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CHAPTER 5 

Tracking crystallinity in siliceous hot-spring deposits 

5.1 OVERVIEW 

This research was inspired by a series of 3-dimensional images (Figs. 5.1-5.5; 3D glasses 

inside back cover) of the five silica phases identified within the Opal Mound deposit (Chapter 2). 

They were taken using a scanning electron microscope and illustrate typical morphologies for 

each silica phase (opal-A, opal-AICT, opal-CT, opal-C, quartz). Within the alternating repeating 

pattern of nano-micro-sized particle changes that accompany the mineralogical transformations 

documented in Chapters 2 and 4, there is a distinct alignment of morphological features for opal- 

AICT, opal-CT and opal-C, clearly shown in the 3-dimensional images. This chapter examines 

the significance of the micro-scale alignment of morphological features in relation to sinter 

diagenesis. The University of Auckland had just acquired a new Electron Backscatter Diffraction 

microscope (EBSD), primarily used for industrial engineers to analyze the internal crystal 

structure of metals. I decided to use the EBSD as a tool to assess the different diagenetic stages 

of sinters by analyzing the crystallography. This was challenging and difficult as it was the fist 

application of the EBSD on rock samples, conducted at the University of Auckland. Presented 

herein, are the results of this work. 



Figure 5.1 
3 dimensional scanning electron microscope image of botryoidal 

.clusters of opal-A microspheres from Opal Mound 











5.2 ABSTRACT 

Siliceous hot-spring deposits (sinters) entrap paleoenvironmentally significant 

components and are used as extreme-environment analogs in the search for early Earth and 

extraterrestrial life. However, sinters undergo a series of textural and mineralogical changes 

during diagenesis that can modify and overprint original environmental signals. For ancient 

hydrothermal settings including those close to the dawn of life, these transformations have long 

since occurred, so that study of diagenetic processes and effects is best undertaken in much 

younger deposits still undergoing change. Three young sinters preserve the entire diagenetic 

sequence of silica phases. from opal-A to quartz. The 6000 to - 11,500 years BP f 70 years 

sinter at Steamboat Springs, Nevada, the - 1600 - 1900 + 160 years BP Opal Mound sinter at 

Roosevelt Hot Springs, Utah, and the - 456 2 35 years BP deposit at Sinter Island, Taupo 

Volcanic Zone, New Zealand, provide an opportunity to track crystallographic, mineralogic and 

morphologic transitions of sinter diagenesis using standard and new analytical approaches. 

Worldwide, sinter forms from cooling, alkali chloride waters as noncrystalline opal-A. 

transforming first into noncrystalline opal-ACT, then paracrystalline opal-CT & moganite, 

paracrystalline opal-C, and eventually to microcrystalline quartz. In this study, these changes 

were identified by the novel and combined application of electron backscatter diffraction, X-ray 

powder diffraction, and scanning electron and optical microscopy techniques. We show that 

mineralogical changes precede morphological and accompanied crystallographic 

transformations. During this modification, silica particles grow and shrink several times from the 

micron- to nano-meter scales via dissolution, reprecipitation and recrystallization, and diagenesis 

follows the Ostwald Step rule. All deposits followed nearly identical diagenetic pathways, with 

time as the only variable in the march toward physicochemically stable quartz crystals. 

Diagenesis modifies original environmental signatures trapped within sinters. After five silica 

phase changes, filamentous microfossils are modified but still remain recognizable within sinter 

from the Opal Mound and Steamboat Springs deposits, and during the opal-A to opal-CT silica 
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phase transformations at Sinter Island. Therefore, recognizing diagenetic components and how 

they affect sinters is necessary to accurately identify biosignals from ancient hot-spring deposits. 

5.3 INTRODUCTION 

Siliceous sinter forms where hot alkali chloride waters discharge and cool at the Earth's 

surface. Silica deposits upon all exposed surfaces, including microbes, insects, pollen, plant 

debris, mineral detritus, as well as older sinters. Sinters are thus archives of past hydrologic, 

biologic and environmental conditions in terrestrial hydrothermal settings (Walter et al., 1976; 

Farmer and Des Marais, 1994; Bartley, 1996; Cady and Farmer, 1996; Jones et al., 1997a, 1998; 

Campbell et al., 2001; Konhauser et al., 2001; Lowe et al., 2001; Guidry and Chafetz, 2002, 

2003a). Furthermore, sinter deposits may preserve biosignals of some of Earth's earliest life 

(Bock and Goode, 1996; Farmer, 1998; Farmer and Des Marais, 1999). Therefore it is important 

to be able to recognize hydrothermal settings in the geologic record and understand how they 

alter over time if we are to identify which deposits are most likely to preserve paleobiologic 

signatures. However, post-depositional changes tend to blur, destroy or, rarely, enhance sinter 

primary textures that have biological significance (cf. Isaacs, 1982; Williams et al., 1985; 

Hinrnan, 1990; Trewin, 1994; Rice et al., 1995; Cady and Farmer, 1996; Walter et al., 1996; 

1998; Ogawa and Kawata, 1998; Kerr, 2002; Campbell et al., 2001; Guidry and Chafetz, 2003a; 

Lynne and Campbell, 2003, 2004; Rodgers et al., 2004; Lynne et al., 2005). Therefore, 

diagenetic overprints need to be distinguished from original environmental features (cf. Knoll 

and Walter, 1996; Farmer, 1998; Grotzinger and Knoll, 1999), so that remnants of past life in 

extreme paleoenvironments can be traced back in time or perhaps discovered within 

extraterrestrial settings. 

Siliceous sinter undergoes a series of mineralogic, morphologic and crystallographic 

changes during diagenesis. Freshly deposited sinter comprises noncrystalline opal-A, which 

transforms to noncrystalline opal-AICT, then paracrystalline opal-CT, opal-C and eventually to 



microcrystalline quartz. Moganite is a metastable silica phase that may occur with opal-CT, opal- 

C or quartz (Rodgers and Cressey, 2001; Rodgers and Hampton, 2003; Lynne et al., 2005). 

Similar progressive mineralogical transformations also occur during wood petrification (Stein, 

1982), desert varnish formation (Perry and Lynne, 2006, Perry et al., 2006), and the diagenesis of 

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), and siliceous residues (Rodgers et al., 2002). This 

process was previously estimated to take - 10,000 years or longer (Herdianita et al., 2000a). 

However, more recent research shows that the time required for opal to transform to quartz 

differs for each deposit (cf. Rodgers et al., 2004; Lynne et al., 2005, 2006). 

Numerous micro-environmental conditions can influence the depositional and post- 

depositional changes experienced by sinter deposits. Several studies have examined silica 

depositional processes in relation to rapid cooling (White et al., 1956), pH change (Eugster, 

1980; Rimstidt and Cole, 1983; Foumier, 1985; Jones et al., 1997a), cation effects (Ichikuni, 

1970; Rimstidt and Cole, 1983), and evaporation (Eugster, 1980; Hinman and Lindstrom, 1996). 

Suggested catalysts that may promote diagenesis include high organic content (Siever and Scott, 

1963; Mizutani, 1966; Hinrnan, 1 990), the presence of carbonate (Herdianita et al., 2000a), 

weathering and overprinting by acidic steam condensate (Lynne and Campbell, 2004; Lynne et 

al., 2006). A few studies also noted that mineralogic changes are accompanied by morphologic 

changes in silica textures at the micron-scale (Campbell et al., 2001; Lynne and Campbell, 2004; 

Rodgers et al., 2004; Lynne et al., 2005). No study has deconstructed the sinter diagenetic 

continuum into its crystallographic components until now. Herein, we use both standard and new 

methods to track silica crystallinity, mineralogy, and morphology at the nanometer and micron- 

scale, and suggest a detailed mechanism to explain sinter diagenesis. Well-established techniques 

of X-ray powder diffraction (XRPD), scanning electron microscopy (SEM) and petrography 

delineate mineralogical and morphological changes. A new approach using electron backscatter 
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5.4 GEOTHERMAL SETTINGS 

5.4.1 Steamboat Springs, Nevada, U.S.A. 

The Steamboat Springs geothermal area (Fig. 5.6) is located in Washoe County, on the 

eastern side of the Sierra Nevada Mountains, approximately five kilometers south of Reno. The 

present thermal area covers - 10.25 km2 and includes active fumaroles and ancient siliceous 

sinter deposits. Currently the geothermal field generates 62 MW of electricity from binary and 

steam-flash plants. White et al. (1964) provided a comprehensive account of the regional 

geology. In summary, the oldest rocks in the area, south and west of the sinter deposits, are 

Triassic-Jurassic metamorphosed sediments, which are intruded by Cretaceous plutonic rocks. 

Tertiary and Quaternary basaltic andesites and pumiceous rhyolite domes outcrop along a 

northeast trend within the site. Granites occur west of the thermal area. 

The present thermal activity occurs on a northeast-trending fault, indicating structural 

control of fluid flow. Normal faults occur regionally and older Miocene faults strike 030 O,  

whereas Quaternary faults strike northlsouth. Ancient sinter deposits form Sinter Hill and the 

high, low and main terraces. Drill hole SNLG 87-29 is located at the base of the high terrace 

(Fig. 5.6). We examined siliceous sinter in the upper section of the core, from 12'3" (3.73 m) to 

55' (16.76 m). Sample numbers refer to depths, as measured from the floor of the drill rig, 11'8" 

(3.56 m) above the ground surface. The upper sections of the core contained large quartzose 

sinter fragments (0.50 rnrn long) derived from the high terrace (Fig. 5.8A). A lowering of the 

piezometric surface resulted in dissolution of the sinter deposit via acidic steam condensate (Fig. 

5.8B). 

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

Roosevelt Hot Springs is one of the largest and hottest geothermal resources in the Basin 

and Range Province. The field is located on the eastern margin of the province, on the western 

flank of the Mineral Mountains, near the town of Milford. The reservoir covers 32 km2 and is 

situated within a north-trending horst, bounded by normal faults (Fig. 5.7A). Temperatures of 
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268 OC were encountered at a depth of 1770 m (Capuano and Cole, 1982). A 26 MW electrical 

power plant 2 km from Opal Mound draws its fluids from three wells (Blackett and Ross, 1992). 

The geologic and geothermal characteristics of the area have been documented elsewhere 

(Armstrong, 1970; Park, 1971; Nielson et al., 1978; Ward et al., 1978; Parry et al., 1979; 

Bamford et al., 1980; Sibbett and Nielson, 1980; Capuano and Cole, 1982; Christensen et al., 

1983; Moore and Nielson, 1994). Sinter occurs along the Opal Mound fault (Fig. 5.7A). Two 

dates are reported for the Opal Mound sinter. White, vitreous sinter from the upper vent area is 

dated at 1920 + 160 years, whereas, the dull red colored sinter on the mid- and lower slopes is 

dated at 1630 f 90 years (Lynne et al., 2005). No silica deposits today, but springs discharged in 

the northern part of the field until at least 1908. Lynne et al. (2005) described the textures and 

diagenesis of sinter at Opal Mound, and concluded that the accelerated rate of diagenesis from 

opal-A to quartz in less than 2000 years results from injection of hot fluids into fractures after the 

sinter formed (Fig. 5.8C). 

5.4.3 Sinter Island, Taupo Volcanic Zone, New Zealand 

Sinter Island is located within the Orakei Korako geothermal field (Fig. 5.7B and C), 

approximately 25 km north of Taupo, Taupo Volcanic Zone, New Zealand. The field straddles 

the Waikato River at Lake Ohakuri, with most surface activity located on its eastern side. Hot 

springs, geysers, pools, fumaroles, steaming ground and mud pools cover an area of 1.8 krn2 

(Lloyd, 1972). Surface activity is fault controlled (Lloyd, 1972; Bignall, 1991 ; Simmons and 

Browne, 1991). Discharging alkali chloride springs deposit silica that forms expansive sinter 

terraces. Lloyd (1972) and Hamlin (1999) gave detailed descriptions of the geothermal features 

of the area. Sinter Island is located on Lake Ohakuri, about 500 m upstream of the main tourist 

area and 40 m from the eastern bank of the lake (Fig. 5.7C). The Island is an extinct, hot-spring 

vent deposit, approximately 4 meters in diameter, and protrudes 2 meters above high water mark. 

