mound 
crest 
Distal sinter apron, SW 
slope of Opal Mound 
crest 
Mid-sinter slope 

Mid-sinter slope 

Mid-sinter slope 

Mid-sinter slope 

Opal Mound crest 

Mid-sinter slope 

Southern vent on Opal 
Mound crest 
30 m N of northern vent, 
in alignment with Opal 
Mound crest 
W side of northern vent 
along Opal Mound crest 

Southernmost exposure 
of sinter along Opal 
Mound crest 
15mNof R3 
15mNof R3 

Pink, red, and white, vitreous silica with sharp planar 
boundary contacts (AU55363 - AU55365). Bulk 
sample, AU55362. 
Red (AU55346) tan (AU55344) and clear (AU55346) 
vitreous silica horizons forming sharp, undulose 
boundary contacts. AU55343, bulk sample. 
Porous indurated sinter with alternating, undulose 
horizons of tan, yellow, and pinks. 

Lowermost horizon comprises clear vitreous silica 
grading into yellow, and then red vitreous sinter. All 
contacts are gradational and undulose. 
Alternating horizons of pink, yellow, and tan vitreous 
silica with a thin veneer of white silica that is 
brecciated and overlies the colored sinter. 
3 horizons (AU55351 - AU55353) and bulk sample 
(AU5535O). 

Clear (AU55369) and tan (AU55370) vitreous silica 
with sharp upper boundary contacts. Bulk sample, 
AU55368. 
Clear, vitreous silica horizon, gently undulose with 
sharp boundary contact (AU55349). White, vitreous 
silica (AU55348). Sharp but gently undulose 
boundary contacts. Bulk sample AU55347. 
Thinly laminated alternating horizons of brown, 
cream, and white vitreous silica. Bulk sample 
(AU55377), white vitreous layer (AU553791, and clear 
layer (AU55378). 
Alternating horizons of pink, red, and clear vitreous 
silica directly beneath R6A. AU55380. 
Alternating horizons of pink and red (AU55381), and 
clear (AU55381) vitreous silica directly beneath R6B. 
White vitreous sinter (AU55384) with rare porous 
sinter (AU55385). Bulk sample, AU55383. 
Alternating horizons of clear, red, pink, and yellow 
vitreous silica. Some horizons are < 1 mm thick; 
others are up to 5 mm thick. 
Tan colored, porous indurated sinter. 

White, vitreous silica with porous indurated, cream- 
colored silica patches. 

R14A: White vitreous silica (AU33393). 
R14B: Thinly laminated, cream, porous indurated and 
friable silica (AU55392). 
White vitreous silica. 

55373 White vitreous silica. 
55374 - Multiple, <I0 mm thick, white vitreous silica horizons 
55376 with 1 mm wide voids between most horizons; 

AU55375, AU55376. Bulk sample, AU55374. 
55388- R13 Northern vent on Opal 4 laminae of white vitreous silica (AU55389- 
55391 Mound crest AU55392). Bulk sample, AU55388. 

2.7 METHODS 

Mineralogical and morphological transitions were traced by X-ray powder diffraction 
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(XRPD), scanning electron microscopy (SEM), density and porosity measurements, use of a 

Friability Index (FI), retardation values, optical and Raman microscopy, and by trace element 

analysis. Furthermore, two radiocarbon dates were obtained for the deposit. 

X-ray powder diffraction (XRPD) is the principal technique used to determine the silica 

phase mineralogy, as well as to compare the degree of lattice orderldisorder among samples. The 

diffractometer used and its operating conditions are described in detail in Lynne and Campbell 

(2004). In brief, dry, untreated samples were scanned at 0.6 "2B/min, with a step size of O.OlO, 

from 10 - 40 "28. Operating conditions were 40 kV and 20 mA, using CuKa radiation ( h l  = 

1.54051 A). Interpretation of sinter XRPD traces follows the methodology outlined in Herdianita 

et al. (2000b). The raw XRPD traces were not electronically manipulated. A curve and base line 

were fitted manually, from which the full width at half maximum intensity (FWHM) was 

measured. 

The FWHM of the distinctive - 4 A diffraction band is a guide to the degree of lattice 

ordering within each silica phase (Herdianita et al., 2000b). Lattice ordering increases with 

mineralogical maturation, from opal-A to opal-A/CT to opal-CT to opal-C and ultimately to 

quartz. The lower the FWHM value, the sharper the peak, the more ordered the silica structure 

and, hence, the more mineralogically mature the sinter. Silica nomenclature is that of Smith 

(1997, 1998). Non-crystalline opal-A, opal-AICT, and para-crystalline opal-CT silica phase 

mineralogies produce XRPD patterns characteristic of wide bands, or broadbands. Para- 

crystalline opal-C and micro-crystalline quartz however, produces XRPD traces with sharp 

peaks. Prominent diffraction bands for opal-A are centered at - 4A (-22.2 O20), for opal-CT at 

4.09A (21.75 50) ,  and for quartz peaks at 4.257A (20.85 '20; Jones and Segnit, 1971; Florke et 

al., 1991; Smith, 1998). 

In this study, detailed analysis of samples revealed a wide range of broadbands and 

maximum intensities. This variation in X-ray characteristics of the samples reflects changes in 

silica ordering from non-crystalline opal-A, which lacks any long-range order, to the mixed 



cristobalitic and tridyrnitic stacking sequences of para-crystalline opal-CT, and finally to the 

ordered structure of microcrystalline quartz (e.g., Flikke et al., 1991; Graetsch, 1994; Smith, 

1998). 

The Renishaw Raman 1000 laser microprobe, in contrast to XRPD analysis, allows 

targeting of specific grains and is used primarily in sinter studies to distinguish between 

moganite and quartz (cf. Rodgers and Cressey, 2001; Rodgers and Hampton, 2003). The most 

intense XRPD reflection of moganite occurs at 26.726 '20 and this overlaps with the main 

quartz reflection at 26.68 '20. The second most intense moganite reflection occurs at 26.303 

'20. However, due to its low intensity relative to the quartz in the Opal Mound samples and low 

signal to noise ratio, it is difficult to recognize the presence of moganite by using only XRPD. 

Moganite is a metastable silica phase which can form prior to quartz. Previous studies 

identifying silica phases with the Raman microprobe have shown that the principal 

microcrystalline quartz peak occurs at 465 cm-', whereas the principal moganite peak is at 501 

cm-' (Kingma and Hemley, 1994; Gotze et al., 1998; Rodgers and Cressey, 2001; Rodgers and 

Hampton, 2003). Para-crystalline opal-C produces a peak at 777 cm-'. Where both para- 

crystalline tridymite and cristobalite are present in the silica lattice as opal-CT, the bands merge 

to form a single peak at 422 cm-'. Non-crystalline opal-A produces a flat line with no peak. 

A Renishaw Raman 1000 laser microprobe system with deep depletion CCD was used to 

analyze 21 spots within eight samples following the methods outlined in Rodgers and Hampton 

(2003). Data were collected through the range of 200 to 1000 cm-' with a solid state diode red 

laser set at 785 nrn and 25 mW. Using a 1200 litrelminute diffraction grating and cosmic ray 

inhibitor, spectra were collected with a slit of 10 pm and an integration time of 10 seconds under 

100 % power. Five consecutive spectral runs for each sample were collected and combined to 

improve the signal-to-noise ratio. The Raman was calibrated with calcite (1085 cm" peak) and 

silicon (520 cm-' peak). Scanning electron microscopy (SEM) and electron diffraction 

spectroscopy (EDS) were performed on selected sinter samples coated with platinum, following 



methods described by Lynne and Campbell (2004). The thickness of each thin section was 

measured and the retardation value calculated from the Michel-Levy chart. Density and porosity 

calculations were obtained by methods outlined in Battey and Ring (1977). The Friability Index 

(FI) was used to compare the cohesive strength of the sinter samples as described in Lynne and 

Campbell (2004). 

X-ray Fluorescence (XRF) analyses were made of 11 bulk samples selected to cover a 

range of mineralogical states; two vent, one proximal vent, four mid-slope, and four distal apron 

deposits. Each was crushed in a tungsten carbide grinder to produce 10 grams of powder, which 

was mixed thoroughly with 1 rnl of polyvinylpyrrolidine (PVP) and methyl cellulose in water 

and ethanol. Samples were mechanically pressed to >15 t o ~ e s / k g  into 40 mm wide circular 

moulds. Once removed from the mould, samples were oven dried overnight. A Siemens SRS 

3000 sequential X-ray spectrometer with a Rh tube was used to make a semi-quantitative 

analyses, and the results calibrated for all elements using three multi-element glass beads and a 

graphite disk. Brucker Spectra-plus (ver. 1.51) software was used to reduce the data. Precision 

was checked by running four samples twice, with each run producing very similar results. 

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) was 

performed at the Australian National University, Canberra, on seven locations within two 

samples to determine trace element content for specific textures. Procedures and operating 

conditions are detailed by Eggins et al. (1997) and Ridley and Lichte (1998). 

One sample of white, vitreous siliceous sinter from the vent area, and one of colored, 

distal-apron sinter, were dated by accelerator mass spectrometry (AMS) at the Rafter 

Radiocarbon Laboratory, Institute of Geological and Nuclear Sciences Ltd, Lower Hutt, New 

Zealand. Pollen and plant fragments were extracted for calibrated 14c-dating following methods 

outlined in Lynne et al. (2003). 



2.8 RESULTS 

The sinter at Opal Mound preserves the entire silica phase mineralogical continuum from 

opal-A through to quartz (Figs. 2.3,2.4). Results are divided into six sections: AMS dating, 

mineralogy, physical sinter characteristics, trace element analysis, microbial textures, and 

morphological changes accompanying silica mineral phase transitions. 

2.8.1 Age of the Opal Mound sinter 

Two AMS radiocarbon dates were determined for the Opal Mound sinter. 

Topographically higher, white, vitreous silica from the vent area is 1920 +I- 160 years old; 

whereas the colored sinter deposits on the mid-to lower slopes is 1630 +I- 90 years old. 

2.8.2 Mineralogy 

47 sub-samples were analyzed by XRPD to determine their silica phases. Samples were 

selected across the entire spatial extent of the deposit, from vent to distal-sinter apron, to identify 

any trends or inconsistencies within the Opal Mound sinter. Results are shown in Table 2.3. A 

progressive decrease in silica phase maturation values occurs with distance away from Opal 

Mound ridge. The northern vent (Fig. 2.2F) and near-vent deposits comprise mineralogically 

mature quartz and are older; whereas the distal slope, colored sinter consists of immature opal-A 

and is younger. Transformation to quartz within this deposit occurs rapidly as compared to 

quartz sinters of New Zealand which can take at least an order of magnitude longer to reach the 

same mineralogical state (Herdianita et al. 2000a). The FWHM values of these two 

mineralogical end members are 7.70 '28 (1.36 A), and 0.15 "28 (0.03 A), respectively. 

Systematic and progressive morphologic transitions track the change from opal-A to quartz (Fig. 

2.4). For each stage of the transformation, mineralogical changes preceded morphological 

modifications (cf. Lynne and Campbell, 2004), where the impending silica phase transition can 

be identified initially by a slight shift to a larger d-spacings and sharpening of the peak 

reflection. The XRPD results are divided into five groups (Table 2.3), based on their silica phase 
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maturation state as determined by the shape of the XRPD band and the corresponding FWHM 

value (cf. Lynne and Campbell, 2003, 2004). A range of FWHM values occur within each group. 

Typical XRPD patterns for each group are shown in Figure 2.3. XRPD results of bulk and sub- 

samples indicate that variability in silica phase occurs not only over lateral distances at the 

microscale, but it also occurs over stratigraphic distances of only millimeters. For example, 

sample AU55377 (Fig. 2.3C) contains: ( I )  a bulk sample (AU55377). FWHM = 1.05 "20; (2) a 

sub-sample (AU55379). of white vitreous horizon. FWHM = 1.25 "20; and (3) a sub-sample 

(AU55378), of a clear vitreous horizon, FWHM = 1.5 "20. Thus. mineralogical changes are 

progressive and gradational within specific layers. Therefore, caution must be exercised when 

analyzing bulk samples because subtle but significant mineralogical changes may be overlooked. 

The Raman laser microprobe was used to detect moganite in samples across the entire diagenetic 

continuum from opal-A to quartz, where XRPD determined FWHM values ranging from 6.7 to 

0.2 "20 (Table 2.4). Moganite was not detected in samples containing opal-A or opal-A/CT silica 

phases. However, samples with opal-CT + quartz, opal-C + quartz, or quartz all displayed 

moganite peaks of varying maximum intensities. The strongest moganite peak was obtained in 

sample AU55379, which consists of opal-CT + quartz and has a FWHM value of 1.25 "20. 

Moganite was detected within diagenetic quartz veins, but not in the opal-CT silica groundmass, 

wherever the FWHM values ranged from 2.3 - 1.3 "20. Moganite was also detected within the 

microcrystalline quartz groundmass of samples with FWHM values < 0.4 "20, but was not 

detected in cross-cutting fractures infilled with fibrous quartz or in fibrous quartz veins. Changes 

in quartz to moganite ratios were tracked across a vein of microcrystalline quartz in sample 

horizon AU55379, which yielded a FWHM value of 1.25 "20 by XRPD analysis (Fig. 2.5E). The 

groundmass, on both sides of the vein (Fig. 2.5F), has either a small amount of rnoganite (Fig. 

2.5A) or none at all (Fig. 2.5B). Moganite peaks with higher maximum intensities were detected 

within the microcrystalline zone (Fig. 2.5C, D). Thus, moganite exists within microcrystalline 

zones in sinter which consist of opal-CT. Gotze et al. (1998) evaluated the detection of rnoganite 



using Raman laser techniques and related the relative abundances of moganite and quartz to peak 

intensities. They showed that peak intensities were equal when a sample contained 80 % 

moganite and 20 % quartz (e.g., Fig. 2.5C). XRPD analysis of one moganite-rich sample 

AU55379 (Fig. 2.5C) revealed a small moganite peak at 26.3 '20, on the shoulder of the 26.68 

"20  quartz peak. 

In summary, Raman laser microprobe analysis showed no moganite in samples with opal- 

A or opal-AICT but it was present where opal-CT, opal-C and quartz occur. Moganite peak 

intensities are the highest in samples with opal-CT mineralogy but decrease where opal-C and 

quartz occur. This confirms moganite is a transitional phase in the process of sinter diagenesis 

1 and that quartz forms at the expense of moganite. 

Figure 2.3: Incremental mineralogical steps in the transformation of opal-A to quartz at Opal 
Mound, illustrated with typical XRPD traces and hand specimen photographs. AU numbers = 
sub-sample numbers. Numerical values = full width at half maximum intensity (FWHM, in "28) 
determined for various horizons; v = vitreous, pi = porous indurated. (A) Opal-A. Microbial-rich 
sinter with alternating, undulating horizons of yellow, orange, tan, and white. Sub-sample trace 
from AU55342. (B) Opal-AICT. Three different colored vitreous horizons: tan, clear, and red, 
containing preserved microbes. Sub-sample trace from AU55344. (C) Opal-CT. Multiple brown, 
and white, horizontal, vitreous laminae with sharp contacts. Sub-sample trace from AU55379. 
(D) Opal-C + quartz. White, vitreous silica with minor patches of cream-colored, porous 
indurated silica. Sub-sample trace from AU55387. (E) Quartz. Multiple, vertical laminae of white, 
vitreous silica c 10 mm thick, capped by a single 10 mm thick horizon of white vitreous silica. 
Northern vent sample; the vertical bands were deposited by fluid ascending from the bottom to 
top of the sample. Sub-sample trace from AU55389. 
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Figure 2.4: Summary of morphologic changes that accompany dominant silica phase changes 
in the Opal Mound sinter. Transformation from one silica phase and morphological state to 
another occurs progressively and gradationally. Each stage overlaps the previous stage, 
resulting in the co-existence of two or more morphological states at any one point in the 
diagenetic pathway. Triangles schematically portray relative abundance of phases. 
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Table 2.3: Mineralogy of siliceous sinter samples from Opal Mound sinter deposit determined 
by X-ray powder diffraction analysis. 

AU Field Silica Mineralogical Apex Maximum FWHM FWHM 
number number Phase Group position Intensity ("28) (A) 

(A) (CIS) 
55339 R1 Ayellow Opal-A 1 22.20 99 7.20 1.30 

~1 ~ o r a n ~ e  
R1 Awhbrwn 
R1 Atan 
R1 Dtop 
R1 Dmid 
R1 Dbottom 
R l  lyellow 
R l  l bottom 
R1 Mclear 
R1 Mtan 
R1 Fyellow 
R1 Fblack 
R1 Fwhite 
R1 Fred 
R1 Fbottom 
R6B 
R1 E 
R1 G 
R1 K 
R l  lclear 
R1 Btan 
R1 Btan 
R1 Btan 
R1 Btan 
R1 Btan 
R1 Btan 
R1 Btan 
R 1 Btan 
R1 Btan 
R1 Btan 
R1 Btanaverage 
R1 Bclear 
R 1 Bred 
R10 
R1 L 
R6B2clear 
R6B2 
R8 
R15 
R1 Cclear 

R1 Cwhite 

R1 Cwhite 

R1Cwhite 

R1 Cwhite 

R1 Cwhite 

R1 Cwhite 

RlCwhite 

O ~ ~ I - N C T  2 
Opal-ACT 2 
Opal-ACT 2 
Opal-NCT 2 
Opal-NCT 2 
Opal-NCT 2 
Opal-NCT 2 
Opal-NCT 2 
Opal-NCT 2 
Opal-CT 3 
+ quartz 
Opal-CT 3 
+ quartz 
Opal-CT 3 
+ quartz 
Opal-CT 3 
+ quartz 
Opal-CT 3 
+ quartz 

Opal-CT 3 
+ quartz 

Opal-CT 3 
+ quartz 

Opal-CT 3 
+ quartz 



R1 Cwhite Opal-CT 
+ quartz 
Opal-CT 
+ quartz 
Opal-CT 
+ quartz 
Opal-CT 
+ quartz 
Opal-CT 
+ quartz 
Opal-CT 
+ quartz 

Opal-CT 
+ quartz 
Opal-C 
+ quartz 
Opal-C 
+ quartz 
Opal-C 
+ quartz 
Opal-C 
+ quartz 
Opal-C 
+ quartz 

Opal-C 
+ quartz 

Opal-C 
+ quartz 
Opal-C 
+ quartz 
Opal-C 
+ quartz 
Opal-C 
+ quartz 
Opal-C 
+ quartz 
Opal-C 
+ quartz 
Opal-C 
+ quartz 
Quartz 
Quartz 
Quartz 
Quartz 
Quartz 
Quartz 
Quartz 
Quartz 
Quartz 
Quartz 

R1 Cwhite 



Figure 2.5: Moganite detected by Raman laser microprobe analysis, in sub-sample AU55379 
(FWHM value = 1.25 "28), in bulk sample AU55377 (MIHM value = 1.05 "28); Q = quartz; M = 
moganite. (A-B) Scan shows quartz but very little or no moganite in the fine-grained silica 
groundmass (black areas in F). (C-D) Moganite and quartz in the microcrystalline quartz zones 
(white areas in F). (El Photograph of sample AU55377, with arrow indicating white horizon 
(AU55379), rich in moganite. (F) Thin section photomicrograph under crossed-polarized light of 
the white horizon shown in (El. Zones of fine-grained opal-CT appear as dark areas (moganite- 
poor), whereas microcrystalline quartz occurs as white speckled areas (moganite-rich). 

