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ABSTRACT

Geysers are among the world’s most dynamic geothermal features. Our research, combining Scanning Electron Microscopy (SEM)
with Thermal Infrared (TIR) imagery, demonstrates that Old Faithful Geyser in Yellowstone National Park, USA, varies at time
scales well beyond eruption intervals. In 2015, we collected 13 siliceous sinter samples from the sinter apron surrounding Old Faithful
Geyser, Yellowstone National Park, USA. These were the first sinter samples to be collected in 22 years from this area. Samples were
examined using a Scanning Electron Microscope (SEM) to observe the sinter morphology. SEM results indicated three samples
experienced on-going deposition of opal-A silica, while three other samples revealed intermittent deposition of opal-A silica. Four
samples displayed mild, moderate or aggressive dissolution features indicating post-depositional overprinting via acidic steam
condensate. One sample indicated both intermittent deposition of opal-A silica and dissolution textures. A further two samples
revealed the sinter was altering to clay. We then compared the SEM information with calibrated and georectified 2007-2012 airborne
night-TIR images. This dual process identified that samples in a northeast-southwest alignment have significantly higher ground
temperatures than those indicated in the airborne night-TIR images. The combination of these unique samples with the publically
available 2007-2012 airborne night-TIR images has provided useful information on the changing hydrology of the area surrounding
Old Faithful Geyser.

1. INTRODUCTION

Located within Yellowstone National Park, USA, the world-iconic Old Faithful Geyser is part of the Upper Geyser Basin
hydrothermal system. Several times a day, Old Faithful Geyser erupts, ejecting large quantities of alkali chloride water. The ejected
water is either spewed into the air as droplets or discharged away from the vent along hydrothermal channels. Surrounding Old
Faithful’s vent is an expansive siliceous sinter apron.

Siliceous sinters are hot spring rocks. They form as near-neutral, alkali chloride hydrothermal water cools as it flows away from a
vent and along a discharge channel. When the alkali chloride water temperature is less than 100°C, the non-crystalline opal-A silica
carried in solution, precipitates out and accumulates to form siliceous sinter deposits (Fournier and Rowe, 1966; Weres and Apps,
1982; Fournier, 1985; Willimas and Crerar, 1985). Initially, the silica is deposited as well-rounded, opal-A spheres. The sinter deposit
grows in vertical thickness and lateral extent as long as the silica-rich, alkali chloride water is discharging and wetting the sinter
surface. The alkali chloride hydrothermal water is derived from a deep reservoir where the temperatures are higher than 175 °C
(Fournier and Rowe, 1966).

Over time sinters undergo a series of silica phase transformations from non-crystalline opal-A to opal-A/CT to semi-crystalline opal-
CT + opal-C to crystalline quartz (Herdianita et al., 2000; Lynne et al., 2007). Sinter diagenesis is not time dependent and occurs with
little or no burial. Post-depositional hydrothermal conditions can either accelerate or retard sinter diagenesis (Hinman, 1987, 1990,
1998; Campbell and Lynne, 2006; Lynne et al., 2005, 2006; Lynne, 2015).

Hydrothermal conditions can change over time from discharging alkali chloride water to steaming ground or fumarolic activity. Site-
specific, post-depositional conditions can overprint previously formed sinter and these changes are recorded in the sinter morphology.

In April 2015, we collected 13 siliceous sinter samples from the sinter apron surrounding Old Faithful Geyser, to examine their
morphology and compare their morphology with airborne night-TIR images from 2007-2012. This study is unique as these are the
first siliceous sinter samples to be collected from the Old Faithful Geyser sinter apron in 22 years for SEM analysis.
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Figure 1: Location map of study area and sample sites. (A) Location of Yellowstone National Park. (B) Location of Old
Faithful Geyser within Yellowstone National Park. (C) Sample sites shown on an NSF EarthScope 2008 LiDAR map
of Old Faithful Geyser within Yellowstone National Park. A, B and C indicate the three sampled areas.

2. METHODS
2.1 Scanning Electron Microscopy

Thirteen samples were collected and analyzed using Scanning Electron Microscopy (SEM) to determine their morphological
characteristics. The samples were mounted on aluminium stubs using epoxy. Samples were coated with platinum using a high-
resolution Polaron SC7640 sputter coater. Samples were imaged using a Phillips (FEI) XL30S field emission gun SEM, at an
accelerating voltage of 20 keV, and a working distance of 10 mm.

