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Siliceous sinter is formed by biogenic and abiogenic opal deposition around hot springs and geysers. Using
Structure-from-Motion photogrammetry we generated three-dimensional models of Giant and Castle Geysers
from the Upper Geyser Basin of Yellowstone National Park. We use these models to calculate an approximate
mass of sinter for each (~2 and ~ 5 kton, respectively) and estimate a range of plausible long-term deposition
rates for Castle Geyser (470 to 940 kg·yr−1). We estimate ~2% of the silica discharged from Castle Geyser is de-
posited as sinter in the cone and proximal terraces. We collected 15 sinter samples following the stratigraphy of
each geyser from the older terrace to the younger cone and examined them using a variety of analyticalmethods.
We find that young opaline sinter with high water content (<12wt% from loss on ignition) contains higher con-
centrations of major and trace elements, notably As, Sb, Rb, Ga and Cs, relative to older dehydrated sinter. Rare
earth element (REE) concentrations in sinter are 2–3 orders of magnitude higher than in the thermal water
fromwhich they are deposited. Sinter deposits are enriched in light REE, Gd and Ybwhen normalized to concen-
trations in thermalwater and enriched in Eu, Tm, andYbwhennormalized to theunderlying rhyolite. Sinter sam-
ples with the highest REE concentrations are also enriched in organic material, implying either microbial uptake
of REE, or that organic molecules are efficient ligands that form metal complexes.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Geysers are hot springs characterized by intermittent ejection of liq-
uid, water, and steam. Natural geysers are rare, with less than a thou-
sand known worldwide (Bryan, 2018). Most form where recent or
active magmatism supplies heat and glacial deposits overlie SiO2-rich
rhyolite flows or ignimbrites (Hurwitz and Manga, 2017; Hurwitz
et al., 2021). Geyser cones are constructed of geyserite, a type of
dense, typically banded or laminated siliceous sinter (opal), commonly
with stromatolite-like structures, and is found around geyser vents
(Campbell et al., 2015; Jones, 2020). Sinter forms from the precipitation
.

of opal-A from alkaline-chloride thermal waters which become super-
saturated with respect to silica (SiO2) upon cooling, steam separation,
and evaporation (Lynne, 2012; Campbell et al., 2015; Jones, 2020).
Over time, diagenesis transforms the sinter from opal-A to crystalline
quartz via dehydration (Herdianita et al., 2000; Lynne and Campbell,
2004; Rodgers et al., 2004; Lynne et al., 2007; Hinman and Kotler,
2013; Liesegang and Tomaschek, 2020).

Characterizing sinter deposits is important for various reasons: They
contain microbial biofilms that provide archives of extreme life
(Handley et al., 2005; Campbell et al., 2015; Sanchez-Garcia et al.,
2019; Sriaporn et al., 2020), they record the highest temperature (~75
to 100 °C) of life (thermophiles) on land (e.g., Braunstein and Lowe,
2001; Campbell et al., 2015), and they have been found in ~3.5 billion-
year-old sedimentary deposits in Western Australia, possibly providing
clues to the rise of prebioticmolecular systems that have the fundamen-
tal properties of life (Djokic et al., 2017; Van Kranendonk et al., 2021a).
Sinter deposits are also often spatially related to the structures that

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2021.107391&domain=pdf
https://doi.org/10.1016/j.jvolgeores.2021.107391
mailto:shaulh@usgs.gov
https://doi.org/10.1016/j.jvolgeores.2021.107391
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/jvolgeores


D.M. Churchill, M. Manga, S. Hurwitz et al. Journal of Volcanology and Geothermal Research 419 (2021) 107391
transport hot fluids toward the surface, and they contain traces of pre-
cious metals. Therefore, characterization of sinter deposits can provide
a guide for geothermal energy and epithermal mineral resource explo-
ration at depth (Cunneen and Sillitoe, 1989; Nicholson, 1989; White
et al., 1989; Clark and Williams-Jones, 1990; Brown and Simmons,
2003; Uysal et al., 2011; Sillitoe, 2015; Simmons et al., 2016; Hamilton
et al., 2017; Pirajno, 2020). Sinter deposits were also detected on Mars
by the Spirit rover (Milliken et al., 2008; Squyres et al., 2008; Skok
et al., 2010; Ruff and Farmer, 2016; Rapin et al., 2018) with textures
that closely resemble those on Earth, and therefore are a key target in
the search for ancient Martian life (Cady et al., 2018; Van Kranendonk
et al., 2021b).

Approximately half of the world's active geysers occur in the geyser
basins of Yellowstone National Park (Bryan, 2018), with the highest
concentration in the Upper Geyser Basin (UGB; Fig. 1). Previous studies
on silica sinter deposits in Yellowstone's geyser basins have character-
ized biotic and abiotic controls on their formation and diagenesis
(Walter, 1976; Lowe and Braunstein, 2003; Guidry and Chafetz, 2003;
Hinman and Walter, 2005; Lynne et al., 2017; Smith et al., 2018), mea-
sured the concentrations of select elements and/or isotopic composi-
tions (White et al., 1992; Fournier et al., 1994; Shanks III et al., 2007;
Gangidine et al., 2020; Chen et al., 2020), and characterized the chemi-
cal and isotopic composition of the alkaline-chloride thermal water
from which they are deposited (Fournier, 1989; Hurwitz et al., 2012;
Fig. 1.Amap of the Upper Geyser Basin (UGB)with the inset showing amap of Yellowstone Na
12 N. Gray dashed lines indicate trails and solid black lines indicate roads.
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McCleskey et al., 2014; Hurwitz and Lowenstern, 2014; Hurwitz et al.,
2016; Cullen et al., 2021). Geologic mapping of the UGB (Muffler et al.,
1982) distinguished between old (osi) and newer (si) sinter units
(Fig. 2) based on stratigraphy and outcropmorphology, but without de-
termining absolute ages. However, it was inferred that the geyser cones
in Yellowstone post-date the end of the last (Pinedale) deglaciation,
15–14 ka ago, as they would have been removed by glacial erosion
(Licciardi and Pierce, 2018). The few radiometric ages of sinter deposits
from the UGB suggest nearly continuous deposition throughout the Ho-
locene (Foley, 2006; Lowenstern et al., 2016; Hurwitz et al., 2020). An
attempt to date a large number of sinter samples using several radio-
metric methods confirmed that the deposits are of Holocene age
(Churchill et al., 2020).

Despite considerable advances in understanding silica sinter forma-
tion in Yellowstone, several key questions remain. For example, howold
are some of the largest geyser cones in the UGB (Lowenstern et al.,
2016; Churchill et al., 2020)? What are the volumes and deposition
rates of these geysers? What are the timescales for polymorphic trans-
formations of silica minerals (from amorphous opal-A to opal-CT to
opal-C to quartz)? How domineralogical and chemical variations corre-
late with sinter dehydration?Which trace elements are enriched in the
sinter compared with the source water? To address these questions, we
collected sinter samples from two of the largest active geysers in the
UGB, Giant and Castle Geyser (Figs. 1–4) for detailed structural,
tional Park. Coordinates for the UGBmap are inUniversal TransverseMercator (UTM) Zone



Fig. 2.Geologicmaps afterMuffler et al. (1982) and digitized by Abedini et al. (2015) for a) Giant Geyser and b) Castle Geyser with the old sinter (osi) unit in redmapped on the southwest
part of the geyser. Coordinates are in Universal TransverseMercator (UTM) Zone 12N. Geyser locations aremarkedwith a star. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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mineralogical, and chemical characterization. FerdinandV. Haydenwho
led the 1871 geological survey that resulted in the establishment of Yel-
lowstone as the first U.S. National Park in 1872, wrote about Giant Gey-
ser “It is readily recognized from its peculiar crater, which has been
compared to a broken horn, but, as Stanley says, it is more like the stump
of a hollow sycamore tree of gigantic proportions, the top of which has
been torn off by a storm” (Hayden, 1883, p. 195). Haydenwrote that Cas-
tle Geyser derived its name “because of its fancied resemblance to the
ruins of a feudal castle, although from most points of view it is more like
the ruin of a tower or turret on the end of a platform, suggesting the form
of a “monitor iron-clad vessel.” (Hayden, 1883, p. 204). These early obser-
vations reveal a long-standing interest in the structure of geyser cones
and, by extension, themineralogical and chemical controls on their con-
struction.