The lake is tapped daily to generate electricity, lowering its level by as much as 0.5 m and 

exposing more of the old vent. Dissolution textures commonly occur in samples from the vent 
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and are the result of overprinting by acidic steam condensate (Fig. 5.8D). 

Study 
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Figure 5.7: Location maps of Opal Mound and Sinter Island deposits. (A) Opal Mound, 
Roosevelt, Utah, U.S.A., (B) Taupo Volcanic Zone, New Zealand (TVZ). (C) Location of Sinter 
Island in Lake Ohakuri, Taupo Volcanic Zone. 



Figure 5.8: SEM and petrography reveal a portion of the paragenetic history of Steamboat 
Springs sinter (A and B), Opal Mound (C) and Sinter Island (Dl. (A) Photomicrograph shows 
large quartz phenocryst in an opal-A silica matrix, Steamboat Springs core depth 21'2 (6.45 m). 
(B) Typical etched and pitted sinter surface that was attacked by acidic steam condensate. Core 
depth 29'1" (8.86 m). (C) Photomicrograph of Opal Mound sinter sample AU55393 shows 
microcrystalline quartz in a fractured vein. (Dl Dissolution textures on sinter surface resulting 
from acidic steam condensate overprinting, sample AU56436, Sinter Island. 

5.5 METHODS 

5.5.1 Sample Selection 

A total of 213 samples were analyzed, with 96,69 and 48 samples from Steamboat 

Springs, Opal Mound and Sinter Island, respectively. Samples are labeled AU58018 to AU58111 

(Steamboat Springs), AU55339 to AU55395 (Opal Mound), and AU56436 to AU56466 (Sinter 

Island). 



5.5.2 14c Ages of Sinter 

All three deposits were dated by calibrated "C analysis of entombed plant and pollen 

fragments using accelerator mass spectrometry (AMS) at the Rafter Radiocarbon Laboratory, 

Institute of Geological and Nuclear Sciences Ltd., Lower Hutt, New Zealand. Extraction 

methods are described by Lynne et al. (2003). 

5.5.3 X-ray Powder Diffraction Analysis 

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

phase mineralogy, as well as to compare the degree of mineralogical maturation among samples. 

Operating conditions and data analysis procedures follow those outlined in Herdianita et al. 

(2000b). The full width at half maximum height (FWHM) of the distinctive - 4 A diffraction 

band is a guide to the degree of lattice ordering or silica phase maturation within each phase 

(Herdianita et al., 2000b). Lattice ordering increases with maturation, from opal-A to opal-NCT 

to opal-CT, opal-C and ultimately to microcrystalline quartz. Noncrystalline opal-A and opal- 

NCT produce XRPD patterns with characteristic wide bands, or broadbands. By contrast, 

paracrystalline opal-CT and opal-C and microcrystalline quartz produce traces with increasingly 

sharper, narrow, peaks. Moganite is indistinguishable from quartz by XRPD. FWHM values of - 
8.0 O28 are characteristic of immature opal-A, whereas FWI-IM values of - 0.2 '28 are typical of 

microcrystalline quartz, the mature end-product of sinter diagenesis (cf. Lynne et al., 2005). 

Prominent diffraction bands for opal-A are centered at - 4A (- 22.2 '28), for opal-AICT, opal- 

CT and opal-C at 4.09A (21.75 O28), and for quartz at 4.257A (20.85 '28; Jones and Segnit, 

1971; Florke et al., 1991; Graetsch, 1994; Smith, 1998; Lynne and Campbell, 2003, 2004). 

Figure 5.9 illustrates typical XRPD diffraction patterns for each silica phase and table 5.1 

summarizes the results. 

5.5.4 Laser Raman Microprobe 

Moganite is a distinctive polymorph of microcrystalline silica which can form prior to 
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quartz and was first characterized by Florke et al. (1976, 1984). Laser Raman microprobe 

distinguishes between moganite and quartz (cf. Rodgers and Cressey, 2001; Rodgers and 

Hampton, 2003). It is difficult to recognize the presence of moganite by using XRPD alone as 

quartz and moganite peaks overlap. Using Raman microprobe, the principal quartz peak occurs 

at 465 cm-' whereas that of moganite is at 501 cm-' (Kingma and Hemley, 1994: Gotze et al., 

1998; Rodgers and Cressey, 2001: Rodgers and Hampton, 2003). A Renishaw Raman 1000 laser 

microprobe system with deep depletion CCD was used to analyze 21 spots within eight samples 

from the Opal Mound and 13 spots in seven samples from Sinter Island, and 22 spots in sixteen 

samples from Steamboat Springs following the methods outlined in Rodgers and Hampton 

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

laser set at 785 nm and 25 mW. A 1200 litrelminute diffraction grating and cosmic ray inhibitor 

were used. Spectra were collected with a slit of 100 pm and an integration time of 10 seconds 

under 100 % power. Five consecutive spectral runs for each sample were combined to improve 

the signal-to-noise ratios. The Raman laser microprobe was calibrated with calcite (1085 cm-' 

peak) and silicon (520 cm ' peak). 

5.5.5 Crystallinity 

Crystallinity changes during diagenesis were followed using electron backscatter 

diffraction (EBSD). This technique is based on the acquisition of diffraction patterns from 

polished bulk samples, using SEM. Samples were inclined at angles of 70' to 75' to the 

horizontal and the electrons of the primary beam were diffracted by the crystal planes of the 

sample. A high polish was obtained using colloidal silica to achieve the best patterns. The 

resulting electron backscatter patterns or EBSP's, were imaged on a phosphor screen and 

captured by a low-light sensitive camera. Indexing the width of the diffraction bands and their 

relative angles provides information on the crystallography of the specimen with a spatial 

resolution of approximately 0.05 microns for Field Emission SEM's. Difficulties arising from 



working with the sample at such a high tilt angle are largely compensated for by using the 

microscope's dynamic focus mode, which automatically adjusts the focus of the electron beam 

as it moves. Because the beam spot on a steeply tilted sample is an ellipse with its major axis 

about three times longer than its minor axis, spatial resolution might be compromised if the spot 

overlaps crystals with different orientations. In practice, the software used for indexing the 

patterns is capable of differentiating between overlapping patterns depending on their intensity 

(cf. Humphrey, 2001). Crystallographic maps of orientation data or Orientation Imaging 

Microscopy (OIM) calculate and record the orientation of the crystal with respect to a laboratory 

reference frame. This method allows changes in crystallographic texture to be plotted as pole 

figures. 

EBSD was performed using a TSL EBSD system equipped with a Digiview slow-scan 

CCD camera, a TSL OIM 3 Data collection program and a TSL OIM Analysis processor. One 

sample was chosen to represent each diagenetic silica phase from Steamboat Springs, Opal 

Mound and Sinter Island for a total of 15 samples. Crystallographic transformations from opal- 

CT to opal-C to microcrystalline quartz were successfully measured. Opal-A and opal-AICT 

samples were insufficiently crystalline to yield any EBSD patterns. Opal-CT, opal-C and quartz 

samples chosen were AU58097, AU58026, AU58035 (Steamboat Springs), AU55348, 

AU55379, AU55384 (Opal Mound) and AU56458, AU56462, AU56464 (Sinter Island). 

5.5.6 Scanning Electron and Optical Microscopy 

Morphological changes during diagenesis of siliceous sinter matrices were traced using 

scanning electron microscopy (SEM) and optical microscopy. The samples were mounted on 

aluminum stubs using epoxy. These stubs were then coated with platinum using a high- 

resolution Polaron SC7640 sputter coater. Samples were examined using a Phillips (FEI) XL30S 

field emission gun SEM, at an accelerating voltage of 5 keV, and a working distance of 5 rnrn. 

Each was also sub-sampled for coupled XRPD and EBSD analysis, so that observed changes in 

mineralogy could be compared to morphologic and crystallographic changes at the nanometer 
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and micron scales. Each sample was also examined in thin section using a standard petrographic 

microscope. 

5.6 RESULTS 

The results of this investigation address: (1) sinter dates, (2) progressive diagenetic 

changes in mineralogy, morphology and crystallography, (3) crystal orientations and (4) 

petrographic observations. 

5.6.1 I4c Ages of Sinter 

Three samples from the Steamboat Springs core yielded ages of 8684 f 65 BP at a depth 

of 8.13 to 8.21 m (26'8" to 26'1 I"), 11,493 + 70 BP at a depth of 10.13 to 10.21 m (33'3" to 

33'6") and 6283 f 60 BP at a depth of 14.81 to 14.88 m (48'7" to 48'10"). Samples from Opal 

Mound included a white, vitreous sinter from the former vent area containing quartz, and one 

dull red colored, distal-apron sinter consisting of opal-A. The samples were dated at 1920 f 160 

BP and 1630 f 90 BP respectively. One sample from Sinter Island was dated at 456 f 35 BP. 

5.6.2 Progressive Diagenetic Changes in Mineralogy, Morphology and Crystallography 

(1) Mineralogical transitions 

Five silica phase transitions (opal-A, opal-NCT, opal-CT, opal-C, quartz) are present in 

the Steamboat Springs, Opal Mound, and Sinter Island sinter deposits. Transformation from one 

silica phase to the next was incremental (Fig. 5.9; Table 5.1) and diagenetic changes are recorded 

by a progressive decrease in FWHM values. Sinter from the three deposits had similar FWHM 

values, in the ranges: opal-A, 8.0 to 6.0 '28; opal-NCT, 6.0 to 3.5 '28; opal-CT, 2.5 to 1.0 '20; 

opal-C, 0.9 to 0.7 '20; and quartz 0.4 to 0.1 '28. 
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Table 5.1: Mineralogy of siliceous sinter samples from Sinter Island, Opal Mound and 
Steamboat Springs deposits determined by X-ray powder diffraction analysis 

Deposit Silica FWHM FWHM Number of samdes 
(A> Phase ("28) analyzed 

Sinter Island Opal-A 7.1 5-6.1 0 1.29-1.25 19 

Opal Mound 

opal-ACT 6.00-3.55 1.1 4-0.65 1 0 
Opal-CT 2.50-0.86 0.47-0.1 6 5 
Opal-C 0.85-0.70 0.1 8-0.1 3 7 
Quartz 0.40-0.20 0.08-0.07 7 
Opal-A 7.95-6.45 1 34-1.16 20 
Opal-ACT 5.80-2.70 1.06-0.51 19 
Opal-CT 2.30-1.05 0.44-0.20 1 0 
Opal-C 0.70-0.40 0.12-0.08 9 
Quartz 0.40-0.1 5 0.08-0.03 1 1 

Steamboat Springs Opal-A 7.60-6.1 0 1.30-1.09 11 
Opal-NCT 6.30-3.65 1.1 5-0.66 27 
Opal-CT 2.70-1.50 0.51 -0.29 39 
Opal-C 0.90 0.18 1 
Quartz 0.25-0.1 0 0.05-0.02 18 

(2) Morphological transformations 

Morphological changes in the silic sinter matrix were captured by SEM images that 

revealed a series of alternating, micro- to nano-sized particle changes in all three deposits. Figure 

5.5 summarizes these. Comparison of the morphological transformations between the deposits 

shows that the opal-A to opal-CT step is almost identical for all three sinters; however, the 

transformation from opal-CT to quartz differs somewhat. 

The morphological diagenetic sequence at Opal Mound is well-documented (cf. Lynne 

and others, 2005). Initially formed are < 2.5 pm diameter opal-A microspheres. With diagenesis, 

these spheres transform into < 200 nm diameter, aligned opal-NCT nanospheres. These are 

followed by opal-CT bladed lepispheres (- 5 pm diameter), opal-C nano-rods (< 200 nm 

diameter), and finally quartz micro-crystals (< 15 pm long). 