2.2 Calibrated Airborne Night-Thermal Infrared Imagery

Airborne night-thermal infrared (TIR) imagery of the Upper Geyser Basin, including the siliceous apron surrounding Old Faithful
Geyser, were acquired, georectified and calibrated as part of a base-line study of the Upper Geyser Basin (Neale et al., 2016;
Jaworowski et al., 2012). A series of calibrated, night-TIR imagery of the Old Faithful Geyser area from 2007-2012 forms a base-
line.

High-elevation volcanic plateaus surround the hydrothermal basin (elevation 2246 m) that includes Old Faithful Geyser. The months
of September and March are appropriate times for airborne night-TIR image acquisitions and the hydrothermal monitoring of the Old
Faithful Geyser area. Table 1 contains the environmental conditions (air temperature (°F), relative humidity (%), wind azimuth in
degrees (0) and wind speed (m/s) at the time of image acquisitions in September and March.

Table 1: Environmental conditions during airborne night-TIR image acquisitions September 2007-March 2012. National
Park Service data 2007-2011 at Old Faithful (AIRS Code: 56-039-1012) and 2012 from Lake weather stations.

Date Time (a.m.) | Air Temp (°F) or (°C) Relative Humidity (%) | Wind (0) | Wind Speed (m/s)
12Sept 2007 2:23-2:36 212 0r-6 14 235 4.2
12Sept 2008 1:04-1:21 16.4 or -8.7 29 261 2

11Sept 2009 3:29-3:41 20.7 or -6.2 19 360 1.5
25Sept 2010 12:58-1:09 3.30r-15.9 93 121 0.4

9Sept 2011 2:51-3:02 3.30r-15.9 71 143 0.6

3 March 2012 8:54 p.m. -3.2 0r-16 86 236 2.9

Proceedings 43" New Zealand Geothermal Workshop
23-25 November 2021

Wellington, New Zealand

ISSN 2703-4275



3. RESULTS
SEM observations indicate two depositional and two post-depositional processes occurred in the siliceous sinter samples (Table 2).

Table 2: Processes observed under the SEM, in the siliceous sinter samples. On-going and intermittent deposition refer to
deposition of opal-A silica.

Sample Depositional process Sample Post-depositional process
6-24 On-going deposition HS-1 Minor dissolution
4-9 On-going deposition BP37 Minor dissolution
GE On-going deposition BP38 Moderate dissolution
5-13 Intermittent deposition BPv Moderate dissolution
G Intermittent deposition BP24 Aggressive dissolution
4-3 Intermittent deposition 5-4 Alteration to clay
HS-1 Intermittent deposition 4-24 Alteration to clay

3.1 Depositional processes
The SEM observations revealed two depositional processes taking place in the samples, as described below.

(1) On-going deposition of opal-A silica spheres: This process involves the continual deposition of numerous, well-rounded, opal-A
spheres that range in size from <500 nm to ~2 um. The different sized opal-A spheres form a thick groundmass with the smaller
spheres being the youngest (Fig. 2). This process is enabled by the continual flow of silica-rich, alkali chloride water that has cooled
to below 100°C.

Figure 2: Ongoing deposition of multiple generations of opal-A spheres. (A) Sample 4-9. (B-C) Sample GE.

(2) Intermittent deposition of opal-A spheres: This process is due to intermittent flow of discharging alkali chloride water that cools
to below 100°C. In these samples, newly-formed <1 um diameter, opal-A spheres are deposited either: (a) in voids of previously
formed smooth silica horizons (Fig. 3A); or (b) as newly-deposited <500 nm diameter opal-A spheres, that rest on previously-formed,
botryoidal clusters of >2 um diameter opal-A spheres (Fig. 3B-C).