The main goals of this study were to 1) characterize the size and
structure of large geysers in Yellowstone, 2) characterize silica mineral
diagenesis and dehydration over time, and 3) characterize the chemical
composition of sinter deposits and relate it to the composition of ther-
mal water from which the silica sinter forms. We sampled sinter at
the two geysers following the stratigraphy from the older terrace to
the younger cone. By sampling along the stratigraphy, we were able to
characterize the temporal patterns of sinter mineralogy and chemistry.
Addressing the goals of this study can provide a baseline that can serve
for future preservation of geysers and other hydrothermal features in
Yellowstone National Park (Heasler et al., 2009; Foley et al., 2014).
The data and the analysis presented in this study can also inform explo-
ration of geothermal energy and epithermalmineral resources (Hurwitz
et al., 2021).
3

2. Data acquisition and methods of analysis

We generated high-resolution three-dimensional digital reconstruc-
tions (models) of Giant and Castle Geysers using structure-from-motion
(SfM) photogrammetry (Matthews, 2008). Photographswere taken in a
roughly circular path around both geyser cones at evenly spaced camera
stations. A total of 52 photos were taken at Castle Geyser in June 2019,
and 183 photos were taken at Giant Geyser in April 2020. We used dig-
ital single-lens reflex (DSLR) cameras affixed with wide-angle prime
lenses (~24 mm) that retained a static or fixed focus, aperture, and ISO
settings to ensure consistency of image quality during photography.
Precisely known controls (i.e., scale bars) were placed within the area
of photography for local scaling. These controls are used to improve
size estimations, with scale bar errors of 0.5 mm or better; and increase
the fidelity of the generated model. In all cases, a Global Navigation Sat-
ellite System (GNSS) capable Global Positioning System (GPS) unit doc-
umented the location of the camera and/or scale bar centers. At each
photo location, imageswere taken from approximately one to eightme-
ters in elevation using a telescoping monopod. The models were
aligned, calibrated, and georeferenced with AGISoft's photogrammetry
software, MetaShape. Models were then exported to CloudCompare,
where the surface area and volumes of the sinter cones were estimated
as a solid object.

Six sinter samples were collected from Giant Geyser (Fig. 4a,b) and
nine samples were collected from Castle Geyser (Fig. 4c,d) in April
2018. Details of themethods used for collecting, processing, and analyz-
ing the samples are found in Churchill et al. (2021). Here we provide a
condensed summary. At each geyser, approximately fist-sized samples



Fig. 3. Comparison of photos from Giant and Castle Geysers separated by almost 150 years. a) Photo of Giant Geyser from 1871 (U.S. Geological Survey Denver Library Photographic
Collection, Jackson, W.H. Collection). b) Photo of Giant Geyser from 2021 to 05–17 (Megan Norr, National Park Service). c) Photo of Castle Geyser from 1871 (U.S. Geological Survey
Denver Library Photographic Collection, Jackson, W.H. Collection). d) Photo of Castle Geyser from 2018 to 07–01 (Jacob W. Frank, National Park Service).
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were collected and labeled sequentially from the shield (oldest) to the
top (youngest) of the cone (Table 1, Fig. 4). Six samples collected at
Castle Geyser (Fig. 4c,d) are from the cone, a unit mapped as si, and
three are from the shield, a unit mapped as osi (Fig. 2b). The strati-
graphic relationship between the three osi (old sinter) samples could
not be determined.

Thin sections for each samplewere examined under a polarizingmi-
croscope to identify micro- to millimeter-scale sinter textures and any
accessory minerals or lithic components. Mineral phases and micro-
scale morphologies were identified using X-ray powder diffraction
(XRPD), scanning electron microscopy (SEM), and energy dispersive
X-ray spectroscopy (EDS) at the U.S. Geological Survey laboratories in
Menlo Park, California. To provide a crude indication of the state of the
opal structure in each sinter sample, Full-Width Half-Maximum
(FWHM) values were manually calculated by fitting a curve and base
line to the XRPD spectra (Herdianita et al., 2000; Lynne and Campbell,
2004; Liesegang and Tomaschek, 2020).

Samples were analyzed for major and trace element concentrations
using a Thermo ARL Perform'X X-ray fluorescence (XRF) spectrometer
at the Hamilton Analytical Laboratory at Hamilton College, New York,
following protocols described in Johnson et al. (1999). Uncertainties in
the XRF determinations depend upon element concentration and
range from approximately 0.2% for SiO2 to <10% for trace elements
such as Ga and Cs. Samples were further analyzed for trace element
concentrations (including Rare Earth Elements - REE) using Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
at the Colorado School of Mines, Colorado. In the calculations and
figures presented in this paper we use concentrations determined by
XRF analysis for SiO2, Ga, Cs, Na and K, and all other trace element con-
centrations (including As, Ge and Sb) are reported from LA-ICP-MS
4

analysis. Theweight percent change using loss on ignition (LOI)was de-
termined by heating the powdered samples to 900 °C in SiO2 crucibles.
These measurements are reproducible to ~10%.

3. Results

3.1. Structure and mass of Giant and Castle Geysers

The three-dimensional models of Giant and Castle Geysers include
both their cones and underlying shields (Fig. 5) and can be found online
at https://irma.nps.gov/DataStore/Reference/Profile/2273777 and
https://irma.nps.gov/DataStore/Reference/Profile/2278667. At both
geysers, layering and stratification at millimeter to meter scales is visi-
ble due to variations in sinter colour and texture. The model of the
Giant Geyser complex includes the neighboring and smaller Bijou, Cat-
fish, Mastiff, and Turtle Geysers (Fig. 5b), which sometimes erupt
along with Giant Geyser. Giant Geyser's cone rises approximately 4 m
above the relatively flat platform (Fig. 5a), is 6 m wide at its base, and
gradually narrows to 3 m at its top. The structure of Giant Geyser's
cone is relatively cylindrical, and its western side is open, revealing
rougher sinter textures on the inside of the cone compared to the exte-
rior. In contrast, the Castle Geyser cone is a 5 m tall asymmetrical struc-
ture with a 1 m orifice from which water erupts (Fig. 5c). The slope of
the northern side of the cone is steep relative to the southern side,
where multiple terraces accumulate small pools of erupted water. The
base of the cone is 26 m at its widest and 16 m at its narrowest, for an
estimated area of 416 m2. Bright orange bacterial mats grow along Cas-
tle Geyser's southern shield.