Opal A microspheres at Steamboat Springs coalesce and reach up to - 5 pm in diameter 

(Fig. 5.11A and B). These subsequently transform into < 200 nrn diameter nanospheres of opal- 

AICT (Fig. 5.1 1C). Continued diagenesis produces opal-CT lepispheres up to 10 pm in diameter (Fig. 

5.1 1D and E). With further diagenesis, the blades on the lepispheres develop sharp-peaked pyramid 
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structures (Fig. 5.1 IF). The lepisphere blades then break down into c 200 nm diameter 

nanostructures (Fig. 5.1 1 G and H) , which are incorporated into the growing quartz crystals, 

reaching maximum lengths of  10 pm (Fig. 5.1 11 and J). 

At Sinter Island, opal-A microspheres coalesce and reach 5 pm in diameter (Fig. 5.12A) 

before they subsequently transform into opal-AICT nanospheres, < 200 nm diameter (Fig. 

5.12B). Further maturation forms opal-CT bladed lepispheres with diameters up to 5 pm (Fig. 

5.12C to E). Opal-C aligned nanostructures < 500 nm long (Fig. 5.12F to I)  develop from the 

blades of the opal-CT lepispheres and form criss-cross patterns that transform and become 

incorporated into quartz microcrystals up to 5 pm long (Fig. 5.127 and K). 

Figure 5.1 1 : SEM images illustrate microtextures of the opal-A to quartz diagenetic sequence at 
Steamboat Springs. (A) Clusters of smooth opal-A spheres. Individual spheres - 2.0 pm in 
diameter. AU58071, FWHM value = 6.50 "28. (B) Opal-A spheres with surface roughening, 
indicating initiation of the opal-A to opal-A/CT transition. Sample AU58041, FWHM value = 6.05 
"28. (C) Opal-AICT nanospheres < 100 nm in diameter. Sample AU58041, FWHM value = 5.45 
"28. (D) Early opal-CT lepispheres show newly-developing blades. Sample AU58039, FWHM 
value = 5.40 "28. (E) Better-developed opal-CT lepispheres show more defined blades. Sample 
AU58056, FWHM value = 5.1 0 "28. (F) Opal-CT lepisphere prior to transformation into opal-C 
nanostructures reveals that opal-CT blades reorganize to form triangular structures over the 
lepispheres (arrows). Sample AU58026, FWHM value = 0.90 "28. (G) Nanostructures of opal-C 
< 200 nm diameter around the base of quartz crystals. Sample AU58018, FWHM value = 0.25 
"28. (H) Nanostructures < 200 nm diameter become incorporated into growing quartz crystals. 
Sample AU58035, FWHM value = 0.25 "28, (c = opal-C; q = quartz) (I) Quartz crystal 15 pm in 
length (q) shows opal-C nanostructures (c) around its base. Sample AU58018, FWHM value = 
0.25 "28. (J) Quartz crystals with multiple orientations. Sample AU58035, FWHM value = 0.25 
"28. 

Figure 5.12: SEM images capture the morphologic transition from opal-A to quartz at Sinter 
Island. (A) Smooth opal-A spheres (3 pm in diameter), the initial starting point of diagenesis. 
Sample AU56439, FWHM value = 7.1 5 "28. (B) Surface of originally smooth opal-A sphere 
transforming into opal-AICT nanospheres, each 100 nm in diameter. Sample AU56454, FWHM 
value = 5.90 "28. (C) Newly-forming opal-CT bladed lepispheres. Sample AU56457, FWHM 
value = 2.50 "28. (D) Well-developed, tightly packed, sharply defined blades of opal-CT. 
Sample AU56458, FWHM value = 1.50 "28. (E) Detail of (D). (F) Aligned nanostructures up to 
300 nm long develop as opal-CT lepispheres begin the transformation into opal-C. Sample 
AU56461, FWHM value = 0.95 "28. (G-H) Further modification toward quartz microcrystals 
involves the formation of nanostructures that become aligned into triangular-peaked structures. 
Sample AU56460, FWHM value = 0.80 "28. (1) Further diagenesis reveals a criss-cross pattern 
developing from previously formed opal-C nanostructures. Sample AU56460, FWHM value = 
0.80 "28. (J-K) Criss-cross microtextures eventually become incorporated into the newly 
forming quartz micro-crystals. Sample AU56464, FWHM value = 0.70 "28. 







(3) Crystallographic transformations 

EBSD analysis allowed detailed tracking, for the first time, of the crystallographic 

changes that accompany mineralogical and morphological transformations during diagenesis 

from opal-CT to quartz. Noncrystalline opal-A and poorly-ordered opal-AKT showed no 

preferred axes. However, crystallographic axes could be measured from EBSD images of opal- 

CT, opal-C and quartz for the three sinters (Fig. 5.13). 



Figure 5.13: EBSD crystallographic images displaying crystal axes within samples and 
accompanying SEM images. (A) Steamboat Springs sample AU58097, opal-CT, FWHM value = 
2.20 "28. (B) SEM image of unpolished surface of opal-CT lepisphere producing crystallographic 
axes shown in (A). (C) Opal Mound, sample AU55384, opal-C + quartz, FWHM value = 0.70 
"28. (D) SEM image of unpolished surface of opal-C nanostructures producing crystallographic 
axes shown in (C). (E) Opal Mound, quartz, sample AU55388, FWHM value = 0.15 '28. (F) 
SEM image of polished surface of quartz crystal producing crystallographic axes shown in (E). 

More importantly is the range of angles of the crystal axes recorded for opal-CT, opal-C 

and quartz. Quartz has three axes at 60 O to each other (u-, x-, and y-) with the z-axis at 90 O to 

them. The EBSD results show that the axes of diagenetic quartz in sinter are close to, but not 

quite, at 60 O (Fig. 5.13E and F) . The data show that as opal-CT (Fig. 5.13A and B) and opal-C 

(Fig. 5.13C and D) mature, their crystal axes become more closely oriented to those of quartz. 

Quartz can be either left- or right-handed, whereas moganite contains both left- and right- 

handed crystals. Distinction between left- and right-handed crystals can be determined by 

identifying the 2-1-11 axis, present only in left-handed quartz, and the 11-21 axis that occurs 

exclusively in right-handed quartz (Miehe et al., 1984, 1988; Miehe and Graetsch, 1992). 

Moganite in sinter contains both left- and right-handed crystals. Figure 5.14A to C shows that 

during sinter diagenesis, the range of orientations in samples containing moganite decreases with 

increased mineralogical maturation. 

One opal-C + quartz sample from Opal Mound (AU55384) contains both trigonal and 

hexagonal quartz crystals (Fig. 5.14D and E). This suggests gradual transformation from the less 

mature trigonal quartz to the better developed hexagonal quartz crystals. These results support 

SEM and petrography, which implies that more than one silica phase can co-exist side by side 

and that diagenetic transformations can occur at different rates in close proximity. 



Raman shift (cm") 

Opal Mound Sinter Island 
I 

Left handed Right handed Left handed Right handed 
2-1-11 11 -21 1 2-1-11 11 -21 

Figure 5.14: The presence of moganite, and trigonal and hexagonal quartz within sinter 
samples. (A) Laser Raman trace reveals distinctive quartz (a) and moganite (M) peaks. Sample 
AU55379 from Opal Mound. (B-C) EBSD pole figures show orientations of left-handed (Bi, Biii, 
Ci, Ciii) and right-handed (Bii, Biv, Cii, Civ) crystals containing moganite. Color changes from 
red to orange to yellow to green to blue indicate many crystals to few crystals. (Bi-Bii) Sample 
AU55379, opal-CT + quartz + moganite. (Biii-Biv) Sample AU55376, quartz + moganite. (Ci-Cii) 
Sample AU56458, opal-CT + quartz + moganite. (Ciii-Civ) Sample AU56462, opal-CT + quartz + 
moganite. (D-E) EBSD pole figures for sample AU55384 from Opal Mound with trigonal (D) and 
hexagonal (E) quartz in opal-C + quartz sample with FWHM values = 0.20 to 0.35 "28. 



SEM imagery of all silica phases, except opal-A, revealed aligned morphological features 

that have preferred orientations (Figs. 5.15 to 5.17) prior to reaching the end-point of quartz (Fig. 

5.18). The alignment of features was widespread throughout each sample analyzed. Such 

features are present across entire horizons within an outcrop. The orientations of these aligned 

morphological features have been measured from SEM images with respect to a horizontal axis 

taken at O0 (Figs. 5.15 to 5.17; Table 5.2, column C). Crystallographic axes were measured from 

EBSD images (Table 5.2, column A). Crystal faces form at 90' to the three u, x, and y 

crystallographic axes (Table 5.2, column B). Comparison of orientations of aligned 

morphological features and measured axes (Table 5.2, column D) of the same site reveal that 

most of the former are oriented close to 90' to the crystal axis for each silica phase in all three 

deposits. Our EBSD results show diagenetic quartz crystal axes occur at x=68O, u=136O, y=OO 

(Sinter Island), x=48O, u=122', y=OO (Opal Mound), and x=80°, u=140°, y=OO (Steamboat 

Springs), compared to x=60°, u=120°, and y=OO for quartz that deposited directly from a thermal 

fluid. 

EBSD grain distribution maps showed that diagenesis is spatially patchy during the 

transition from noncrystalline to crystalline grains over distances of centimeters. EBSD and OIM 

data collection software attempts to index all EBSDs. However, amorphous, or only marginally 

crystalline regions, fails to index a point. This circumstance results in the formation of a mis- 

index point, resulting in OIM data maps which display noncrystalline areas as regions or patches 

with a speckled appearance. By contrast, sufficiently crystalline areas appear as grains with 

distinct boundaries. Grain sizes differ within each silica phase through mid- to late-diagenesis 

(Table 5.3). All deposits show alternations from micro- to nano- to micro-meter sized particles 

from opal-CT to opal-C to quartz transformations, with Sinter Island displaying the smallest 

particle sizes for all three deposits. 



Figure 5.15: SEM images exhibit the morphology of opal-A and opal-NCT silica phases at the 
micron scale. (A-B) Opal Mound. (A) Opal-A spheres, sample AU55339 FWHM value = 4.60 
"28. (B) Opal-AICT aligned nanospheres (white bars) show a range of preferred orientations. 
Sample AU55344, FWHM value = 3.50 "28. (C-D) Sinter Island. (C) Opal-A spheres, sample 
AU56438, FWHM value = 7.1 5 "28. (D) Aligned opal-NCT nanospheres show preferred 
orientations, sample AU56459, FWHM value = 1.75 "28. (E-F) Steamboat Springs. (E) Opal-A 
spheres, sample AU58055, FWHM value = 7.1 0 "29. (F) Opal-NCT nanospheres, sample 
AU58051, FWHM value = 6.00 "28. 



Figure 5.16: SEM images illustrate the morphology and alignment of blades in opal-CT 
lepispheres. Blades show a range of preferred orientations. (A) Opal Mound, sample AU55349, 
FWHM value = 2.30 "29. (B) Sinter Island, sample AU56458, W H M  value = 1.50 '29. (C) 
Steamboat Springs, sample AU58073, W H M  value = 1.90 "29. 



Figure 5.1 7: SEM images display the morphology of microtextures comprising opal-C. (A-B) 
Opal Mound, sample AU55385, FWHM value = 0.60 "28. Remnant opal-CT blades (A) 
breakdown into nanostructures (B) with preferred orientations. (C-D) Sinter Island, sample 
AU56464, FWHM value = 0.80 "28. (C) Opal-CT lepispheres transform into peaked structures 
with microtextural outlines resembling quartz crystals (black lines). (D) Increased magnification 
of (C) shows that aligned nanostructures have preferred orientations. (E-F) Steamboat Springs, 
sample AU58031, FWHM value = 0.85 "28. (E) Individual blades of a remnant opal-CT 
lepisphere adopt a more ordered pattern during progressive diagenesis, producing multiple 
triangular structures on surface. (F) Further morphologic transitions toward quartz mineralogy 
reveal that remnant blades form nanometer-scale fibrous structures with preferred orientations. 