0 ! I 1 1 

200 400 600 800 loo0 200 400 600 800 1000 
Raman shift (cm-') Raman shift (cm") 

35000 - 50000 - 

.g!mm - Q M  ~ 4 0 0 0 0  - Q 
C25000 - 

$2 
c 2 m  - .- 

& 0 0 0 0 -  
C .- 

s 1 m  - c20000 - 
Epooo - a 

5 10000 - 
a 5000-1 a 

0 1 1 0 I 
8 

I 

200 400 600 800 1000 200 400 600 800 1000 

Raman shift (cm") Rarnan shift (cm-') 



Table 2.4: Results of 21 selected sites in eight samples from Opal Mound sinter analyzed by 
Raman laser microprobe for the presence of moganite. 

AU Sample FWHM Ratio Maximum Maximum Moganite Quartz 
number ("28) Moganite Intensity Intensity Peak Peak 

to Mopanite Quartz Position Position 
Quark cm' cm" 

55386 R8 5.80 - - - - - 
R6B01 
R6B02 
R6B202 
R6A02 
R6A01 
R6A03 
R6A05 
R6A04 
R1 COI 
R1 C02 
R7void 
R 1 4A03 
R 1 4A02 
R 1 4A04 
Rl4AOl 
R 1 4f rac 
R14fib 
R501 
R502 

2.8.3 Physical characteristics of the sinter 

The transformation in the physical characteristics of sinter during diagenesis can be 

followed by comparing sample density, porosity, Friability Index (FI) and retardation values 

(Table 2.5). Colored sinter from the Opal Mound consists of multiple, thin horizons (< 2 mrn) 

that could not be individually separated to measure their densities and porosities. Therefore, their 

measurements were made on bulk samples. However, it was generally possible to calculate a FI 

value of the individual colored horizons. FI analysis of the samples (Table 2.5) has not been 

particularly useful for characterizing sinters at Opal Mound because they are so well-indurated. 

Regardless of location or their mineralogical maturation all samples have porosities of < 

15 %. This contrasts with the work conducted on New Zealand sinters by Herdianita et al. 

(2000a), which revealed a decrease in porosity values with increasing maturation, as well as 

porosity values of opal-A of - 50 %. Broadly, an increase in density values with silica phase 



maturation is recorded at Opal Mound and within New Zealand sinters. White, vitreous samples 

from the vent and near-vent areas at Opal Mound had the highest densities, with values greater 

than 2.50 glcm'. Samples from the mid-slope and distal-apron areas exhibited lower density 

measurements, ranging from 1.65 to 2.36 g/cmS. with values variable from sample to sample. 

Table 2.5: Physical properties of Opal Mound siliceous sinter samples including 
density, porosity, Friability lndex and retardation values. 

AU Sample Porosity Density Friability Retardation of 
number number 2 1.0 (%) -+ 0.04 lndex quartz 

55339- R I A  
55342 
55344- R 1  B 
55346 
55348- R1C 
55349 
55351- R I D  
55353 
55354 R I E  
55356- RIF 
55360 
55361 R I G  
55363- R11 
55365 
55366 R I K  
55367 R I L  
55369- R I M  
55370 
55371 R 1 0  
55372 R3 
55373 R4 
55375- R5 
55376 
55377- R6A 
55379 
55380 R6B 
55381- R6B2 
55382 
55384- R7 
55385 



2.8.4 Trace element composition 

Eleven bulk samples were analyzed by XRF, and 13  individually selected horizons within 

six samples were analyzed by LA-ICPMS to determine their elemental concentrations within 

each sample. Samples for XRF analysis were specifically chosen to represent the range in color 

and silica mineral phase of white quartz to colored opal-A, from Opal Mound ridge to distal- 

slope sinter. Brightly colored samples were chosen for laser ablation analysis to determine 

whether any particular element was responsible for their strong coloration. Results are tabulated 

in Tables 2.6 and 2.7. XRF bulk analysis revealed relatively low As concentrations in sample 

AU55339 (2330 ppm); however, targeting of the yellow horizon within this sample by laser 

ablation revealed higher As concentrations (9423 pprn). XRF bulk analysis revealed high A1 

concentrations (1 160 to 8210 ppm) in several distal-slope samples compared to the site-specific 

laser ablation method, which revealed 2 to 192 ppm Al, within the same samples. Laser ablation 

analysis detected lower Ca concentrations (< 900 ppm) in colored sinter than was revealed by 

XRF analysis (< 3500 ppm). Hence, individual sub-sample horizons selected for detailed study 

were unlikely to be layers which harbored high A1 and Ca concentrations. The elemental 

compositions of the two vents differ. The northern vent (AU55389-AU55392) consists almost 

entirely of silica; whereas, the southern vent (AU55395) has appreciable Fe (1400 pprn), Mg 

(1200 pprn), A1 (5600 ppm), K (1700 ppm) and Ca (1200 ppm). Variations in vent elemental 

concentrations suggest differences in discharging fluid compositions. At Opal Mound, only some 

colored samples preserve microbes, suggesting that biological activity did not influence trace 

element compositions. By comparing the results of the two analytical methods, it is evident that 

elemental concentrations within each sinter horizon are highly variable. Variability over small 

spatial distances is also observed in the mineralogy and morphology of the Opal Mound sinter 

deposit (section 2.8.2). 

In general, brightly colored sinters are not common in hot spring deposits. A few well- 

documented occurrences have been reported from several New Zealand sinter deposits (Parker 



and Nicholson, 1990; Jones et al., 1997a; McKenzie et al., 2001), and at Steamboat Springs, 

Nevada, U.S.A. (White et al., 1964). Documented XRF results on New Zealand sinters show 

elevated calcium, lower aluminum and comparable arsenic concentrations to Opal Mound sinter, 

while Steamboat Springs sinter has reportedly higher trace element concentrations than those 

found at Opal Mound. 

Table 2.6: Composition of selected bulk samples determined by X-ray fluorescence analysis, 
expressed as weight percent. Lower limit of detection (LLD) is approximate as limits vary slightly 
within individual samples. (bdl = below detection limit). 

Compound LLD R13 R6A R6B R6B2 R15 R5 R I A  R I C  R I E  R I B  R I F  
Vent Mid- Mid- Mid- Vent Near Distal Distal Distal Distal Distal 

slope slope slope vent slope slope slope slope slope 
Nan0 0.0054 bdl 0.200 0.140 0.170 0.120 bdl 0.130 0.140 0.140 0.094 0.061 

A1203 

so3 

MgO 

K20 

CaO 

Fen03 

MnO 

p205 

CI 

Cr 

Co 

Cu 

TI 

Ti02 

G a 

Sb 

As 

Rb 

S r 

Si02 

bdl 
0.052 
0.066 
0.01 7 
0.01 8 
bdl 
bdl 
0.045 
0.042 
0.014 
0.012 
0.008 
0.008 
bdl 
bdl 
bdl 
bdl 
bdl 
bdl 
bdl 
bdl 
0.018 
0.01 9 
0.003 
0.003 
bdl 
bdl 
bdl 
bdl 
0.003 
0.003 
0.01 1 
0.01 1 
bdl 
bdl 
bdl 
bdl 
bdl 
bdl 
99.57 

0.554 

0.024 

0.046 

0.239 

0.344 

0.080 

0.061 

bdl 

bdl 

0.002 

bdl 

0.003 

0.009 

0.01 6 

0.009 

bdl 

bdl 

0.004 

0.005 

98.41 

0.034 

0.058 

bdl 

0.102 

0.052 

0.01 1 

0.005 

0.027 

bdl 

bdl 

0.007 

0.003 

0.006 

bdl 

bdl 

0.039 

bdl 

0.002 

bdl 

99.42 

0.035 

0.300 

bdl 

0.1 25 

0.098 

0.008 

0.01 3 

bd l 

bdl 

bdl 

0.010 

bdl 

0.029 

bdl 

0.002 

0.155 

0.01 3 

0.003 

bd I 

98.94 

0.097 
0.564 0.038 
0.564 
0.086 0.079 
0.064 
0.130 bdl 
0.110 
0.188 0.045 
0.169 
0.126 0.062 
0.120 
0.148 0.008 
0.139 
0.009 bdl 
0.009 
0.027 bdl 
0.028 
bdl 0.016 
bdl 
bdl bdl 
bdl 
0.004 0.025 
0.003 
0.003 0.002 
0.002 
bdl bdl 
bdl 
0.026 bdl 
0.023 
0.002 bdl 
0.002 
bdl 0.021 
bdl 
bdl bdl 
bdl 
0.002 bdl 
0.002 
bdl bdl 
bdl 
98.47 99.37 

0.821 

0.566 

0.070 

0.209 

0.088 

0.156 

0.004 

bdl 

bdl 

0.002 

0.090 

0.004 

0.008 

0.021 

bdl 

bdl 

0.233 

0.003 

bdl 

97.74 

0.120 
0.342 
0.320 
0.039 
0.022 
bdl 
bd l 
bdl 
0.079 
0.080 
0.066 
0.022 
0.021 
0.007 
0.005 
bdl 
bdl 
0.069 
0.052 
bdl 
0.003 
0.002 
bdl 
0.003 
0.002 
bdl 
bdl 
bdl 
bdl 
0.003 
0.002 
0.039 
0.028 
0.01 9 
bdl 
0.002 
0.002 
bdl 

99.1 3 

0.1 16 

0.421 

bdl 

0.125 

0.060 

0.041 

bdl 

bdl 

bdl 

bdl 

0.01 8 

0.003 

0.024 

bdl 

bdl 

0.142 

0.084 

0.002 

bdl 

98.76 

0.345 

0.190 

bdl 

0.092 

0.034 

0.023 

bdl 

bdll 

bdl 

0.002 

0.003 

0.004 

0.097 

bdl 

0.002 

0.512 

0.068 

0.002 

bdl 

98.1 1 

0.042 
0.445 
0.441 
0.21 2 
0.1 81 
0.044 
0.045 
0.099 
0.095 
0.037 
0.034 
0.1 22 
0.117 
bdl 
bd l 
bdl 
bdl 
bdl 
bdl 
bd l 
bdl 
0.006 
0.010 
0.003 
0.003 
0.018 
0.016 
bdl 
0.016 
bdl 
bdl 
0.102 
0.090 
0.031 
0.029 
0.001 
0.001 
bdl 
bdl 
98.75 



Table 2.7: Laser ablation results (ppm) of trace elements in different colored horizons of samples 
AU55338 - AU55346, distal sinter apron. For each color, two separate sites were analyzed (bd = below 
detection limit). 

Ela Tan Yellow Orange Clear Red Tan Tan 
ment AU 55342 AU55339 AU55340 AU55345 AU55346 AU55344 AU55344 
Be 0.99 0.2 2.3 2.2 1.1 109 139 21 8.7 0.99 2.03 19 7.2 
B 1 46 263 76 73 1 82 36 65 91 209 60 10 14 20 
Mg 5.9 2.7 4.5 5.3 2.2 4.7 18 7.7 10 1.0 4.7 2.1 1.9 
A1 37 2.6 17.4 17 4.2 68 192 10.7 67 3.65 26.7 36 7.7 
P 8.8 4.9 11.5 11.4 6.8 6.0 5.9 5.5 5.5 4.9 10.6 5.7 5.2 
Ca 182 588 115 71 151 260 892 453 895 247 214 158 155 
Ti47 2.1 1.5 1.9 1.6 1.5 0.9 0.8 0.8 0.8 0.8 1.7 0.8 0.7 
TI49 0.9 0.5 0.9 0.7 0.5 1.2 1.45 0.6 0.4 0.4 1.3 0.5 0.4 
V 12 4.4 5.9 5.0 9.0 6.1 13.4 12 7.6 1.6 2.2 1.9 1.4 
Mn 0.9 9.5 0.3 0.3 1.5 33.5 280 61 128 9.2 16.3 39.8 26.7 
Cu 0.3 bd 0.9 0.9 bd 0.02 bd 0.03 bd 0.03 0.4 bd bd 
ZnM 0.78 bd 4.9 6.3 0.2 0.82 0.35 0.08 0.02 0.06 2.3 0.06 0.05 
AS 333 31 9423 6145 97 4.4 3.0 5.5 31 3.3 21 2.0 2.1 
Rb 22 53 11 11 36 13.9 25.6 26 51 17.3 3.2 4.4 5.1 
Sr 5.8 21 4.2 3.2 7.3 5.1 16 11 25 8.26 4.1 3.2 3.0 
Ba 0.77 0.53 13.7 15.5 0.21 0.1 0.3 0.22 0.054 0.18 0.36 0.06 0.06 
Pb 0.058 0.007 0.23 0.1 13 0.0128 0.007 0.005 0.003 0.001 0.004 0.057 bd bd 
Fe bd bd bd bd bd W bd W bd bd bd W W 
Si 377369 377369 381590 381590 372054 380890 382666 381579 375310 381579 381579 385759 38052! 

2.8.5 Microbial textures 

Filamentous microbes thrive in modern hot springs and many become entombed in sinter 

deposits. Because different taxa dominate particular environments, they can be useful 

paleoenvironrnental indicators. The morphological terminology of sinter microbial 

macrostructures and preserved microtextures has been outlined in various reports (Cassie, 1989; 

Merz, 1992; Cady and Farmer, 1996; Walter et al., 1996; Jones et al., 1997a; 2001 a; Lowe et al., 

2001; Guidry and Chafetz, 2003b, 2003c; Lynne and Campbell, 2003). Broad sub-environments 

such as high, mid, or low temperature can sometimes be inferred from the preserved textures, 

specifically using filament sheath and trichome diameters, if sheathed microbes are present and 

unaltered by diagenesis (Cady and Farmer, 1996; Walter et al., 1996; Lowe et al., 2001; Lynne 

and Campbell, 2003). For example, mid-range thermal conditions (- 35-60 "C) are indicated by 

trichome diameters of 2 - 3 pm, and exterior sheath diameters of - 5 pm. Trichome diameters of 

> 5 pm and exterior sheath diameters > 10 pm are attributed to low-temperature (< 35 "C) 

microbes. Coarsely filamentous microfossils dominate the distal-slope sinters at Opal Mound 

(Fig. 2.6A, B), suggesting that they were deposited by cool fluids. Nonetheless, some horizons 

contain finely filamentous microbes indicative of mid-temperature environments (Fig. 2.6C, D). 

One filament in Figure 2.6C exhibits a hollow trichome (0.5 pm diameter) while the other is 
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infilled with homogeneous silica. Some filamentous horizons consist of clusters of bushy 

filaments, such as those shown in sample AU55339 (Fig. 2.6D) from the distal slope area. 

Numerous distal slope samples preserve streamer fabrics of elongated filaments to 8 rnrn in 

length, which are inferred to have formed in fast-flowing water (Fig. 2.6E, F). Preservation of 

both low- and mid-temperature microbes at Opal Mound implies fluctuating discharge 

temperatures, flow rates, andlor changes in locations of the vents. For example, distal slope 

sample AU55358 contains filamentous microfossils (Fig. 2.6C) with exterior sheath diameters of 

4 pm, typical of mid-temperature microbes. The loss of an identifiable trichome in sample 

AU55358 with opal-A mineralogy shows that diagenesis occurs in patches and can destroy 

biosignals in even mineralogically immature sinter (cf. Lynne and Campbell, 2003). Jones et al. 

(2004) reported that taxonomic fidelity of silicified cyanobacteria can be compromised during 

the diagenesis from opaline silica to microcrystalline quartz, which commonly leads to 

degradation of the microbes and loss of taxonomically important features. Because silica infill 

and diagenesis can eradicate micron-scale microbial textures, other sedimentologic, stratigraphic, 

and paleontologic evidence should be sought to assess sinter-slope position and broad 

paleotemperature gradients in ancient sinters (cf. Campbell et al., 2001; 2004). 

2.9. Morphological changes accompanying silica diagenesis 

2.9.1 Overview 

Progressive morphological transitions at nano- to micron-scales accompany the 

mineralogical shift from opal-A to quartz at Opal Mound (Table 2.3, Figs. 2.3, 2.4). Five 

incremental steps in morphology occur in temporal sequence: (1) opal-A microspheres; (2) 

aligned opal-AJCT nanospheres; (3) opal-CT bladed lepispheres; (4) opal-C nano-rods; and (5) 

blocky quartz microcrystals that develop into doubly-terminated, quartz crystals. As diagenesis 

proceeds, a repetitive pattern of growth and shrinkage occurs in silica particle sizes (Fig. 2.4). 

Initially, 8 pm diameter opal-A microspheres transform into - 200 nm diameter bumpy, 

nanospheres, which subsequently become smooth and aligned into rows. These nanospheres then 
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grow into 5 pm diameter opal-CT lepispheres before shrinking in size and changing shape to - 
200 nrn sized, opal-C nano-rods. In the final stage, these nano-rods of opal-C transform into 

blocky nanostructures prior to quartz crystal formation. 

2.9.2 Microspheres (opal-A) 

Silica nanospheres are not present in 1600 year old opal-A sinter at Opal Mound because 

it has already progressed a short distance down the diagenetic path during early aging, to 

botryoidal microspheres (Fig. 2.4). Based on previous studies of newly deposited sinter (e.g., 

Fig. 2.7A) by Smith et al. (2003), it is assumed that opal-A nanospheres were the precursor to the 

opal-A microspheres now found at Opal Mound. Individual opal-A spheres up to 8 pm in 

diameter form botryoidal clusters (Fig. 2.7B). At Opal Mound, this morphology correlates with 

FWHM values between 7.7 and 5.8 "20. In this early phase sinter, all opal-A spheres are 

cemented together in a smooth silica matrix. This ubiquitous, somewhat dense matrix coating is 

most likely the reason for the lower than expected porosities of < 13 % and densities of up to 

2.36 g/cm3 at Opal Mound (cf. Herdianita et al., 2000a). In the next diagenetic step, some 

samples with mineralogically more mature opal-NCT (see section 2.9.3 below) also contain 

some remnant botryoidal clusters of opal-A spheres. Hence, there is a morphological overlap 

between these two early diagenetic mineralogical categories. 