The estimated volumes of Giant Geyser complex and Castle Geyser
cone are ~2500 m3 and ~ 6060 m3, respectively. Assuming a maximum

https://irma.nps.gov/DataStore/Reference/Profile/2273777
https://irma.nps.gov/DataStore/Reference/Profile/2278667


Fig. 4. Photos of Giant and Castle Geysers with labels indicating sample locations. a) and b) View of Giant Geyser looking to the west. c) Photo of Castle Geyser looking to the southeast.
d) Photo looking to the northeast showing the Castle Geyser shield within an area mapped as old sinter (osi;Muffler et al., 1982). Samples were collected under Research Permit YELL-
2018-SCI-8030.
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sinter porosity of 60% (Munoz-Saez et al., 2016), the minimum calcu-
lated volumes of sinter which compose the Giant Geyser complex and
Castle Geyser's cone are ~1000 m3 and ~ 2400 m3, respectively. If we
model the geyser conduit as a cylinderwith a radius of 1m and a height
of 5 m, then the calculated volumes only decrease by ~8 m3. Sinter at
Giant Geyser consists mainly of opal-A with a density of 2180 kg·m−3

(Munoz-Saez et al., 2016), and smaller amounts of slightly denser
cristobalite and quartz, both with a density of 2650 kg·m−3. Thus, we
approximate the overall sinter density at Giant Geyser to be
~2300 kg·m−3 and calculate a mass of ~2 kton. The calculated mass of
Castle Geyser's cone, which sampling suggests is composed entirely of
opal-A (Table 1) is ~5 kton. With all the approximations included in
these calculations (volume, porosity, voids and density), we estimate
an uncertainty of 20% in these calculations of sinter mass.
5

3.2. Sinter texture, morphology, mineralogy, and water content

All the mineralogical and chemical data associated with the analysis
of sinter samples from Giant and Castle Geysers are available in
Churchill et al. (2021). Samples collected near the geyser orifice (UGB-
TD-29 from Giant Geyser and UGB-TD-37 and TD-39 from Castle Gey-
ser) display cauliflower texture on their exterior surface (Fig. 6a,b),
with a filamentous geyserite interior texture (Fig. 6c). Some samples
preserve millimeter-scale parallel layering (UGB-TD-27; Fig. 6d). Sinter
texture changes with increasing age (Fig. 6e). On a smaller scale, sam-
ples with amorphous opal-A to opal-A/C display botryoidal, bumpy, or
clustered micro-spheres (Fig. 7a,b), which sometimes form on organic
features such as microbial filaments (Fig. 7c) and mats (Fig. 7d), or pol-
len (Fig. 7e). Some layers of silicified microbial mats are found



Table 1
Mineralogy and water content of samples from Giant and Castle Geysers.

Sample ID Mineralsa Quartzb

%
FWHMc LOId

wt%

Giant Geyser
UGB-TD-24 Opal-C + Quartz <5 0.8 2.7
UGB-TD-25 Opal-C + Quartz <10 0.8 2.2
UGB-TD-26 Opal-A/C <1 4.4 3.9
UGB-TD-27 Opal-A/C <1 4.9 6.8
UGB-TD-28 Opal-C/A + Quartz <5 1.4 6.7
UGB-TD-29 Opal-A/C <1 5.1 9.6

Castle Geyser
UGB-TD-30e Opal-A/C <2 5.5 4.5
UGB-TD-31e,f Opal-CT + Quartz 2 2.7 24
UGB-TD-32e Opal-A/C 0 4.0 5.8
UGB-TD-33 Opal-A <2 6.3 8.9
UGB-TD-34 Opal-A <1 6.5 9.6
UGB-TD-35 Opal-A <2 6.0 8.7
UGB-TD-36 Opal-A <1 6.3 9.2
UGB-TD-37 Opal-A <1 6.1 10
UGB-TD-39 Opal-A 0 6.4 12

a Detected with X-ray powder diffraction (XRPD).
b Visually estimated from representative thin sections.
c Full-Width Half-Maximum; a crude indication of the state of the opal structure.
d Loss on Ignition. The value is considered as a proxy for water content.
e From unit mapped as old sinter (osi; Muffler et al., 1982).
f High concentration of organic matter.
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alternating with SiO2-rich layers (Fig. 7d). Significant amounts of silici-
fied organic material are visible on a micrometer scale in samples UGB-
TD-26,−28,−30,−31 and− 32. Samples that are more diagenetically
mature (UGB-TD-24 from Giant Geyser) display a denser micrometer-
scale morphology, with crystalline silica polymorphs (quartz) lining
and filling pores (Fig. 7f).

The XRPD spectra of samples from Giant and Castle Geysers are
shown in Fig. 8 and the identified minerals are summarized in Table 1.
Even though the silica polymorphs opal, cristobalite (C), tridymite (T),
and quartz (Q)were the onlyminerals identified by XRPD, petrographic
and SEM-EDS analysis reveal sub-millimeter feldspar, calcite, halite, and
iron oxides. These accessoryminerals, or other undetected chemical im-
purities, are the likely cause for any white, brown, and gray colour var-
iations (Fig. 6) visible in the sinter at both Giant and Castle Geysers.
Fig. 5. a) Three-dimensional model of the Giant Geyser complex using Structure-from-Motion
cone being cut during image processing. b) Three-dimensional model of the Giant Geyser co
Geyser, Mastiff Geyser, Giant Geyser (circled in green), and Turtle Geyser. Samples were co
Castle Geyser created using Structure-from-Motion photogrammetry. The cone is circled i
southeast. Samples UGB-TD-30,−31, −32 on the left side of the model were collected from a
Research Permit YELL-2018-SCI-8030. (For interpretation of the references to colour in this fig
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Sinter samples UGB-TD-24 and UGB-TD-25 from the top of Giant
Geyser consist of opal-C and quartz with FWHM values of 0.8° 2θ
(Table 1). UGB-TD-26, UGB-TD-27, and UGB-TD-29 consist of opal-A/C
with FWHM values ranging from of 4.4° to 5.1° 2θ. Sample UGB-TD-28
consists of opal-A/C and quartz with a FWHM of 1.4° 2θ. At Castle Gey-
ser, samples from the cone (si; UGB-TD-33—39) consist entirely of opal-
A with FWHM values of ~6° 2θ, whereas samples from the shield (osi;
UGB-TD-30-32) consist of opal-A/C, opal-CT and quartz with FWHM
values ranging between 2.7° and 5.5° 2θ.

Loss on ignition (LOI) is typically considered as a proxy for water
concentration as molecular water and structural silanol (a functional
group with Si–O–H connectivity) in the sinter (Jones and Renaut,
2004; Day and Jones, 2008). However, the LOI value could include
other volatile components (CO2, F, Cl, S, and organics) that we did not
measure directly. Anomalously high LOI values, such as measured for
sample UGB-TD-31 (~24%), likely results from high concentrations of
organic material. At Giant Geyser, LOI decreases from 9.6% at the top
of the cone (UGB-TD-29) to 2.2% near the base of the cone (UGB-TD-
25; Table 1). At Castle Geyser, the LOI decreases from 12.0% at the top
of the cone (UGB-TD-39) to 4.5% on the shield (UGB-TD-30).

3.3. Sinter chemistry

Silica (SiO2) concentrations increase with increasing age from
88.9 wt% (UGB-TD-29) to 96.8 wt% (UGB-TD-24) at Giant Geyser
(Fig. 9a), and from 84.5 wt% (UGB-TD-39) to 94.1 wt% (UGB-TD-30) at
Castle Geyser (Fig. 10a). Of the other major oxides, Na2O has the
highest concentrations, and at both geysers its concentration
decreases with increasing age (Figs. 9b and 10b). The concentrations
of Al2O3, MnO, CaO, and K2O also decrease with increasing sinter age,
whereas the concentrations of TiO2, FeO, MgO, and P2O5 remain
relatively consistent.