Figure 5.18: SEM images show the morphology and alignment of microtextures leading up to 
quartz microcrystal development within the three sinter deposits of this study. (A-B) Opal 
Mound, sample AU55375, FWHM value = 0.25 "28. Early quartz (eq) formation involves the 
incorporation of opal4 nanostructures (c) into the developing quartz (q) crystals. (C-D) Sinter 
Island, sample AU56460, FWHM value = 0.25 "28. Opal-C nanostructures (c) form a criss- 
cross pattern and become incorporated into growing quartz (q) crystals. (E-F) Steamboat 
Springs sample AU58018, FWHM value = 0.25 "28. Opal-C nanostructures (c) around the base 
of growing quartz (q) crystals. 



Table 5.2: Crystallographic axes angles determined by EBSD and compared to angles 
measured from SEM images of aligned morphological features 

(A) (6) (C) (Dl 
Field Silica Measured Crystal face Range of Measured EBSD 
sample Phase crystallographic orientations at measured crystallographic axis: 
number axes 90° to orientations measured angles of aligned 

FWHM orientations crystallographic of aligned features on SEM images. 
AU (O28) from EBSD axis features on (angle of aligned features 
number images with SEM images at 90' to crystal axis) 

y axis = 0° with respect 
to a 
horizontal 
axis = O0 

Ok96 CT x=45" x=135"or315" 20"-40" x = 45" : 130" - 165" (135") 

C x = 45" 
0.70 u=105" 

y = 0" 
Quartz x = 68" 
0.50 u = 136" 

y = 0" 
CT 
2.30 No result 

C x = 55" 
0.60 u = 128" 

y = 0" 
Quartz x =48" 
0.15 u=122" 

y = 0" 
CT x = 100" 
2.20 u = 135" 

y = 0" 

Quartz x = 80" 
0.25 u = 140" 

y = 0" 

No result No result 



Table 5.3: Grain size analyses for opal-CT, opal-C and quartz for Opal Mound and Sinter 
lsland deposits 

Location AU number Mineralogy % of sample Grain size (vm) 
Opal Mound 55377 Opal-CT 73 3.0-4.0 

Opal Mound 

Opal Mound 

Sinter lsland 

Sinter Island 56464 

Sinter Island 56458 

Steamboat Springs 58097 

Steamboat Springs 58026 

Opal-C 

Quartz 

Opal-C 

Quartz 

Opal-CT 

Steamboat Springs 58035 Quartz 11 1-2 
35 2-1 0 
54 >10 

(4) Crystal Orientations 

The overall pattern of crystal orientations within each sample can be displayed as pole 

figures of the crystal axes. To map the orientations of individual grains, the z-axis of opal-CT, 

opal-C and quartz samples from each deposit were determined by EBSD, and OIM analysis (Fig. 

5.19). Within all sinters a variety of orientations occur for individual grains; however, dominant 

orientations are shown as red areas in figure 5.19. Pole figures for sinter from Steamboat Springs 

differ from those of Opal Mound and Sinter Island. Crystal axes in the Steamboat Springs 

samples have a wider range of orientations than those of Opal Mound or Sinter Island (Fig. 

5.19). The z-axes of most crystals in the sinters from Sinter Island and Opal Mound are oriented 

at either 25" or 80" normal to the sinter deposition surface, while those from Steamboat Springs 

are oriented at either 0 - 15" or 90" normal to the sinter deposition surface. It is unclear why these 

differences occur. For each deposit, some re-orientation of crystal axes occurs with increasing 

mineralogical maturation. However, only slight re-orientation of the z-axis occurs during the 



opal-CT to quartz phase changes in the Sinter Island and Opal Mound deposits, and during the 

opal-C to quartz change within the Steamboat Springs sinter (Fig. 5.19). 

Steamboat Springs 

--h 

Opal Mound Sinter Island 

many I few 

Figure 5.1 9: Pole figures depicting orientations of the z-crystallographic axis for all sufficiently 
crystalline grains as determined by EBSD analysis for Steamboat Springs, Opal Mound and 
Sinter Island deposits. Each color represents crystals with the same orientation. Color 
gradations from red to orange to yellow to green to blue represent many crystals to few crystals 
respectively. (Al, B1, C1) Opal-CT. (A2,B2, C2) opal-C. (A3,B3, C3) quartz. 



5.6.3 Petrographic Observations 

Textural changes evidently occurred concurrently with silica phase transformations, as is 

apparent in thin section. Each phase has a specific morphology: opal-A microspheres, opal-AICT 

nanospheres, opal-CT lepispheres, opal-C nanostructures and quartz micro-crystals (cf. Lynne 

and others, 2005). Textural alterations accompanied by mineralogical and morphological 

changes are shown in figure 5.20. Transformations are progressive and proceed from fine- 

grained opal-A (Fig. 5.20A to C) and opal- AICT fabric (Fig. 5.20D to F), to opal-CT (Fig. 5.20G 

to I), and then to a darker, more granular texture for opal-C (Fig. 5.20J to L). Continued 

diagenesis formed fine-grained, anhedral mosaics of microcrystalline quartz (Fig. 5.20M to 0). 



Figure 5.20: Thin section photomicrographs show changes in crystallinity of silica sinter during 
diagenesis from opal-A to quartz, where SS = Steamboat Springs, SI = Sinter Island, OM = 
Opal Mound. (A-C) Fine-grained silica with opal-A mineralogy (A = AU58039, B = AU56436, C = 
AU55354). (D-F) Finegrained silica with opal-AICT mineralogy (A = AU58060, B = AU56447, C 
= AU55365). (G-I) Opal-CT + quartz silica phases reveal patches of paracrystalline silica (A = 
AU58108, B = AU56458, C = AU55378). (J-L) Where opal-C + quartz are present, equigranular 
microcrystalline texture results (A = AU58031, B = AU56464, C = AU55385). (M-0) Quartz 
mineralogy produces interlocking grains of microcrystalline quartz (A = AU58018, B = AU56464, 
C = AU55388). r I 

i . '  A * . . .  '- -- m 



5.6.4 Microbial Preservation 

Despite five silica phase transformations, microfossils can be identified in quartzose 

sinter. Filamentous microbial microfossils survive in all silica phases within the Opal Mound 

and Steamboat Springs deposits. The quartzose microbial filaments were encrustated with 

developing quartz crystals but remained recognizable (Fig. 5.21). No microbial fabric was 

observed in the quartz sinters from Sinter Island, but was preserved in samples with opal-A to 

opal-CT mineralogy. 

Figure 5.21 : SEM images of coarsely filamentous microfossils. (A) Cross-section view of 
filament with opal-C + quartz mineralogy, FWHM value = 0.27 "28, from Opal Mound. Quartz 
crystals encrusted on exterior of filament sheath increase total primary filament diameter 
(arrow). Sample AU55384. (B) Overview of filaments mineralized with quartz from the Opal 
Mound deposit. Sample AU55392, FWHM value = 0.32 "28, quartz mineralogy. (C-D) Quartz 
samples from Steamboat Springs preserves microbial filaments that are heavily encrusted with 
quartz crystals. Sample AU58032, W H M  value = 0.1 0 "28, quartz. 



5.7 DISCUSSION 

This study examined sinter deposits from Nevada and Utah, U.S.A., and the Taupo 

Volcanic Zone, New Zealand. All three deposits captured the entire diagenetic continuum of 

silica phases from opal-A to quartz. It is now clear that sinter diagenesis consists of a progression 

of linked mineralogical, morphological and crystallographic transformations. Two 

morphological pathways are identified for the three deposits studied, with each pathway 

comprising multiple alternating changes from nano- to micro-meter sized particles. Regardless of 

the morphological pathway each deposit experienced similar mineralogical changes. 

5.7.1 Crystallographic Changes During Sinter Diagenesis 

Outer crystal morphology is an expression of a definite internal structural arrangement of 

atoms and is largely determined by the repeat pattern of atomic scale units within the unit cell 

(Battey and Pring, 1977; Perry, 1999). The five silica phases identified during sinter diagenesis - 

opal-A, opal-NCT, opal-CT, opal-C, quartz - all consist of joined silicon and oxygen atoms 

forming tetrahedral units. Each phase differs from the others in the manner in which the Si-0 

bond lengths and angles within each si4+ and 0 2 .  tetrahedral unit are linked (Battey and Pring, 

1977; Deer et al., 1978; Perry, 1999). Bonding of silica tetrahedral units for opal-A show no 

order. In other words, individual Si-0 bonds within tetrahedral units occur at completely random 

angles (cf. Perry, 1999, fig. 11.2, p. 239). As diagenesis proceeds, the silica tetrahedra become 

more ordered until such time that quartz forms. The increased ordering within silica tetrahedral 

units is reflected by decreasing FWHM values and changes in the orientations of crystal axes. 

The application of EBSD reveals that crystal axes can be detected of opal-CT, opal-C and 

quartz. EBSD shows that throughout mid- to late-stage diagenesis (opal-CT to quartz), their 

orientations change incrementally, essentially striving to reach those of quartz. The arrangement 



of aligned blades within opal-CT lepispheres and opal-C nanostructures is not random, but 

occurs at - 90" to the crystal axes. It is likely that the repeated orientations of aligned 

nanospheres in opal- AICT also represents the incipient orientations of future crystal faces. 

The observed mineralogical/morphological sequences is an example of Ostwald's Step 

rule which states that when substances precipitate from an oversaturated solution, the most 

soluble, but least thermodynamically stable phase, forms fist  (in this case opal-A). This phase 

subsequently dissolves while the next most soluble phase precipitates (opal-NCT). This process 

of dissolution/reprecipitation continues until the precipitate recrystallizes to form the most 

thermodynamically stable and least soluble phase (quartz). The mineralogical/morphological 

transformation pathways recognized in this study thus follows the Ostwald Step rule. As each 

new silica phase nucleates, it pseudomorphs the previous phase, and adopts some of its 

morphologic and crystallographic components. This process may be linked to the spatial 

alignment of the morphological features upon which the transformations are taking place. 

Certainly, the formation of opal-CT on pre-existing opal-NCT nanostructures and quartz 

crystals on pre-existing opal-C nanostructures is favored because of the decreased size of the 

opal-AICT and opal-C silica particles. Nanostructures offer a large number of nucleation sites 

per unit volume; thus, they are easy to nucleate. Therefore, nano-sized particles will encourage 

silica phase transformations and attract precipitation of the next more mature silica phase. It is 

the arrangement of the morphological features of the less mature silica phase (e.g., rows or criss- 

cross features) that initially controls the orientations of morphological features of the next 

formed more mature phase. 

5.7.2 Post-depositional Influences on Sinter Diagenesis 

Each sinter deposit experiences diagenesis at different rates (temporal variation). 

Diagenetic changes can be episodic in both time and space. Post-depositional conditions affect 
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diagenetic rates by either accelerating (Lynne et al., 2006) or retarding diagenesis. Formation of 

quartzose sinter at Opal Mound (- 1900 years old) was hastened by local injection of thermal 

fluids into the sinter (Lynne et al., 2005). No such injection occurred in the 1600-year-old, opal- 

A section of this sinter. Sinter Island, by contrast, has undergone rapid diagenesis and achieved 

mineralogic maturity (quartz) within only 450 or so years. As dissolution features are common in 

Sinter Island samples (Campbell and Lynne, 2006), it is likely that overprinting by acidic steam 

condensate accelerated diagenesis (cf. Lynne et al., 2006) by lowering the pH, and thereby 

enhancing dissolution of silica, and reprecipitating it where the water was less acidic. The 

smallest silica particles were seen at Sinter Island and are likely the result of dissolution. Particle 

size affects reactivity and the rate of silica phase transformations (Banfield and Hamers, 1997). 

In general, the rate of phase transformation of a particle is faster for smaller particles because of 

the greater number of nucleation sites per unit volume (Banfield and Hamers, 1997). Therefore 

the more rapid diagenetic changes at Sinter Island are likely the result of partial dissolution 

reducing particle sizes, which then favors rapid phase transformations. The alternating micro- 

nano-sized particle changes produced by diagenesis in all three deposits are controlled by 

dissolution/recrystallization processes. Increased energy encourages phase transformations when 

silica particles are small (Banfield and Hamers, 1997), so the nano-sized particles of opal-AICT 

and opal-C are likely to transform more quickly than the micro-sized particles of opal-A or opal- 

CT. Opal-NCT and opal-C nanostructures are less common within sinter deposits. 

