10

11

12

13

14

15

16

17

18

19

20

21

22

23

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-8996. http://www.minsocam.org/

Word count: 9,470
REVISION 3 Barium Mobility in a Geothermal Environment, Yellowstone National Park
Jarred Zimmerman' and Peter B. Larson'

'School of the Environment, Washington State University, Pullman, WA 99164-2812

ABSTRACT
Ba-rich minerals are frequently observed in epithermal environments and include characteristic
phases such as barite and alunite supergroup minerals. At Yellowstone, in-situ EPMA-WDS
show that Ba in the unaltered third-cycle Tuff of Sulphur Creek is largely contained within
sanidine phenocrysts (mean 1.60 wt% BaO) with lesser concentrations in plagioclase (mean 0.22
wt% BaO) and volcanic glass (mean 0.05 wt% BaO). Whole-rock XRD analyses of rocks
hydrothermally altered by alkaline-chloride fluids at Ridge 7741 in Seven Mile Hole,
Yellowstone National Park, show they are dominated by illite + quartz & hydrothermal feldspar,
primarily adularia. In this alteration zone, adularia is the principal phase that contains significant
Ba (mean 0.43 wt% BaO). In shallower alteration, dominated by acid-sulfate assemblages, such
as kaolinite + opaline silica + alunite supergroup minerals (alunite, walthierite, huangite) =
barite, Ba is sequestered in the sulfate minerals. Alunite supergroup minerals (mean 1.12 wt%
BaO) are more prevalent than barite and are largely found from the modern valley rim to about
60m below the modern surface, especially around the South Fork of Sulphur Creek. However,
nearly 80 m below the modern rim of the Grand Canyon of the Yellowstone River, in areas
previously altered by alkaline-chloride fluids, adularia altered to alunite supergroup minerals
may contain similar to slightly elevated Ba concentrations relative to the replaced grain. Barite

is primarily found sporadically in altered rocks along the valley rim of the South Fork of Sulphur
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Creek, with rare occurrences along the rim of the Grand Canyon. Despite the hydrothermal
alteration, whole-rock XRF and ICP-MS analyses show similar mean concentrations between
unaltered (0.11 wt% BaO) and altered (0.09 wt% BaO) Tuff of Sulphur Creek samples.
Hydrothermally altered rocks are important sources of Yellowstone low 8'*0 rhyolites, like the
Tuff of Sulphur Creek, which inherit their low 8'*0 signal from them. Cenozoic rhyolites
throughout the North American Cordillera tend to exhibit high Ba concentrations, including the
low 8'0 Yellowstone rhyolites. This work shows that hydrothermal alteration mobilizes Ba in
volcanic units with minimal dispersion of Ba out of that unit. The genesis of similar silicic
volcanic rocks with elevated Ba, relative to mean upper crustal concentrations, may be the result
of partial melting of hydrothermally altered rock.
Keywords: epithermal, Yellowstone, barium, hydrothermal, alkaline-chloride, acid-sulfate,
rhyolite
INTRODUCTION

Barite is a common hydrothermal mineral in shallow volcanic-hosted epithermal
environments (Plumlee et al. 1995; White and Hedenquist 1995; Dill et al. 1997; Simmons et al.
2005; Vikre 2007; John et al. 2010; Piochi et al. 2015), and the hydrothermal system in the
Yellowstone caldera, Wyoming, is no exception to this observation (Love and Good 1970;
Larson et al. 2009). The mean abundance of Ba in the upper crust is about 624 ppm (Rudnick
and Gao 2003). Ba is highly incompatible during mantle melting which leads to upper crustal
enrichment (Nan et al. 2018) and, due to its solubility in aqueous fluids, can be concentrated in
the epithermal environment. Many Cenozoic volcanic rocks in the North American Cordillera
host barite-bearing epithermal deposits and contain high background concentrations of Ba (e.g.,

Long Hike Mine, Jarbidge mining district, Nevada (Brueseke et al. 2014); Homestake Claim,
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Creede mining district, Colorado (Emmons and Larsen 1923; Bachmann et al. 2014)). After the
Oligocene “ignimbrite flare up,” Basin and Range extension of the Nevadaplano in the mid-
Miocene drove bimodal basalt-rhyolite volcanism and renewed epithermal processes (e.g.,
Midas, Sleeper, Mule Canyon, all in Nevada) (John 2001; Christiansen and McCurry 2008;
Brueseke et al. 2014).

The Yellowstone rhyolites follow this Cordilleran pattern of elevated whole-rock Ba
concentrations. Typical rhyolites at Yellowstone have elevated Ba concentrations compared to
other Cenozoic rhyolites from the North American Cordillera, mean approximately 660 ppm,
data selected using location = bounding box approximating North American Cordillera, sample
type = rock name: rhyolite, age = Cenozoic (0 Ma — 65.5 Ma), material = bulk, normalization =
major elements as reported (http://portal.earthchem.org/, accessed Feb. 2, 2023). For example,
the Huckleberry Ridge Tuff contains about 1,432 ppm Ba (Bindeman and Valley 2001; Swallow
et al. 2019), the Tuff of Sulphur Creek has about 857 ppm (Pritchard and Larson 2012), and
Canyon Flow about 901 ppm (Bindeman and Valley 2001; Pritchard and Larson 2012). The
Tuff of Sulphur Creek and Canyon Flow are post-caldera collapse rhyolites that erupted about
481 ka (Christiansen 2001; Pritchard and Larson 2012) and likely represent residual melt
pockets, whereas the Huckleberry Ridge Tuff is a major ignimbrite that erupted from the first
cycle Yellowstone caldera at 2.1 Ma (Hildreth et al. 1984; Bindeman and Valley 2001;
Christiansen 2001; Stelten et al. 2015). In these rocks, elevated Ba concentrations are primarily
found in the magmatic potassium feldspars (Pritchard and Larson 2012; Swallow et al. 2019).