The trace elements with the highest concentrations in the sinter
samples are Ga and Sb (both with >750 ppm, although concentrations
in most samples are much lower), Cs (>250 ppm), and As and Rb
(both with >25 ppm). Concentrations of Ba, Cu, and Zn are >10 ppm,
and concentrations of Cr, Ge, Ni, Pb, Sr, V, and Zr are >1 ppm. All other
measured trace elements have concentrations >1 ppb except for Cr
and Ni in sample UGB-TD-32, where concentrations are below the LA-
ICP-MS analytical detection limits. At both geysers, concentrations of
(SfM) photogrammetry looking toward the east. Steam interference led to the top of the
mplex from an aerial view. From left to right, the complex includes Bijou Geyser, Catfish
llected moving from Giant Geyser cone toward the east. c) Three-dimensional model of
n magenta. The locations of samples collected are draped on the model looking to the
n area mapped as old sinter (unit osi; Muffler et al., 1982). Samples were collected under
ure legend, the reader is referred to the web version of this article.)



Fig. 6. Photos of sinter samples exhibiting a variety of textures. a) Mottled interior with an exterior cauliflower texture. b) Cauliflower texture collected from sinter samples immediately
next to the geyser orifice (i.e. UGB-TD-39). c) Interior filamentous texture. d) Finely laminated palisade texture. e) Texture change along stratigraphy at Castle Geyser. Research was
conducted under Yellowstone Research Permit YELL-2018-SCI-8030.
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Ag, As, Cs, Ga, Rb, Sb, Sr, and Tl generally decrease with increasing sinter
age (Figs. 9c,d, and 10c,d) and the concentration of Sc increases with in-
creasing sinter age.

Major and trace element concentrations, including REE, in sample
UGB-TD-31 are anomalous because of high organic material content
(high LOI). Excluding UGB-TD-31, REE concentrations from both gey-
sers range from 0.6 ppb to 4.4 ppm. Samples UGB-TD-26 and -28 have
the highest REE concentrations at Giant Geyser, and samples UGB-TD-
31 and -32 have the highest concentrations at Castle Geyser. The con-
centrations of REEs at Giant Geyser or along Castle Geyser's cone (si
unit) do not correlate with increasing sinter age; however, sinter from
Castle Geyser's shield (osi unit) has higher REE concentrations than sin-
ter from the cone. When sinter REE concentrations are normalized to
those of the thermal water from the Giant Geyser outflow (sample
7

09WA157 inMcCleskey et al., 2014), there is a slight negative Eu anom-
aly, positive Gd and Yb anomalies, and the light REE (LREE) are enriched
by up to 100 times compared to the heavy REE (HREE) (Fig. 11a,c).
When normalized to the underlying rhyolite (Biscuit Basin flow), Eu,
Tm and Yb are enriched (Fig. 11b,d).

4. Discussion

4.1. Geyser cone construction and sinter deposition rates

Although our attempt to date the sinter samples using radiometric
methods was mostly unsuccessful, U-series analyses of four samples
yielded ages between 2.2 ± 7.9 ka (UGB-TD-39) and 7.4 ± 6.3 ka
(UGB-TD-27) (Churchill et al., 2020). Furthermore, Lodgepole Pine



Fig. 7. Representative scanning electron micrographs of samples from Giant and Castle Geysers. a) Thin-section cut revealing opal-A microspheres of ~5 μmdiameter. b) Chains of opal-A
microspheres with diameters of ~20 μm in pore space of a rough sample mount. c) Silicified filaments with incipient coating by opal-A microspheres visible in a rough mount. d) Contact
between layers of silicified microbial material layer and inorganic silica layers on the exterior of a rough mount. e) Silicified pollen grains in a matrix of botryoidal, coalesced opal-A
microspheres. f) Thin section image of microcrystalline quartz filling in a pore space.
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(Pinus contorta) is the dominant pollen in samples UGB-TD-31 and
UGB-TD-32 from the base of Castle Geyser (osi unit), implying that gey-
ser construction began after ~11 ka BP (Christopher Schiller, Montana
State University, written communication, October 2019). Photo com-
parison of Giant and Castle Geyser from 1871 with photos taken in
2018 and 2021 suggest very little change in their structures over almost
150 years (Fig. 3), thus we infer that construction of large geyser cones
occurs over millennial timescales. This supposition is supported by ob-
servations from Old Faithful Geyser (Fig. 1) where, during a severe
drought in the mid-13th to mid-14th centuries, trees grew on high
parts of the mound, implying that at that time the mound closely
8

resembled its current appearance. Thus, to create the present mound,
Old Faithful Geyser was likely erupting for millennia prior to tree
growth (Hurwitz et al., 2020).

To calculate plausible long-term average sinter deposition rates, we
divide the mass of the Castle Geyser cone (~5 kton) by the maximum
plausible age (11 ka). This approach results in a minimum net deposi-
tion rate of ~470 kg·yr−1. Plausibly, the geyser could be half as old
(5500 years), which would result in double the deposition rate
(~940 kg·yr−1). These calculated rates have large uncertainties, because
they do not account for erosion, or climate variations that control depo-
sition rates through water discharge, air temperature, and evaporation.



Fig. 8. X-ray powder diffraction (XRPD) spectra of samples from a) Giant Geyser, b) Castle
Geyser's cone and c) Castle Geyser's shield (unit osi; Muffler et al., 1982). Spectra are
arranged according to stratigraphic position with the younger samples at the top of each
panel. The broad peak from ~15° to 30° 2θ identifies opal. Letters next to spectral peaks
correspond to quartz (Q), cristobalite (C), and tridymite (T).
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For example, Castle Geyser likely was dormant during the same period
of severe drought that ceased Old Faithful Geyser's eruptions (Hurwitz
et al., 2020). Despite the large uncertainties associated with the calcu-
lated long-term sinter deposition rates at Castle Geyser, they are within
the same order of magnitude as the rates calculated using other
methods and for shorter periods of time (Table 3).

The silica deposited as opal is probably a small fraction of the silica
transported by water discharged from eruption of the geysers. Water
discharge was not measured at either Giant or Castle Geysers, but it
wasmeasured in September 2010 at Lone Star Geyser, a large cone gey-
ser with approximately the same structure and volume, located ~5 km
south-southeast from Giant and Castle Geysers (Karlstrom et al.,
2013). Water discharge and SiO2 concentration at Lone Star Geyser
were ~62,000 m3·yr−1 and 330 mg·l−1 for an annual SiO2 discharge
of ~20,000 kg. By assuming that silica discharge rates at Castle and
Lone Star Geysers are similar, we infer that the maximum plausible
long-term silica deposition rate in the cone and on the terrace is ~2%
of the total silica discharge from Castle Geyser.

4.2. Mineralogic maturation and dehydration

As sinter deposits mature, they dehydrate and the silica minerals
transform gradually from opal-A to quartz (Herdianita et al., 2000;
Lynne et al., 2007). The sinter deposits from both Giant and Castle
9

Geysers follow this trend of increasing maturation with increasing
age. The younger samples from Giant Geyser consist of opal-A and
opal-A/Cmicrospheres and have lower structural order and higher con-
centrations of water compared to the older samples. The anomalous
mineralogy and elevated water content of sample UGB-TD-28 (LOI of
6.7 wt%) is likely a result of being out of stratigraphic order (Fig. 4a). In-
terestingly, samples UGB-TD-25 and -24 from the base of Giant Geyser
have 2.7 and 2.2 wt% LOI respectively, which is slightly higher than
the concentration of H2O measured nearly 140 years earlier (1.5 wt%
H2O) on a sample collected from approximately the same location by
the Hayden Expedition (Hayden, 1883, p. 415). Samples UGB-TD-25
and -24 are also the only two samples with significant amounts of
quartz (Table 1).