By comparison with the two other sinters studied, the paragenetic history of the 

Steamboat Springs sinter is complex. The entire core is fractured and dissolution features are 

evident in many samples, indicating acidic steam condensate overprinting. In the upper section 

of the core, diagenetic quartz fragments derived from the high terrace occur in an opal-A and 

opal- AICT siliceous matrix, implying weathering, transport and incorporation of older sinter into 

a second phase of sinter formation. Steamboat Springs core dates are out of sequence with 

respect to core depth. With increasing depth, the ages range from 8684 BP at 8.13 to 8.21 m 
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(26'8" to 26'1 I"), to 11,493 BP at 10.13 to 10.21 m (33'3" to 33'6"), to 6283 BP at 14.81 to 

14.88 m (48'7" to 48'10"). We suggest that the oldest dates within the upper sections of the core 

are not the age of the upper sinter itself but rather the age of the high terrace deposit, as these 

sections of the core contain large (up to 0.5 mrn long) diagenetic quartz fragments cemented in a 

matrix of opal-A. The lower section of the core, dated at 6283 BP, does not contain any high 

terrace quartz fragments; therefore, the upper section of the core is likely to be < 6283 BP. Thus, 

the Steamboat Springs sinter highlights the complex interplay of events that can take place 

during diagenesis. It emphasizes the need to clearly identify and understand the local and 

regional geologic, depositional and post-depositional settings and events if sinters are to be used 

reliably as archives of past environmental conditions. 

5.7.3 Significance of Silica Phase Diagenesis 

This study applied new techniques to study silica phase transformations in siliceous hot- 

spring deposits, but these methods can be used in other fields. Silicon is the second most 

abundant element in the Earth's crust and is a dominant element in many biological and 

geological environments. For example, silicon is present in all living organisms (Birchall, 1992). 

It is required for the building of structures and metabolism within diatoms, for strengthening cell 

walls in some higher plants, and strengthening bone and cartilage in some higher animals. Silica 

phase diagenetic transformations similar to those of hot-spring deposits also occur during wood 

petrification, siliceous marine sedimentation and burial, sinter residue diagenesis and desert 

varnish formation. Therefore, our results may help to understand siliceous mineralization and 

diagenesis across a wide area of geosciences. 

Sinters, in particular, can preserve information about paleohydrologic, paleobiologic and 

paleoenvironrnental conditions in terrestrial volcanic and geothermal terrains. All sinters undergo 

diagenetic transformations at some stage; therefore, the likelihood of taphonomic loss of 



environmental information is high, but not a certainty. For example, excellent preservation of 

fossils occurred in the - 400 million year old Rhynie Chert hot-spring deposit of Scotland 

(Trewin et al., 2003). The taphonomic and diagenetic reasons for the world-class preservation of 

some of the oldest land plants and insects on Earth are still obscure and largely unstudied. 

However our study shows that despite mineralogical transformations, filamentous microfossils 

can be preserved and recognized in the sinter archive. In general, ancient hydrothermal systems 

were likely sites of evolution of early life. Therefore, an understanding of diagenesis is necessary 

to distinguish biologically significant textures from post-depositional modifications (cf. 

Grotzinger and Knoll, 1999). Further research into which particular diagenetic pathways 

preserve the best biosignals will enhance our ability to recognize those hydrothermal deposits 

that will potentially offer the most fruitful targets in the search for early life on Earth and 

elsewhere. 

5.8 SUMMARY 

Silica sinter at Opal Mound, Utah (1600 - 1900 years old), Steamboat Springs, Nevada (> 

6283 years old), and Sinter Island, Taupo Volcanic Zone (456-year-old), display similar 

crystallographic, mineralogic and morphologic patterns, which imply similar transformation 

processes changing opal to quartz. This study confirms reports by Campbell et al. (2001), Lynne 

and Campbell (2004) and Lynne et al. (2005) that: (1) sinter diagenesis proceeds progressively, 

and occurs at different rates over micron-scale areas; (2) mineralogical transitions precede 

morphologic transformations; and (3) silica particles in the sinter undergo a series of alternating 

micro- and nano-meter sized changes during diagenesis. Herdiantia et al. (2000a) reported that - 
10,000 years are required to reach the mineralogically mature end-product of quartz. This study 

reveals that the time required for mineralogic maturation of opal-A to quartz varies among 

deposits, due to different post-depositional environmental conditions. Siliceous sinter diagenesis 

follows the Ostwald Step rule, and microbial filaments can survive silica phase transformations. 



A more mature silica phase pseudomorphs a less mature one. In doing so, the orientations of 

crystal axes are partially controlled by the morphology of the precursor phase. For each 

associated mineralogical and morphological diagenetic pathway, there is also a crystallographic 

pathway, specific to each deposit. Diagenetic transformations in siliceous sinters are complex, 

such that the combination of EBSD, XRPD and SEM techniques are required to unravel the 

sequence of changes. In particular, EBSD allowed a quantitative analysis of the diagenetic 

transformations and helps explain why specific morphologic patterns develop and particular 

morphologic and crystallographic pathways are followed. 
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CHAPTER 6: Synthesis and discussion 

6.1 OVERVIEW 

Chapters 2 to 5 identified and described primary textural components, their post- 

depositional overprints and diagenetic transformations within four sinters of different ages and 

from two different countries: (1) the + 1920-year-old sinter from Opal Mound, Roosevelt Hot 

Springs, Utah, U.S.A. (Lynne et al., 2005); (2) the - 11,500-year-old sinter from Steamboat 

Springs, Nevada, U.S.A.; (3) the - 456-year-old Sinter Island, Taupo Volcanic Zone, New 

Zealand (Campbell and Lynne, 2006; Lynne et al., in press); and (4) the -2-year-old sinter 

placed inside a fumarole at Orakei Korako, Taupo Volcanic Zone, New Zealand (Lynne et al., 

2006). Differences in the physical characteristics of the sinters, such as colour, texture, density 

and porosity can be related to four factors: (1) chemical composition of the precipitating thermal 

fluids; (2) original paleohydrologic settings; (3) depositional mechanisms; and (4) post- 

depositional events. This chapter compares and contrasts primary depositional textures, silica 

phase diagenetic transformations, physical characteristics, microbial preservation, sinter 

composition and post-depositional overprinting in the sinters from the Opal Mound, Steamboat 

Springs, Sinter Island and the Wairakei drain sinter affected by fumarole activity over a known 

time interval. 

6.2 DEPOSITIONAL MECHANISMS AND SINTER TEXTURES 

Two primary and two secondary textures are recognized within the sinter deposits of this 

study. The two primary textures are termed as "porous friable" and "vitreous" while the two 

secondary textures are referred to as "porous indurated" and "vitreous". Figures 6.1 and 6.2 show 

the morphologies typical of each fabric. Porous, friable textures (Figs. 6.1K, 6.2B) consist of 

well-defined individual spheres that are weakly cemented (Fig. 6.2A, C-D). Porous, indurated 

textures consist of well-indurated silica where individual spheres are less-well defied and 

cemented in a smooth silica matrix (Figs. 6.1,6.2F-I). Primary and secondary vitreous sinter 
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occur as a smooth, glassy silica surface (Figs. 6.1,6.2J-L). Primary, vitreous sinter consists of 

laterally continuous, laminated horizons, while secondary vitreous sinter usually forms spatially 

patchy, irregular-shaped zones. 

Primary porous, friable sinter transforms into porous, indurated or secondary vitreous 

sinter during diagenesis. No primary opal-A, porous friable sinter was observed in sinters from 

the U.S.A. X-ray powder diffraction patterns of porous, friable sinter from Sinter Island and 

porous, indurated samples from Opal Mound and Steamboat Springs, both of opal-A mineralogy, 

yielded almost identical FWHM values. Therefore, the opaline U.S. sinters (-2000 to 12,000 

years old) have been texturally modified with minimal mineralogical change. 

Sinter textures influence subsequent diagenetic fabrics. Variations in textures can be 

explained by the level of oversaturation of silica in solution, which influences the degree of silica 

polymerization and nucleation. Deposits of opaline, porous friable sinter develop when the 

degree of oversaturation of silica is high and silica polymerization results in the formation of 

colloids (Iler, 1979). These colloids flocculate and subsequently deposit on any available 

substrate. At low flow rates, silica colloids are able to flocculate and form an accumulation of 

weakly cemented, porous friable sinter (Iler, 1979; Rimstidt and Cole, 1983; Fournier, 1985). If 

oversaturation of silica in solution remains lower, polymerization does not occur so readily and 

monomeric silica deposits onto suitable substrates that bears OH- groups, to form indurated, 

vitreous silica (Iler, 1979; Weres and Apps, 1982; Fournier, 1985). Therefore, the degree of 
I 

oversaturation of silica with respect to opal-A can account for the primary textures of porous 

friable and vitreous sinter. 
I 

A distinct morphology is common in samples that were exposed to acidic steam 

condensate (Chapters 3 - 5). Sinter horizons that showed evidence of attack by condensate are 

characterized by dissolution textures, the presence of jarosite or kaolinite, and poorly-defined, 

opal-A spheres welded together (Fig. 4.17E). Previous reports (Iler, 1979; Makrides et al., 1980; 

Weres et al., 1981; Mountain et al., 2003; Schinteie et al., in press) have shown that acidic 



conditions inhibit silica polymerization and nucleation, and therefore the growth of colloidal 

silica particles. Thus the inability of the silica to develop into well-defined opal-A spheres can be 

explained by the ongoing dissolution process that retards growth in an acidic steam condensate 

environment (cf. Schinteie et al., in press). Other sinter deposits where poorly-defined opal-A 

spheres are documented include Te Kopia, Tikitere and Rotokawa, New Zealand (Rodgers et al., 

2002, Schinteie et al., in review). These fields have either been altered by steam condensate, or 

silica has deposited directly from acid-sulphate-chloride waters. 



Figure 6.1 : Hand specimen photographs of sinter from Steamboat Springs, Opal Mound and 
Sinter Island, representative of each silica phase. (A-E) Steamboat Springs. (F-J) Opal Mound. 
(K-0) Sinter Island. (A) Core sample depth 21'1 ". Sample AU58055. (B) Core sample depth 
17'9". Sample AU58051. (C) Core sample depth 41'9". Sample AU58096. (D) High Terrace 
sample AU58026. (El High Terrace sample AU58029. (Fl Sample AU55356. (GI Sample 
AU55344. (HI Sample AU55348. (I) Sample AU55384. (J) Sample AU55392. (K) Sample 
AU56437. (L) Sample AU56454. (MI Sample AU56458. (N) Sample AU56465. (0) Sample 
AU56463. (pi = porous indurated, pf = porous friable, v = vitreous). 

STEAMBOAT SPRINGS OPAL MOUND SINTER ISLAND I 





Figure 6.2: Primary sinter textures (pf = porous friable, pi = porous indurated, v = vitreous). 
FWHM values = "28. (A-B) Porous friable sinter from the Wairakei discharge drain prior to 
placement inside the fumarole. (A) SEM image of well-defined opal-A spheres. (B) Hand 
specimen photograph. (C-D) SEM images of the Sinter Island deposit. The sinter consists of 
well-defined opal-A spheres. (C) Sample AU56438. (D) Sample AU56453. (E) Porous friable 
opal-A sinter from Sinter Island. Sample AU56446. (F) SEM image of opal-A sinter shown in (G) 
from the Opal Mound. The deposit consist of irregular shaped aggregates of opal-A. Sample 
AU55339. (G) Strongly-coloured, porous, indurated opal-A sinter enriched in arsenic (yellow and 
orange horizons). (H) SEM image of orange, porous, indurated horizons from Steamboat 
Springs shown in (I). The sinter consists of opal-A spheres cemented in a smooth silica matrix. 
From a depth of 16'2" in core hole. Sample AU58049. (J) SEM image of a vitreous horizon in 
sample AU55358 from the Opal Mound. Topographically higher portions of the sinter deposit 
are enriched in Al, Mg, and K, compared to topographically lower areas. (K) Typical vitreous 
horizons in sinter from the Opal Mound. Sample AU55386. (L) Vitreous (v) and porous indurated 
(pi) horizons from a depth of 21'2" in core hole, Steamboat Springs. Sample AU58056. 