Figure 3: Intermittent deposition of opal-A spheres. (A) Sample 4-3 shows newly-formed opal-A spheres accumulated in void.
Previously formed, botryoidal opal-A spheres occur around void rim. (B-C) Newly-deposited opal-A spheres on larger
previously deposited opal-A spheres. (B) Sample G. (C) Sample 5-13.
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3.2 Post-depositional processes
Two post-depositional processes were observed in the samples. These processes include:

(1) Post-depositional dissolution processes caused by acidic steam condensate overprinting the siliceous sinter: A range of dissolution
can be seen in our samples from minor to aggressive (Fig. 4). Minor dissolution is evident by the welding together of opal-A spheres
(Fig. 4A). Moderate dissolution is observed as etched and pitted surfaces (Fig. 4B). Aggressive dissolution is shown in one sample
where extensive etching and pitting of the sinter occurs, but also the early formation of quartz crystals can be seen psuedomorphing
opal-A spheres (Fig. 4C).

Figure 4: Dissolution processes range from minor to aggressive. Minor = sample HS-1. Moderate = sample BP38. Aggressive
= sample BP24.

(2) Post-depositional alteration of siliceous sinter to clay: Alteration of sinter to clay was revealed in two samples. Sample 5-4 shows
patches of clay platelets scattered over earlier formed, etched and pitted opal-A spheres (Fig. 5A). Clay has also formed in sample 4-
24 where the clay platelets are better defined. In sample 4-24, multiple clay platelets almost cover the entire sinter surface (Fig. 5B).

Figure 5: Post-depositional alteration of sinter to clay. (A) Sample 5-4. (B) Sample 4-24.

3.3 Calibrated Airborne Night-Thermal Infrared image comparisons to SEM processes

We plotted the sample locations onto publically available 2007-2012 night-TIR images (Fig. 6) and a 2008 LiDAR image. This
enabled us to compare the ground surface temperature with the four processes recorded in our SEM images (Figs. 2-5). Table 3
summarizes our comparisons of the calibrated night-TIR temperatures and our SEM observations. In March 2012, air temperatures
were -3.2°F (-20°C) at the time of airborne night-TIR image acquisition (see Table 1) in Yellowstone National Park. During the April
2015 field work and sample collection, daytime air temperatures varied between -3 to 8°C. At times, during the 2015 field campaign,
a dusting of snow covered the hydrothermally-influenced ground. Field observations of siliceous sinter showed polygonal patterns
similar to patterned ground, indicating freeze-thaw processes are operating at the air-ground interface in the Upper Geyser Basin.

A sequence of calibrated September night-TIR images (2007-2012) provides a snapshot of the Old Faithful Geyser area over time
(Fig. 6). Notice the variation in hydrothermal waters flowing west and northwest between 2007 and 2012. The arcuate 10-15°C area
(blue) to the south of an arcuate boardwalk is an area of obsidian sand that carries subsurface heat along buried infrastructure. The
former geyser/hot spring cone northeast of Old Faithful Geyser consistently appears as a bright area on the night-TIR images. It is
important to mention that the lowest temperature shown on the September night-TIR maps is 10°C because there still may be a latent
solar component in the lowest calibrated ground temperatures.

The calibrated, airborne March 2012 night-TIR image of the Old Faithful Geyser area provides a glimpse of the Old Faithful Geyser
area after the Northern Hemisphere winter. Calibrated, ground temperatures lower than 10°C reliably show hydrothermally
influenced ground in the single digits on spring imagery. Therefore, the calibrated March 2012 night-TIR is the best image for
comparing with the SEM evidence of depositional and post-depositional processes.
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3.3.1 On-going deposition of opal-A and TIR image

Sample sites GE, 6-24 and 4-9 were collected from flowing discharge channels. For these samples our SEM observations revealed
the ongoing deposition of opal-A spheres. Between 2007 and 2012, calibrated, night-TIR temperatures at site 6-24 and 4-9 show the
water temperature ranges from 4 to 15°C, while sample GE varies between 20-30°C. The higher temperature at sample site GE may
be attributed to its location beside the geyser vent.

3.3.2 Intermittent deposition of opal-A and TIR image

Four samples that indicate intermittent flow of alkali chloride water are samples G, 4-3, 5-13 and HS-1 Sample G, with night-TIR
temperatures between 20 and 40°C is only 1 m from Old Faithful Geyser vent where the water is intermittently ejected at 92°C.