Here we present chemical data on Ba-bearing phases from the Tuff of Sulphur Creek in
Yellowstone National Park. Ba mobility is examined in an active epithermal environment.

Magmatic phenocrysts of Ba-bearing sanidine were analyzed in various altering environments in
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addition to the secondary hydrothermal phases to show how Ba moves through the system in
response to the conditions of the altering fluid. Ba released during alteration of primary sanidine
in the Yellowstone rhyolites is then sequestered into secondary hydrothermal potassium
minerals. In this case, Ba does not appear to be transported any great distance. Alkaline-
chloride fluids deeper in the epithermal environment may limit barite formation in shallower

portions by limiting the amount of Ba in the fluid.

Regional Geology

The Yellowstone hydrothermal system is related to the most recent caldera eruption, but
the hydrothermal fluids likely flow through rocks as old as Archean crystalline basement. The
oldest prevolcanic rocks around the Yellowstone Plateau include Archean (3.5 to 2.5 Ga)
Beartooth Province granitoids and schists (Christiansen and Blank 1972; Christiansen 2001;
Hurwitz and Lowenstern 2014; Morgan et al. 2017). Paleozoic and Mesozoic sedimentary rocks
are also probably present in the subsurface. The Mississippian Madison Limestone outcrops
extensively north and south of the Yellowstone caldera, with other units dating back to the
Cambrian and as young as the Cretaceous (Christiansen and Blank 1972; Christiansen 2001;
Feeley 2002). Intermediate lavas, volcaniclastic rocks, and sediments of the Eocene Absaroka
Volcanic Supergroup are also exposed in the northern and northeastern portions of the Park
(Hildreth et al. 1984; Christiansen 2001; Feeley 2002). Normal faulting attributed to the Basin
and Range Province, which accommodates approximately an E-W extension of North American
crust, has been alluded to as a cause for the alignment of some Yellowstone-related volcanic

vents (Christiansen 2001; Smith et al. 2009; Long et al. 2018; Long 2019).
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The Yellowstone hotspot produced three nested calderas and massive ash-fall sheets in
the past 2.1 Ma (Fournier 1989; Christiansen 2001; Pierce et al. 2002; Pritchard and Larson
2012; Hurwitz and Lowenstern 2014; Morgan et al. 2017). These ash-fall sheets are the
Huckleberry Ridge Tuff (2.1 Ma, 2,500 km®) (Christiansen and Blank 1972; Hildreth et al. 1984;
Bindeman and Valley 2001; Christiansen 2001; Smith et al. 2009; Hurwtiz and Lowenstern
2014) creating an unnamed caldera, the Mesa Falls Tuff (1.3 Ma, 280 km®) (Hildreth et al. 1984;
Bindeman and Valley 2001; Christiansen 2001; Smith et al. 2009; Rivera et al. 2017; Morgan et
al. 2017; Stelten et al. 2018) creating the 15 km x 30 km Henrys Fork caldera, and Lava Creek
Tuff (0.63 Ma, 1,000 km3) (Matthews et al. 2015; Rivera et al. 2017; Morgan et al. 2017; Troch
et al. 2018; Till et al. 2019) creating the 80 x 50 km Yellowstone caldera which is wholly
contained in the boundaries of Yellowstone National Park (Hildreth et al. 1984; Christiansen
2001; Hurwitz and Lowenstern 2014). The nested calderas create a complex stretching from
southeastern Idaho to northwestern Wyoming (Fig 1).

Each volcanic cycle is composed of pre-collapse rhyolitic flows, the caldera-forming
eruption and ash-fall sheet, post-collapse rhyolitic flows, and resurgent domes (Christiansen and
Blank 1972; Christiansen 2001; Pierce et al. 2002; Pritchard and Larson 2012; Hurwitz and
Lowenstern 2014; Morgan et al. 2017). Small basaltic eruptions, minor compared to rhyolitic
material, occur throughout the cycle outside of the caldera boundaries. These cycles are
complete when basalt is able to erupt through the caldera floor, indicating the rhyolitic magma
has crystallized sufficiently to fracture and allow the denser basaltic melt to rise through it
(Hildreth et al. 1984). Since the formation of the Yellowstone caldera, post-collapse Plateau

Rhyolite flows fill much of it, but no post-collapse basaltic eruptive centers are found within the
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caldera (Christiansen 2001; Hurwitz and Lowenstern 2014), supporting the idea that magma is

still present beneath the caldera.

Geologic Setting of Study Area

The study area, Seven Mile Hole (Fig 2), is located about 9 km east of the Lower Falls of
the Yellowstone River, between the Grand Canyon of the Yellowstone River and Washburn Hot
Springs, just south of Mt. Washburn. Exposed bedrock is dominated by several flows of the
Eastern Upper Basin Member, primarily the Tuff of Sulphur Creek and Canyon Flow
(Christiansen 2001; Pritchard and Larson 2012). Units of the Eastern Upper Basin Member are
some of the oldest post-collapse flows, collectively erupting about 481 + 8 ka, and are deposited
north of the Sour Creek Resurgent Dome (Christiansen 2001; Pritchard and Larson 2012;
Hurwitz and Lowenstern 2014). Based on age and stratigraphic relations, the Eastern Upper
Basin Member stratigraphy, from oldest to youngest, is the Tuff of Uncle Tom’s Trail, the Tuff
of Sulphur Creek, the Canyon Flow, and the Dunraven Road Flow (Christiansen 2001; Pritchard
and Larson 2012). The only exposure of the Tuff of Uncle Tom’s Trail is a small, heavily
hydrothermally altered pyroclastic flow that may be related to the Tuff of Sulphur Creek
(Christiansen 2001; Pritchard and Larson 2012). The Tuff of Sulphur Creek, a low-8'*0 (1.9%o
from quartz), high silica, ignimbrite with variable welding, makes up the walls of the Grand
Canyon of the Yellowstone River. It covers approximately 119 km?” and, at its type locality, is
about 230 m thick (Pritchard and Larson 2012). The Tuff of Sulphur Creek is separated into
three sections, basal, stony interior, and upper portion. Broadly, the flow contains 5-15 vol%
anhedral, rounded, and often embayed quartz phenocrysts, 20-35 vol% subhedral to anhedral