2.9.3 Bumpy spheres and aligned nanospheres (opal-AICT) 

The opal-AKT group displays a range in FWHM values fiom 5.8 "20 to 2.7 "20. 

Morphologic changes in the microstructure are initiated by an increase in "bumpiness" of the 

once smooth opal-A spheres (Figs. 2.4, 2.7C, D). With a further decrease in FWHM values to 4.6 

"20, the bumps decrease in size and reorganize into clusters of smooth nanospheres (Figs. 2.4, 

2.8), which subsequently align into rows. Each elongated set of aligned nanospheres measures 

0.5 to 1.0 pm long and < 0.2 pm wide, and is randomly oriented with respect to its neighbors. 



Figure 2.6: Preserved microbial textures in distal-slope sinter at Opal Mound. (A-C) SEM 
images. (A) Overview of coarse filaments inferred to represent low-temperature microbes. 
AU55339. (B) Detail of microfossils shown in (A); filaments are infilled with silica. (C) Two 
filaments measuring 4 pm in exterior diameter, inferred as silicified mid-temperature microbes. 
Left microfossil reveals internal mold (0.5 pm in diameter), whereas the other is entirely infilled 
with silica. Sample AU55358. (D) Thin section photomicrograph show clusters of bushy 
filaments in plane-polarized light from a yellow colored, As-rich horizon. AU55356. (E) Hand 
specimen photograph of upper surface of sinter showing silicified elongated microbes parallel to 
the ground surface. Sample AU55356. (F) Thin section photomicrograph under plane-polarized 
light of elongate microfossils shown in (E). 



The aligned spheres occur in two different sizes, measuring 100 - 125 om or c 25 nrn in 

diameter. It is common for the two nanosphere-sizes to be present within a single siliceous 

horizon and for different sized nanospheres to form from, and to coat the surface of previously 

formed opal-A spheres. Here, rnorphologic transformation of opal-A to opal-CT occurs in 

spatially minute increments. Some samples (e.g., AU55346) reveal smooth, opal-A botryoidal 

clusters co-exist with newly aligned nanospheres. Classic bladed lepispheres typical of opal-CT 

morphology do not begin to form until FWHM values drop to < 4.45 '29 (step 3, section 2.9.4). 

Figure 2.7: Early transformation from opal-A microspheres to opal-AICT at Opal Mound 
involves the formation of nanospheres from microspheres of silica. (A-D) SEM images. (A) The 
initial morphology of sinter may be clusters of opal-A spheres up to 1 pm diameter and is the 
presumed initiation point for Opal Mound diagenesis although not actually present. Sample from 
freshly deposited sinter in the Wairakei discharge drain, New Zealand. (B) Botryoidal clusters of 
smooth opal-A microspheres, up to 8 vm in diameter. Sample AU55340 (FWHM value = 7.4 
'28). (C-D) Irregular, knobby surfaces of opal-A spheres (2 pm in diameter). Sample AU55386 
(FWHM value = 5.8 S8). 



Figure 2.8: Reorganization of opal-AICT spheres to opal-CT bladed lepispheres begins with the 
alignment of nanospheres (< 125 nm in diameter) into rows, each of which is randomly oriented 
within and around the microsphere. Sample AU55345 (RNHM value = 3.75 "28). (A-C) SEM 
images. (A) One sphere showing randomly oriented rows of aligned nanospheres (C 100 nm in 
diameter). (B) Oriented rows of sub-aligned nanospheres (< 125 nm in diameter) cover a 
remnant opal-A sphere (2.5 pm in diameter). (C) Detail of (B) showing that aligned 
nanospheres are of different sizes. 

Figure 2.9: Microstructures of incipient to well-developed opal-CT (RNHM value = 2.3 "28). 
Sample AU55349. (A-B) SEM images. (A) Open network of early opal-CT lepisphere formation 
shows that upper blade surfaces are jagged, comprising merged remnants of aligned opal-A 
nanospheres. (B) Variably oriented, sharp opal-CT blades. 

2.9.4 Bladed lepispheres (opal-CT + quartz) 

The development of classic opal-CT bladed lepispheres (AU55348-AU55349, AU55377; 

Fig. 2.3C) occurs when aligned nanospheres of opal-NCT join to form beaded, somewhat 

jagged plates (Figs. 2.4, 2.9A). The newly formed opal-CT lepispheres initially retain an open 

structure composed of randomly oriented blades (Fig. 2.9B) which become more sharply bladed. 

The FWHM values of these samples range between 2.30 "28 and 1.05 "28. Upon M h e r  

maturation to opal-C + quartz (step 4, section 2.9.5), the "classic" opal-CT bladed lepispheres 

lessen in abundance, occurring only as a minor component in the matrix. However, their 
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presence indicates that the morphological transformations occur gradually and follow the 

mineralogical changes. 

2.9.5 Nano-rods and clustered nanostructures (opal-C + quartz) 

A major morphological change is recorded in the opal-C to quartz samples (AU55387, 

Fig. 2.3D; AU55384) with FWHM values of 0.6 "28 to 0.2 '28. In particular, restructuring from 

opal-CT bladed lepispheres to opal-C morphology involves the reorganization of blades into 

elongate, randomly oriented, 200 nrn long clusters of nano-rods (Figs. 2.4, 2.10A, B) or blocky 

nanostructures (Fig. 2.11 F). Some samples also display patches of microcrystalline quartz (Fig. 

2.10C-F). Quartz crystals growing into voids exhibit c-axes oriented approximately parallel to 

the void rim, are doubly-terminated, and up to 25 pm long (Fig. 2.10E). Steps on some crystal 

faces reflect the progressive growth of the quartz (Fig. 2.1 OF). 

2.9.6 Banded nanostructures and microcrystals of quartz (quartz) 

Two types of quartz crystals occur at Opal Mound - diagenetic and fibrous hydrothermal 

(see section 2.9.7) - each representing a different generation of quartz formation. Diagenetic 

quartz crystals develop with c-axes parallel to the sinter surface, and are formed in the 

groundmass or in voids (Figs. 2.10C-F, 2.11). This type of quartz forms from gradual 

restructuring of opal-C nano-rods and clusters of blocky nanostructures (Figs. 2.10B, 2.1 IF). The 

restructuring is visible either at the base of growing quartz crystals (Fig. 2.1 ID-F) or in the 

groundmass (Figs. 2.1 lC, D, 2.1 2A, B). Moganite was detected with diagenetic quartz (Figs. 

2.10D, 2.1 lB, 2.12D), but not with hydrothermal quartz (Fig. 2.13B, D). 

The northern vent, near-vent and some mid-slope samples yielded XRPD traces with 

quartz but none was detected in the southern vent, some of the mid-slope samples, or in any of 

the distal slope samples. This quartz distribution suggests two distinct pulses of thermal fluids. 

The first pulse emanated from the northern vent depositing sinter along Opal Mound ridge, 

which has diagenetically altered to quartz. The second fluid pulse from the southern vent created 
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the colorful distal slope sinter and infilled fractures within the older sinter deposit. The 

distribution of quartz is consistent with the fact that the northern vent comprises mostly silica 

(99.6%) and is mature (FWHM = 0.3 "20), whereas the southern vent has higher concentrations 

of trace elements and is immature (FWHM = 4.6 "20). 

0 1 , 
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Figure 2.10: Morphologic changes occurring during the transformation of opal-CT to opal-C + 
quartz (FWHM values = 0.6 to 0.35 "20). (A-B) SEM images of sample AU55387. (A) Remnant 
opal-CT bladed lepispheres (CT) in a groundmass of opal-C (C). (B) Detail of opal-C 
groundmass in (A) showing rectangular nano-rods (arrows), dominantly 200 nm in length. (C-F) 
Sample AU55384. (C) Thin section photomicrograph under cross-polarized light indicating that 
diagenetic quartz has pseudomorphed opal-C. x = Raman microprobe scan site. (D) Raman 
microprobe scan of quartz and moganite in the groundmass shown in (C). (E) SEM image 
showing doubly terminated quartz crystals growing with their c-axes parallel to the cavity walls. 
(F) SEM image showing the stepped surfaces of a growing quartz crystal. 
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Figure 2.1 1: Quartz mineralogy reveals quartz microcrystal formation and remnant opal-C 
morphology. (A) Thin section photomicrograph of diagenetic microcrystalline quartz (Q) under 
cross-polarized light. x = Raman microprobe scan site. Sample AU55392 (FWHM = 0.32 "28). 
(B) Raman scan detected both quartz and moganite in the microcrystalline groundmass shown 
in A. (C-F) SEM images. (C) Groundmass of sample AU55375 ( W H M  = 0.4 "28), showing 
transformation to quartz crystals (Q) oriented parallel to the sinter surface, in a groundmass of 
opal-C (C). (D) Diagenetic quartz (Q) crystals with stepped faces. Numerous opal-C 
nanostructures (C) occur at the base of the quartz crystals and in the groundmass. (E) Detail of 
stepped surfaces in (D) shows that steps consist of bands of nanostructures (arrows) which are 
separated by smooth steps of quartzose silica. (F) Detail of opal-C nanostructures (in D and E) 
showing equant to elongate clusters of nanostructures up to 200 nm long. 
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Figure 2.12.Opal-C nanostructures (C) and doubly-terminated diagenetic quartz crystals (Q). 
Sample AU55376 (FWHM value = 0.2'20). (A-B) SEM images. (A) Quartz crystals within a 
groundmass of opal-C. (B) Smooth, doubly-terminated quartz crystals in the groundrnass, with 
c-axes parallel to the sinter surface. Opal-C nanostructures surrounding quartz crystals shown 
in lower left. (C) Thin section photomicrograph shows the groundmass to consist of densely- 
packed, microcrystalline diagenetic quartz. Cross-polarized light. x = Raman microprobe scan 
site. (D) Raman microprobe scan of microcrystalline quartz groundmass shown in (C), 
documenting the presence of quartz and moganite. 

2.9.7 Late quartz veins and infill 

In contrast to diagenetic quartz, fibrous late-stage hydrothermal quartz crystals lack 

moganite, and occur as fracture infill within the deposit, growing perpendicular to the void or 

fracture rims (Fig. 2.13). Some samples contain both types of quartz, typically where the 

groundmass comprises diagenetic quartz (Figs. 2.11, 2.12) and the infilled fractures contain 

fibrous hydrothermal quartz (Fig. 2.13). Ten of the sub-samples yielded quartz XRPD traces. 

These showed FWHM values ranging fiom 0.4 "28 to 0.1 5 "28. 

Sample AU55348 (opal-CT + quartz) contains voids infilled with microcrystalline silica 

geopetals (Fig. 2.14A). Other voids are partially infilled with quartz crystals, which decrease in 



size and grade into microcrystalline quartz away from the open void (Fig. 2.14B). Some 

microcrystalline quartz-filled fractures are micro-faulted (Fig. 2.14C). Thin section microscopy 

and XRPD analysis indicate that the microcrystalline quartz in voids and veins shown in Figure 

2.14C-D, occur within a groundmass of fine-grained opal-CT silica. It is likely that these quartz- 

infilled fractures, voids and veins are responsible for the quartz peak on the XRPD traces of 

samples with opal-CT mineralogy. Moganite was detected (Fig. 2.14E, F) within 

microcrystalline quartz veins of mid-slope samples (AU55349, AU55379) with opal-CT + quartz 

mineralogy. The mid-slope samples with veins and fracture infill (Fig. 2.14) differ from the Opal 

Mound ridge samples that also display fracture infill (Fig. 2.13) in that there is no evidence of 

moganite within the veins of the ridge samples. 

Rarnan shift (cm") 

600 800 
Rarnan shift (ern") 

Figure 2.13: Late-stage, fibrous hydrothermal quartz filling fractures, and undulose fibrous veins 
cross-cutting the groundmass of diagenetic quartz. (A, C) Photomicrographs of hydrothermal (h) 
and diagenetic (d) quartz (sample AU55392, FWHM = 0.32 "28). (A) Fracture infilled with 
hydrothermal quartz cross-cutting a groundmass of diagenetic quartz; x = site of Raman 
microprobe scan shown in (B). (B) Raman microprobe scan of quartz-filled fracture. Moganite is 
not present. (C) Undulose zones of fibrous, late-stage hydrothermal quartz, cutting through a 
groundmass of diagenetic quartz; x = site of Raman microprobe scan shown in (D). (Dl Raman 
microprobe scan of fibrous hydrothermal quartz. No moganite is present. 
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Figure 2.14: Quartz in fractures and voids. (A-D) Thin section photomicrographs of sample 
AU55348 taken under cross-polarized light. (A) Geopetal infill of void with microcrystalline 
quartz. (B) Welldeveloped quartz crystals occur inside the void, with the largest crystals 
growing into the void space; x = location of Raman microprobe scan shown in (E). (C) Faulted, 
undulose band of microcrystalline quartz (bright) with sharp boundaries, in a groundmass of 
fine-grained (gray) opal-CT; x = Raman microprobe scan shown in F. (Dl Microcrystalline quartz 
vein (arrow) in a groundmass of fine-grained opal-CT. (E-F) Raman microprobes scans. (E) 
Both quartz and moganite occur in the quartz crystals that grow into the void shown in (B). (F) 
Quartz and moganite in the microcrystalline quartz band shown in (C). 



2.1 0 DISCUSSION 

2.10.1 Geothermal activity at Opal Mound 

Two periods of discharge at Opal Mound have produced a - 1600-year-old sinter on distal 

slopes that is mineralogically immature and brightly colored, and a -1900-year-old sinter in 

proximal vent areas that is mineralogically mature and white. Movement along the Opal Mound 

fault opened conduits, allowing fluids to discharge at the surface as well as fracturing older 

sinter. Injection of thermal fluids into fractures would have provided a medium to move silica, 

and conductively heat the sinter surrounding the fractures, possibly accelerating diagenesis. Opal 

Mound has not been exposed to post-depositional fumarolic overprinting, as there are few 

dissolution features, and none of the typical hydrothermal alteration minerals are present that 

would indicate steam condensate. 

Distal-apron sinter deposits are chronologically the youngest deposits at the Opal Mound 

and mineralogically the least mature, even though they occur at the lowest elevations. Hence, 

sites of spring discharge likely migrated from higher to lower elevations, as has occurred at 

Orakei Korako, in the Taupo Volcanic Zone, New Zealand (cf. Lloyd, 1972). There, thermal 

fluids currently discharge on terraces at elevations - 30 m below the sites of extinct springs and 

older sinter deposits. Such changes may reflect a lowering of the water table and progressive 

sealing of the early, higher-elevation vents. 

2.1 0.2 Sinter Diagenesis - Mineralogic Changes 

At incremental mineralogical stages - opal-A, opal-AICT, opal-CT, opal-C and quartz - 

several morphologies co-exist such as aligned nanospheres + bladed lepispheres or nano- 

structures + microcrystals, confirming that silica transformations during diagenesis occur 

gradually and gradationally. Campbell et al. (2001) recognized patchy replacement textures in 

sinter where silica phase transformations at the microscale occur gradually and gradationally 

over lateral and stratigraphic distances of millimeters. Putnis (1992) reported that a change from 

one silica polymorph to another, such as from tridyrnite to cristobalite or quartz, requires bond 
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breakage and creation of a new structure. This process causes reconstructive transformations and 

provides a mechanism for extremely fine-scale intergrowths between the different polymorphs, 

allowing co-existence of more than one silica phase at any given time. 

At Opal Mound, there is an overall increase in density as diagenesis proceeds, a trend 

also recorded for sinters in New Zealand (Herdianita et al., 2000a). However, some 

mineralogically immature samples at Opal Mound have higher densities than opal-A samples 

from New Zealand. At Opal Mound, porosities are < 15 % regardless of the mineralogy. By 

contrast, Herdianita et al. (2000a) reported a porosity decrease with maturation in New Zealand 

sinters. The variability in densities and porosities between Opal Mound sinter and New Zealand 

sinters can be explained by differences in the original sinter fabric type. Immature sinter from 

Opal Mound is dominantly well indurated, whereas early diagenetic samples from New Zealand 

typically constitute porous friable sinter (cf. Lynne and Campbell, 2003, 2004). The latter also 

subsequently transforms to vitreous quartz with maturation. Therefore, the transformation of 

well-indurated opal-A to vitreous quartz at Opal Mound likely requires less marked density and 

porosity changes because the fabric changes during maturation are less dramatic. 

2.10.3 Sinter Diagenesis - Morphological Changes 

Sinter diagenesis at Opal Mound begins with the transformation of smooth, opal-A 

microspheres, - 8 pm in diameter, into opal-NCT nanospheres with diameters of - 200 nm. This 

particle size-change suggests dissolution of the microspheres and reprecipitation of the silica into 

smaller silica packages. According to Brown (1990), dissolution of the outer surfaces is followed 

by absorption of silica back into the newly formed structure. At Opal Mound, silica dissolved 

from the outer surfaces of rows of aligned nanospheres of opal-AICT is reprecipitated as 

incipient opal-CT. This process fills spaces between remnant nanospheres and covers surfaces to 

produce the transitional, beaded, jagged-edged features and then classic, sharply bladed 

structures of paracrystalline opal-CT. At Opal Mound, the 1-pm-long rows of aligned 

nanospheres groups are the same length as the individual blades they become within each opal- 
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CT lepisphere (cf. Figs. 2.8,2.9). Both aligned nanospheres and beaded blades show multiple 

orientation directions. Hence, the transformation of aligned nanospheres to opal-CT bladed 

lepispheres involves dissolution and reprecipitation to a more advanced state (cf. Rodgers et al., 

2004). Well-preserved, sharply bladed opal-CT lepispheres are well-known in sinter deposits 

(e.g., Campbell et al., 2001; Lynne and Campbell, 2003,2004). However, recognition of the 

early alignment of nanospheres at the Opal Mound as their precursor is a new finding. 

Subsequently, the typical bladed opal-CT lepispheres morphologically restructure themselves 

into 200 nm-long, opal-C nano-rods, also a newly identified incremental step to opal-C. The 

opal-C nano-rods and blocky nanostructures are the building blocks for the developing quartz 

crystals, the mature end-point of sinter diagenesis. 