In contrast to the mineralogical maturation pattern at Giant Geyser,
a difference in maturation state at Castle Geyser is only found between
the si units on the cone and the osi units on the shield. All samples from
Castle Geyser's cone are composed of immature botryoidal, coalesced
microspheres of opal-A with low structural order (FWHM ~6.3 2θ)
and high amounts of water (>8.9 wt%). The older sinter deposits from
the shield of Castle Geyser (osi unit; Muffler et al., 1982) contain more
mature SiO2 polymorphs, less water (<5.8 wt%), and exhibit higher
structural order (FWHM <5.5 2θ).

The silica maturation and sinter dehydration at Giant and Castle
Geyser match trends noted in previous studies (Lynne et al., 2007).
Without absolute age constraints, the duration of these transformations
cannot be determined. Because both geysers are of Holocene age, the
rates of mineral transformations in their deposits differ from previously
inferred rates that suggested it takes several thousand years to trans-
form opal-A to opal-CT and opal-C, and tens of thousands of years for
transformation to microcrystalline quartz (Rodgers et al., 2004). Never-
theless, the post-depositional environment of sinter, including the pres-
ence of organic matter, could accelerate the maturation process
(Herdianita et al., 2000; Jones and Renaut, 2003; Lynne et al., 2007;
Rodgers et al., 2004).

4.3. Major and trace element enrichment in sinter

The alkaline-chloride thermal waters in the central part of the UGB
where Giant and Castle Geysers are located typically have pH values of
7.5 to 9.0 and SiO2, Cl−, SO4

2−, Na+ and K+ concentrations of
280–350 mg·l−1, 300–500 mg·l−1, 15–20 mg·l−1, 300–450 mg·l−1

and 15–20 mg·l−1, respectively (Hurwitz et al., 2012, 2016;
McCleskey et al., 2014; Cullen et al., 2021). The concentration of HCO3

−

varies substantially across the basin, inferred to result from variations
in reservoir temperature (Fournier, 1989). Concentrations of As and
Sb are about 1.5 mg·l−1and 80–140 μg·l−1, respectively. Themajor sol-
utes in the thermal waters are derived from leaching, mostly at temper-
atures of 175–275 °C (Cullen et al., 2019), of the underlying rhyolite,
which erupted after the formation of the 0.631Ma Yellowstone Caldera
(Christiansen, 2001; Matthews et al., 2015).

The concentrations of SiO2 (>84.5 wt%), other major oxides with
concentrations of 0.1–0.4 wt% (Na2O, K2O and Al2O3), trace elements
with concentrations of >100 ppm (Ga, Cs, Sb) and trace elements
with concentrations of 1–100 ppm (As, Ba, Cr, Cu, Ge, Ni, Pb, Rb, Sr, V,
Zn, Zr) in the geyserite at Giant and Castle Geysers are mostly similar
to those in siliceous sinter deposited in other hydrothermal areas
(McKenzie et al., 2001; Brown and Simmons, 2003; Uysal et al., 2011;
Simmons et al., 2016; Sanchez-Yanez et al., 2017; Campbell et al.,
2018). Concentrations of Ag and Au (2–19 ppb) in sinter deposits
from Yellowstone were previously measured by White et al. (1992)
and Fournier et al. (1994). The highest concentrations of Ag are in the
youngest samples from Castle Geyser (UGB-TD-37, −39), 218 and
215 ppb, respectively, whereas the old sinter samples contain
22–44 ppb (Churchill et al., 2021). The concentration of Ag in sinter
from Giant Geyser ranges between 4 and 22 ppb. We did not measure
the concentration of Au in this study.



Fig. 9. Concentrations as a function of stratigraphic position at Giant Geyser. The age of samples increases to the right. a) Loss on ignition (LOI; interpreted as water percentage) (blue
symbols and curve) and SiO2 (red symbols and curve). b) Concentration of Na (blue symbols and curve) and K (red symbols and curve). c) Arsenic (As; blue symbols and curve) and
antimony (Sb; red symbols and curve) concentrations. d) Gallium (Ga; blue symbols and curve) and cesium (Cs; red symbols and curve) concentrations. Data are tabulated in
Churchill et al. (2021). Blue symbols and curves relate to the left Y-axes and red symbols and curves relate to the right Y-axes. Error bars are shown with 2-sigma (95%) confidence. If
error bars are not visible it is because they are smaller than the symbols. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Many of the metals and metalloids found in these sinters with ele-
vated concentrations (i.e., Ga, Sb, Yb, Gd) are in high demand due to
their growing usage in a wide range of applications including in tele-
communications, green energy, and medical devices (Graedel et al.,
2015; White and Shine, 2016; Schulz et al., 2017; Månberger and
Johansson, 2019). Additionally, elevated concentrations of As and Sb
could be toxic in aquatic food chains (Filella et al., 2009; Bowell et al.,
2014).

It is generally understood that the incorporation of elements other
than silicon into sinter occurs through isomorphous substitution into,
and adsorption onto, silica surfaces and accessory minerals (Pope
et al., 2005; Kaasalainen and Stefánsson, 2012; Sanchez-Yanez et al.,
2017), and through association with adsorbed water and/or surface
silanol groups (Jones and Renaut, 2003; Rodgers et al., 2004). The youn-
gest samples from the two geysers, sample UGB-TD-29 (Giant Geyser)
contains 88.9 wt% SiO2 and 9.6 wt% LOI and sample UGB-TD-39 (Castle
Geyser) contains 84.5 wt% SiO2 and 12 wt% LOI. Thus, element
enrichment is likely a result of either incorporation into the opal
structure or association with the water.

Despite the significance of quantifying trace element partitioning
between sinter and the thermal water from which they are deposited,
10
only a few studies have done so. Most focused on the partitioning of
As and B (Ellis and Sewell, 1963; Ichikuni, 1968; Ballantyne and
Moore, 1988; McKenzie et al., 2001), Al and Fe (Ichikuni, 1970) and
REE elements (Feng et al., 2014). To calculate enrichment of various el-
ements in the sinter, we defined a partition coefficient KD for pairs of
element ratios in the sinter over the same ratio in the thermal water
from which the opal was deposited:

KD ¼ X=xSinter
X=xwater

ð1Þ

where X is themolar concentration of the larger atom and x is themolar
concentration of the smaller atom in the same column of the periodic
table. We determine KD for pairs of elements that are typically
enriched in thermal waters (Table 2); K/Na, Ge/Si and Ga/Al are ratios
of elements from the IV period over elements from the III period, Sb/
As (V over IV period) and Cs/Rb (VI over V period). There are insufficient
concentration data from thermal water in the UGB to determine KD for
other relevant element pairs such as Cd/Zn, and Zr/Ti. Our approach for
defining element enrichment in the sinter differs from that of McKenzie
et al. (2001) that normalized trace metal (As, Sb, B, Tl and Hg)