sanidine phenocrysts, 5-10 vol% subhedral sodic plagioclase, with minor to trace
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titanomagnetite, magnetite, ilmenite, zircon, and apatite (Larson et al. 2009; Pritchard and
Larson 2012). The basal layer is comprised of two ash layers with 10-20% phenocrysts, each
approximately 2 m thick, separated by a 1 cm thick layer of welded ash, pumice, and lithic glass
fragments (Pritchard and Larson 2012). The stony interior, by far the thickest section, has crude
columnar jointing with areas of increased phenocryst (20-35%) and lithic abundances (Pritchard
and Larson 2012). The seldom exposed upper portion can grade from the stony interior to a
glass-rhyolite breccia (Pritchard and Larson 2012).

Overlying the Tuff of Sulphur Creek is the Canyon Flow, which is also divided into three
sections, basal, interior, and a glassy upper portion (Christiansen 2001; Pritchard and Larson
2012). The basal portion is nearly impossible to discern from the upper portion of the Tuff of
Sulphur Creek, unless there is flow banding present (Pritchard and Larson 2012). The interior
portion is, generally, a devitrified, light gray rhyolite with pink to red bands (Pritchard and
Larson 2012). The upper portion is, in some locations, a highly vesiculated breccia up to 2 m
thick (Pritchard and Larson 2012). The intermediate volcanic rocks of the Eocene Absaroka
Supergroup and its associated Mt. Washburn eruptive center are exposed on the north side of the
study area (Christiansen 2001; Feeley 2002; Pritchard and Larson 2012).

The two glacial periods on the Yellowstone Plateau, the Bull Lake (about 160 to 130 ka)
and Pinedale glaciations (about 22 to 14 ka), left deposits, such as diamicton and erratics, in and
around the study area mantling the Grand Canyon of the Yellowstone River (Pierce 1979;
Christiansen 2001; Licciardi et al. 2001; Licciardi and Pierce 2008; Larson et al. 2009; Licciardi
and Pierce 2018). The presence of sinter and hydrothermally altered and cemented sediments
suggests that the area was not extensively eroded since the last glaciation; however, material was

likely removed, meaning the paleosurface and modern Canyon rim are likely not at the same
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elevation (Larson et al. 2009). Additionally, the extra hydrostatic head exerted from the glaciers
may explain some fluid inclusion homogenization temperatures with ranges that are higher than
the theoretical boiling-point curve suggests for the modern canyon rim elevation (Fournier 1989;

Christiansen 2001).

Hydrothermal system at Yellowstone

There are more than 10,000 surficial thermal features associated with the Yellowstone
caldera (Fig 1) with four distinct types of fluids; gas, alkaline-chloride fluids, acid-sulfate fluids,
and modern meteoric waters (Fournier 1989; Hurwitz and Lowenstern 2014). Modern meteoric
waters can accumulate on the surface or in shallow aquifers, and can be recognized by cooler
temperatures as well as elevated Ca and Mg concentrations. Data comprising local meteoric
waters was collected from snow and rain that fell in the mountains to the north, west, and east of
Yellowstone National Park (Kharaka et al. 2002). Stable isotope ratios indicate thermal fluids
are primarily derived from a meteoric source recharged during a cooler time, possibly during the
Bull Lake and/or Pinedale glaciations (Fournier 1989; Hurwitz and Lowenstern 2014).

Alkaline-chloride fluids have a neutral to slightly alkaline pH with elevated CI°, mostly
balanced by Na" with other alkali and alkaline earth elements balancing the remaining charge
(Hurwitz and Lowenstern 2014). These fluids discharge at topographic lows, mainly in the
western portion of the caldera (Fig 1) where, typically, they form clear hot springs and build
mounds of siliceous sinter (Fournier 1989; Hurwitz and Lowenstern 2014). Provided alkaline-
chloride fluids do not boil significantly as they rise, CO, and H,S tend to be dissolved in them.

Boiling of an alkaline-chloride fluid could give rise to acid-sulfate fluids (Fournier 1989;

Hurwitz and Lowenstern 2014). Boiling liberates volatiles like H,O, CO, and H,S to the vapor
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phase, concentrating less volatile constituents in the residual liquid. As the vapor phase rises, it
may condense into shallow, cold, dilute meteoric water where the pH is driven down from the
dissolution of CO, and H;S.
€0, + H,0 - H,CO; » HCO; + H* @Y
H,S + minor 0, - H,S50, (2)
Equations 1 and 2 (Hedenquist and Arribas 2022) show CO, gas reacting with water to produce
H,COj; before dissociating to HCO3™ and H" and the oxidation of H,S in a steam-heated
environment. The oxidation of H,S can produce native sulfur and/or H,SO4 as well as
thiosulfate species, which can disproportionate to produce more acid (Xu et al. 1998; Hurwitz
and Lowenstern 2014). This sulfur oxidation path leads to the generation of an acid-sulfate fluid
where pH is typically between 1 and 5 with elevated sulfate concentrations (Hurwitz and
Lowenstern 2014). These fluids discharge mainly at local topographic highs in larger thermal
basins and tend to form depressions from acid-leaching of the host rock. Acid-sulfate fluids tend
to have significant dissolved silica, like alkaline-chloride fluids, but the low pH slows
deprotonation of silicic acid and nucleation of opal-A spheres (Iler 1979; Schintele et al. 2007).
Acid-sulfate fluids are discharged by a variety of features such as turbid hot springs with little
liquid discharge, mud pots, and fumaroles. (Fournier 1989). Gases discharged at fumaroles are
primarily water vapor, 90% to 99%, with CO, and H,S making up the largest proportion of the
remaining constituents (Hurwitz and Lowenstern 2014).
Mixing of the fluid types, interaction with extra-caldera fluids, and/or interaction with
extra-caldera rocks produce hybrid fluids (Fournier 1989; Hurwitz and Lowenstern 2014). For
instance, Mammoth Hot Springs fluids, compared to alkaline-chloride fluids, have elevated Ca,