Diagenesis is any process occurring at low temperatures and pressures that changes the 

original mineralogy and texture of a deposit. The New Zealand opal-A samples from the 

Wairakei Power Station discharge drain used in the fumarole experiment (Chapter 3) consisted 

of porous, friable sinter (Fig. 6.2B). Samples from Sinter Island also consisted of porous, friable 

opal-A (Fig. 6.1K), with minor, thin, vitreous and porous indurated horizons (Fig. 6.2E). At 

Sinter Island most of the porous, friable sinter transformed into porous, indurated sinter during 

early to mid-stage diagenesis (opal-AICT to opal-CT; Fig. 6.1L, M). Subsequent transformation 

during late-stage diagenesis (opal-C and quartz) led to the formation of spatially patchy, vitreous 

horizons (Fig. 6.10) referred to as massive mottled textures by Campbell et al. (2001). At Opal 

Mound, some opal-A, porous, indurated sinter occurs but vitreous sinter dominates all opal-A, 

opal-AKT and opal-CT samples (Figs. 6.1F-J, 6.2G, K). Only rare patches of porous indurated 

texture occur in mineralogically mature, opal-C and quartz, vitreous samples from Opal Mound 

(Fig. 6.11). At Steamboat Springs, porous indurated and vitreous core samples are composed of 

opal-A to opal-CT. The opal-A and opal-AICT distal apron-slope samples consist primarily of 

porous, indurated sinter with some vitreous horizons (Figs. 6.1A-E, 6.2L). Sinter composed of 

opal-C from the high terrace constitutes porous indurated sinter (Fig. 6.1D) whereas quartz 

comprises vitreous horizons with rare patches of porous, indurated sinter (Fig. 6.1E). 



6.3 MINERALOGICAL TRANSFORMATIONS DURING DlAGENESlS 

Not all sinter deposits preserve the entire mineralogical diagenetic continuum within a 

single deposit. For example, the Tahunataara sinter in New Zealand is dated at 14,305 -1 60 years 

BP (K. Campbell, unpublished data) and consists of opal-A (Campbell et al., 2004). By contrast, 

but the Pukemoremore sinter in New Zealand is dated at 926 f 30 years BP, yet has opal-CT 

mineralogy (K.Campbel1, unpublished data). The time required for any one mineralogical phase 

to transform to another can differ for each silica phase and each sinter deposit. The four sinters 

in this study are all of different ages (Steamboat Springs <11,500 years BP, Opal Mound -1900 

years BP, Sinter Island -456 years BP, acid condensate affected sinter c2 years), yet they all 

preserve several silica phases, including diagenetic quartz. Therefore, silica phase changes are 

not time dependant, and hence mineralogical maturation can not be used as a reliable indicator of 

the age of a sinter deposit, as once reported by Herdianita et al. (2000a). 

The mineralogy of a sinter deposit may consist of one or several silica phases at any 

given time during its history. Steamboat Springs, the Opal Mound and Sinter Island hot-spring 

deposits preserve the entire silica phase continuum from opal-A through opal-NCT, opal-CT, 

opal-C and finally quartz. All three sinters yield similar ranges of FWHM values (Fig. 6.3). 

Generally, FWHM values range from 8.0 - 6.0 O28 for opal-A, 6.0 - 2.5 '28 for opal-NCT, 2.5 - 

1.0 '28 for opal-CT, 1.0 - 0.4 O28 for opal-C, and < 0.4 '20 for quartz. XRPD results for Opal 

Mound, Steamboat Springs and Sinter Island are presented in Table 2.3, and Appendices C(ii), 

and D(ii). However, samples heated and exposed to steam and acidic condensate produced 

XRPD traces with lower maximum intensities than non-heated samples from the other deposits 

with the same FWHM value. For example, non-heated, opal-A samples with FWHM signatures 

of -7.2 '28 fiom the Opal Mound sinter, had maximum intensity values of approximately 100 

CIS (Table 2.3). By contrast, heat-affected opal-A samples from the fumarole experiment 

(FWHM values -7.2 '28) yielded maximum intensities of - 75 CIS (Table 3.1). Figure 6.4 shows 

the relationship between maximum intensity and FWHM values for each sinter deposit. All the 



mineralogically immature sinters, except Steamboat Springs, show the same trend in that their 

maximum intensity peak values increase with mineralogical maturation from opal-A to opal- 

AICT. However, each sinter exhibits specific pathways probably due to localized overprinting. 

The lowest maximum intensity values were obtained on fresh sinter from the Wairakei drain that 

had interacted with acidic steam condensate. Sinter Island samples show slightly higher 

maximum intensity values and dissolution textures are observed in this deposit, suggesting some 

overprinting by acidic condensate (Fig. 5.8D; Campbell and Lynne, 2006). The Opal Mound 

sinter produced the highest maximum intensity values; no evidence of acidic steam condensate 

I 
overprinting was noted. Mineralogically immature samples from Steamboat Springs reveal a 

range of maximum intensity values. No dissolution textures occur in samples with the highest 

peak maximum intensity values, while those in the mid-range of values also showed evidence of 

1 dissolution. Those samples from Steamboat Springs with the lowest values (< 50 CIS) are iron- 

rich. The iron in these samples absorbs radiation at the Cu X-ray emission wavelength. Hence, 

the resulting diffraction signal is reduced. A range of maximum peak intensity values for the 

opal-NCT to quartz phases characterizes all deposits, but the Steamboat Springs opal-CT 

samples have consistently higher maximum intensity values (450 CIS) when compared to other 

opal-CT sinter samples (400 CIS). A range of maximum intensity values from 200 CIS to 600 CIS 

are recorded for all quartzose samples from the Opal Mound, Sinter Island and Steamboat 

Springs deposits (Fig. 6.4). 

Moganite occurs in four samples out of 66 sample horizons from Steamboat Springs, two 

/ out of 12 from Sinter Island, and five out of 21 from the Opal Mound. Moganite was only 

detected in the quartz-bearing samples from Steamboat Springs. In contrast, it was detected in 
1 1  

Sinter Island samples containing opal-CT + quartz. At Opal Mound, moganite is present in 

samples containing opal-CT, opal-C and quartz. Previous reports document the presence of 

moganite with late-stage diagenetic quartz (Gijtze et al., 1998; Rodgers and Cressey, 2001; 

Rodgers and Hampton, 2003). However, this study shows that moganite may occur with mid or 

I late mineralogical maturation of siliceous sinters. 
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Ninety-nine sample horizons from Steamboat Springs, 75 sample horizons from Opal 

Mound and 33 sample horizons from Sinter Island were analyzed by infrared spectroscopy. 

Representative samples from each deposit, covering the entire diagenetic continuum (opal-A to 

quartz), are shown in Figure 6.5. Almost identical mineralogical changes are recorded within the 

three sinter deposits. Opal-A samples yielded a rounded, deep water feature at 2250 nrn, which 

generally flattens as silica phase transformations proceed. Sharp, asymmetric opal-A water 

features at 1400 nrn and 1900 nrn deepen and became more rounded with mineralogical 

maturation. 



Figure 6.3: Range of RNHM values for each silica phase from Steamboat Springs, Opal 
Mound, and Sinter Island hot-spring deposits. All XRPD data are in Table 2.3, and Appendices B 
(ii), C(ii), D(ii). 
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Figure 6.4: FWHM values versus maximum peak intensity values for sinter from Steamboat 
Springs, the Opal Mound, Sinter Island and sinter placed within the fumarole. 

3 Opal Mound 

Sinter Island 

Steam boat Springs 

Heat-aff ected sinter 

Maximum l ntensity (countslsecond) 



Silica FWHM 
phase value O 2 0  

opal-A 7.10 

opal-NCT 6.00 

opal-NCT 4.40 

opal-NCT 3.60 
opal-CT 1.90 
opal-C 0.90 

Steamboat Springs quartz 0.25 
5w low 2000 2500 

2500 
wavelength (nm) 

Silica FWHM 
phase value O 2 0  

opal-A 7.40 
opal-A 6.50 

opal-NCT 2.25 

opal-CT 1.50 
opal-C 0.75 

I I I 1 
500 1000 1500 2000 ,&,+ quartz 0.25 

wavelength (n m) 

Figure 6.5: Infrared spectra of the opal-A to quartz diagenetic silica phases. 
(A) Steamboat Springs. (B) Opal Mound. (C) Sinter Island. 



Diagenetic modifications continue as long as an aqueous film is present in or on the sinter 

surface (Iler, 1979). Therefore, whatever affects the silica concentrations in the fluids will have 

an influence on the diagenetic transformations (Williams and Crerar, 1985; Williams et al., 1985; 

Chang and Yortsos, 1994). Each specific silica phase within a sinter reflects a particular period 

within its mineralogical maturation under specific micro-geochemical conditions. Figure 6.6 

shows that each sinter followed its own diagenetic pathway, controlled by changes in the degree 

of silica oversaturation. Each phase change resulted from a change in micro-chemical conditions 

and the degree of silica saturation in the aqueous medium. Fluids within the sinter became 

undersaturated in silica with respect to the existing mineralogical phase, but oversaturated in 

silica with respect to the newly-forming, more mineralogically mature phase. For the case of acid 

condensate experiment, sinter diagenesis proceeded along two parallel pathways (opal-A and 

quartz). In this situation, the acidic steam condensate is undersaturated with respect to all silica 

phases except quartz. Therefore only quartz could precipitate (Fig. 6.6A, pathway b). At the 

same time, dissolution of the sinter by the condensate likely created micro-environments of 

oversaturated "pools" with respect to opal-A, encouraging redeposition of opal-A, as the fluid 

permeated through the original sinter (Fig. 6.6A, pathway a). At Sinter Island, after the initial 

deposition of opal-A and the cessation of hot-spring activity, a step-wise transition occurred 

from opal-A through to quartz (Fig. 6.6B, pathway a). Here, acidic steam condensate 

overprinting (Fig. 5.8D) is evident in all pre-quartz phases and likely caused the rapid formation 

of diagenetic quartz in this young sinter (-456 years BP; Campbell and Lynne, 2006), by the 

addition of heat and steam which accelerated dissolution/reprecipitation. At Opal Mound, even 

though spring discharge had ceased, changes in silica saturation levels in the pore fluids 

continued to become modified, driving progressive diagenetic change. Here, different diagenetic 

pathways occurred in two parts of the deposit. The temporally youngest and mineralogically 

least mature (-1600 years BP), mid- and distal-apron slope sections were diagenetically altered 

from opal-A to opal-CT (Fig. 6.6C, pathway a), whereas the near-vent sections (-1900 years BP) 



underwent more complete diagenesis to opal-C and quartz (Fig. 6.6C, pathway b). The change 

from opal-CT to quartz in only 300 years is attributed to the injection of hydrothermal fluids into 

fractures and porous sinter layers. This created steep thermal gradients in the sinter, accelerated 

diagenesis and also resulted in the rapid formation of quartz directly in voids. A similar 

phenomenon is recorded in siliceous marine sediments in the Guayrnas Basin, Gulf of California 

(Kastner and Siever, 1983), that were intruded by basaltic sills. Adjacent to the sills, heat 

generated by the intrusions converted opal-A directly to quartz through dissolution and 

reprec ipitation. 

Within the core at Steamboat Springs, a step-wise transformation from opal-A to opal-CT 

was observed, which can be related to decreasing silica concentrations (Fig. 6.6D, pathway a). 
I' 

Post-depositional sub-surface flow of thermal fluids, oversaturated in silica with respect to opal- 
I 

11 A, resulted in the precipitation of opal-A on existing opal-CT (Fig. 6.6D, pathway b). The silica 

phase transformation history prior to the formation of opal-C and quartz at the high terrace is 

' 1  unknown (Fig. 6.6D, pathway c). 