Recognition of the morphological transitions of aligned nanospheres (early opal-CT 

formation; Fig. 2.8) and blocky nanostructures (opal-C and early quartz formation; Fig. 2.1 1) is 

important because particle size affects reactivity. In general, the rate of phase transformation of a 

particle is accelerated when particles are small because of the greater number of nucleation sites 

per unit volume, thus increasing the energy within the atoms (Banfield and Hamers, 1997). This 

energy is used to overcome activation barriers, which restrict reaction rates. Thus, reaction rates 

are likely accelerated at the stages in diagenesis where nano-sized particles (e.g., nanospheres 

and nano-rods) are found. 

Crystal defects also affect the rate at which solids react (Reeder and Rakovan, 1999). 

Crystal defect locations are high energy sites where lower activation barriers exist, enhancing 

crystal growth (Jamtveit and Meakin, 1999). At Opal Mound bumpy nanospheres, aligned rows 

of opal-A/CT nanospheres, jagged blade-edges of incipient opal-CT lepispheres, and opal-C 

nano-rods and nanostructures all have uneven microtopography and therefore could be 

considered sites of high reactivity. Early diagenetic quartz crystals at Opal Mound also display 

stepped and uneven surfaces intercalated with bands of blocky opal-C nanostructures (Figs. 2.4, 

2.1 lE, F), prior to their modification into smooth, doubly terminated quartz crystals. Furthermore, 



morphological and mineralogical changes during diagenesis may proceed quickly through the 

stages where crystal defects are present. Hence, capturing the morphological development of 

these step-size mineralogical modifications is difficult because they are transitory and occur 

within a relatively narrow diagenetic window (cf. Fig. 2.4). Sinter must be "frozen" in time and 

sampled at particular intervals in the diagenetic gradient in order to record these ephemeral but 

critical phases in the maturation from opal-A to quartz. 

2.1 1 CONCLUSIONS 

Sinter deposited at Opal Mound is unusual because it displays the complete sequence of 

diagenetic changes from opal-A to quartz which occurred within 1900 years, a shorter time than 

other known old sinter deposits (cf. Herdianita et al., 2000a). Systematic differences in 

morphology and mineralogy occur from vent and proximal-vent sinters, through to mid- and 

distal-slope deposits. Each of the five recurring mineralogical steps in the progressive diagenesis 

of the sinter deposit (opal-A, opal-AICT, opal-CT, opal-C, and quartz) also are typified by 

specific morphologies, and shifts in particle sizes of the ensuing nano- and microtextures. 

Transitional morphological states, represented by opal-AICT nanospheres and opal-C nano-rods, 

are not commonly preserved because they consist of nanometer-sized particles that are 

susceptible to rapid change to a more mature silica phase, probably via dissolution and 

reprecipitation. The diagenetic alteration of opal-A to early opal-CT is marked by the formation 

1 of 1 -pm-long rows of 200-nm-diameter nanospheres. which become aligned before they convert 
I 

I 

into same-sized blades of classic opal-CT lepispheres. The transition from opal-CT to opal-C 

occurs when lepispheres of opal-CT reorganize to form 200-nm-long nano-rods. Incipient quartz 

is visible where quartz and opal-C occur as 200-nrn-sized clusters of blocky nanostructures. 

Moganite co-exists in abundance with opal-CT and, in lesser amounts, with opal-C and 

diagenetic quartz. By contrast, late-stage, fibrous, hydrothermal quartz lacks any moganite. At all 

stages during sinter maturation, mineralogical changes precede morphological changes, and 



transitions between the silica phases are both gradual and gradational. A shift to larger d- 

spacings in XRPD peak position is the first indication of an imminent silica phase change. 

The transformation from opal-A to quartz in the white vitreous, northern vent and near- 

vent samples at Opal Mound has occurred within 1900 years. By contrast, colorful distal-slope 

sinter (1600 years BP) has remained relatively immature mineralogically, with only opal-A and 

opal-A/CT present. Trace element content fluctuated spatially and temporally, and was fluid 

controlled. Microbial communities appear to have had no influence on trace element distribution 

in the Roosevelt sinter. Conductive heat and the addition of silica from the injection of post- 

depositional, silica-rich fluids into the near-vent sinter may have accelerated diagenesis and 

formed secondary quartz veins in this part of the deposit. 

This detailed macro- micro- and nano-scale study using multiple techniques places the 

Opal Mound sinter in a spatial and temporal context that delineates a paragenetic sequence with 

two main phases of thermal fluid influx. Furthermore, this study illustrates the complexity of 

paleoenvironmental and diagenetic conditions that can be extracted from sinter deposits 

preserved in the stratigraphic record. 

Diagenetic transformations at Opal Mound confirm that the generalized paragenetic 

sequence recognized in New Zealand sinters (Campbell et al., 2001; Rodgers et al., 2004) can be 

broadly applied to hot spring deposits elsewhere. Some patterns recur in sinters from both Opal 

Mound, Utah, and the TVZ, New Zealand, implying similar developmental and diagenetic 

pathways. Regardless of the environmental conditions, or the microscale physico-chemical 

changes, the start and finish of the diagenetic process is always the same - given enough time 

(also variable), an opaline deposit transforms into a quartzose deposit. Depositional and post- 

depositional conditions should also be considered when determining a paragenetic sequence. For 

example, the Opal Mound sinter deposit contains fibrous microcrystalline quartz, formed after 

the sinter deposited. At Yellowstone, Guidry and Chafetz, (2003~)  reported both length-fast and 

length-slow chalcedony forming contemporaneously with opal-A where it formed in the throat of 



a vent, evidentally as an early deposited precipitate. Thus, we seek to observe the mineralogic 

and morphologic pathways of this transition, at all spatial and temporal scales, in order to 

identify recurring themes and processes in siliceous mineral diagenesis in geothermal 

environments. 
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CHAPTER 3 

Acceleration of sinter diagenesis in an active fumarole, 
Taupo Volcanic Zone, New Zealand 

3.1 OVERVIEW 

This chapter presents the results of a field experiment conducted to monitor the 

diagenetic silica phase changes of freshly-deposited, opal-A, microbial-rich sinter placed inside 

a fumarole for two years. To fully understand siliceous sinter diagenesis and to reconstruct the 

primary environment from the sinter record, we must be able to identify and extract 

environmental overprints. An active fumarolic environment was chosen as geothermal surface 

features around the world commonly change with time from discharging alkali chloride hot- 

springs to acidic steam condensate from discharging fumaroles. Full results are presented in 

Appendix B. 



3.2 ABSTRACT 

Siliceous sinters form where nearly neutral-pH, alkali chloride waters discharge at the 

surface (5 100 OC). They may preserve biogenic and abiogenic material and therefore archive 

paleoenvironmental settings. Freshly precipitated sinters undergo diagenesis through a 5-step 

series of silica mineral phase changes, from opal-A to opal-AKT to opal-CT to opal-C to quartz. 

Transformation rates vary among sinters because post-depositional conditions can accelerate or 

retard diagenesis, meanwhile preserving or destroying biosignals. We monitored alteration and 

diagenesis of newly precipitated, filamentous microbe-rich sinter during a two-year field 

experiment, where sinter was suspended inside a fumarole at Orakei Korako, Taupo Volcanic 

Zone, New Zealand. Patchy and complex diagenesis resulted from changes in environmental 

conditions, including variations in temperature, pH and the intermittent deposition of sulfur. 

Throughout the experiment, opal-A was dissolved by acidic steam condensate, and reprecipitated 

locally. Quartz crystals grew on the sinter surface within 21 weeks. Previous reports of 

transformation rates from opal to quartz are on the order of thousands of years' duration. Thus, 

fumarolic overprinting accelerated diagenesis. Microbial preservation was not favorable because 

primary filamentous fabrics were obscured by deposition of opal-A microspheres, smooth silica 

infill and sulfur. If ancient hydrothermal systems were among the likely places where early life 

flourished, it is necessary to distinguish between depositional features and those inherited during 

diagenesis. Hence, this near-real time experiment enables observations on environmental 

controls of diagenetic change in silica minerals, and illustrates the variability of conditions that 

can occur in nature during this complex process. 

3.3 INTRODUCTION 

Diagenesis is any process occurring at low temperatures and pressures that changes the 

original mineralogy and texture of a deposit. Siliceous sinter is a type of sedimentary deposit that 

experiences diagenesis with little or no burial (Campbell et al., 2001 ; Hinrnan and Walter, 2005; 

Lynne et al., 2005). Sinters form in active volcanic settings worldwide, where nearly neutral-pH, 
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alkali chloride waters derived from deep reservoirs (2175 OC) discharge in surface hot-spring 

environments (I 100 OC) and precipitate silica as opal-A (Fournier and Rowe, 1966). Opal-A is 

not thermodynamically stable at the Earth's surface and typically undergoes diagenesis maturing 

mineralogically to opal-CT, opal-C and eventually to quartz, the most thermodynamically stable 

silica phase (Brarnlette, 1946). 

Sinters archive biosignals of past environments because the rapidly precipitating silica 

coats all surfaces, including microbes thriving in thermal waters (Cady and Farmer, 1996; Jones 

et al., 2001b; Handley et al., 2005). Sinters record changes in hot-spring conditions, thereby 

potentially serving as excellent annals of extreme environments (Jones et al., 2001b; Konhauser 

et al., 2001; Guidry and Chafetz, 2003a). Ancient hydrothermal systems have been suggested as 

the crucibles for early life on Earth and potentially other planets (Bock and Goode, 1996; Walter 

et al., 1996). So study of their modem analogs may enhance recognition of geobiologically 

relevant markers in older hydrothermal deposits. Nevertheless, sinters do transform 

diagenetically over tens to thousands of years (Herdianita et al., 2000a), causing mineralogical 

changes and morphological modifications of the original deposits (e.g., Campbell et al., 2001; 

Guidry and Chafetz, 2003a; Lynne and Campbell, 2003,2004; Hinman and Walter, 2005). 

Diagenetic modification (recrystallization, cement infill, replacement, dissolution/reprecipitation, 

etc.) often produces overprints that must be subtracted to recognize legitimate fossil biosignals 

and textures present in aging sinters (cf. Grotzinger and Knoll, 1999; Kerr, 2002). 

In many terrestrial volcanic settings, acidic steam condensate causes hydrothermal 

alteration, including mineral overprinting, of older deposits (cf. Martin et al., 2000; Campbell et 

al., 2004). To accelerate sinter maturation, we measured the rate of diagenesis by suspending 

newly formed opal-A sinter inside an active fumarole at Elephant Rock, Orakei Korako, Taupo 

Volcanic Zone, New Zealand (Figs. 3.1,3.2). We used filamentous microbe-rich sinter in order 

to monitor both textural and mineralogical changes that occurred over two years. Fumaroles are 

common in active geothermal systems and frequently post-date hot spring activity as the thermal 



water table declines. They are sensitive to chemical and physical changes, for example, 

fluctuations in the piezometric surface, depth of plumbing and diurnal and seasonal variations in 

air temperatures and rainfall. The Elephant Rock fumarole was chosen because it has a vigorous 

discharge. The fumarole is sheltered from rain, and is not subject to this variable. 

It is already known that the rate at which siliceous sinter matures mineralogically varies 

among deposits (cf. Rice et al., 1995; Herdianita et al., 2000a; Campbell et al., 2001; Lynne et 

al., 2005), apparently resulting from different post-depositional conditions (e.g., acid 

overprinting, humate weathering, time-burial). The next step is to understand how sinters 

undergo diagenesis at different rates, in order to discover why some preserve perfect cellular 

remains (e.g., Rhynie Chert) while others harbor only remnants. Only with this knowledge can 

we identify which ancient hydrothermal deposits are likely to contain well-preserved biosignals. 

Silicon is the second most abundant element in the Earth's crust and is a dominant 

constituent of many biological and geological materials. Silica phase transformations similar to 

those of sinters also occur during wood petrification, siliceous marine sedimentation and burial, 

silica residue development, and desert varnish formation. Therefore, our results enhance 

understanding of the complex processes involved in silica mineral formation and diagenesis 

across a wide spectrum of sedimentary deposits and environments. This study is the first known, 

combined field and laboratory experiment on sinter diagenesis to be conducted in near-real time 

and within an active geothermal system. 

3.4 EXPERIMENTAL PROCEDURES 

Newly-formed, microbe-rich, opal-A sinter from the Wairakei power plant drain, (cf. 

Smith et al., 2003) TVZ, was placed in a stainless steel basket and suspended inside a fumarole 

at the Orakei Korako geothermal field (Figs. 3.1, 3.2). The basket was sheltered from rain but 

was open to air and steam via holes drilled in its bottom and sides. Samples were periodically 

collected and analyzed by X-ray powder diffraction (XRPD), infrared spectroscopy (IRS), 

differential thermal analysis/thermogravimetric analysis (DTAEGA), and scanning electron 
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microscopy (SEM). Temperature and pH of the discharging steam were recorded at each site 

visit. Analysis of the steam condensate was performed at Wairakei Analytical Laboratory, 

Institute of Geological and Nuclear Sciences, New Zealand. Analytical methods and procedures 

are given in Appendix B(i). 

Figure 3.2: Location map. (A) Taupo Volcanic Zone (TVZ), North Island, New Zealand. 
(B) Location of fumarole near Elephant Rock at Orakei Korako. 

3.5 RESULTS 

The temperature of the fumarole steam increased from 74 to 94 OC over two years, while 

the pH of the steam condensate varied between 3.5 and 5.5. At 29 weeks the steam condensate 

contained 0.28 mgll silica, 14.4 mgll chloride, 25 mgll sulfate, 7.4 mgll sodium, 0.31 mgll iron 

and 0.16 mg/l aluminum. After one week in the fumarole, the f u l l  width at half maximum 

(FWHM) value of the recovered sinter increased from 7.2 to 7.85 "20. During the following 

weeks, the FWHM values varied weekly, but the rapid initial increase exhibited by each sample 

was followed by a period of minimal change to week 21 (FWHM values -7.9 "28). Quartz 

peaks developed in the XRPD traces at weeks 21-68, and FWHM values lowered to 6.3 '28 at 

week 33. Between weeks 33-86, the FWHM values gradually increased to 8.6 "20. All XRPD 
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analyses are presented in Appendices B(ii) - (iii). Relationships between temperature, pH and 

mineralogical maturation are presented in Appendix B(iv) . 

DTA showed no combustion of organics so all weight loss detected by TGA is attributed 

to dehydration. Sequential TGA revealed three groups of water loss (Appendices B(v - vi). Most 

occurred below 300 "C and is likely surface water, while the lesser loss between 300 OC to 800 

"C reflects loss of bonded hydroxyl groups. Little water was lost above 800 "C. 

IRS analysis detected both opal-A and quartz in the samples during the experiment. 

Rounded, deep water features at -2250 nm and sharp asymmetric features at 1400 nm and 1900 

nm were observed for opal-A in samples exposed in the fumarole for up to 10 weeks and at week 

86. Quartz spectra were recorded for samples between weeks 10 and 77 and displayed broad, 

deep, rounded features at 1400 nm and 1900 nm and no deep feature at 2250 nm (Appendix 

B(vii)). 

The filamentous nature of the unreacted sinter was clearly evident (cf. Smith et al., 2003. 

Figure 7, p. 573). DNA analysis revealed a moderately diverse bacterial community (Smith et al., 

2003). After one week, we observed a smooth silica infill between filaments (Fig. 3.3A). Within 

one month, new generations of opal-A microspheres formed botryoidal clusters on some existing 

microbial filaments, increasing their mineralized diameters. Dissolution of original opal-A 

microspheres reduced sphere diameters (1.5-0.7 pm). Precipitation of newly formed opal-A 

spheres continued throughout the duration of the experiment (Fig. 3.3B). Week seven was 

marked by precipitation of sulfur, resulting from a pH change from 4.5 to 3.5. Initially the 

filamentous microbes remained visible, but by week 14 sulfur obscured all microbial fabric (Fig. 

3.3B). By 21 weeks, sulfur precipitation ceased and portions of the original microbial fabric had 

welded, rendering many of the individual filaments indistinguishable from one another (Fig. 

3.3C). At 21 weeks, in conjunction with the first occurrence of a quartz reflection on the XRPD 

trace, irregular, hexagonal micro-crystals occurred in every sample until 68 weeks (Fig. 3.3D-F). 

Figure 3.3E shows the formation of a quartz crystal from an opal-A sphere. At 77 weeks, the 



steam condensate became more acidic, precipitating more sulfur and obscuring the newly formed 

quartz crystals. At 86 weeks, no quartz crystals or sulfur were observed and there were no quartz 

reflections on the XRPD trace. No intermediate silica phases (opal-CT and opal-C) were seen. 

Figure 3.3: SEM images captured morphological changes within the sinter fabric during the 
two-year experiment. (A) Remobilization of silica after one week within the fumarole, shown by 
patchy infill between filaments, produces an opal-A XRPD trace. (B) New generations of opal-A 
spheres (arrows) and sulfur (s) deposits covering original filamentous fabric at 14 weeks. (C) 
Portions of the original filamentous fabric welded together at 21 weeks. (D) Initial formation of 
quartz microcrystals from opal-A spheres at 48 weeks accompanied by a small quartz peak (Q) 
on the XRPD trace. (E-F) Further development of quartz crystals at 68 weeks accompanied by a 
quartz peak (Q) on the XRPD trace. 



3.6 DISCUSSION 

This study revealed that diagenesis affected siliceous sinter placed in the fumarole at 

Orakei Korako, and was accelerated and driven by chemical reactions directly controlled by the 

environment. In general, the degree of silica oversaturation in the depositing fluid with respect to 

temperature, determines which silica phase develops (Fournier, 1985). The locally steep 

gradients in temperature and the pH of the steam condensate within a fumarole allowed both 

opal-A and quartz to form. Little silica is carried in steam so the silica that precipitated was 

derived from dissolution within the sample, as confirmed by the decrease in the mineralized 

filament and sphere diameters with time. The volume of discharging steam, its temperature, 

discharge velocity, and the acidity of the steam condensate, as well as wind direction, naturally 

vary daily. Changes in environmental conditions were recorded throughout this experiment by 

increased vent temperatures, changes in pH of the steam condensate and intermittent 

precipitation of sulfur (weeks 7, 14, 77). Such variations created a changing microenvironment 

around the suspended sinter. The dual formation of opal-A and quartz is attributed to micro-scale 

variations in silica-rich fluids induced through local dissolution of the sample by the acidic steam 

condensate and is controlled by such parameters as condensate pH, temperature, discharge 

volume and wind direction. These parameters do not remain constant in a natural geothermal 

setting, so it is likely that microenvironments existed in the opal-A sample. 

Opal-A precipitated throughout the experiment, where the fluids were oversaturated with 

respect to all silica phases. The absence of opal-CT and opal-C can be explained by the lack of 

dilution by non-thermal waters (e.g., rainwater), which in the regular maturation process 

produces the complete continuum of silica phases (Lynne et al., 2005). Thus in the sheltered 

fumarole cavity, only opal-A could re-precipitate from dissolution of the opal already present. 