Mg, HCOs', and SO,* (Fournier 1989; Hurwitz and Lowenstern 2014), where Ca and HCOs" are
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likely elevated due to alkaline-chloride fluids interacting with carbonate sedimentary rocks, e.g.,
the Mississippian Madison Limestone (Rye and Truesdell 2007). At Washburn Hot Springs,
acid-sulfate fluids likely interact with an organic-rich shale at depth liberating methane, ethane,
and ammonia, through distillation (Fournier 1989; Holloway et al. 2011; Hurwitz and

Lowenstern 2014).

SAMPLING, METHODS, AND ANALYSES

A sampling permit was issued by the National Park Service for three summers. Each
sample was located using a handheld Garmin GPSMAP 64 GPS unit. A total of 254 feldspars
and 31 sulfate mineral analyses were conducted using EMPA-WDS (electron microprobe
analysis with wave dispersive spectroscopy). The analyses were conducted in the Peter Hooper
GeoAnalytical Laboratory at Washington State University. The analyzed feldspar and sulfate
minerals come from eight and four different samples collected on Ridge 7741 and the South Fork
of Sulphur Creek, respectively (Fig 2). Discrete mineral analysis for major and trace element
concentrations were collected using a JEOL 8500F field emission electron microprobe with
diffracting crystals of TAP, PETJ, LIFH, a spot size of 5 microns, and 15 keV accelerating
voltage. Two analytical runs were conducted with the previous settings but with a beam current
of 15 nA and 20 nA.

Whole-rock XRF (x-ray fluorescence) and ICP-MS (inductively coupled plasma mass
spectrometry) data were measured on 81 samples representing various alteration styles and
intensity, veins, and siliceous sinter using methods in the Peter Hooper GeoAnalytical
Laboratory at Washington State University (Johnson et al. 1999). Whole-rock XRD (x-ray

powder diffraction) analysis was conducted at the Washington State University In Situ Reactive
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Surface Analysis Center on a Rigaku Miniflex 600. Operating conditions were 15 mA and 40
kV using a CuKa (Aol = 1.541) operated at with a 5 degree Soller collimator and
monochromator with a SC-70 detector. Whole-rock powder patterns were collected from 2° to
70° 20 with 0.100 step increments at 8° per minute. Whole-rock powders were not treated prior
to analysis.

The mean whole-rock Ba concentration of the Tuff of Sulphur Creek is 932.08 (130.18)
ppm (Pritchard and Larson 2012). Ba is largely contained within sanidine phenocrysts and lesser
amounts in plagioclase and relatively minor amounts in the volcanic glass (Pritchard and Larson
2012). Data collected in this study largely overlaps with their data, but with a larger spread
because samples were not limited to unaltered rocks.

Feldspar analyses, data in Supplemental Table 4, plotted on a ternary diagram (Fig. 3)
indicate multiple primary feldspar compositions (sanidine, anorthoclase, oligoclase, andesine)
and adularia as a secondary feldspar. Figure 3 shows feldspar analyses that are separated into
their mode of occurrence, unaltered phenocrysts (Pritchard and Larson 2012), phenocryst, altered
phenocryst, devitrification products, and secondary. Phenocryst is a grain with minimal
replacement, altered phenocryst refers to grains where analysis was focused on the replaced
portions of the phenocryst, devitrification products are euhedral to subhedral feldspar crystals
found in vugs, and secondary feldspars are those found in veins. The data largely cluster in three
groups. The cluster around the orthoclase end member are secondary adularia and the other
clusters follow naming conventions displayed. Figure 4 shows feldspar Ba concentrations
plotted against orthoclase concentrations, separated in the same manner as Figure 3. Sanidine
phenocrysts fall between Or34.84 - 61.00 With 0.00 to 1.95, mean 0.80 (0.75) wt% BaO. These

values agree with mean unaltered sanidine chemistry, Orss 1 Ab 4785 An 395 and 1.60 wt% BaO
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(Pritchard and Larson 2012). Variations may arise because sanidine phenocrysts are chemically
zoned, as shown in Figure 5, where the lighter bands indicate greater concentrations of Ba.
Plagioclase grains have formulas ranging from Or7,g - 11.93 Ab 65.51 - 70.25AN 9,66 - 2622 With 0.19 to
0.42, mean 0.26 (0.06) wt% BaO. Only a few oligoclase samples came from veins; it is
unknown if those grains are primary or secondary. Adularia is primarily found in or near veins
where it replaces sanidine phenocrysts along fractures and/or crystal margins as well as growing
in open spaces. Adularia have Oros 3 998> With 0.00 to 1.48, mean 0.46 (0.23) wt% BaO,
similar to sanidine, but typically with lower Ba concentrations.

Sulfate analyses come from alunite supergroup minerals (ASM) and two barite grains.
The barite grains were found in a silica-sulfide vein from the South Fork of Sulphur Creek as
fractured, anhedral crystals. ASM are found replacing groundmass as well as potassium
feldspars. These sulfate mineral formulas lie in the range (Ko.75 - 0.91Bac0.01 - 0.12)Na( - 0.07Cayo-
0.003(0.01 - 0.12))(Al2.32-2.99)F€0-0.67yME(0-0.01))(SO4)2(OH)s. Grain analyses range from 0.13 to 1.66,
mean 1.12 (0.37) wt% BaO. All ASM analyses required correction when calculating mineral

formulas, which will be discussed later.