Figure 6.6: Solubility curves for silica polymorphs in water with respect to temperature and the 
diagenetic pathways followed in the fumarole experiment (A), Sinter Island (B), Opal Mound (C), 
and Steamboat Springs (D). Solubility curves from Fournier (1973, 1979, 1985). Initial discharge 
temperatures and silica concentrations are estimates. (A) Formation of opal-A (pathway a) and 
quartz (pathway b). (B) A step-wise transition determined by varying levels of silica saturation in 
the depositing fluid (pathway a). (C) A step-wise transition for the opal-A to opal-CT changes 
(pathway a). The younger (-1 600 years BP) sinter proceeds along the opal-CT saturation curve 
(pathway a), while the older (-1 900 years BP) section of the deposit transforms to quartz 
(pathway b). (D) Diagenesis in the core follows the opal-A to opal-CT silica saturation curves in 
a step-wise transition (pathway a). Opal-A deposits onto existing opal-CT sinter from the core 
(pathway b). Opal-C and quartz exists in the high terrace samples (pathway c). 

1000 
A 

B - A Funarolic experiment 
= 800- 
E 
0 - - * 
0 g 600- / 
al 
0 - c 
8 400- 
Q 
0 - - - 

C 
- 

200- 
- 

quartz L 
/' 

--'D 
I 

I I I I 
50 1 00 150 200 

Temperature (OC) 

50 100 150 200 
Temperature (OC) 

10oo-l 

EP - D Steamboat Spdngs 
= 800- 
c 
0 - - * E 600- 
al 
0 - 
c 
8 400- 
(0 
0 - - - - 
(I) 

200 - 
- 

I I I I 
50 100 150 200 

Tem peratu re (OC) 



6.4 MORPHOLOGICAL TRANSFORMATIONS DURING DlAGENESlS 
'.y 

Steamboat Springs Opal Mound Sinter Island 

opal-A spheres 

opal-AICT nanospheres opal-AICT nanosp heres opal-AICT nanospheres 

o~al-CT l e ~ i s ~  heres 
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quartz - I quartz quartz 

Figure 6.7: Comparison of silica phase morphologies from three sinters. (A1 - A5) Steamboat 
Springs, Nevada. (91 - 95) Opal Mound, Utah. (C1 - C5) Sinter Island, Taupo Volcanic Zone. 



SEM analysis demonstrated that each stage of maturation is characterized by distinctive 

morphologies: opal-A of micron-scale spheres (< 5 pm diameter), opal-AICT nanospheres (< 

200 nrn diameter), opal-CT micron-scale lepispheres (< 20 pm diameter), opal-C nanostructures 

(< 200 nrn diameter) and finally doubly terminated, euhedral quartz crystals (c 10 pm in length; 

Fig. 6.7; cf. Lynne et al., 2005, in press). Morphological transformations during the opal-A to 

opal-CT changes are identical for the New Zealand and U.S. deposits of this study. Both Opal 

Mound and Steamboat Springs sinters follow the same morphological pathway from opal-CT to 

quartz, but the New Zealand deposit differs slightly during these late diagenetic stages (Chapter 

5; Fig. 5.10). In all three sinter deposits, each mineralogic step is accompanied by a change in 

particle size, with the individual silica particle diameters alternating from nanometers to 

micrometers (Figs. 6.7, 5.11,5.12; Lynne et al., 2005, in press). The range of particle sizes for 

each silica phase within the Opal Mound, Steamboat Springs and Sinter Island deposits also 

differs somewhat (Fig. 6.8). In all deposits, several morphological states co-exist physically over 

short distances of microns to millimeters, probably indicating spatially patchy records of 

mineralogic change "frozen" into a deposit undergoing diagenesis. 

Figure 6.8: Particle sizes of each silica polymorph as measured from scanning electron 
microscope images for sinter from Opal Mound, Steamboat Springs and Sinter Island. 
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Among the apparent randomness of opal-CT blade orientations, and opal-NCT and opal- 

C nanostructures, lies an order of preferred directions that reflects orientations of future crystal 

faces of a more mineralogically mature state (Chapter 5). Opal-CT and opal-C have three 

crystallographic axes close to those of quartz (Fig. 5.13), indicating that a degree of ordering is 



already present in precursor quartz silica phases, hence the term "paracrystalline". The gradual 

sharpening of the XRPD peaks, the co-existence of silica with more than one morphology at the 

microscale, and the gradual realignment of crystallographic axes towards those of quartz all 

suggest that sinter diagenesis is progressive at a fine scale, both spatially and temporally. 

Based on a comparison of XRPD and 2 9 ~ i  MNR analysis of opal-CT, Elzea et al. (1994) reported 

that opal-CT exhibited long-range ordering of oxygen atoms and short-range ordering of silicon 

atoms. Thus, opal-CT has a NMR spectrum more like that of amorphous opal-A. These 

results agree with the findings herein that XRPD traces consistently produce more 

mineralogically mature silica phases than is evident from the observed morphology and 

crystallography of the same sample. 

Iler (1979) concluded that once silica particles grow to a certain size, there is little 

change in energy content with surface area, and there is an optimum upper limit to the size to 

which particles grow. The largest size of all pre-quartz silica particles seen in this study were up 

to 5 pm, whereas quartz crystals reach 10 pm (Table 5.3). Where large silica particles occur, 

conditions are likely to have been stable for longer periods of time, allowing particle growth. 

Smaller particles suggest that geochemical micro-environmental conditions did not favor 

continued growth of that specific morphology. On the other hand, smaller particles favor silica 

phase transformations because they offer a greater number of nucleation sites, increasing the 

energy within the atoms. This energy is used to overcome restricting activation barriers (Banfield 

and Hamers, 1997). Therefore, it may be necessary for silica particles to reduce their size to 

enable the next set of mineralogical transformations to proceed. Observed individual particle 

sizes of each morphology (opal-A spheres, opal-AICT nanospheres, opal-CT lepispheres, opal-C 

nanostructures or quartz crystals) within a single sinter deposit may indicate how quickly silica 

phase changes have proceeded through the mineralogical continuum. Of all sinters studied, the 

Sinter Island deposit displayed the smallest particles of opal-A, opal-CT and quartz, suggesting 

that mineralogical and morphological changes occurred in these silica phases more quickly than 



at the older Opal Mound and Steamboat Springs deposits. This seems likely, because Sinter 

Island is the youngest of the three sinters but still has reached the diagenetic end point of quartz. 

Dissolution decreases silica paiticle diameters and accelerates diagenesis (Chapters 3-5; 

Campbell and Lynne, 2006). See Chapter 2 for a discussion of accelerated diagenesis where 

particle sizes are small. Evidence supporting the claim that accelerated diagenesis follows 

dissolution comes from examination of the Sinter Island and Steamboat Springs deposits, and the 

acid condensate-affected sinter at Orakei Korako. The Sinter Island deposit exhibited dissolution 

textures, the smallest particles, and the shortest time for silica phases to progress to quartz 

(Chapter 5; cf. Campbell and Lynne, 2006). Many sinter horizons at Steamboat Springs that 

displayed more mineralogically mature silica phases between less mature horizons also showed 

decreased particle sizes, resulting from preferential dissolution by acidic steam condensate 

(Chapter 4). Diagenesis was greatly accelerated in fresh Wairakei drain sinter placed within a 

fumarole that underwent dissolution from the acidic steam condensate (Chapter 3). 

6.5 PHYSICAL PARAMETERS AND DlAGENESlS 

There are considerable differences in the physical properties of the U.S. and New 

Zealand sinters (Fig. 6.9). The Sinter Island deposit shows a density increase and porosity 

decrease with silica phase maturation. Immature sinter maintains a porosity of c 40 % (opal-A), 

which decreases with mineralogic maturation to < 15 % (opal-C + quartz). As phase changes 

occur, density values increase from 1.1 gm/cm3 (opal-A) to 1.3 gm/cm3 (opal-C + quartz). Fresh 

sinter used for the fumarole experiment originally had a porosity of 85 % and density of 1.36 

grn/cm3. Over two years, porosity fluctuated between 86 % and 74 % and densities ranged from 

1.00 to 1.93 gm/cm3. This extremely high primary porosity is typical of sinter formed in the 

Wairakei drain, from which the sinter was derived (Smith et al., 2003; Lynne et al., 2006). 

Continued dissolution of the sinter by the condensate in the fumarole maintained its high 

porosity over the time frame of the field experiment, despite progressive maturation. Densities of 



this sinter are similar to mineralogically immature sinter from Sinter Island. Original porosities 

of sinter from Opal Mound and Steamboat Springs are unknown; however, the most 

mineralogically immature samples reveal considerably lower porosities than those of Sinter 

Island. The difference in porosity among the sinters is attributed to differences in their textures. 

Porous friable sinters maintain higher porosities than porous indurated or vitreous sinter. At each 

diagenetic step, porosity remains < 15 % at the Opal Mound, and c 20 % at Steamboat Springs. 

The porosity increase (-20 - 30 %) of some Steamboat Springs samples with opal-CT is the 

result of post-deposition dissolution. Density increases with maturation are similar for the U.S. 

sinters and range from 1.5 gm/cm3 (opal-A) to 2.7 gm/cm3 (quartz). Minimal density increase 

occurred with mineralogical maturation of the Sinter Island deposit. All density and porosity data 

are presented in Appendices A(i) , B (i) , C (i) , and D (i) . 

The porosities of the different sinter matrix fabrics have influenced later diagenetic 

textures. In particular, regardless of its mineralogy, dense vitreous sinter maintains lower 

porosities than porous, friable sinter. Silica phase modifications are known to continue in pores 

by Ostwald ripening of particles (Iler, 1973, 1979; Williams et al., 1985; Chang and Yortsos, . 

1994) and through diffusion of monosilicic acid, Si(OH)d, by dissolution and reprecipitation (cf. 

Landmesser, 1995, 1998). Diagenetic textural changes of all silica phases in the New Zealand 

sinters examined in this study occurred in geometrically irregular patches (cf. Campbell et al., 

2001). Within the Opal Mound and Steamboat Springs sinters, textural changes are less patchy 

and more uniform, especially where vitreous horizons dominate. Vitreous silica promotes the 

preservation of distinct individual horizons throughout diagenesis, as processes such as diffusion, 

dissolution and reprecipitation are more restricted because of the reduced pore space of indurated 

vitreous laminae. By contrast, the character of individual horizons is often lost during diagenesis 

of porous friable sinters (Campbell et al., 2001; Lynne and Campbell, 2003, 2004) as their higher 

porosities encourage reactions to proceed both laterally and vertically within the more open 

structure. Thus, original porosity has a strong influence on sinter diagenesis. 



The relationship between porosity and diagenesis is different for siliceous marine 

sediments. Chaika and Williams (2000) identified two diagenetic pathways in the siliceous 

marine sediments of the Monterey Formation, California, U.S.A.; one whose porosity decreased 

gradually, and the other that displayed an abrupt porosity decrease. The different pathways were 

attributed to differences in the clay contents of the sediments. Those that displayed a gradual 

porosity loss contained high contents of clay. Isaacs (1981) also reported a loss of porosity with 

increasing depth of burial in diatomaceous rocks of the Monterey Formation and attributed it to 

compaction following dissolution of diatom frustules. Most iron-poor, unaltered siliceous sinter 

dominantly consists of silica (Table 2.6, Appendices C(iii) - (iv)) hence, clays are usually not 

common in these deposits. 
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I A  Sinter l&nd 

c Fumarolic sinter 

E Opal Mound 

G Steamboat Springs 

B Sinter kland . 

F Opal Mound 

I 

H Steamboat Springs 

Figure 6.9: Variations in density and porosity with mineralogical maturation. (A-B) Sinter Island. 
(C-D) Fumarole sinter samples. (E-F) Opal Mound. (G-H) Steamboat Springs. 