We propose quartz developed in localized areas where only slight dissolution of the opaline 

sinter produced fluids oversaturated in silica with respect to quartz, but undersaturated with 

respect to all other silica phases (cf. Figure 3.1 Fournier, 1985). Quartz formed late in the 



experiment when the size of the opal-A spheres changed little, suggesting less dissolution during 

this time. 

Previous studies have reported that the opal-A to quartz transition in sinters ranges from 

-1900 to -40,000 yr (Herdianita et al., 2000a; Lynne et al., 2005). This study shows, however, 

that quartz crystals began growing (i.e., approaching mineralogical maturity) in sinter after only 

21 weeks. Therefore, the presence of quartz in a sinter sample cannot be used as an indicator of 

its age (i.e., temporal maturity). Moreover, the rapid formation of quartz crystals has not been 

previously documented in an active thermal environment, although this phenomenon is known 

for siliceous marine sediments (reviewed in Hinman, 1987). 

Ancient sinter deposits can retain many of their primary macro-scale textural 

characteristics, such as those in the Devonian Drummond basin, Australia (Walter et al., 1996), 

and the Carboniferous Rhynie Chert, Scotland (Rice et al., 1995) and so sinters have the 

potential to record many aspects of original paleobiologic and paleoenvironmental conditions 

(Mountain et al., 2003; Handley et al., 2005; Hinman and Walter, 2005). On the other hand, 

patchy recrystallization also occurs in younger fossil sinters in the process of undergoing 

diagenesis from opal to quartz, destroying original textures (Campbell et al., 2001; Guidry and 

Chafetz, 2003a; Lynne and Campbell, 2003). As yet unstudied are the detailed mechanisms 

which control enhancement or destruction of primary micro-fabrics, such as microbial signatures 

(cf. Farmer, 1999). In our experiment the end product microbial textures were not well 

preserved. The acidic steam condensate provided a wet medium for silica transport (Iler, 1979) 

and remobilized silica through dissolution and reprecipitation, with growing botryoidal clusters 

of opal-A spheres masking the primary fabric (weeks 7,10, 14,48 and 77). The post- 

depositional modification of filaments in this experiment is noteworthy because filament 

diameters have been used as a guide to broadly classify the microorganisms preserved in sinter 

(Cady and Farmer, 1996; Lynne and Campbell, 2003; Jones et al., 2004). Alteration (an increase) 

of filament diameters due to silicification and diagenesis has been noted by others (e.g., Campbell 



et al., 2001; Konhauser et al., 2003; Lynne and Campbell, 2003) but no previous experiments 

have reported sinter diagenesis in accelerated real-time. In our study, precipitation of smooth 

silica infill obliterated the primary microbial fabric by welding filaments together (weeks 1, 2, 

21, 33 and 77), making it difficult to identify individual filaments. However biogeochemical 

components such as lipids have been measured in fresh sinter (Konhauser et al., 2001; Mountain 

et al., 2003; Pancost et al., 2005), and may still survive diagenesis and overprinting. 

We concur with others that recognition of biogenicity in ancient rocks is a challenge (cf. 

Knoll and Walter, 1996; Farmer, 1999; Kerr, 2002). We also emphasize that diagenetic and 

depositional products must be clearly differentiated in microbial settings (cf. Grotzinger and 

Knoll, 1999; Lynne and Campbell, 2004) if we are to use the sinter geologic record to extract 

past geobiological products from these extreme paleoenvironments. 

3.7 ACKNOWLEDGMENTS 

This research was funded by the Foundation for Research of Science and Technology, 

New Zealand and the Foundation of Graduate Women, New Zealand. We thank Mr and Mrs 

Gibson for allowing unlimited access to Orakei Korako. Analytical equipment was provided by 

the University of Auckland Geology Department and the Faculty of Engineering Research 

Centre for Surface and Materials Science. We thank the following; Catherine Hobbis, Bryony 

James, Andres Arcila, Ritchie Sirns, Phoebe Hauff, Alec Asadov who assisted with technical 

support, Robert Potter for informative discussions on silica, the UK Royal Society, US NSF 

International Fellowship Program, Impacts and Astromaterials Research Centre contribution 

2005-1237 and Planetary Science Institute contribution 388. 



CHAPTER 4 

Origin and evolution of the Steamboat Springs siliceous sinter 
deposit, Nevada, U.S.A. 

4.1 OVERVIEW 

This chapter presents the results of a study of an ancient sinter deposit at Steamboat 

Springs, Nevada, located on the western margin of the Basin and Range Province, U.S.A. The 

location of this deposit contrasts to that of the Opal Mound sinter deposit (Chapter 2) which is 

located on the south-eastern margin of the Basin and Range Province. The Steamboat Springs 

sinter deposit is the oldest sinter documented in this thesis. Captured within the Steamboat 

Springs sinter is a series of silica phase diagenetic steps, as well as multiple signatures of historic 

geothermal and geologic events. Careful examination of the sinter reveals how each event 

impacts on the evolution of the sinter and how diagenesis interacts with each geologic and 

geothermal event. The evolution of the sinter is controlled by the paragenetic events and must be 

understood as the paragenesis impacts on the present-day sinter and affects the outcome of 

results such as stratigraphic observations and sinter ages. 

4.2 ABSTRACT 

Sinter deposits from Steamboat Springs, Nevada, U.S.A., record a complex interplay of 

multiple, changing, primary environmental conditions, fluid overprinting and diagenesis. 

Consequently these deposits reflect dynamic geologic and geothermal processes. Two surface 

deposits were examined - the high terrace, and the distal apron-slope. In addition, 43 feet (13.1 1 

m) of sinter core of drill hole SNLG 87-29 was examined. The high terrace sinter consists of 

vitreous and massive-mottled silica horizons, while the distal deposit and core are dominantly 

porous, indurated fragmental sinters. Collectively, the three sinter deposits archive the complete 



sequence of silica phase diagenetic minerals from opal-A to quartz. X-ray powder diffraction 

analyses and infrared spectroscopy of the sinters indicate that the distal apron-slope consists of 

opal-A and opal-AICT mineralogy, whereas the core yielded opal-AICT and opal-CT with minor 

opal-A, and the high terrace comprises opal-C, rnoganite, and quartz. Mineralogical maturation 

of the deposit produced alternating nano-micro-nano-sized silica particle changes. Based on 

microbial fossils preserved within the sinter, discharging thermal outflows fluctuated between 

low-temperatures ( ~ 3 5  OC, coarse filaments) and mid-temperatures (-35-60 OC, fine filaments). 

Despite transformation to quartz, primary coarse and fine filaments were preserved in the high 

terrace sinter. AMS 14c dating of pollen from three horizons within core SNLG 87-29, from 

depths of 26'8" to 26'1 1" (8.13 to 8.21 m), 33'3" to 33'6" (10.13 to 10.21 m), and 48'7" to 

48'10" (14.81 to 14.88 m), yielded dates of 8684 f 64 years, 11,493 f 70 years and 6283 f 60 

years, respectively. In the upper section of the core, the stratigraphically out-of-sequence age 

reflects physical mixing of younger sinter with quartzose sinter fragments derived from the high 

terrace. Within single horizons, mineralogical and morphological components of the sinter 

matrix were patchy. In the core at a depth of 52'10" (18.44 m) one horizon revealed numerous 

glass shards in a fine-grained matrix and may be an ash layer that originated from the 6550 years 

BP Mt. Mazama eruption. The deposit was modified by sub-surface flow of alkali chloride 

thermal fluids depositing a second generation of silica, and periodically, by acidic steam 

condensate formed during periods when the water table was low. Local faulting produced 

considerable fracturing of the sinter. Hence, the Steamboat Springs sinter experienced a complex 

history of primary and secondary hydrothermal, geologic and diagenetic events, and their inter- 

relationships and effects are locked within the physical, chemical and biological components of 

the deposit. 

4.3. INTRODUCTION 

Siliceous hot-spring deposits, referred to as sinters, are chemical sediments typically 

deposited by nearly-neutral pH, alkali chloride thermal waters, derived from deep reservoirs with 
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temperatures > 175 "C (Fournier and Rowe, 1966). Wherever discharging water cools below 100 

OC, non-crystalline opal-A precipitates (Fournier, 1985) on biotic and abiotic surfaces, such as 

microbes, plants, and previously formed sinter, entombing and silicifying them. Thus, sinters 

archive conditions in modern and ancient hydrothermal settings. Sinters are also important 

because hot-springs host life in extreme environments and serve as analogs for primeval Earth 

and possibly even Mars (Bock and Goode, 1996; Stetter, 1996; Farmer, 1998; Farmer and Des 

Marais, 1999: Westall et al., 2001; Konhauser et al., 2003). The paleobiological, 

paleoenvironmental and paleohydrological signatures they preserve can persist in the geologic 

record long after thermal fluids cease to discharge. 

With time and little or no burial, sinters undergo diagenesis through a series of 

mineralogical silica phase changes, from non-crystalline opal-A and opal-A/CT, through 

paracrystalline opal-CT and opal-C and eventually to microcrystalline quartz (Herdianita et al., 

2000a; Lynne and Campbell, 2003; Lynne et al., 2005, 2006). Moganite, a semi-stable 

microcrystalline silica polymorph also may be present with the later diagenetic silica phases 

(Rodgers and Cressey, 2001 ; Rodgers and Hampton, 2003; Lynne et al., 2005). The Steamboat 

Springs sinter contains all six silica phases. Other sinters that reportedly contain the entire silica 

mineral diagenetic continuum include the - 1900 year old Opal Mound deposit at Roosevelt Hot 

Springs, Utah, U.S.A. (Lynne et al., 2005), and the - 450 year old deposit at Sinter Island, New 

Zealand (Campbell and Lynne. 2006; Lynne et al.. in press). 

Accompanying mineralogical diagenesis is a change in morphology and physical 

characteristics of the siliceous sinter matrix (Herdianita et al., 2000a; Campbell et al., 2001; 

Lynne and Campbell, 2004; Lynne et al., 2005, 2006, in press). In general, mineralogical 

maturation from opal-A to quartz is accompanied by a progression of morphological changes 

from spheres (opal-A) to nanospheres (opal-A/CT) to bladed lepispheres (opal-CT) to 

nanostructures (opal-C) to hexagonal crystals (quartz: cf. Lynne et al., 2005; in press). Such 

morphological modifications can obscure or even obliterate primary environmental signatures 



(Walter et. al., 1998: Lynne and Campbell, 2003; Campbell and Lynne, 2006; Lynne et al., 

2006). Therefore, these two components of diagenesis, mineralogic and morpholog ic, must be 

recognized in order to extract primary paleoenvironmental signals from the sinter record (cf. 

Knoll and Walter, 1996). The Steamboat Springs sinter is particularly unusual because it also 

preserves a complex paragenesis of paleoenvironmental and diagenetic events that reflect the 

dynamic geological and geothermal history within the Basin and Range Province of Nevada. 

To accurately reconstruct a paragenetic sequence from the sinter record, and to interpret 

the textures within a sinter deposit, all fabrics and their origins must be identified. In addition to 

the effects of progressive, yet spatially and temporally patchy, recrystallization of the deposit, a 

variety of thermal and non-thermal waters, including acid sulfate may further modify the original 

deposit (cf. Schoen et al., 1974; Martin et al., 2000; Campbell et al., 2004: Moore et al., 2004). 

Acidic waters represent steam condensate formed above a boiling water table. Depending on 

their silica contents, pH and temperature, pore waters that percolate through the deposit can 

dissolve or precipitate silica. Furthermore, fluctuations in shallow hydrology are common, 

especially in areas of high relief. Each change in temperature or fluid pH within a geothermal 

system or individual spring flow can overprint primary, environmentally significant textures (cf.: 

Campbell et al., 2004; Campbell and Lynne, 2006; Lynne et al., 2006). Many geothermal systems 

are located in tectonically active areas and are sensitive to changes in regional or local events, 

such as earthquakes, and volcanic or hydrothermal eruptions. These may occur concurrently 

with, or after sinter deposition, and may be recorded within the sinter body. 

Few detailed paragenetic studies of sinter deposits have been published, which 

characterize their primary and secondary features. In this study, we evaluate approximately 43 

feet (13.1 1 m) of sinter core as well as samples from two exposed sinters from the Steamboat 

Springs deposits. They are associated with a still active geothermal system in Nevada, U.S.A. 

They contain the complete sequence of diagenetic transformations and also preserve evidence of 

local geothermal environmental changes and regional geologic events. 



4.4. GEOTHERMAL SETTING 

The Steamboat Springs geothermal area is located in Washoe County (latitude 39"24'N, 

longitude 120°45'E), Nevada, approximately five kilometers south of Reno. The thermal area 

covers four square miles (10.25 krn2) and includes active fumaroles and hot springs as well as 

ancient siliceous sinter deposits. The thermal fluids transport and locally deposit significant 

quantities of Hg, Au, Ag, Sb and As (Thompson and White, 1964; White et al., 1964, White, 

1968; Silberman et al., 1979). Brannock et al. (1948) suggested that precipitation of metal 

complexes occurs primarily in the sub-surface and that these complexes are then transported to 

the surface, suspended within the discharging waters. Steamboat Springs has been the focus of 

scientific investigation since 1945, where geothermal processes and ore transport and deposition 

can be studied under natural conditions (Thompson and White, 1964; White et al., 1964, White, 

1968). Currently this field generates 62 MW of electricity from binary and steam-flash plants. 

The fluid production zone is at 816 feet (250 m) in a zone of extensively fractured Cretaceous 

granodiorite (Flynn et al., 1993). 

4.5. GEOLOGY OVERVIEW 

Steamboat Springs is located on the eastern side of the Sierra Nevada Mountains and lies 

within the Great Basin, which extends from the Sierra Nevada Range in California to the 

Wasatch Range in Utah, and from southern Oregon to southern Nevada. Topographically, the 

Great Basin consists of a series of basin and ranges. The state of Nevada is situated in the center 

of the Basin and Range Province, which consists of alternating, north-south trending faulted 

mountains and flat valley floors. The mountain ranges of the Province are characteristically 

about 10 miles wide and 80 miles long (Price et al. 1999). Nevada is the third most seismically 

active state in the U.S.A. Many of the range-bounded faults remain active today (Price et al., 

1999). Erosion of the mountains has subsequently filled the basins with sediments (Thompson 

and White, 1964). 



The Steamboat Springs thermal area has been a site of intermittent faulting, and volcanic 

and hydrothermal activity (Thompson and White, 1964; White et al., 1964) for the last three 

million years (Silberman et al., 1979). The hydrothermal system and volcanism has been driven 

by a large magma chamber of - 50 km3. The magma chamber heats percolating meteoric waters 

and is responsible for deep sub-surface thermal fluid circulation and mineralization. In the 

1850's the silver-gold mines of the Comstock Lode were discovered in this area. Faulting has 

opened conduits for thermal fluids to discharge at the surface. The present thermal activity is 

associated with a northeast-trending fault, indicating structural control of fluid flow. Normal 

faults occur regionally. Older Miocene faults strike 030°, whereas younger Quaternary faults 

strike northlsouth. 

The geology of the region has been summarized by Gianella (1936), Calkins (1944), 

Calkins and Thayer (1945), Thompson i1956), White et al. (1964), Stewart and Carson (1 977), 

Hudson (1987), Bonham and Bell (1993), and Price et al. (1999). They showed that the basement 

consists of pre-Cenozoic metamorphic rocks and granites. Younger mid and late Cenozoic 

volcanics are abundant in the surrounding region but are scarce in the thermal area. The most 

widespread Cenozoic volcanic rock in the thermal area is a soda trachyte. The eruption of an 

early Quaternary basaltic andesite flow and the Steamboat Hills Rhyolite (outside the study area) 

represent the youngest volcanic events. The earliest hot-spring deposits Pre-date the basaltic andesite 

lava flows. 

4.6. SILICEOUS SINTER DEPOSITS 

Outcrop samples were collected from the high terrace and the distal apron-slope sinter (Fig. 

1). No vent deposits were identified at either site. Exposed surfaces of the distal apron-slope 

outcrop revealed ripple structures, implying that shallow, hot-spring water discharged in a 

southwesterly direction. This sinter deposit slopes gently southward from the drill site and the 

high terrace, with a 5' gradient. 



Core SNLG 87-29 is a continuously cored, exploration slim hole that was drilled in 1993. 

Flynn et al. (1993) reported three principal lithologies encountered during drilling: (1) 

Quaternary siliceous sinter with intercalated alluvium; (2) a series of Cenozoic volcanic breccias 

and lahars; and (3) an extensive granodioritic plutonic complex of Cretaceous age. Siliceous 

sinter encountered in the upper section of the core, from 12'3" (3.73 m) to 55' (16.76 m) was 

examined. Sample numbers refer to the originally logged core sample numbers, which reflect 

sample depths measured from the floor of the drilling structure, 11 '8" (3.56 m) above the ground 

surface. 

4.7. METHODS 

4.7.1. 14c Ages of Sinter 

Three core samples were selected for accelerator mass spectrometry (AMS) ' 4 ~  dating of 

entombed plant and pollen fragments. The analyses were performed at the Rafter Radiocarbon 

Laboratory, GNS, Lower Hutt, New Zealand. Extraction methods for calibrated "c-dating are 

described by Lynne et al. (2003). The samples yielded ages of 8684 + 64 years BP (sample from 

26'8" to 26'1 1" (8.13 to 8.21 m)), 11,493 + 70 years BP (sample from 33'3" to 33'6" (10.13 to 

10.21 m)) and, 6283 + 60 years BP (sample from 48'7" to 48'10" (14.81 to 14.88 m)). 
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Figure 4.1: Location map of Steamboat Springs sinter deposits. Samples for this study are 
from core SNLG 87-29, the distal apron-slope and the high terrace. 

4.7.2. Silica phases in the sinter 

The six silica phase minerals - opal-A, opal-AICT, opal-CT, opal-C. moganite and quartz 

- are present in varying amounts in the siliceous sinter deposits. X-ray powder diffraction 

(XRPD) was the principle technique used to determine the silica phase mineralogy. 

Interpretation of the XRPD traces followed the methodology outlined by Herdianita et al. 

(2000b). The full width at half maximum (FWHM) of the distinctive -22.2 "20 (4) diffraction 

band is a measure of the degree of lattice ordering within each phase (Herdianita et al., 2000b). 