Hydrothermal Mineralogy and Alteration Associations

The rocks in the study area have been altered by both acid-sulfate and alkaline-chloride
fluids, both of which are actively discharging in the area. The overall color of the weakly altered
Tuff of Sulphur Creek ranges from a dense black to purple, with medium gray groundmass with
lithophysae and spherulites (Larson et al. 2009) filled or partially filled with some combination
of silica, sulfides, and kaolinite/illite. More pervasive alteration can leave the unit yellow-white

or cream colored. A broken siliceous sinter field, now a fumarole field, is found between the
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South Fork of Sulphur Creek and the modern rim of the Grand Canyon of the Yellowstone River
(Fig. 2) which indicates either alkaline-chloride fluids discharged at that elevation after the
Pinedale glaciation or there was insufficient glacial erosion to remove it. Currently, alkaline-
chloride fluids primarily discharge around 2300 m or lower. Acid-sulfate fluids discharge in the
South Fork of Sulphur Creek, a little less than 300 m north of the brecciated siliceous sinter field.
Neutral pH springs are found in Sulphur Creek just downstream of a small unnamed cascade;
fluids emanating from springs here, unofficially named “Cloudy Spring” (Fig 2), cause Sulphur
Creek to be cloudy.

Hydrothermal alteration can be separated based on location; Ridge 7741 and the South
Fork of Sulphur Creek are prominent zones altered by alkaline-chloride and acid-sulfate fluids,
respectively (Larson et al. 2009; Pritchard and Larson 2012). The red lines on Figure 2 are
resistant silicic cores of quartz, chalcedony, or opaline silica locally surrounded by illite + quartz
+ hydrothermal feldspar or kaolinite + opal/quartz =+ ASM, depending on elevation. Vein
mineral assemblages at Ridge 7741 are characterized by quartz + adularia (less commonly
buddingtonite and hyalophane) = ASM with a distal illite + quartz halo. In some areas near
veins, whole-rock XRD diffractograms suggest the presence of muscovite, possibly ordered
illite, potentially representing deeper alteration (John et al. 2010). Shallow alteration is
dominated by kaolinite with varying amounts of opal and ASM. Upper portions of upwelling
zones tend to have small halos of dickite = ASM, usually with some amount of opaline silica.

Acid-sulfate alteration in the South Fork of Sulphur Creek is noted by bleached valley
walls with streaks of hematite-red and by silica + sulfide veins and veinlets. The valley gets
deeper and the walls steeper as the South Fork of Sulphur Creek approaches its confluence with

Sulphur Creek. Approximately 12 to 24 m below the top of the valley are bodies of residual
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quartz in close association with alunite-rich zones, however, alunite zones are not limited to a
certain depth. Wall rock in the area is replaced by kaolinite + ASM +opal. Veins and veinlets
cut the streambed and valley walls, getting progressively wider with more obvious brecciation
before thinning again closer to the confluence. These veins are composed of silica (typically
opaline but occasionally with fine grained quartz), sulfide (pyrite, marcasite, and trace galena,
sphalerite), ASM (alunite, walthierite, huangite, rostite) with lesser native sulfur and uncommon
barite. Breccia clasts are frequently altered to kaolinite + silica + pyrite/marcasite. Nodules,
likely lithophysae, in the area are also filled or partially filled by silica = sulfides + native sulfur.,
usually with some amount of kaolinite.

Vertically, there are two broad alteration associations noted in the Grand Canyon walls,
quartz/opal + kaolinite and illite + quartz, noted in the upper canyon walls and nearer to the
Yellowstone River, respectively. Opal found deeper in the canyon appears to cross-cut veins
suggesting hydrothermal overprinting, perhaps developed as the canyon incised (Larson et al.
2009). Quartz/opal + kaolinite is most prominent in a zone from the modern rim of the Grand
Canyon of the Yellowstone River to approximately 75 - 100 m into the canyon where illite +
quartz becomes the dominant assemblage. Locally, there may be dickite or rarely nacrite and/or
alunite with trace barite. The kaolinite-illite transition may represent prolonged stability in the
water table, where distinct chemical zonation may have developed from differences in the

activity of K, pH, and/or temperature (Meyers and Hemley 1957; Inoue 1995; John et al. 2018).

Paragenesis

Hydrothermal mineral paragenesis in Seven Mile Hole varies depending on location.

However, a reasonable paragenesis can be clarified if it is assumed that the rocks first
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experienced alkaline-chloride alteration followed by acid-sulfate alteration. This broad
assumption is based on the brecciated and extinct siliceous sinter field, a product of alkaline-
chloride fluids, at the modern Grand Canyon rim elevation that is now a fumarole field. A
similar transition was noted on the Mirror Plateau, where old siliceous sinter indicates this
current acid-sulfate hydrothermal area was once dominated by alkaline-chloride fluids that
discharged on the surface (Fournier 1989). In Seven Mile Hole, a string of siliceous sinter fields
leading to the Yellowstone River appear to indicate the progression of the upwelling zone(s) as
the water table lowered. As a consequence of lowering the water table, the steam-heated portion
of the system expanded and allowed for acid-sulfate fluids to discharge at the modern surface.
Figure 6 indicates the paragenesis for the system. Some minerals, like opal and kaolinite, are
produced throughout the life of the system (Larson et al. 2009) because these are common
minerals in steam-heated portions of hydrothermal systems (John et al. 2010). However, Figure
6 does not reflect this pattern in order to examine the overall progression of hydrothermal
alteration.