6.6 MICROBIAL PRESERVATION AND DlAGENESlS 

Distinctive textures (Fig. 6.1 0) indicative of low- and mid-temperature microbial mats 

were observed in the Sinter Island, Opal Mound, and Steamboat Springs deposits. Filamentous 

microfossils are preserved during early to mid diagenesis (opal-A to opal-CT) at Sinter Island 

(Fig. 6.1 I), and throughout the entire opal-A to quartz diagenetic continuum at Steamboat 

Springs and Opal Mound (Figs. 6.12, 6.13). 

During early diagenesis (opal-A to opal-CT) in the deposits of this study, inferred 

cyanobacterial filaments remain clearly recognizable and mineralization has not obscured 

filament recognition, nor the ability to measure total exterior sheath diameters. Interior trichome 

moulds at these stages are partially to totally infilled. Upon infill, the distinction between 

exterior filament sheaths and internal trichome diameters is obliterated and these parameters can 

no longer be measured. Filaments in samples transformed to quartz have greater apparent 

filament diameters as a consequence of mineral encrustation. This study supports the finding of 

Lynne and Campbell (2003), who reported that measurement of filament diameters as an 

indicator of primary depositional conditions becomes more difficult during the latter part of the 

diagenetic sequence (opal-CT to quartz). Sinters from Steamboat Springs and Opal Mound 

preserve macro-scale microbial textures throughout the entire diagenetic sequence from opal-A 

to quartz (Fig. 6.10), but were only preserved during early to mid-stage diagenesis at Sinter 

Island (Fig. 6.10). Although infill of filaments andlor their increased exterior diameters may 

hinder estimation of thermal gradients, distinctive macro-scale primary textures and silicified 

filaments can persist throughout diagenesis (e.g., Walter et al. 1996). Therefore, sinters can be 

targeted as suitable sites for investigation of biologically important indicators of 

paleoenvironrnental conditions irrespective of their diagenetic stage as long as macro-textures 

have not been destroyed (cf. Campbell et al., 2001). The filaments of immature opal-A sinter 

placed inside a fumarole at Orakei Korako for two years decreased in diameter due to their 

dissolution by acidic steam condensate. Therefore, not only sinter diagenesis but other types of 



post-depositional overprinting must be considered i f  total exterior filament diameters are used to 

infer palmenvironmental gradients. 

Filamentous microfossils were observed in some colored sinter horizons, but not in others 

of the same color. Therefore, there is no obvious relationship between the trace element 

composition of the sinter and the microbial populations they may preserve. 

opal-A 
Sinter lskn  

Figure 6.10: Photographs of representative samples at different diagenetic stages that 
preserved primary macro-scale microbial textures. (A-E) Closely packed, near-vertical columns 
of coarsely filamentous low-temperature (< 35 OC) palisade texture (arrows). (A) Sample 
AU56445. (B) Sample AU55339. (C) Sample AU56458. (Dl Sample AU55387. (El Sample 
AU58035. (F) Mid-temperature (35 - 60 OC) primary bubblemat texture preserved in sinter from 
Steamboat Springs. The lenticular voids were filled with gas during sinter deposition. Sample 
AU58024. 



1 Figure 6.1 1: SEM images of microfossils with different mineralogies in the Sinter Island deposit. 
(A) Filamentous microbes in opal-A with FWHM value = 7.1 5 '28, sample AU56453. (B) Cross- 
section of filamentous horizon shows partial infilling of filaments (FWHM value = 7.15 '28, 
sample AU56439). (C) Overview of silicified filaments in sample AU56456. The sample consists 
of opal-AICT with a FWHM value of 2.25 '28. (D-F) Sample AU56458. The sample consists of 
opal-CT with a FWHM value = 1.50 '28. (Dl Low magnification view of filaments. (E) Partially 
infilled filaments (arrows). (F) Higher magnification view of filament cross-section shown in (E). 



Figure 6.12: SEM images of coarsely filamentous microfossils preserved at different diagenetic 
stages from Steamboat Springs. (A) Opal-A with a FWHM value = 7.4 '28. Cross-section of two 
filaments. Sample AU58049. (8-C) Opal-AICT with a FWHM value = 5.45 '28. Sample 
AU58041. (B) Filaments with hollow trichomes. (C) Segmented microbe. (D) Overview of 
filamentous horizon consisting of opal-CT. FWHM value = 2.20 '28. Sample AU58095. (E-F) 
Quartz, with a FWHM value = 0.1 0 '28. Sample AU58032. (El Filaments are totally infilled with 
quartz and no distinction can be made between the trichome and sheath (arrow). (F) Microbial 
filament encrusted with quartz (20 pm diameter) in an iron-rich matrix. 



Figure 6.13: SEM images of filaments in sinter with different mineralogies from the Opal 
Mound. (A-B) Sample consisting of opal-A with a FWHM value = 7.35 '28. Sample AU55354. 
(A) Filaments with total exterior diameters of - 100 pm. (B) Cross-sectional view of infilled 
filaments. (C) Cross-section of filament nearly completely infilled by opal-AICT. FWHM value = 
3.85 "28. Sample AU55344. (Dl Cross-sectional view of filament replaced by opal-CT. FWHM 
value = 1.82 "28. Sample AU55348. (El. Cross-sectional view of filament infilled with opal-C + 
quartz. Quartz encrusted on exterior of filament sheath, increases total primary filament 
diameter (arrow). FWHM value = 0.27 "28. Sample AU55384. (F) Overview of filaments 
mineralised with quartz. FWHM value = 0.32 "28. Sample AU55392. 



6.7 POST-DEPOSITIONAL OVERPRINTING 

The sinters investigated in this study record a variety of post-depositional conditions. 

A lowering of the groundwater table (Chapters 2,4), the formation of acidic steam condensate 

(Chapters 3 - 5), and interaction with later thermal fluids (Chapters 2,4) are some commonly 

occurring events within hydrothermal systems. Table 6.1 summarizes the variety of post- 

depositional conditions that overprinted the four sinters in this study. 

Table 6.1: Summary of post-depositional overprinting events observed in sinter from Opal 
Mound (OM), Steamboat Springs (SS), Sinter Island (SI), and the fumarolic experiment (FE). 

Overprint Environment Affect on sinter Sinters with 
these 
features 

Mineralogical encrustation SI Diagenesis 
(opal-A to quartz) 

Dissolution 

2" influx of 
thermal fluids 

Macro- or micro- 
scale faulting 

Fracture infill 

Brecciation 

Hydrothermal 
eruption 

Silicification of 

Acidic steam condensate 
Lowering of water table 

Geothermal field with hot- 
spring surface or sub-surface 
flow 
Active tectonic setting 

Active tectonic setting creating 
fractures, followed by erosion 
or allwiation 

Dry sinter surfaces 
Freezelthaw conditions 

Active geothermal field 

Active volcanoes 

SS 
OM 

Reduction of filament/silica particle SI 
diameters; accelerates diagenetic SS 
transformation rates FE 

Obliterates primary textures and 
may accelerate diagenesis 

Creates sinters of variable ages 
and mineralogies 

Forms sinters of variable ages and SS 
mineralogies 

Produces sinters of variable ages SS 
and mineralogies 

Creates fragmental sinter 

Creates intermixed sinterholcanic SS 
volcanic ash ash deposit 

Paragenetic sequences within hot-spring deposits are complex. For example, some 

Paleozoic sinters in north Queensland, Australia (White et al., 1989), contain lattice quartz in 

topographically, and possibly stratigraphically, lower sinter beds. This occurrence was 

interpreted to result from rising fluids that boiled within pores after sinter burial. Hinrnan and 

Walter (2005) reported rapid recrystallization of primary opaline sinter to quartz at Steamboat 

Hills, Nevada, U.S.A., following deposition of an andesitic basaltic flow covering the sinter. 
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This flow is thought to have created an impermeable cap, trapping water oversaturated with 

respect to quartz. Changes in thermal activity, from discharging alkali chloride springs to acid 

steam condensate, are documented for Dixie Valley, Nevada (Lutz et al., 2002), and Te Kopia 

and Tahunaatara, New Zealand (Newsom et al., 2002; Campbell et al., 2004). In the New 

Zealand deposits, weakening of the sinter deposits by later acidic condensate resulted in 

landslides. In the Lower Geyser Basin, Yellowstone, U.S.A., Lowe et al. (2001) concluded that 

post-depositional alteration of sinter was caused by migrating hydrothermal fluids. Guidry and 

Chaftez (2003a) documented the paragenetic history of a sinter core from the Lower Geyser 

Basin, Yellowstone, U.S.A. They reported that a number of factors influenced diagenesis: (1) 

thermal convection of stearnlfluids; (2) strongly oxidizing spring waters; and (3) variations in the 

composition of the sub-surface waters. Also, some studies on deep sea sediments rich in biogenic 

silica suggest that the transition from opal-A to opal-CT may occur upon heating with 

temperatures of < 35 OC (Hein et al., 1978; Davies and Cartwright, 2002; Knauth and Epstein, 

1974; Bohrmann et al., 1994). 

Clearly understanding the complexities of sinter paragenesis and sedimentologic- 

stratigraphic context is important if accurate reconstructions of paleoenvironments from the 

sinter archive are to be achieved. At any given time, a variety of micro-geochemical conditions 

can exist within a deposit, reflecting variations in the composition and temperature of the pore 

fluids. This can result in spatially patchy mineralogic, morphologic and crystallographic 

transitions even within a single horizon (Fig. 3.31, over lateral and vertical distances of 

millimeters to meters. 

The original depositional conditions and post-depositional events all comprise 

evolutionary components in the paragenetic sequence of a given sinters' geologic history. Each 

individual component that can be accurately recognized provides insight into the terrestrial 

andlor burial conditions at the time that event occurred. This makes the correct interpretation of 

sinter a valuable resource that illuminates the dynamically changing processes that exist during 

and after the geological development of a geothermal system. 
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CHAPTER 7: Conclusions 

Siliceous sinters form commonly in hydrothermal settings around the world and are 

environmentally significant deposits. They entomb many components of the depositional and 

surrounding geologic environment, and can persist through time despite post-depositional 

overprinting. Therefore, these hot-spring deposits preserve and record "windows in time" of 

previous thermal settings. In order to understand the spatial and temporal setting of original hot- 

spring environments, diagenetic and other overprints must be recognized, and then primary 

paleoenvironrnental reconstructions are possible and the diagenetic context can be understood. 

Specific conclusions of this study include the following: 

The level of silica oversaturation of the discharging fluid and the degree of 

flocculation controls primary sinter textures (porous friable, vitreous). 

The various primary textures produce sinters with different physical parameters 

(density, porosity) and microscale morphologies (botryoidal clusters of opal-A, 

smooth silica), which persists through much of diagenesis to quartzose sinters. 

Indurated, vitreous sinter experiences less textural change during diagenesis 

than porous friable sinter, increasing the likelihood of preserving 

paleoenvironrnental indicators. 

The nature of the original sinter fabric does not affect the primary mineralogy 

nor subsequent silica phase changes. 

Mineralogic transformations were almost identical for studied sinter from the 

Opal Mound, Sinter Island, and Steamboat Springs. 

Morphologic and crystallographic modifications associated with sinter 

diagenesis showed common overall trends, although slightly different pathways 

were observed which reflects localized post-depositional overprinting. 

Diagenetic transformation rates are site specific and are affected by post- 

depositional overprinting. 



Post-depositional geologic and geothermal events affecting sinter deposits can 

include volcanic eruptions, faulting, lowering of the water table, formation of 

acidic steam condensate, and further pulses of thermal fluids. These events are 

site-specific, and can occur at any stage during the sinter's history. 

Post-depositional overprinting affects mineralogical, morphological and textural 

changes within sinters by accelerating or retarding diagenesis, or by altering or 

obliterating primary textures. 

Diagenetic rates are controlled by micro-scale geochemical conditions and are 

not time dependant. 

Post-depositional events also can create a sinter representing two or more 

discharge cycles, thus complicating dating and mineralogic interpretation of the 

deposit. 