In other words, FWHM is a mineralogical maturation index. Lattice ordering increases with 

maturation, from non-crystalline opal-A and opal-AICT, to paracrystalline opal-CT and opal-C, 

and eventually to microcrystalline quartz. FWHM values of -8.0 "26' are characteristic of 

immature opal-A, whereas values of -0.2 "20 are typical of microcrystalline quartz (cf. Lynne et 

al., 2005). Prominent diffraction bands for opal-A are centered at -22.2 "20 (-4&, for opal- 
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A C T ,  opal-CT and opal-C at 21.75 "28 (4.09&, and for quartz at 20.85 "20 (4.257A; Jones and 

Segnit, 1971; Florke et al., 1991; Graetsch, 1994; Smith, 1998; Lynne and Campbell, 2003, 

2004; Lynne et al., 2005). 

Ninety-four sub-samples were analyzed by XRPD at the Geology Department, University 

of Auckland. Bulk rock analyses were performed on some samples but, where possible, 

individual colored horizons were extracted. Sinter intraclasts were also analyzed. Five repeat 

runs of opal-A sinter (sample 17'9", 5.41 m) were made using a fresh sample each time to assess 

precision. Based on these analyses, we estimate the precision of the FWHM value to be + 0.1 

"20. XRPD operating conditions were 40 kV and 20 mA. using CuKa radiation (ha1 = 1.5405 1 

A). Dry, untreated samples were scanned at 0.6 "20/min, with a step size of O.OlO, from 10 - 40 

"20. 

Because maturation of sinter from opal-A to quartz involves a loss of structural water, 

diagenetic changes also can be tracked using infrared spectroscopy (IRS). IRS utilizes the energy 

in the visible (0.4-0.7 pm), near (0.7-1.3 pm) and short (1.3-2.5 pm) wavelength regions of the 

electromagnetic spectrum to identify minerals. Progressive mineralogical maturation is 

accompanied by: (1) a flattening of the deep water feature at 2250 nm, and (2) rounding of the 

sharp asymmetric hydroxyl features at 1400 nm and 1900 nm. IRS was performed at the 

Geology Department, University of Auckland, using ASD Terraspec Pro equipment on 19 

horizons within 15 samples from the high terrace, eight horizons within six samples from the 

distal apron-slope sinter, and 50 horizons from core SNLG 87-29. 

4.7.3. Distinction between quartz and moganite 

The correct identification of all silica phases within sinters is essential for understanding 

the sinters history. Moganite is a semi-stable microcrystalline silica polymorph that can form 

prior to quartz, and was first characterized by Florke et al. (1976, 1984). A Renishaw Raman 

1000 laser microprobe is used to distinguish between moganite and quartz. The most intense 



XRPD reflections of moganite occur at 26.72 "20 and 26.30 "20, which overlap with the main 

quartz reflection at 26.68 "20. However, the principle peaks on the Raman microprobe are at 465 

cm-' and 501 cm-' for quartz and moganite, respectively (Kingma and Hemley, 1994; Gotze et 

al., 1998; Rodgers and Cressey, 2001; Rodgers and Hampton, 2003; Lynne et al., 2005). 

A Renishaw Raman 1000 laser microprobe system with deep depletion CCD was used in 

the Chemistry Department, University of Auckland, for the spot analyses of 29 sites within 15 

sinter samples from the core SNLG 87-29 and 10 samples from the high terrace. Data were 

collected over a range of 200 to 1000 cm-I, with a solid state diode red laser set at 785 nm and 25 

mW. Using a 1200 literlminute diffraction grating and cosmic ray inhibitor, spectra were 

collected with a slit of 10 pm and an integration time of 10 seconds at 100% power. Five 

consecutive spectral runs for each sample were combined to improve the signal-to-noise ratio. 

The Raman laser microprobe was calibrated with calcite (1085 cm-lpeak) and silicon (520 cm-' 

peak) standards. 

4.7.4. Chemical composition of the sinters 

Three core samples were analyzed by electron diffraction spectroscopy (EDS) line scans 

and 22 samples analyzed by point scans in the Research Centre for Surface and Materials, 

Science, (RCSMS), University of Auckland. Two core samples were analyzed by laser ablation 

inductively coupled plasma mass spectrometry (LA-ICPMS) performed at the Australian 

National University, Canberra. Five sites within one sample horizon from a depth of 21 '2" (6.45 

m), and four sites in a sample horizon from 29'1" (8.86 m) depth, were examined to determine 

the relationship between the trace element content of the sinter and its color. LA-ICPMS results 

are presented in Appendix C(iii). Procedures and operating conditions are detailed in Eggins et 

al. (1997) and Ridley and Lichte (1 998). 36 bulk samples were analyzed by X-ray fluorescence 

(XRF) to determine their elemental concentrations within each sample. Samples for XRF 

analysis were chosen to represent the range in color and silica mineral phases within the sinter. 



Precision was checked by four repeat runs, with each run using a freshly ground sample, and 

results for each run were similar. For XRF analysis, 10 g of sample was crushed in a mortar and 

pestle and mixed with 1 ml of polyvinylpyrrolidine (PVP) and methyl cellulose in water and 

ethanol. Samples were mechanically pressed to >15 tonneskg into 40 mm wide circular moulds 

and dried overnight. A siemens SRS 3000 sequential X-ray spectrometer with a Rh tube was 

used to make semi-quantitative analyses, and the results calibrated for all elements using three 

mult i-element glass beads and a graphite disk. Brucker Sprectra-plus (ver. 1.5 1) software was 

used to reduce the data. Full results are presented in Appendix C(iv). LA-ICPMS and XRF 

analyses were conducted to compare the precision of each technique in analyzing the trace 

element composition of sinter deposits. 

4.7.5 Morphological characteristics 

Silica phase morphological changes during diagenesis were tracked at RCSMS using 

scanning electron microscopy (SEM). The samples were mounted on aluminum stubs and 

powder coated with platinum (10 nm coating thickness) for 5 - 10 minutes at 10mA using a high- 

resolution Polaron SC7640 sputter coater. Sinter was examined using a Phillips (FEI) XL30S 

field emission gun SEM. Operating conditions were 5 keV accelerating voltage, spot size of 3 

pm, and a working distance of 5 mm. EDS analyses were performed on selected sinter samples 

to obtain semi-quantitative compositional data. EDS operating conditions were 20 keV 

accelerating voltage, with a spot size of 5 pm, and a working distance of 5 mm. EDS line scans 

were run using polished samples mounted in epoxy. 

4.7.6. Textural and physical characteristics 

Standard petrographic microscopy was used to determine microscale textures, to calibrate 

SEM results, and to identify rock inclusions within sinter thin sections. Density and porosity 

measurements were obtained by methods outlined in Battey and Pring (1997). 



4.8. RESULTS 

4.8.1. Overview 

This study examined the complex paragenesis of three sinter deposits at Steamboat 

Springs - two surface outcrops, referred to as the high terrace and the distal apron-slope sinters, 

and core from drill hole SNLG 87-29 (Fig. 4.1). In brief summary, the sinter at Steamboat 

Springs developed as a result of: (1) thermal fluid discharge and deposition of silica to form a 

primary siliceous sinter deposit; (2) episodic local volcanism, from which ash was incorporated 

into the accumulating sinter; (3) fractures and folds in the primary sinter; (4) intermittent 

lowering of the groundwater table, resulting in partial dissolution of sinter via acidic steam 

condensate above the lowered groundwater table; and (5) sub-surface flow of thermal fluids 

infilling fractures and voids and depositing a new generation of silica overprinting the primary 

sinter. Figure 4.2 summarizes this sequence of events and their relative timing. The high terrace 

exhibits only event 1 while the distal apron-slope sinter was formed by events 1 and 4. Core 

SNLG 87-29 recorded ail five events. The mineralogically least mature deposit (opal-A, opal- 

AJCT) constitutes the distal apron-slope, whereas the core consists of opal-A, opal-AJCT and 

opal-CT. The mineralogically most mature sinter (opal-C, quartz) is located on the high terrace. 

The significance of these paragenetic events in relation to stratigraphy and absolute ages is 

discussed below. 
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Figure 4.2: Relative timing relationships and distributions of the five paragenetic events recorded 
in sinter from Steamboat Springs. 

4.8.2. Primary sinter textures 

Sinter encountered in drill hole SNLG 87-29 dominantly consists of porous, indurated, 

fragmental sinter with some vitreous horizons. Nonetheless, color andlor textural changes 

commonly occur over lateral and vertical distances of millimeters (Figs. 4.3 to 4.5). Despite this 

heterogeneity, 10 recurring textural categories could be assigned, and colors standardized using 

the Munsell color chart (Figs. 4.3 and 4.5, Tables 4.1 to 4.3; Munsell soil colour charts, 1992). 

Some sections of the core are highly fractured. Sixty-eight horizons were analyzed from the core, 

between depths of 12'3" (3.73 m) and 55' (16.76 m). 

Outcrops along the ridge crest of the high terrace are up to one meter thick and 

dominantly consist of a bedded quartzose sinter. Samples were either pink, gray or white 

colored, or a mottled combination thereof (Table 4.2, Fig. 4.5). Fourteen samples were divided 

into 18 sub-samples for analysis. The distal apron-slope sinter is located 30 meters southwest of 

the drill site, and consists of a tan and gray sinter (Table 4.3). Five samples of porous, indurated 

sinter were collected from this area and sub-divided into eight horizons for analysis. 



Group Textural name Hand specimen textural Munsell Sample depth 
characteristics colour (feet below rig 

chart platform) 
number 

Fragmental 
(fragments < 5 mm) 

Fragmental 
(fragments 5 to 15 
mm) 

Fragmental 
(fragments 15-30 
m m) 

Fine-grained, no 
fragments 

Diatomaceous sinter 

Laminated 

Quartzose 

Tuffaceous 

Oncoidal 

Breccia (in situ 
fracturing, 
autobrecciation) 

Sub-rounded to sub-angular 
fragments < 5 mm in length 
Light gray colored matrix 
Orange and brown colored matrix 
Dark gray colored, highly fractured 
Gray colored matrix 
Sub-rounded fragments with cross- 
cutting veins infilled with Fe-and 
Sb-rich sinter 
Matrix colored gray, pink and 
cream 
Matrix colored orange and cream 
Matrix heavily stained orange 
Gray colored matrix 

Sub-angular fragments with minor 
sub-rounded fragments. 
Orange and gray colored matrix 

Matrix dominantly colored orange 
Matrix colored red 
Light to dark gray matrix 

Fine-grained horizons, no 
fragments 
Brown colored matrix 
Orange colored matrix 
Cream and pink colored, fine- 
grained, soft and powdery 
Undulating, vitreous laminae 
Brown colored 
Mixed cream, orange, and brown 
colored 
White, vitreous quartz, no bedding 

Light brown colored, fine-grained 
horizons with no fragments 
Well-rounded oncoids colored gray 
and white, up to 10 mm diameter, 
in a gray and white vitreous matrix. 
Orange colored Fe- and Sb-rich 
sinter around void rims 
Strongly-colored orange horizons 
with in sifu, fractured sub-rounded 
fragments (< 30 mm in length). 
Cross cutting veins infilled with Fe- 
and Sb-rich sinter 

Table 4.1: Hand stmimen textural aroms identified in core SNLG 87-29 from Steamboat Surinas 
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Figure 4.3: Hand specimen photographs of representative sinter textures in core SNLG 87-29. 
Textural group classification numbers and letters shown in centre of photographs (see Table 4.1). 
Sample depths (below rig platform, 11'8" or 3.56 m above ground level) in upper left hand corner of 
each photograph. In the characteristics column, XRPD FWHM values are given in "20. 
Ds = dissolution, DT = diatoms, V = tuffaceous sinter, ff = finely filamentous microfossils, 
cf = coarsely filamentous microfossils, vlf infill = voidlfracture infill, s overprint = immature silica 
overprinting more mature silica. 
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Figure 4.4: Generalized stratigraphic column of sinter within core SNLG 87-29. 



Table 4.2: Textural characteristics of sinter samples from the high terrace at Steamboat Springs. 

Hand specimen textural characteristics Field sample 
(Munsell color chart number) number 
Massive mottled, gray, pink and white vitreous H I  
sinter 
(5YR 811, 2.5YR 611) 
Laminated, white, pink and translucent, 
alternating vitreous and porous indurated sinter 
horizons (2.5YR 611) 
Vitreous pink and white horizons (commonly 
with remnant laminae) alternating with porous 
indurated palisade horizons (5YR 611) 
Remnant laminae of vitreous silica with lenticular 
voids (Gray 5YR 611, Brown 5YR 416) 
Spatially patchy porous indurated and massive 
mottled, red, gray and translucent vitreous sinter 
(2.5YR 812, 5YR 611 ) 
Porous indurated, fragmental sinter 
(2.5 YR 8/21 

AU Figure 
number 
5801 8 4.5A 
58023 

Table 4.3: Hand specimen textural characteristics of sinter samples from the distal apron-slope 
at Steamboat Springs. 

Hand specimen textural characteristics Field sample AU number 
(Munsell color chart number) number ~- ~ - -  

Gray and light brown colored fragmental ~ in te r  with 17 58039,58043 
fragments < 5 mm, in a porous indurated matrix (7.5 YR 19 
618) 
Thick horizons (< 300 mm thick) of porous indurated, cream 12 58036 
colored sinter, alternating with thin (< 2 mm thick) vitreous 13 58037 
sinter 
(1 0 YR 811 ) 
Closely-packed, near-vertical columns (3 mm thick) of 18 58040-58042 
cream colored, porous indurated sinter (10 YR 813) 



Figure 4.5: Representative hand specimen photographs show the six sinter textural types within 
the high terrace sinter deposit. (A) Spatially patchy, gray, pink and white vitreous sinter; sample 
AU58018. (B) Laminated, white, pink, and translucent colored alternating vitreous and porous 
indurated, sinter horizons; sample AU58028. (C) Vitreous, pink and white horizons alternating 
with porous, indurated, palisade horizons; sample AU58035. (Dl Remnant laminae of vitreous 
silica with lenticular voids; sample AU58024. (El Spatially patchy, porous indurated, and red, 
gray, and translucent vitreous sinter; sample AU58020. (F) Porous indurated, fragmental sinter; 
sample AU58031. 

4.8.3. Discharge fluid temperatures 

Sinter textures and micro-fossils yield clues to original depositional conditions including 

broad discharge temperatures. Furthermore, micro-textures and filament diameters of silicified 



microbes give a gross indication of discharging fluid temperatures and environmental conditions 

(Cady and Farmer, 1996; Lowe et al., 2001; Guidry and Chafetz, 2003c) For example, vertical, 

closely-packed, micro-pillar structures with exterior filament diameters > 5 pm are referred to as 

the palisade microfacies, and typically indicate low-temperature (< 35 "C) discharges (Weed, 

1889a; 188913, p. 355; Walter, 1976; Cady and Farmer, 1996; Walter et al., 1996, 1998; Jones et 

al., 1997a; Campbell et a]., 2001; Lynne and Campbell, 2003). Specifically, in modern hot- 

springs this microfacies tends to form where shallow, slow-flowing thermal waters discharge 

over distal-apron slopes. Warmer waters (-35 to < 60 OC) tend to support microbes with exterior 

filament diameters of < 4 pm. These thin filaments can trap gas bubbles (< 50 rnm) inferred to be 

filled with oxygen released during cyanobacterial photosynthesis (Weed, 1889b, p. 358; White et 

al., 1964: I-Iinman and Lindstrom, 1996; Farmer, 2000; Campbell et al., 2001; Lynne et al., 

2003). Silicification of these mid-temperature microbial mats can result in undulating laminae 

around low relief, lenticular voids that were once bubbles (cf. Campbell et al., 2001; 2004: 

Lynne and Campbell, 2004). High temperature environments (> 60 OC) typically host filamentous 

microbes with total exterior diameters of - 1 pm (Pierson and Castenholz, 1974). High 

temperature environments, such as geysers, are often characterized by splash zones. Spicules 

form in these areas and may show a range of textures such as needle-like or columnar textures. 

Spicules develop through evaporation of the exposed surfaces that undergo repeated wetting and 

drying from intermittent eruptive cycles (Walter, 1976; Braunstein and Lowe, 2001; Jones et al., 

2003). 

At Steamboat Springs, typical low- and mid-temperature mat textures were preserved in 

samples from the high terrace, the core samples, and the distal apron-slope sinter. High terrace 

samples preserved mid-temperature microbial mat textures with open voids (Fig. 4.6A) and low- 

temperature palisade horizons of vertical micro-pillar structures < 10 mm thick (Fig. 4.6B-D). 

Three samples consisted of fragmental sinter. White et al. (1964) reported the mineralogy of the 

high terrace as chalcedonic and estimated an age, based on stratigraphy, of Pliocene or younger. 



Along the high terrace, no specific vents or fractures have been recognized. Because of the lack 

of vents and the near horizontal cavity fillings in the high terrace sinter, White et al. (1964) 

inferred that the high terrace depositional environment consisted of a broad, distal apron-slope. 

This interpretation seems likely because we found that samples from the high terrace were 

horizontally banded and preserved filamentous microbes indicative of mid- and low-temperature 

discharging springs. The consistent thickness of sinter layers ( -  10 mm thick) on mid- to distal 

apron-slopes over stratigraphic distances of up to one meter suggest relatively uniform thermal 

fluid discharge conditions for considerable periods. 

Both coarse and fine filamentous horizons were preserved in the core (Figs. 4.3, 4.7A- 

D,), indicating fluctuations between mid and low-temperature environments. Coarse filaments 

suggestive of low-temperature paleoconditions were also found in two samples from the distal 

apron-slope (Fig. 4.7E-F). 

Figure 4.6: The high terrace preserve filamentous microbes with sheath diameters consistent 
with growth in both low- (< 35 "C) and mid-temperature (-39-59 "C) settings. (A-6) Hand 
specimen photographs. (A) Typical texture of silicified mid-temperature microbial mat with low 
amplitude, undulating voids. Sample H2. FWHM value = 0.25 "28. (B) Characteristic texture of 



silicified low-temperature palisade microfossils showing vertical pillars of aligned sheaths. 
Sample H10. FWHM value = 0.25 "28. (C-D) Sample H9c. FWHM value = 0.10 "28. (C) 
Petrographic microscope image reveals entombed filaments with near-vertical orientations. (D) 
SEM image of microfossils (20 pm total diameter) completely infilled and encrusted with quartz 
crystals. 