In the deepest portions of the system, exposed at and around Ridge 7741 (Fig 2),
hydrothermal alteration is dominated by illite + quartz and veins are mainly quartz +
hydrothermal feldspars, primarily adularia with rare hyalophane and buddingtonite. Vein
paragenesis starts with adularia, noted as small crystals projecting inward from vein walls and as
replacement of sanidine phenocrysts. Sanidine phenocrysts in a vein may be replaced by
adularia along crystal margins, fractures, and/or as irregular masses throughout the grain,
potentially taking advantage of cleavage planes. Figure 7A shows a sanidine phenocryst with
partial replacement by adularia along curving fracture planes and as irregular masses. Quartz

precipitated throughout the life of the veins.
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Approximately 25 m below the top of the ridge is a quartz + pyrite/marcasite + illite
breccia that poorly outcrops on the southwestern side. Breccia clasts were altered to illite before
being silicified, indicating brecciation occurred after illite + quartz alteration. Pyrite and
botryoidal marcasite are mainly found in the quartz-rich matrix, but some grains are associated
with the margins of clasts. Minor native sulfur is present as scattered millimeter-sized anhedral
masses closely associated with marcasite and as submillimeter grains in clay pockets suggesting
a similar or slightly later paragenetic relation as marcasite and pyrite.

Later acid-sulfate fluids altered adularia and remaining sanidine to kaolinite and ASM
with minor montmorillonite. ASM appear paragenetically older than the phyllosilicates. Pyrite
and/or marcasite, appears to have occurred around the same time as alunite and phyllosilicate
formation, but more precise timing is unknown. Elongated, radiating, and blocky pyrite anneal
brecciated botryoidal and laminated marcasite as well as replace it. Previous studies found
galena and sphalerite via XRD, but only possible sphalerite was noted via EPMA. The small
potential sphalerite grains were found near the grain boundary between marcasite and pyrite,
suggesting it is younger than marcasite and about the same age as pyrite. Only a few small
anhedral barite grains were found; these grains are paragenetically late, found near the center of
quartz veins.

In more shallow alteration, similar paragenetic stages are followed, except kaolinite is
stable instead of illite, adularia is not present, and silica is found as druzy quartz, tridymite,
and/or opal. Shallow distal alteration is mainly noted as kaolinite replacing groundmass and
phenocrysts with or without silica. Vugs are typically coated with millimeter-sized druzy quartz
and partially filled with kaolinite £ ASM, commonly stained with iron oxides. Near upwelling

centers, ASM become more common. Shallow expressions of upwelling centers have halos of
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365  dickite + opal/tridymite + alunite supergroup minerals. Slightly deeper, hotter portions of

366  upwelling centers have the same assemblages except dickite may be rarely associated with

367  pyrophyllite.

368

369 DISCUSSION

370  Problems with alunite formula calculations

371 Alunite supergroup minerals follow the general formula DG3(TX4),X’s, where D may
372  contain K, Na, Ba, Ca, or be vacant; G may contain Al, Fe3+, Mg; T may contain S, P, As; X/X’
373  may contain O, OH, F, H,O; a more complete list of substitutions can be found in Bayliss et al.
374  (2010). Electron backscattter images (Fig 7B-E) indicate that ASM are solid-solution mixtures
375  with compositional zonation, which is not uncommon (Bayliss et al. 2010). However, if

376  replacement of potassium feldspars by ASM occurred before equilibrium between alunite and the
377  silicates in the host rock was reached, KSO4(aq), A1SO4(aq) and complex aluminum hydroxides
378  can form (Hemley et al. 1969). Under experimental conditions, boehmite was produced,

379  however, diaspore is the characteristic phase in natural conditions (Hemley et al. 1969). Figure
380 7D shows how intimately ASM (slightly lighter gray) and kaolinite (darkest) may be associated.
381 Without correction, both stoichiometry and electrostatic charge for 6 atoms per formula
382  unit are out of balance from excess Al and S. Since alunite can have a vacancy in the D site,
383  focus was placed on the amount of S present. However, even using idealized Al:S, the

384  stoichiometric imbalance persisted. To account for too much Al, end members for Na, K, Ba,
385 and Ca (natroalunite, alunite, walthierite, and huangite, respectively) were calculated. Simple
386  subtraction showed there was still excess S and Al. Chemically, this could constitute rostite

387  (Al(SO4)OH-5H,0) or jurbanite (Al(SO4)OH-5H,0). Whole-rock XRD diffractograms indicate
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388  jurbanite is a possibility and previous studies found rostite, but more precise chemical and crystal
389  structure data are needed to further identify the mineral species. Regardless of which mineral is
390 truly present, each have equal proportions of Al and S. This method indicates the grains possibly
391  have a fairly large proportion of rostite/jurbanite and alunite with lesser walthierite, minor

392  natroalunite and trace huangite. Supplemental Table 3 shows the idealized formulas and amount
393  of AISO4(OH)-5H20, calculated as rostite. It should be noted that after this correction, most
394  analyses still have an excess of Al which may indicate that there is a portion of some aluminum
395  oxide or hydroxide not accounted for and not identified in XRD diffractograms, potentially

396 indicating disequilibrium between host rock silicate minerals and ASM during alteration or a
397  physical mixture not seen at the scale of analysis.

398 This treatment seems to indicate each analysis has roughly 40 to 70% rostite. One

399  possible downside is that the method may work to minimize vacancies in the D site, however,
400 there are still vacancies in the formulas when normalized to 6 atoms per formula unit.

401  Regardless, Supplemental Table 3 indicates ASM are mostly Ba-bearing alunite with lower

402  concentrations of Na and occasionally Ca. Most of the Ba-bearing alunite grains have a G-site
403  filled with Al and minor Mg, however, there are two analyses with elevated Fe. These analyses
404  are from alunite grains with jarosite rims (Fig 7E), where paragenetically older alunite has an
405  overgrowth of jarosite, the brighter rim, from a later acidic event.