Fig. 10.Concentrations as a function of stratigraphic position at Castle Geyser. The age of samples increases to the right; a break in the lines separates sinter (si) and old sinter (osi) samples.
a) Loss on ignition (LOI; interpreted aswater percentage) (blue symbols and curve) and SiO2 (red symbols and curve). b) Concentration ofNa (blue symbols and curve) andK (red symbols
and curve). c) Arsenic (As; blue symbols and curve) and antimony (Sb; red symbols and curve) concentrations. d) Gallium (Ga; blue symbols and curve) and cesium (Cs; red symbols and
curve) concentrations. Data are tabulated in Churchill et al. (2021). Blue symbols and curves relate to the left Y-axes and red symbols and curves relate to the right Y-axes. Error bars are
shown with 2-sigma (95%) confidence. If error bars are not visible it is because they are smaller than the symbols. Major and trace element concentrations in sample UGB-TD-31 are
anomalous because of high organic material content. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Rare earth elements (REE) in select sinter samples from Giant and Castle Geysers (data in Churchill et al., 2021). The REE concentrations in the sinter from Giant Geyser are
normalized (Y-axes are in logarithmic scale) to a) concentrations in the Giant Geyser thermal water outflow (data from McClesky et al., 2014) and c) concentrations in the Biscuit
Basin rhyolite flow (data from Lewis et al., 1997). The REE concentrations in the sinter from Castle Geyser are normalized to b) REE concentrations in the Giant Geyser thermal water
outflow (data from McClesky et al., 2014) and d) concentrations in the Biscuit Basin rhyolite flow. The label osi is for samples collected from the old sinter unit (Muffler et al., 1982)
forming the shield of Castle Geyser. REE anomalies are identified with vertical gray dashed lines. Error bars with 2-sigma (95%) confidence are not visible at this scale.
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concentrations in thefluid and in the sinter to SiO2 concentrations of the
sample.

For the sinter,we use K, Na, Si, Cs, Ga andAl concentrations fromXRF
analysis and Ge, Rb, Sb and As concentrations from LA-ICP-MS analysis
(Churchill et al., 2021). For thermal waters, we use average element
concentrations from 25 samples collected in the UGB (McCleskey
et al., 2014; Hurwitz et al., 2016) (Supplementary material – S1). Be-
cause Ge concentration data from thermal waters in the UGB were not
available, we used Ge concentrations in a hot spring (Black Pool) in
West Thumb Geyser Basin (Gemery-Hill et al., 2007). The chemical
composition of Black Pool is similar to the composition of waters from
the UGB. For all element pairs, we determined KD between the
youngest samples from Castle Geyser (UGB-TD-39) and Giant Geyser
(UGB-TD-29) and thermal water.

Apart from Ge/Si, the calculated KD values are greater than one,
implying that the element with the larger radius is preferentially
incorporated in the sinter (Table 2). The calculated KD values for Ge/Si
Table 2
Partition coefficient between water and sinter (KD) for element pairs.

Watera ± Sinterb ± KD
c ±

UGB-TD-29 (Giant Geyser)
K/Na mmol/mol 28 4 160 16 5.9 1.0
Ge/Si μmol/mol 150 3 1.7 0.2 0.01 0.00
Ga/Al mmol/mol 31 25 190 40 6.2 5.3
Sb/As mmol/mol 39 15 22,400 5500 580 270
Cs/Rb mol/mol 1.3 0.2 3.7 0.1 2.7 0.34

UGB-TD-39 (Castle Geyser)
K/Na mmol/mol 28 4 140 9 5.0 0.7
Ge/Si μmol/mol 150 3 2.2 0.3 0.02 0.00
Ga/Al mmol/mol 31 25 97 11 3.1 2.6
Sb/As mmol/mol 39 15 19,000 4950 490 230
Cs/Rb mol/mol 1.3 0.2 4.4 0.1 3.3 0.40

a Average ratios in thermal water samples from the Upper Geyser Basin (Supplemen-
tary material – S1).

b Element concentrations in the sinter and 2σ uncertainties are from Churchill et al.
(2021).

c Partition coefficient (dimensionless) calculated with Eq. 1.
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(0.012–0.015) significantly differ from those determined based on
laboratory experiments at 25 °C (KD = 12.8; Fernandez et al., 2021)
but are similar to observations from Iceland where Ge/Si ratios in sinter
are much lower than in their associated thermal waters (Arnórsson,
1984). The difference is significant becauseGe/Si is often used as a tracer
of silica dynamics in hydrothermal systems (Arnórsson, 1984; Evans
and Derry, 2002). The difference between the low KD for the Giant and
Castle Geyser samples and the high KD from the laboratory
experiments could be either the result of adsorption and
coprecipitation of Ge onto iron hydroxides, or more likely because of
temperature-dependent differences in the solubilities of aqueous Ge
(OH)4 and Si(OH)4 (Pokrovsky et al., 2006).

There are large uncertainties associated with the KD values for Ga/Al
that aremainly a result of thewide range in the Al (0.30±0.12mg·l−1)
and Ga (17.8 ± 9.48 μg·l−1) concentrations in the thermal water
samples. Such variability in thermal water is common, and methods
were developed to correct for Al concentrations in multireaction
equilibrium geothermometry calculations (Pang and Reed, 1998; King
et al., 2016). Despite the large uncertainties, the KD for Ga/Al is
positive for both UGB-TD-29 and UGB-TD-39 (Table 2), suggesting pref-
erential incorporation of Ga into the opal relative to Al. High Ga concen-
trations were also measured in geyser eggs (a smooth, oval, siliceous
pebble found in alkali chloride hot pools) from Old Faithful Geyser
(Smith et al., 2018). In some active hydrothermal areas of the Taupo
Volcanic Zone (TVZ) in New Zealand, Ga/Al in thermal water is an
order of magnitude higher than in fumarolic gas condensates and it is
an order of magnitude higher in silica sinter compared with thermal
water (Payne, 2016). Chloride complexes are not expected to play a sig-
nificant role in the transport of Ga at temperatures below approxi-
mately 300 °C. The strongest complexes are with ligands such as
hydroxide, fluoride, and sulfate (Wood and Samson, 2006).

Several studies have shown that the concentrations of As and Sb in
sinters are relatively high (McKenzie et al., 2001; Phoenix et al., 2005;
Sanchez-Yanez et al., 2017). The calculated KD for Sb/As is significantly
high: 22,400 ± 5500 and 19,000 ± 4950 for UGB-TD-29 and UGB-TD-
39, respectively (Table 2). This observation indicates that Sb is highly
enriched in the sinter compared with the thermal water. The



Table 3
Silica deposition rates in geyser fields.

Location Method Duration
years

Rate
kg·m−2·yr−1

Reference

Castle Geyser SfMa 5500-11000b 1.1–2.2c This study
Yellowstone Lower Geyser Basin Bacterial matsd 0.8 2.5–3.2 Hinman and Lindstrom (1996)
Outcrops in Taupo, New Zealand Thickness and age 829–3120 2.8–8.7e Lynne et al. (2019)
Australia hot pool, New Zealand Glass slides 2.4 16.6 Lynne et al. (2019)
Waiotapu, New Zealand Glass slides 1.2 0.4f Handley et al. (2005)
El Tatio, Chile Glass slides 0.8 2.5 Nicolau et al. (2014)
Hveragerdi and Geysir, Iceland Glass slides 2.5 1.4 Tobler et al. (2008)
Krafla, Iceland Glass slides 2.5 19.5 Tobler et al. (2008)

a Structure-from-Motion photogrammetry.
b Minimum and maximum estimated age of Castle Geyser.
c Deposition rates of 470 to 940 kg yr-1 divided by an area of 416 m2.
d Dispersed a powdered corundum layer over the bacterial mats as a bed marker.
e Reported as mm yr-1; multiplied by an opal density of 2180 kg m-3.
f Reported as mg day-1 slide-1; converted by multiplying by reported slide area.
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concentrations of iron and sulfur in the water seem to have a large con-
trol on the incorporation of As and Sb into the sinter; Sb will preferen-
tially precipitate with silica when Fe concentrations are low, and As
will not precipitate with silica unless the Fe and sulfur (mainly sulfide)
are at some sufficient concentration (McKenzie et al., 2001). At the El
Tatio Geyser Field in Northern Chile, the concentration of total As and
Sb in thermal springs are the highest reported for a natural surface
water with total As and Sb concentrations of ~0.45 and 0.021mmol L−1