Figure 4.7: Filamentous microfossil preservation in core SNLG 87-29 (A-D), and the distal 
apron-slope sinter deposits (E-F). (A) Coarsely filamentous texture suggestive of low- 
temperature discharge at depth 46'4" (14.12 m). FWHM value = 2.0 "28. (B) Finely filamentous 
texture implying mid-temperature outflow, collected at depth 16'4" (4.97 m). FWHM value = 7.4 
"28. (C) Completely infilled, coarsely filamentous microfossils at a depth of 31 '7" (1 1.30 m). 
FWHM value = 6.5 "28. (D) Partially infilled fine filament at a depth of 40'8". FWHM value = 2.2 
"28. (E) SEM image of coarse fossil filaments that have experienced dissolution on their outer 
sheath surfaces. Sample 17, FWHM value = 5.4 "28. (F) Petrographic microscope image of 
palisade horizon (arrow) shown in (E). 



4.8.4. Chemical composition of the sinter 

Selected samples were analyzed by laser ablation, XRF, and EDS line and point scans. 

Laser ablation and XRF were performed on different horizons to analyze compositional 

variations within individual colored horizons. One core sample from a depth of 21 '2" (6.45 m) 

and another from a depth of 29'1" (8.86 m) were chosen for analysis because of their color 

variations over vertical distances of < 30 mm. Different colored horizons within each sample 

were analyzed (Fig. 4.8). Two sites in each colored horizon were analyzed and results showed 

that considerable differences in some trace element concentrations occurred within a single 

horizon (Fig. 4.8). Comparison of XRF and laser ablation results showed that the laser ablation 

technique gives a higher precision than XRF analysis. Laser ablation demonstrates the variability 

in trace element concentrations within individual sample horizons that are often only millimeters 

thick. Bulk XRF analyses do not reveal such subtleties. XRF results are presented in Appendix 

C(iv). Slow scanning EDS line analyses of the core from a depth of 32'11" (10.03 m) revealed 

that Fe-rich sinter was greatly depleted in Si and 0 2  (Fig. 4.9A-C). Antimony commonly 

occurred in association with Fe at boundary edges of Fe-rich, infilled veins (Fig. 4.9C). EDS line 

and point scans indicated that trace element concentrations within each sinter horizon were 

spatially patchy (Fig. 4.9A-F). In general, trace elements appear to be concentrated in veins (Fig. 

4.9A-C), or as irregular areas within a sinter horizon (Fig. 4.9D-F). 
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Figure 4.8: Laser ablation results show trace element composition of different silica horizons in 
sinter from core SNLG 87-29. (A) Depth of 21 ' 2  (6.45 m). (B) Depth 29'1" (8.86 m). Textural 
groups shown on individual horizons (see Table 4.1 and Fig. 4.4). 



Figure 4.9: Trace element chemistry determined by EDS line and point scans. (A-C) Core sample at a 
depth of 32'1 1" (1 0.03 m). (A) SEM image showing surface of sample where color variations related to 
changes in elemental chemistry. Black line shows section scanned. (B) Hand specimen photo shows vei 
in sinter. Black line shows scanned section. (C) Slow scanning line EDS results across section line shou 
in (A) and (B). Increased concentrations of Fe correlated with decreased concentrations of Si and 0. Sb 
concentration increased at the boundary edges of the vein. (D-F) Core sample at a depth of 29'1" (8.86 
m). (D) SEM image illuminates irregularly shaped light-colored areas (I) among dark-colored areas (d). 
(E) EDS point scan of dark areas (d) in (Dl showed mostly Si and 0 present. (F) EDS point scan of light 
areas (I) in (D) revealed high concentrations of Si, 0, Fe and Sb with minor Ti, W, and As. 

1 dark-colored areas (d) in D light-colored areas (I) in D 



4.8.5. Primary sinter textures record multiple discharge periods 

Two primary sinter textures, fragmental and oncoidal, were common within the core. In 

contrast, fragmental sinter was rare in outcrop (cf. White et al., 1964; Figs. 4.3 and 4.5). 

Fragmental sinter consists of transported fragments that are re-cemented by silica. The fragments 

are randomly oriented, poorly sorted, sub-rounded, sub-angular or angular in shape and range in 

size up to 30 rnrn in their longest dimension (Fig. 4.10A-C). The matrix in all samples consists of 

porous indurated opal-A, opal-AJCT or opal-CT of varying colors (gray, tan, red, orange). 

Similar fragmental sinters occur at Yellowstone National Park (Guidry and Chafetz, 2003c), 

Orakei Korako (Campbell, pers. observations), Umukuri (Campbell et al., 2001), and 

Tahunaatara, New Zealand (Campbell et al., 2004), and the Devonian Drumrnond Basin sinter, 

Australia (Walter et al., 1996). Hinman and Walter (2005) documented a fragmental Pleistocene 

sinter at Artist Point, Yellowstone, that consists of sinter fragments in a matrix of partially 

silicified kaolinite and devitrified glass. 

The majority of sub-rounded fragments at Steamboat Springs consisted of filamentous 

sinter (Fig. 4,lOD-E) derived from sinter terraces. The coarse filaments within these fragments 

imply low-temperature discharging fluids (c 35 "C). The microfossils were preserved in spatially 

patchy, dark-colored, irregularly-shaped clots of fine-grained silica that are infused with lighter- 

colored translucent fine-grained silica, with a bulk mineralogy of opal-CT (Fig. 4.10D-E). Some 

filament sheaths were partially infilled with opaque granular silica (dark interiors, Fig. 4.10D), 

whereas others remained hollow (clear interiors, Fig. 4.10E). The outer sheaths of all filaments 

were encrusted with thin, dark granular silica. Campbell et al. (2001) reported similar textures in 

sinter from Umukuri, New Zealand, and inferred a cool marshy environment with waning water 

flow. 

Some sinters at Steamboat Springs exhibited sub-angular sinter fragments (Fig. 4.10). No 

filaments were observed within these fragments. Similar textures were reported by Guidry and 

Chafetz (2003a) from a debris-apron microfacies in a Yellowstone sinter core. They suggested 



the fragments were reworked and that they became recemented along the margins of a hot spring 

deposit. 

Figure 4.10: Sub-rounded to angular fragmental sinter in core SNLG 87-29. (A-B) 
Representative sub-rounded fragmental sinter from a depth of 22'7" (6.88 m). (A) Hand 
specimen photograph shown with textural group number (Table 4.1 ).  (B) Petrographic 
microscope image of (A). (C)  Petrographic microscope image of sub-angular fragmental 
sinter at a depth of 34'8" (1 0.57 m). (D-E) Petrographic microscope images of filamentous 
intraclasts. (D) Partially infilled microbial sheath (arrow) at a depth of 35' (1 0.67 m). (E) 
Empty filament sheaths at a depth of 47'4" (14.60 m). (F) Hand specimen photograph 
illustrates large fragment of quartz + moganite at 15'1 ". Numbers represent textural 
groups. 



At Steamboat Springs, randomly oriented angular fragments occur within one sinter horizon at a 

depth of 17'1" (5.21 m). The lack of rounding suggests only limited transport of the fragments. 

Fragmentation of the sinter in this horizon could be related to disruption of the deposit, perhaps 

resulting from a hydrothermal eruption (Fig. 4.lOC). 

The mineralogy of the sinter fragments in the core suggests that at least some of the 

material was derived from the high terrace. Samples from depths of 12'3" (3.73 m), 15'1" (4.60 

m) and 29'1" (8.86 m) contain quartz + moganite sinter fragments (Fig. 4.10F). These fragments 

likely originated from the high terrace as no other sinter in this study contained moganite (see 

section 4.8.9). 

Figure 4.1 1: Petrographic images show nature of fragmental sinter. (A) Evaporative drying of 
sinter resulted in cracked surfaces. Depth 35' (1 0.67 m). (B) Multiple silica laminae contain 
fragmental inclusions with long axes oriented parallel to each laminae at a depth of 21'2" (6.45 
m). (C) Where larger sinter fragment (arrow) rested on the surface, localized microscale 
subsidence of the underlying soft sinter occurred, depth 29'1" (8.86 m). (D) Laminated sinter 
fragment formed a restriction barrier to thermal flow at depth 21 '2" (6.45 m). Sinter laminae 
deposited up and over the fragment, and in the lee of the fragment. 



Within the core samples, local drying of exposed surfaces is indicated by the occurrence 

of cracked and brecciated sinter surfaces (Fig. 4.1 1A). Dry sinter terraces are common in modern 

geothermal systems and result from shifting channel flow paths. Fragment littered surfaces form 

as the sinter dries out and cracks. Subsequent discharge of hot spring fluids can transport and 

recement the fragments into new sinter deposits. At Steamboat Springs most sinter fragments 

have their longer axes parallel to the laminae in which they were embedded (Fig. 4.1 1B) 

indicating transport within shallow channels. The weight of large fragments on newly deposited 

sinter produced shallow depressions (Fig. 4.1 1C). In contrast, where the older sinter surfaces 

were sufficiently hardened, subsequent laminae draped over the fragments (Fig. 4.1 ID). In 

places, some of the larger fragments (> 0.5 rnm) that rested on the surface acted as barriers to 

thermal fluid flow, leading to silica deposition not only over the fragment but also on its leeward 

side (Fig. 4.1 1 D) . 

Oncoidal sinters typically display complex and varied internal structures and are coated 

by multiple laminae (cf. Walter et al., 1976; Renaut et al., 1996; Jones et al., 1997a; Campbell et 

al., 2004). The concentric laminations develop during evaporative drying of the sinter fragments 

and subsequent rolling in the channels during cycles of fluid discharge. Oncoids preserved in the 

core at Steamboat Springs consist of sub-rounded sinter grains (< 5 rnrn diameter) with 

irregularly shaped outer rims. Oncoids were observed within two different matrices: (1) those 

with a matrix of white, fie-grained opal-CT silica (Fig. 4.12); and (2) those with a dense, iron- 

rich matrix (Fig. 4.13). Many of the oncoids within the iron-rich matrix have internal laminae 

I composed of grainy, mottled iron-rich silica andlor nuclei of either remnant minerals such as 

alkali feldspars, or small sinter fragments (Fig. 4.13B-F). Oncoids in a horizon at a depth of 

29'1" (8.86 m) contained angular quartz + moganite fragments embedded in multiple laminae of 

temporally and mineralogically immature opal-A (Fig. 4.12D). It is likely these quartzose sinter 

nuclei were transported by wind or water from the high terrace (see section 4.8.9) prior to 

becoming entombed in a new phase of sinter deposition. Oncoids embedded within the 



white, opal-CT matrix consisted of a gray or white colored nucleus, surrounded by multiple 

laminae of alternating gray and white fine-grained silica (Figs. 4.12, 4.13). The outer rim was 

always gray in color and pitted. In modern geothermal environments. a gray surface coating is 

typically visible on dry sinter outcrops. Therefore, gray concentric laminae may represent times 

of exposure, whereas, the surface irregularities may represent periods of erosion and transport. 

Steamboat Springs oncoids are similar to sinter oncoids found at Orakei Korako, New Zealand 

(Renaut et al.. 1996). Here, sinter oncoids contained complex internal structures surrounded by 

multiple porous and non-porous laminae. 

Figure 4.12: Preservation of oncoids in Steamboat Springs core SNLG 87-29. (A-B) Oncoidal 
zone at a depth of 30'8" (9.35 m) showed reverse grading. (A) Hand specimen photograph. (B) 
Petrographic microscope image. (C) Increased magnification of (8) displayed oval and rounded 
oncoids with irregular edges k nuclei (arrows). (Dl Oncoid showing multiple silica laminae 
around a quartz + moganite fragment at a depth of 29'1" (8.86 m). 





from Steamboat Springs. The internal structures are pristine, with internal segments either 

completely or partially infilled, while others remain empty (Fig. 4.14). Diatorna anceps (Fig. 

4.14C), preserved in silica at a depth of 37'1" (1 1.30 m), lives in saline meteoric waters (Owen 

et al., 2004). The freshwater diatom, Rhopalodia gibbemla, is an epiphyte that also lives in 

saline waters but this species can tolerate high alkalinities (Ehrlich, 1995). R. gibbemla occurs at 

depths of 43 and 44 feet (13.11 and 13.41 m) in the core samples (Fig. 4.14D). This diatom was 

recognized by White et al. (1964) at Steamboat Springs. And also occurs in the mineralized 

springs of the El-Kab area of saline Lake Timsah, Egypt (Ehrlich, 1995). R. gibbemla has also 

been reported in hot-spring deposits from Alberta (Bonny and Jones, 2003), and the Kenyan Rift 

Valley (Owen et al., 2004). Water with a temperature of 33 "C and a pH of 7 provide optimal 

conditions for R. gibbemla (Owen et al., 2004), which typically occur on the distal-slope 

margins of alkali-chloride hot-springs. 

Figure 4.14: Diatoms preserved in Steamboat Springs sinter from core SNLG 87-29. (A-C) 
Petrographic microscope images. (D) SEM image. (A-B) Heterogeneous diatom assemblage 
preserved at depth 43' (1 3.1 1 m) showed segmented diatoms that were unfilled, partially or 
completely infilled. (C) Remnant segmented Diatoma anceps infilled with clotted opal-CT silica 
at depth 37'1 " (1 1.30 m). (D) Rhopalodia gibbemla preserved in opal-CT matrix and coated in 
opal-A microspheres at depth 44' (1 3.41 m). 



4.8.7. Intermittent volcanism 

Evidence of volcanism is recorded within the sinter core. The base of the sinter is located 

at a depth of 55 feet (16.76 m). Here, a rhyolitic ash-flow tuff composed of pumice and K- 

feldspar formed from devitrification. It is embedded in a filamentous, diatomaceous, opal-CT 

sinter (Fig. 4.15A-C). The core samples also recorded episodes of sinter deposition alternating 

with volcanism. In the upper section of the core at a depth of 21'2" (6.45 m), an ash-flow tuff 

containing glass shards and pumice fragments was preserved between two sinter laminae (Fig. 

4.15D). Pumice fragments occur at depths of 43' (13.1 1 m) and 44' (13.41 m). However, it is 

possible that they washed in and were subsequently incorporated into the sinter. 

Figure 4.1 5: Petrographic microscope images of sinter from core SNLG 87-29 capture 
paleoenvironmental signatures. (A-E) Depth 55' (16.76 m). (A) Sinter fragment contains diatoms 
and filamentous microbes. Some microbial sheaths are empty (white arrow) while others are 
partially infilled with silica (black arrow). (B) Pumice fragment. (C) Rhyolitic tuff revealed a 
groundmass of fine-grained sericite and K-feldspars in void (arrows). (D) Fragmental tuff layer 
between two sinter horizons with glass shard (arrow). D e ~ t h  21'2" (6.45 m). 



4.8.8. Secondary overprinting of the sinter 

Secondary features of the sinter deposits reflect the effects of stresses and strains, 

changes in the piezometric level, downward percolation of acidic steam condensate and sub- 

surface lateral flow of thermal fluids. Either fluid-induced fracturing or tectonic activity has 

resulted in brittle deformations of some sinter horizons (Fig. 4.16A-C). In contrast, horizons that 

were ductile absorbed the stresses by folding (Fig. 4.16D). These ductile horizons consist of 

multiple laminae enclosing small fragmental inclusions. All inclusions are oriented with their 

longest axes parallel to the bedding in which they are entombed (Fig. 4.16D). 

A lowering of the piezometric level can result in the discharge of thermal waters at 

elevations lower than older sinter deposits (cf. Lloyd, 1972). The oldest sinter on the high terrace 

at Steamboat Springs is located at a higher elevation than the younger sinter in the core and the 

distal apron-slope. Based on today's elevations of these sinters a drop in the piezometric level 

must have occurred on at least two occasions: (1) after sinter accumulated on the high terrace; 

and (2) after formation of the sinter in the core. Also, a second influx of thermal fluids flowed 

laterally below the ground surface, infilling pores and fractures, modifying the original sinter. 

Geopetal structures (gravity filled voids) have been recognized in outcrops at Steamboat Springs 

by White et al. (1964) and Hinman and Walter (2005). Based on their observations of geopetal 

structures, White et al. (1964) concluded that the sinter had been tilted - 45'. A similar rotation 

of 45' - 65' can be inferred from the geopetal structures within the core observed in this study 

(Fig. 4.16E-F). Indeed, White et al. (1964) reported that during times of deep erosion and a low 

water table, thermal waters did not discharge at the surface but instead continued to circulate 

beneath the ground, exsolving H2S which oxidized to HzS04, and subsequently attacked surfical 

rocks. 



Figure 4.16: Petrographic microscope images illuminate the response to tectonic stress in 
sinter from core SNLG 87-29. (A) Fractured quartz grain. Depth 55' (1 6.76 m). (B) Fracture 
split sinter fragment (fragment outlined in black line) at 37'1" (1 1.30 m). (C) Fragment (f) lodged 
in open fracture at depth 35' (1 0.67 m). (Dl Once horizontally bedded laminae now undulating 
as a response to compressive stress (arrows). Long axes of intraclasts follow bedding plane 
contours. (El Gravity infilled void. Depth 35' (1 0.67 m). (F) Sinter laminae surrounding gravity 
infilled void are tilted by 45" - 65" at a depth of 21'2" (6.45 m). 

Dissolution textures within the core and distal apron-slope sinter suggest they were 

overprinted by acid sulfate waters that formed from steam condensate as the piezometric surface 

dropped. The acidity results from oxidation of rising H2S derived from boiling thermal fluids. 



The formed condensates then percolate downward, altering the surrounding rocks until they are 

neutralized by water-rock interactions or mix with the underlying thermal fluids (Schoen et al., 

1974; Moore et al., 2004). Two types of dissolution textures are observed within the core and the 

distal apron-slope samples. The most common are etched and pitted surfaces (Fig. 4.17A-D), and 

a reduction in the exterior sheath diameters of silicified filaments (Fig. 4.17A-C). Less 

commonly, dissolution of botryoidal clusters of opal-A microspheres has resulted in the partial 

destruction of their original morphology (Fig. 4.17E). Near the top of the core, at a depth of 

16'2" (4.93 m), Al-rich mineral platelets, most likely kaolin, were coated with "fresh" opal-A 

microspheres (200 nm in diameter; Fig. 4.17E). The silica source for the new microspheres may 

have been dissolution of the older sinter (cf. Lynne et al., 2006). Alunite and jarosite (Fig. 4.17F) 

occur in samples at depths of 21'2" (6.45 m) and 35' (10.67 m). All these minerals commonly 

occur in geothermal systems where acidic steam condensate reacts with the surrounding rocks 

(Rodgers et al., 2000, 2002). Similar features related to acid sulfate waters also have been 

reported from New Zealand geothermal sites (Martin et al., 2000; Rodgers et al., 2002; Campbell 

et al., 2004). 