406

407  Barium in a dynamic hydrothermal system

408 When examined separately, Ridge 7741 and the South Fork of Sulphur Creek allow for a
409  model of the hydrothermal evolution for Seven Mile Hole to be constructed. Alkaline-chloride

410  fluids rose along a presumed structural channel forming an erosion resistant silicified ridge,
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Ridge 7741 (Fig 2) (Larson et al. 2009). Continued upflow produced illite + quartz +
hydrothermal feldspar, primarily adularia. For adularia to be stable over illite or muscovite,
aK'/aH" must be slightly elevated, likely due, in part, to a near neutral pH (Meyer and Hemley
1957; Inoue 1995; White and Hedenquist 1995). Farther from the main upwelling portions and
veins, the presence of illite without adularia indicates either a lower aK'/aH", a general decrease
in temperature, or some combination, provided pressure remains the same (Fig 8).

Veins associated with Ridge 7741 are primarily quartz with lesser clay, adularia, and
pyrite. In the veins, entrained sanidine phenocrysts may be replaced by adularia or adularia may
crystallize from the fluid, indicating an alkaline-chloride fluid composition. Sanidine
phenocrysts from the Tuff of Sulphur Creek have an mean formula of
(K 49Na 43Ca 93Ba 93)AlSi30g with 0.11 to 2.13 wt% BaO (Pritchard and Larson 2012). Mean
adularia formula range as (K g4-99Nayg.0sBao.03)AlS1303, where Ba ranges from 0.00 to 1.48 wt%
BaO. Analyses on adularia that are not the product of phenocryst replacement tend to have less
BaO (0.02 to 0.88 wt%) than adularia as a replacement product of sanidine phenocrysts (0.00 to
1.48 wt%), but both styles have similar mean values (0.45 and 0.46 wt% BaO, respectively).
Replacement acts to liberate constituents and drive crystal chemistry toward KAISi;0s.
Hyalophane ((K, Ba)AlSi30g) was only noted in XRD diffractograms, potentially indicating it is
a minor or intermediate phase. Ifit is an intermediate or minor product of hydrothermal
alteration, hyalophane may point to the preferential leaching of Ca and Na over Ba and K from a
sanidine phenocryst.

In contrast to the alkaline-chloride assemblage at Ridge 7741, shallow hydrothermal
alteration noted in the South Fork of Sulphur Creek is mostly lacking in alkaline-chloride

mineral assemblages. The most common and widespread mineral assemblage in the area is
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kaolinite + opaline silica/duzy quartz + ASM =+ pyrite/marcasite with barite disseminated in the
wall rock along the modern valley rim, and more rarely in the stream bed. Above approximately
2440 m, elongate bodies of dickite, quartz, and rare pyrophyllite and diaspore are associated with
the more widespread mineral assemblage (Fig 2). The presence of dickite and pyrophyllite
indicate higher temperatures than areas with just kaolinite, and may indicate upwelling zones
(John et al. 2010; Hedenquist and Arribas 2022). These mineral assemblages are typical of acid-
sulfate alteration in silicate rocks (Hemley and Jones 1964; Hemley et al. 1969). Remnants of
alkaline-chloride fluid interaction are still present as bodies of quartz + albite + illite + pyrite,
interpreted as propylitic alteration (John et al. 2010), as well as the broken siliceous sinter field
(Fig 2).

In this shallow acid-sulfate environment, Ba-bearing ASM replace sanidine phenocrysts
and adularia. ASM typically have similar to slightly elevated concentrations of Ba, relative to
adularia noted at Ridge 7741 (0.13 to 1.66 and 0.00 to 1.48 wt% BaO, respectively). Acid-
sulfate fluids, produced from shallow oxidation of H,S (Stoffregen 1987; Fournier 1989), in
conjunction with feldspars in the Tuff of Sulphur Creek, provide all of the necessary ingredients
for the shallow acid assemblage, where, provided the Tuff of Sulphur Creek was previously
altered to mineral assemblages similar to Ridge 7741, illite is replaced by kaolinite and K-
feldspar may be replaced by ASM and quartz as follows.

3KAISi;04 + 6H" + 25057 = KAl3(50,),(0OH) + 2K+ + 9Si0, 3)
The reaction in equation 3 (Hemley et al. 1969) describes the consumption of H™ and SO,* while
liberating K and SiO,. Hydrogen and sulfate consumed in the reaction are produced from

dissociation of H;SO4 produced in equation 2 and disproportionation of SO,(g). Continued
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exposure to low pH fluids replaced some alunite with kaolinite along irregular and ratty edges
(Fig 7D).

2KAl5(50,),(0H)g + 3H,0 + 6Si0,(aq) = 3Al,(Si,05)(OH)4 + 2K + 6H™ + 4505~ (4)
The reaction in equation 4 (Hemley et al. 1969) produces a lower pH fluid through the release of
hydrogen ions. At a sufficiently low pH, hydrolytic alteration can begin to leach even relatively
immobile components like AI**, leading to bodies of residual quartz (Hemley and Jones 1964;
Stoffregen 1987; Hedenquist and Arribas 2022), like those noted in the upper valley walls of the
South Fork of Sulphur Creek.

0.5A41,(Si,05)(0OH), + 3H* - Si0, + 2.5H,0 + AI3* (5)

Equation 5 (Stoffregen 1987) indicates how kaolinite can be broken down to quartz and water

1>

while liberating Al”". XRF and ICP-MS analyses indicate samples with greater concentrations of

silica commonly have lower concentrations of Ba and most other constituents (Supplemental
Tables 1 and 2).

Barite seems to be part of a late-stage event. There is one occurrence noted in the center
of a quartz veinlet in the South Fork of Sulphur Creek with scattered occurrences around the
valley rim and rare occurrences at the rim of the Grand Canyon of the Yellowstone River, noted
via XRD. Without noting more textural variations and paragenetic relations, it is difficult to say
if some or all barite in the system is part of a late-stage hypogene or supergene event. In either
case, it shows Ba can remain dissolved in the fluid, even at relatively shallow depths.