Sample 4-3 is close in proximity to sample 4-9 where we observed a discharge channel during our 2015 field work. Therefore, it is
quite possible that sample 4-3 area is also intermittently covered in discharging alkali chloride water. Samples 4-9 and 4-3 both reveal
the same 2012 night-TIR temperature of 6 °C. This heat is likely from discharging thermal water.

Sample HS-1 correlates to a calibrated 2007 to 2012 night-TIR temperature of 15 °C. SEM observations revealed minor dissolution
as well as intermittent deposition of opal-A. Intermittent deposition of opal-A indicates this area is occasionally wet with alkali-
chloride water, although the area was dry at the time of our field survey. The minor dissolution textures indicate alteration via acidic
steam condensate. No steam was observed at this location during our field work. Given the freezing night-time temperatures in
September and March, the night-TIR temperature of 15 °C suggests heat is transferred in the area. Given the presence of dissolution
textures, the heat is more likely to be from steam discharge rather than a hot water discharge channel. The steam itself does not result
in dissolution textures. It is the combination of hydrogen sulfide gas with the steam that creates acidic steam condensate that is
responsible for dissolution textures.

Sample 5-13, with intermittent deposition of opal-A and no evidence of dissolution, correlates to calibrated 2007-2012 night-TIR
temperatures of 15 to 30°C. In 2015, during our sample collection, no discharging steam was observed at this site. However, sample
5-13 was only 3 m from a discharge channel that was flowing during the 2015 field survey. Perhaps these night-TIR temperatures
reflect flow of alkali chloride water at this location between 2007 and 2012, but the channel has since migrated.

3.3.3 Dissolution and TIR image

Samples BP37, BPv and BP24 revealed minor, moderate and aggressive dissolution textures respectively. These samples correlate to
calibrated maximum night-TIR temperatures of 40°C (BP37), 20°C (BPv) and 30°C (BP24). SEM observations of these three samples
suggest sinter overprinting by acidic steam condensate. During the field work, discharging puffs of steam and heat at the surface, was
only noted at sample site BP24. The degree of post-depositional dissolution shown in the SEM images of these three samples suggest
significant acidic steam condensate overprinting occurs at these locations.

3.3.4 Alteration to clay and TIR image

Samples 5-4 and 4-24 which revealed the sinter was altering to clay, are located within 5 m of each other. The calibrated, 2007-2012
airborne night-TIR image shows these samples correlate to a maximum ground surface temperature of 30°C (5-4) and 15°C (4-24).
During our field work, occasional puffs of steam were observed at these two sample sites. For sinter to alter to clay, heat is required
to dissolve the silica from the sinter and combined it with aluminum, probably from wind-blown soil particles, to form clay.

Table 3: Maximum night-TIR temperatures from 2007 to 2012 (calibrated and georectified) and processes identified by SEM.
SEM process include: OG=on-going deposition. ID=Intermittent deposition. MiD=Minor dissolution.
MoD=Moderate dissolution. AD=Aggressive dissolution. SC=Sinter altering to clay (Bold letters A, B and C refer to
the three areas we collected samples from for this study).

2007 | 2008 | 2009 | 2010 | 2011 | 2012 | SEM
GE 30 30 30 20 30 30 oG

6-24 | - - - - - 4 oG
4-9 - - - 15 15 6 oG
G 30 30 40 20 30 30 1D
4-3 - - - - - 6 1D
5-13 | 15 30 30 15 30 15 1D
HS-1 | - 15 - 15 15 15 1D
HS-1 | - 15 - 15 15 15 MiD
BP37 | 30 30 20 40 40 20 MiD
BP38 | - - - - - - MoD

BPv | 15 15 20 15 20 15 MoD
BP24 | 30 30 30 30 30 20 AD
5-4 - 15 30 - 20 6 SC
4-24 | - 15 - - 15 6 SC

Proceedings 43" New Zealand Geothermal Workshop
23-25 November 2021

Wellington, New Zealand

ISSN 2703-4275



A G— mot

1 lll’t! TR rm“’ 2007 Formms QeyserMot Spring Cone

] —“7 =
| Night TIR September 2010

Figure 6. Sinter sample sites overlain on NSF-Earthscope LiDAR as well as calibrated and georectified 2007-2012 maps. Note
that the night-TIR temperatures can be sliced into 1°C increments. A, B and C indicate the three sampled areas.