Figure 4.17: Dissolution features in samples from sinter on the distal apron-slope and in core 
SNLG 87-29. (A-E) SEM images. (A-C) Microbial filaments exposed to dissolution by acidic 
steam condensate show pitted exterior surfaces. (A) Distal apron-slope sample 18. (B) Distal 
apron-slope sample 17. (C) Core sample at a depth of 46'4" (1 4.1 2 m). (D) Typical etched and 
pitted sinter surface that was attacked by acidic steam condensate. Core depth 29'1" (8.86 m). 
(E) Remnant botryoidal clusters of opal-A spheres welded together. Newly-formed opal-A 
microspheres (200 nm diameter) clustered on and rimmed Al-rich platelets (arrows). Core at a 
depth of 16'2" (4.93 m). (F) Petrographic microscope image showing three jarosite bands 
(arrows) at a depth of 35' (10.67 m). 
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Figure 4.18: Opal-A to quartz mineralogical transformations in the Steamboat Springs 
siliceous sinter deposit. (A) XRPD traces reveal the opal-A to quartz silica phase 
diagenetic changes, as determined by XRPD analysis. (B) Stacked infrared specta of all 
silica phases exhibit progressive mineralogical maturation, which is accompanied by a 
flattening of the rounded water feature at 2250 nm and a rounding of the deep features at 
1900 nm and 1400 nm. 



4.8.9. Diagenesis 

(1) Mineralogical transformations 

The entire diagenetic continuum, from opal-A to opal-AKT, opal-CT, opal-C, and 

quartz, was captured in the three sinter deposits at Steamboat Springs (Fig. 4.18). 

Mineralogically, the most mature sinter is the high terrace. Of the 18 samples studied, 14 

consisted of quartz (FWHM values c 0.3 '28), two of quartz + moganite (FWHM values 0.15 

and 0.25 '28), one of opal-C + quartz (FWHM value 0.9 '28), and one of opal-CT (FWHM 

value 0.9 '28). Eight horizons fiom six samples on the distal slope contained opal-A and opal- 

AICT, with FWHM values ranging from 7.2 to 4.9 '28. No moganite was detected in these 

samples. Sixty-eight sample horizons from the core yielded opal-A, opal-AICT or opal-CT 

mineralogies. Three of the samples from depths of 12'3" (3.73 m), 15'1" (4.60 m) and 29'1" 

(8.86 m) contained quartz- and moganite-bearing sinter fragments embedded in opal-A. Only the 

high terrace sinter contained moganite; therefore, these fragments likely originated from the high 

terrace. The general mineralogic trend within the sinter matrix of the core is of increasing silica 

phase maturation with depth. However, FWHM values of individual horizons revealed that silica 

diagenesis varied considerably over short vertical distances (< 5 mm). For example, sinter from a 

depth of 21 '2" (6.45 m) yielded a FWHM value of 7.1 '28, whereas another horizon, only 5 rnm 

stratigraphically higher, yielded a mineralogically more mature FWHM value of 5.1 '28. Hence, 

the products of diagenesis are spatially patchy at a fine scale (Campbell et al., 2001; Lynne and 

Campbell, 2004; Lynne et al., 2005; Lynne et al., 2006). Accompanying silica phase maturation 

is structural water loss, which can be mapped by infrared spectroscopy. With increasing 

mineralogical maturation and dehydration at Steamboat Springs, the sharp, asymmetric hydroxyl 

features at 1400 nrn and 1900 nm for opal-A became more rounded and a flattening occurred of 

the deep water feature at 2250 nm (Fig. 4.18B). 

(2) Morphological transformations 

Figure 4.19 illustrates the morphological changes that accompanied the mineralogical 
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transformations described in section 4.9.1. A detailed description of these changes is documented by 

Lynne et al. (in press). In summary, initial deposition began with opal-A spheres, which reached 

maximum diameters of -3 pm (Fig. 4.19A). The smooth surfaces of these spheres roughened (Fig. 

4.19B) and transformed into opal-AICT nanospheres < 200 nm diameter, which subsequently 

aligned themselves into rows (Fig. 4.19C). These randomly oriented rows became the building 

blocks for blades of opal-CT lepispheres (Fig. 4.19D). Classic opal-CT bladed lepispheres (Fig. 

4.19E) subsequently morphed into opal-C nanostructures (Fig. 4.19F-H) . Quartz crystals (Fig. 

4.19G-H) then grew from opal-C nanostructures, clustering around the base of newly-forming 

crystals. Well-formed. doubly terminated quartz crystals reached lengths of up to 50 pm. 

Figure 4.19: Morphological transformations from opal-A to quartz in the Steamboat Springs 
sinter. (A) Clusters of opal-A spheres. Depth 31'7' (1 1.30 m), tan colored. FWHM value = 6.5 
"28. (B) Roughened surface of opal-A spheres immediately prior to transformation to opal- 
AICT. Sample 18, FWHM value = 6.05 "28. (C) Typical opal-A/CT morphology consisting of 
nanospheres ( -  200 nm diameter) which eventually formed rows (black lines) before 
transforming into opal-CT. Sample 21'2' (6.45 m), FWHM value = 5.25 "28. (D) Transformation 
of opal-AICT into early opal-CT bladed lepispheres. Sample 35' (1 0.67 m), FWHM value = 2.7 
"28. (E) Classic opal-CT bladed lepispheres. Sample 32'1 1" (1 0.03 m), FWHM value = 1.9 "28. 
(F) Blades of opal-CT lepispheres breaking down into opal-C nanostructures. Sample H7, 
FWHM value = 0.9 "28. (G) Groundmass of opal-C nanostructures (c) occurring with newly- 
forming quartz crystals. Sample H7, FWHM value = 0.9 "28. (H) Well-developed quartz crystals 
with opal-C nanostructures (c) around base of growing quartz crystals. Sample H I  0, FWHM 
value = 0.25 "28. 





4.8.1 0 Physical parameters and diagenesis 

In addition to the morphological changes, both density and porosity were modified during 

diagenesis. In less mineralogically mature sinter, density values were similar, dominantly 

between 1.7 and 2.2 gm/cm! Density was greater in quartzose sinter, which ranged between 2.1 

to 2.7 gm/cm3 ( ~ i g .  4.20A). Porosities decreased with mineralogical maturation (Fig. 4.20B). 

Porosity values for samples with opal-A + opal-AICT, opal-CT, opal-C + quartz ranged from 5 - 

25 %, 2 - 32 % and 2 - 14 %, respectively. A greater scatter of porosity values is evident for 

early to mid diagenesis (Fig. 4.20C). Sinter samples with higher porosity either had experienced 

dissolution by acidic steam condensate or were related to diatomaceous sinter horizons (Fig. 

4.20C). All other sinters experienced only a slight decrease in porosity with silica maturation. 
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Figure 4.20: Changes in density and porosity during silica phase maturation in sinter from 
Steamboat Springs. (A) Density versus silica phase maturation (FWHM) showed that density 
increased only with the formation of quartz. (B) Porosity versus silica phase maturation (FWHM) 
revealed a minimal decrease in porosity values for opal-CT to quartz. A greater range of values 
occurred for opal-A to opal-CT phases. (C) Porosity values versus depth for core samples, 
indicating increased porosity values for samples that have experienced dissolution via acidic 
steam condensate (ASC), or are diatom-rich. 
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4.8.1 1 Diagenesis and paleoenvironmental interactions 

Biosignatures of primary microbial communities at Steamboat Springs are preserved 

throughout the entire diagenetic sequence, from opal-A to quartz (Figs. 4.6,4.7). However, 

diagenesis typically modifies primary microbial textures, which can compromise the taxonomic 

fidelity of the fossils (cf. Jones et al., 2004). During early mineralogical maturation (opal-A to 

opal-CT), filaments in the Steamboat Springs samples became partially or totally infilled (Fig. 

4.7). During late-stage diagenesis and transformation to quartz, the microbial sheaths were 

encrusted with quartz crystals, increasing their diameters (Fig. 4.6D). Thus, where exterior 

sheath diameters cannot be accurately measured, it may be difficult to broadly infer low- versus 

mid-temperature spring outflow conditions. However, at Steamboat Springs, microbial textures 

are relatively well-preserved throughout all diagenetic phases (Figs. 4.6,4.7). 

A second generation of silica deposition in four horizons at depths of 32'119', 35', 37'1" 

and 40'8" resulted in immature opal-A depositing upon and overprinting more mature sinter 

(opal-CT), creating a discrepancy between morphologic versus mineralogic observations. 

Specifically, opal-A was observed by SEM but opal-CT was determined by bulk XRPD analysis 

(Fig. 4.21A-F). 



Figure 4.21: XRPD and SEM observations illuminated an incongruity in silica matrix 
morphology versus mineralogy in some core samples. (A) Smooth, immature opal-A silica 
partially covering mineralogically more mature opal-CT lepispheres. Depth 32'1 1 " (1 0.03 m), 
XRPD = opal-CT, FWHM value = 1.9 "28. (6) Spatially patchy opal-A coating over opal-CT 
lepispheres. Depth 40'8'' (1 2.40 m), XRPD = opal-CT. FWHM value = 1.8 " 2 8  (C) Newly- 
formed opal-A microspheres developed from smooth silica surface at a depth of 35' (1 0.67 m), 
where opal-CT mineralogy was determined by XRPD analysis. FWHM value = 2.1 "29. (D) 
Increased magnification of sinter surface shown in (C). (El Iron-rich opal-A silica overprinting 
previously formed opal-CT silica at a depth of 37'1" (1 1.30 m). XRPD = opal-CT, FWHM value = 
2.2 "28. (F) Iron-rich silica partially coating etched and pitted sinter surface at depth 37'1" 
(1 1.30 m). XRPD = opal-CT, FWHM value = 2.0 "28. 



4.9 DISCUSSION 

4.9.1 Silica mineral diagenesis 

The entire silica phase diagenetic continuum from opal-A to quartz is preserved at 

Steamboat Springs in three distinct deposits: (1) the mineralogically least mature sinter occurs at 

the distal apron-slope outcrop; (2) early- to mid- diagenetic silica phases of opal-A to opal-CT 

' are preserved within the core; and (3) the high terrace outcrop records late diagenetic quartzose 

sinter. Incremental mineralogical, and alternating nano-micro-nano-sized particle changes at 

Steamboat Springs follow the same trend as those recorded in sinters from the Opal Mound, 

Roosevelt Hot Springs, Utah, U.S.A. (Lynne et al., 2005), and are similar to those reported for 

sinters at Sinter Island, Taupo Volcanic Zone, New Zealand (Lynne et al., in press). 

Silica phase transformations can continue after thermal fluids cease to discharge, as long 

as an aqueous film surrounds the sinter particles (Iler, 1979). In the core samples, mineralogical 

maturation generally increases with depth, although small scale inconsistencies in the diagenetic 

sequence are common. For example, some individual horizons display a greater degree of 

mineralogical maturation than stratigraphically lower horizons. Silica phase diagenetic 

transformations (opal-A to quartz) follow the Ostwald rule and involve a solution-reprecipitation 

process (Can and Fyfe, 1958; Mizutani, 1966; Murata and Larson, 1975; Stein and Kirkpatrick, 

1976; Kastner et al., 1977; Landmesser, 1995). Thus, the first solid to precipitate in any 

homogeneous chemical composition will be the phase with the highest entropy (opal-A) 

followed by phases with progressively lower entropies (e.g., opal-AICT, then opal-CT, opal-C 

and finally quartz; Iler 1973, 1979; Williams et al., 1985; Chang and Yortsos, 1994, Landmesser, 

1995). Silica solubility depends on temperature, pressure, ionic strength, presence of cations and 

organic constituents (Lewin, 1961; Ichikuni, 1970; Iler, 1973; Wirth and Gieskes, 1979; Kastner, 

1981, Fournier, 1985; Hinrnan, 1998). Physicochemical processes affect silica concentrations 

and determine which silica phase precipitates, as well as influence diagenetic rates. At Steamboat 



Springs, diagenesis within zones of accelerated silica phase transitions (i.e., zones affected by 

acidic steam condensate overprinting; Fig. 4.17) was influenced by the change from alkali 

chloride to acid sulfate water that formed in response to a lowering of the boiling water table. 

The effects of acid sulfate waters on sinter were examined by Lynne et al. (2006). They placed 

fresh sinter inside a fumarole and monitored the diagenetic changes over a two-year period. 

Results showed an acceleration of silica phase transitions. 

As a geothermal system changes from alkali chloride to acid sulfate, the initial thermal 

fluid that was in equilibrium with opal-A mixes with steam condensate, which contains minimal 

silica (Lynne et al., 2006). This new fluid has an intermediate temperature and silica content. 

Opal-A will no longer be the equilibrium silica phase. Assuming kinetic barriers are overcome, 

the opal-A should react with the fluid to produce a more stable, lower entropy phase. This 

reaction is favored by the high surface area of smaller particles, such as those dissolving in an 

acidic steam condensate environment, because small particles increase the number of nucleation 

sites per unit volume, and the energy within the atoms (Banfield and Hamers, 1997). This 

increased energy is used to overcome activation barriers that would otherwise restrict reaction 

rates. Fracturing within the sinter, which promotes mixing of fluids, may further influence the 

distribution of fluids, and hence, influence the spatial distribution of silica phase changes. The 

presence of dissolution textures in core samples that display a higher degree of maturation than 

would be expected are consistent with this model of accelerated maturation. Therefore, 

mineralogical maturity cannot be related to increasing age of a sinter deposit (cf. Herdianita et 

al., 2000a). Time alone is not the only driver controlling diagenetic rates in sinters. Moreover, 

despite the gradational mineralogical transitions, an increase in density and a decrease in 

porosity was apparent only in quartzose sinter. Thus, a gradual density increase and porosity 

decrease accompanying mineralogical maturity, as reported by Herdianita et al. (2000a) for other 

sinters, does not occur at Steamboat Springs. Hence, such variations cannot be used as an 

indicator of mineralogical maturation in this deposit (cf. Herdianita et al., 2000a). 



4.9.2 Microbial preservation 

At Steamboat Springs, microfossils can be identified at all stages of the maturation 

sequence. However, late-stage diagenesis involves mineralogical encrustation of filament 

sheaths, with increases filament diameters and infills hollow interiors. Thus, the transition to 

quartz typically eliminates the distinction between original filament sheath and interior trichome 

for those microfossils inferred as cyanobacteria. While growth of diagenetic quartz increases 

primary filament diameters, dissolution by acidic steam condensate can reduce them. Therefore, 

measurement of sheath diameter to estimate primary discharge fluid temperatures (ie. low, mid 

or high) is not always possible or accurate (cf. Jones et al., 2004; Lynne and Campbell, 2003; 

Lynne et al., 2006). Nonetheless, at Steamboat Springs, microbial textures typical of low and 

medium temperature environments (cf. Farmer, 1999) are well-preserved throughout diagenesis. 

4.9.3 Sinter ages 

The core samples yielded 14c ages inconsistent with their stratigraphic position and 

mineralogical maturation, which generally increases with sample depth. The youngest age of 

6283 f 60 years BP (sample from 48'7" to 48'10" (14.81 to 14.88 m)) was obtained from a 

sample located near the base of the sinter deposit. Stratigraphically higher sinter samples, in 

contrast, have yielded consistent ages of 8684 f 64 years BP (sample from 26'8" to 26'1 1" (8.1 3 

to 8.21 m)) and 11,493 f 70 years BP (sample from 33'3" to 33'6" (10.13 to 10.21 m)). Two 

processes could produce these age relationships: (1) transport through open fractures of 

stratigraphically higher but younger fragments downwards through the deposit (Fig. 4.16C); 

and/or (2) incorporation of older sinter fragments within the sinter core (Fig. 4.3). The possibility 

that the shallower samples have yielded ages that are too old is supported by the occurrence of 

sinter fragments, associated with the dated intervals, containing the mature diagenetic 

assemblage of quartz + moganite in horizons cemented by mineralogically less mature opal-A. 

The most likely source of these sinter fragments is the high terrace, which is located at an 

elevation above the cored deposit. Therefore the two stratigraphically higher samples with 
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apparently older dates most likely represent a combination of two distinct temporal thermal 

regimes. We infer from these relationships that the sinter deposit is no older than 6283 years. 

4.9.4 Geologic influences on sinter deposits 

The origin and evolution of the Steamboat Springs geothermal system is the result of a 

complicated geologic environment involving tectonism, volcanism, and magmatic intrusions. 

This environment controlled the deposition and accumulation of silica at the surface by heating 

circulating fluids and opening conduits to the surface for thermal discharge. Subsequent post- 

depositional changes in thermal flow (i.e., lowering of the piezometric level) and intermittent 

changes in the geothermal system from alkali chloride to acid sulfate conditions further modified 

the deposit. Post-depositional events such as sinter fragmentation and transportation, dissolution 

of the deposit and sub-surface flow of thermal fluids are all recorded within the sinter at 

Steamboat Springs. The results of this study demonstrate that accurate reconstruction of the 

primary paleoenvironrnental settings of any given hot spring sinter requires a detailed assessment 

of the deposits' history, including the effects of diagenesis, the depositional environment and the 

effects of later overprinting by subsequent fluids. Given this potential complexity a combination 

of macro, micro and nanometer scale observations is necessary to develop paleoenvironmental 

models and to evaluate the effects of diagenesis in each deposit. 

4.1 0 CONCLUSIONS 

Siliceous sinter deposits are relevant as analogs to early life conditions in hydrothermal 

environments. Modern-day geothermal and ancient sinter deposits preserve abundant microbial 

life. In order to accurately extract useful paleoenvironmental information from the geologic 

record, we must understand how depositional environments, post-depositional overprinting, and 

diagenesis interact to alter primary signatures. The sinter deposits at Steamboat Springs are 

significant because they preserve the entire diagenetic sequence from opal-A to quartz, as well as 

primary paleoenvironmental signals and several later stage events. 
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Sinter textures suggest that over time, discharging fluid temperatures on sinter aprons 

fluctuated between low and mid-temperature. No vent deposits were identified. Mineralogical 

maturation has complicated identification of primary biosignals through dissolution of the 

microbial filament sheaths or by increasing their thicknesses through mineralization. Despite 

these effects, microbial textures have persisted. Sinter fragments embedded within sinter laminae 

in the core indicate at least two periods of thermal spring discharge, one older than 11493 f 70 

years BP, and the other no older than 6283 f 60 years BP. Incongruent dates with respect to 

observed stratigraphic relationships reflect the contamination of young sinter with fragments 

derived from the older, mineralogically mature deposit. The evolution of the Steamboat Springs 

sinter is complex, with significant secondary overprinting by numerous separate events, such as 

fragmentation, repeated wetting and drying of exposed sinter surfaces, dissolution via acidic 

steam condensate, sub-surface flow of thermal fluids during times of a lowered piezometric 

level, volcanism, fracturing (micro and macro-scale) and mineralization. 
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