(~34 and 2.6 mg/L), respectively in geyser waters, primarily in the re-
duced (III) redox state in the discharge. The ferric oxyhydroxides are as-
sociated with the microbial mats and some mineral precipitates
accumulate substantial As (with >10 wt% arsenate in the mats).
Whereas the microbial mats represent a significant reservoir of As in
this system, Sb is not associated with the mineral ferric oxides or the
mats but is substantially enriched in the silica matrix of the geyserite
precipitates (Landrum et al., 2009). At El Tatio, As is predominantly
sorbed as arsenate on hydrous ferric oxides (63% molar proportion)
and on nodular arsenide micro-mineralization (37% molar proportion),
similar to themineral loellingite (FeAs2) (Alsina et al., 2014). It was also
proposed that As is probably present in sinter as a discrete amorphous
sulfide phase and that relatively low concentrations of As are a result
of the low concentration of sulfide ligands (Parker and Nicholson,
1990). The presence of sulfide in thermal waters can also lead to the
formation of thiolated anions (sulfur replacement of oxygen in a
compound), and thioarsenates are significantly more prominent and
ubiquitous compared with thiolated antimony (Planer-Friedrich et al.,
2020). Thus, high degrees of thiolation can hinder co-precipitation of
As and silica. Biomineralization might also contribute to enrichment of
Sb over As in the sinter. In Champagne Pool (TVZ), Sb was found
adsorbed to microbial cell walls at typically twice the concentration of
S and As (Phoenix et al., 2005).

The Cs/Rb ratio is only slightly higher in the sinter compared with
thermal water (KD = 1.3 ± 0.2 for both samples). In contrast,
hydrothermally altered rhyolites in Yellowstone's UGB are significantly
enriched in Cs which is selectively concentrated in the zeolite mineral
analcime (Keith et al., 1983).

Sinter samples with high concentrations of organic material (UGB-
TD-28 and UGB-TD-31) are also enriched in Ga and Fe along with
other trace metals (i.e., Ba, Nb, Th, Y, Zr), relative to the other samples.
A similar observation was made in geyserite from Tokaanu in the TVZ,
where it was found that the highest concentrations of Tl and Hg are as-
sociatedwith the organic fraction (McKenzie et al., 2001).While we did
not examine the role of thermophile microbes in the processes that en-
rich metals and/or metalloids in the sinter, studies have showed that
some heavy metals are preferentially incorporated in silica minerals
by microbial activity (Urrutia and Beveridge, 1994; Konhauser and
Ferris, 1996; Jones et al., 2001; McKenzie et al., 2001; Konhauser et al.,
2001; Mountain et al., 2003; Phoenix et al., 2005). Active microbial
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mats in recent siliceous sinter deposits from an alkaline hot spring in
Yellowstone's LowerGeyser Basinwere also found to sequester andpre-
serve Ga, Fe, and possibly Mn (Gangidine et al., 2020).

Rare earth element (REE) concentrations in the sinter were normal-
ized to concentrations in UGB thermal water (Sample 09WA157 in
McCleskey et al., 2014) and to the underlying Biscuit Basin rhyolite
flow (Lewis et al., 1997). REE concentrations in sinter are 2–3 orders
of magnitude higher than in the thermal water, and 2–3 orders of mag-
nitude less than in the rhyolite (Fig. 11). This finding implies that the
solubilities of REE concentrations in alkaline-chloride Cl waters are
very low, especially when compared to acid-sulfate (low pH) waters
(Lewis et al., 1997). When REE concentrations in the sinter are normal-
ized to concentrations in the alkaline-chloride water, LREE in the sinter
are enriched compared to theHREE, there are positive Gd and Yb anom-
alies and a small negative Eu anomaly (Fig. 11a,b). Some sinters from
the Tibetan Plateau in China have similar patterns of LREE enrichments,
including a positive Gd anomaly (but not Yb anomaly) and a small neg-
ative Eu anomaly (Feng et al., 2014). Samples of lithified sinters that un-
derlie themodern sinters atGeysir in Iceland are also relatively enriched
in LREE, but with no apparent Gd, Yb, and Eu anomalies (Jones and
Renaut, 2021). When REE concentrations in the sinter are normalized
to the underlying rhyolite (Biscuit Basin flow), the profiles are mostly
flat (no apparent enrichment of individual or group of elements) but
with relatively large positive Eu anomalies and much smaller Tm and
Yb anomalies (Fig. 11c,d). The Eu anomalies are likely a result of either
(1) Eu2+ impurities in the SiO2 lattice or (2) small Eu2+-rich feldspar
grains, sourced from Eu2+-rich plagioclase feldspars in the rhyolites
(Lewis et al., 1997; Möller, 2000; Feng et al., 2014). Sinter samples
with the highest REE concentrations at Giant (UGB-TD-26 and -28)
and Castle (UGB-TD-31 and -32) Geysers are also relatively enriched
in organic material. This enrichmentmight suggest that microbes either
preferentially sequester REE elements, that these REE metals preferen-
tially adsorb onto organic material, or that organic molecules serve as
efficient ligands.

In Paleozoic sinter deposits from the Drummond Basin in
Australia it was proposed that fluorine is the ligand that forms REE
complexes during hydrothermal activity (Uysal et al., 2011). How-
ever, it was demonstrated more recently that REE-fluoride complexes
are insignificant in REE transport compared with REE-chloride com-
plexes (Migdisov and Williams-Jones, 2014), which have been
shown to be a very effective ligand for metal complexes in high-
temperature aqueous solutions (Douville et al., 1999; Mayanovic
et al., 2007, 2009; Migdisov et al., 2016). Since thermal water in
the UGB has high concentrations of dissolved chloride (typically
350–500 mg·l−1), it is likely that it is a major ligand in the sinter de-
posits. However, with the data available, we were unable to deter-
mine the mechanisms through which REE are incorporated and
fractionated in the sinter.
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4.4. Major and trace element variation through time

At both geysers, the concentrations of most metals and metalloids
decrease with increasing crystallinity, increasing SiO2 concentrations,
and decreasing LOI. For example, the concentrations of Cs, Ga and Sb
decrease from 294 ± 3.3, 845 ± 5.5 and 785 ± 2.8 ppm in the
youngest sample (UGB-TD-39 with LOI of 12 wt%) to 104 ± 2.5, 98 ±
1.8, and 191 ± 2.9 ppm, respectively, in an older sample (UGB-TD-30
with LOI of 4.5 wt%) from Castle Geyser. The temporal trend at Giant
Geyser is similar (Fig. 9d; 10c,d). Oxide concentrations of Al2O3, MnO,
CaO, and Na2O decrease by 50% or more from the youngest to the
oldest sample at each geyser. Thus, as sinter dehydrates, metals and
metalloids either preferentially partition into the exsolved water, are
expelled from the more crystalline silica lattice, or a combination of
both factors.