The SEM results showed seven samples displayed either dissolution textures or alteration of sinter to clay. These seven samples form
a northeast-southwest alignment from Split cone, flanking the Faithful Geyser vent, and ending at the former geyser/hot spring cone
(Figure 7). For dissolution of the sinter or the formation of clay to occur, significant and prolonged quantities of acidic steam
condensate would be required to overprint the sinter. A similar northeast-southwest alignment is seen as a broad (~ 80 m wide)
northeast trend on the 2011 airborne night-TIR imagery and has been shown in previous work (Jaworowski et al., 2020). These seven
samples also occur along northwest (HS-1 and BP 38) and west-northwest (5-4 and 4-24) trending night-TIR alignments. The west-
northwest night-TIR alignment has been noted by Jaworowski et al. (2020) and corresponds to an area of hydrothermal clay minerals
(Livo et al., 2007). It is possible that these seven samples also occur at the intersection of northeast and northwest fracture trends.

From the location of these seven samples on the 2012 night-TIR map, we can see that the temperatures vary from 3 to 6°C at the
southwestern end of the alignment, to 6 to 15°C midway along the alignment and from 7 to 30°C at the northeast end of the alignment.
This shows the 2012 night-TIR map detected an increase in temperature along the alignment from the southwest towards the northeast.
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By contrast, our SEM observations, identified aggressive post-depositional alteration of the sinter at both the southwest and northeast
ends of the alignment, with minor dissolution midway along the alignment. These findings show how the combination of SEM with
the night-TIR temperatures provide more detail on the hydrothermal setting and changing hydrology of the area.
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Figure 7: Sinter samples that revealed either dissolution textures or the formation of clay platelets (red stars). (A) NSF
EarthScope 2008 LiDAR map of (B) calibrated and georectified airborne 2012 night-TIR over 2008 NSF-Earthscope
LiDAR map.

4. DISCUSSION

Given two depositional and two post-depositional processes were noted over a distance of ~100 m from Old Faithful Geyser vent, it
is evident that the local hydrothermal conditions vary over relatively small distances. The calibrated, airborne 2007-2012 night-TIR
images document broad-scale, localized surface temperatures and provide a structural geolgic context, but do not provide information
on near-surface processes. However, captured in the SEM images are both surface depositional processes and near-surface post-
depositional. Documenting the spatial extent of near-surface significant heat in locations where aerial imagery shows minimal
surficial heat, is valuable information as these areas are unstable and prone to subsidence. The comparaison of the calibrated, airborne
night-TIR images with the SEM observations has provided a useful way to map the changing hydrothermal conditions surrounding
the iconic Old Faithful Geyser.

It is well-documented that newly-formed siliceous sinter consists of opal-A, a non-crystalline silica phase (Smith, 1998; Herdianita
et al., 2000). These SEM images confirm that the morphology of the newly-formed siliceous sinter surrounding Old Faithful Geyser
looks identical to that which is widely reported around the world (e.g., Lynne et al., 2019; Smith et al., 2018; Nicolau et al., 2014).

Lynne et al., (2006) documented an experiment in a fumarolic setting in New Zealand, whereby they placed newly-formed opal-A
siliceous sinter into a fumarole and recorded the mineralogical and morphological changes that took place within the sinter. The study
documented that the acidic steam condensate setting overprinted the sinter and accelerated the diagenetic transformation of opal-A,
directly to quartz. The BP24 sample also reveals the early formation of quartz crystals directly from opal-A spheres. However, the
quartz crystals in our sample are more evident than those documented by Lynne et al., (2006). Furthermore, the sample indicates
aggressive dissolution processes were in action, while Lynne et al., (2006) do not document dissolution of the opal-A sinter.

These SEM observations of siliceous sinter is an effective way to track sinter formation mechanisms and post-depositional
hydrothermal conditions. When combined with calibrated, airborne night-TIR images, a better understanding of the changing
hydrothermal conditions in a given area can be documented. Given access to Old Faithful Geyser and its surrounding sinter apron is
extremely limited, these results contribute significant scientific information which improves the understanding of the hydrothermal
conditions in the immediate vicinity of Old Faithful Geyser.
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