In the Puchuldiza geothermal field (northern Chilean Altiplano),
analysis of the trends between sinter crystallinity and element concen-
tration found that metalloids (i.e., As and B) are mainly concentrated in
the immature silica phases, whereas metals (i.e., Ag and Au) are mostly
enriched in the crystalline silica phases (Sanchez-Yanez et al., 2017).
Using magic angle spinning nuclear magnetic resonance (MAS NMR)
it was shown that in geyserite of the Targejia hot spring deposit in
Tibet, Cs is coordinated by O2−, OH−, and H2O as a network modifying
cation. As Cs-bearing geyserite ages and dehydrates, Cs concentration
decreases as it is leached out from the opals as it loses its original coor-
dination environment in the silicate framework (Zhou et al., 2013).
Compared with concentrations measured in sinter from this study,
metal andmetalloid concentrations from the ~9.5Ma Atastra Creek sin-
ter in eastern California are similar or greater (Sb = 393 ppm, As =
532 ppm; Campbell et al., 2018). Similarly, studies of Paleozoic sinters
(Sillitoe, 2015; Pirajno, 2020; Cunneen and Sillitoe, 1989; White et al.,
1989) have reported greater enrichment for some metals (Ba and Sr;
Uysal et al., 2011) than in the Holocene sinter from this study.

4.5. Future work

We propose several research directions that are not widely used in
the study of silica sinter deposits and can build upon the results of this
study to improve the understanding of some processes discussed in
this paper. To better quantify geyser construction, erosion and deposi-
tion rates, and quantify mineral transformation and dehydration rates,
new methods for dating sinter deposits are needed to overcome the
challenges with radiometric dating (Churchill et al., 2020).

Our study provides new information and an improved understand-
ing on the partitioning of elements between sinter and the thermal
water from which they are deposited. The data also demonstrate that
there are large chemical variations in the sinter as it matures. However,
to better understand and quantify how various metals and metalloids
are incorporated into the sinter, further insight into what ligands form
the metal complexes and how they associate with water is needed.
High-resolution imaging with SEM and transmitted electron micros-
copy (TEM) can better help characterize microbial–silica interactions
(Konhauser and Ferris, 1996; Konhauser et al., 2001; Gangidine et al.,
2020).

Micro-proton-induced X-ray Emission (micro-PIXE) is an accurate
analyticalmethod thatmakes it possible to achieve trace element detec-
tion limits at the ppm level in silicate minerals and glasses and to map
the internal distribution within small samples (Heirwegh et al., 2016).
For sinter samples, Micro-PIXE could allow for the identification of the
ligands that formmetal complexes.We also suggest that better determi-
nation of the componentsmeasured as LOI could providemore accurate
information on dehydration (or devolatilization), and on the ligands
that form metal complexes. For example, the elevated LOI for sample
UGB-TD-31 (24wt%)was determined to be a result of abundant organic
material and it also has the highest REE concentration out of all the sam-
ples. Combining electron microprobe and micro–Fourier transform
14
infrared (FTIR) analyses was shown to provide information on the dis-
tribution of different types of water (molecular water and silanols) in
opal as it dehydrates (Day and Jones, 2008).

Finally, there is an opportunity to use stable isotopes of δ10Li (Cullen
et al., 2021), δ30Si (Chen et al., 2020), δ 74Ge (Rouxel and Luais, 2017), δ
71Ga (Payne, 2016), and δ123Sb (Zhai et al., 2021) to quantify isotopic
fractionation of these elements, which typically have elevated concen-
trations in hydrothermal systems, both when deposited with silica
from the thermal water and as the sinter matures.

5. Conclusions

The purpose of this study was to characterize the size and structure
of two large geyser cones, how elements are incorporated into sinter
relative to the thermal waters they are deposited from, and the time-
dependence of dehydration, silicamineral diagenesis, and chemical var-
iations in the sinter. Based on the three-dimensional models of Giant
and Castle Geysers in Yellowstone National Park's Upper Geyser Basin,
and on the analyses of samples collected along the stratigraphic column
of these geysers, we conclude:

1. The approximate masses of sinter in Giant and Castle Geysers are ~2
kton and ~5 kton, respectively. The minimum and maximum silica
precipitation rates at Castle Geyser are 470–940 kg·yr−1 based on
an inferredmaximum andminimum ages of 11 ka and 5.5 ka and as-
suming continuous deposition. These calculated rates have large un-
certainties because they do not account for erosion, climate
variations that control deposition rates through water discharge, air
temperature and evaporation. The calculated deposition rates are
within the same order of magnitude as those determined with
other methods and over shorter durations for other silica sinter de-
posits in the world.

2. Based onmeasuredwater discharge rates and silica concentrations at
Lone Star Geyser, a large cone geyser with approximately the same
structure and volume as Giant and Castle Geysers, we estimate that
the maximum long-term silica deposition rate is ~2% of the total
mass of silica discharge from Castle Geyser.

3. Sinter deposits from Giant Geyser consist of opal-A/C and opal-A mi-
crospheres and have lower structural order and higher concentra-
tions of water compared to the older samples. Samples from the
base of Giant Geyser contain significant amounts of quartz. Sinter de-
posits from Castle Geyser are composed of immature botryoidal, co-
alesced microspheres of opal-A with low structural order (FWHM
~6.3 2θ) and high amounts ofwater (>8.9wt%). However, crystalline
opal might be present in the internal and inaccessible parts of the
geyser cone. The older sinter deposits from the shield of Castle Gey-
ser contain more mature SiO2 polymorphs (opal-A/C, opal-CT and
quartz), contain less water (<5.8 wt%), and exhibit higher structural
order (FWHM<5.5° 2θ).

4. The concentrations of SiO2 (>84.5 wt%), other major oxides with
concentrations of 0.1–0.4 wt% (Na2O, K2O and Al2O3), trace
elements with concentrations of >100 ppm (Ga, Cs, Sb) and trace
elements with concentrations of 1–100 ppm (As, Ba, Cr, Cu, Ge, Ni,
Pb, Rb, Sr, V, Zn, Zr) in the sinter deposits of Giant and Castle Geysers
are mostly similar to those in siliceous sinter deposited in other hy-
drothermal areas.

5. Concentrations of most metals and metalloids, such as As, Ga, Cs, Sb
and Rb, in the sinter from Giant and Castle Geysers decrease with in-
creasing relative age.

6. We calculated partition coefficients (KD) for pairs of element ratios in
the sinter over the same ratio in the thermal water, where values
greater than one imply higher ratios in the sinter compared with
ratios in the thermal water. In Castle and Giant Geysers,
respectively, the KD for K/Na (5.0 ± 0.7 and 5.9 ± 1.0), Cs/Rb
(3.3 ± 0.40 and 2.7 ± 0.34), Ga/Al (3.1 ± 2.6 and 6.2 ± 5.3) and
Sb/As (492 ± 230 and 580 ± 267) imply a higher ratio in the
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sinter, whereas the KD for Ge/Si (0.02 ± 0.00 and 0.01 ± 0.00)
implies a higher ratio in the thermal water.

7. Rare earth element (REE) concentrations in the sinter are 2–3 orders
of magnitude higher than in the alkaline-chloride thermal water
from which the sinter is deposited. REE concentrations in the sinter
normalized to concentrations in the water indicate that light REE in
the sinter are enriched compared to the heavy REE, there are positive
Gd and Yb anomalies and a small negative Eu anomaly.

8. Sinter samples enriched in organic material contain the highest REE,
Ga and Fe concentrations, likely suggesting either uptake by mi-
crobes, or that organic molecules act as ligands forming metal com-
plexes.
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