The Ba redistribution in the relatively shallow portions of the Seven Mile Hole system
can be compared to Ba mobility in clasts from explosion craters in Yellowstone Lake (Morgan et
al. 2009). Explosion breccia clasts are commonly silicified and sulfidized, with veinlets and

occasional calcite. Whole-rock analyses of clasts indicate Ba concentrations up to 1700 ppm
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(Morgan et al. 2009). The modern altered lacustrine sediments from the Mary Bay crater (80 to
630 ppm Ba) (Morgan et al. 2009) appear have modest enrichment, similar to the Tuff of Sulphur
Creek. Morgan et al. (2009) suggest that the thermal fluids are not significant sources of Ba and
that Ba in the altered rock was sourced from the host rock. Mass-balance calculations of thermal
fluid influx into Yellowstone Lake show that the thermal fluids are not significant sources of Ba
(Balistrieri et al. 2007). This reinforces the idea that Ba in the thermal fluids is sourced from
host rock and is redistributed by that fluid. However, vents within Yellowstone Lake show a
correlation between higher Ba and CO; concentrations. The area is seismically active
(Christiansen 2001; Morgan et al. 2009). Seismicity could open pathways for deeper reservoir
fluids with higher concentrations of Ba and CO; to rise to near the surface (Fournier 1989;
Hurwitz and Lowenstern 2014). A release of deep reservoir fluids is possible due to the
proximity to the caldera ring-fault allowing greater permeability, but the modest change in Ba
concentration from altered and unaltered Tuff of Sulphur Creek indicates little addition of Ba to
the unit unless glacial erosion has removed the signature. Data from across the Yellowstone
hydrothermal system indicate, while the thermal areas may be transient, general fluid chemistry
remains fairly predictable but can be modified by boiling, mixing with shallow meteoric water,
and water-rock interactions (Fournier 1989; Hurwitz and Lowenstern 2014).
IMPLICATIONS

Recycling of hydrothermally altered magmatic materials appears to be a common event
associated with Yellowstone volcanism, as noted by stable isotopes. A hydrothermal system,
dominated by meteoric fluids, can lower the '*O signature of a rock while liberating constituents,
such as Ba, from primary magmatic phases to sequester them into minerals that are more stable

at lower temperatures. When exposed to magmatic temperatures, hydrothermally altered
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portions may preferentially melt, leading to trends noted not only in Yellowstone but also in the
North American Cordillera.

The past three volcanic cycles associated with the Yellowstone hotspot produced low
8'%0 rhyolites after the eruption of a major ash-fall sheet (Bindeman and Valley 2001). There
are two competing hypotheses for the formation of low §'0 magmas at Yellowstone, the
introduction of meteoric water to the magma chamber or assimilation and partial melting of
hydrothermally altered material; the latter hypothesis is more widely accepted (Bindeman and
Valley 2001; Pritchard and Larson 2012). Hot, circulating meteoric water above and around the
Yellowstone magma chamber will hydrothermally alter the country rock and deplete the '*O
signature of that rock (Christiansen 2001; Pritchard and Larson 2012; Hurwitz and Lowenstern
2014). Caldera collapse brings hydrothermally altered rock in the caldera lid closer to hotter
material deeper in the magma chamber, where portions of the hydrothermal assemblages can
preferentially melt to create a magma with a depleted oxygen isotopic signature, relative to
typical magmatic values, 6 to 10%o (Sharp 2017). The Tuff of Sulphur Creek is a low §'°0
unit,1.9%o from quartz, with elevated Ba concentrations, and is one of the oldest post-collapse
units in the 0.639 Ma Yellowstone caldera (Hildreth et al. 1984; Christiansen 2001; Pritchard and
Larson 2012).

The current study indicates that hydrothermal alteration will liberate constituents like Ba
from primary magmatic phases to phases that are more stable at lower temperatures, such as
barite and ASM. Integrating the model of partial melting of hydrothermally altered material with
the observation that epithermal alteration replaces high temperature minerals with lower
temperature minerals may explain why Cenozoic North American Cordillera rhyolite mean Ba

concentrations are elevated relative to mean upper crustal concentrations, about 630 ppm
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(Rudnick and Gao 2003). Faulting due to Basin and Range extension in the western United
States thinned the crust and created NNW-striking normal faults that provided planes of
weakness for some Yellowstone volcanic vents (Christiansen 2001). Provided magma can
follow these faults, it is reasonable to imagine meteoric water also following these faults, only to
be heated up at depth and rise buoyantly to generate epithermal-style hydrothermal alteration.
Preferential melting and recycling of the altered rock may produce Cenozoic rhyolites with
elevated Ba. While some of the Ba may be sourced from aqueous fluids exsolving from rising
basaltic melts, isotopic studies of barium are needed to better understand the source mechanisms

behind the elevated barium concentrations in the Cenozoic rhyolites.
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Captions for figures

Figure 1: Yellowstone National Park boundary with regional faults, 1, 2", and 3™ cycle caldera
margins, Sour Creek and Mallard Lake resurgent domes, and thermal features, data from
Wyoming State Geological Survey GIS database (https://www.wsgs.wyo.gov/pubs-
maps/gis.aspx accessed Feb 16, 2022) and the Digital geologic-GIS map of the Yellowstone
National Park. Labeled thermal areas are MHS - Mammoth Hot Springs, WHS - Washburn Hot
Springs, LGB - Lower Geyser Basin, UGB - Upper Geyser Basin, SGB - Shoshone Geyser

Basin, SCTA — Spirea Creek Thermal Area.

Figure 2: Mineral assemblage map for Seven Mile Hole. The base map is a portion of the 1x1
degree Ashton E Wyoming topographic map
(https://rockyweb.usgs.gov/vdelivery/Datasets/Staged/Elev/Shape/ accessed Oct. 15, 2020).
Dataset is enhanced by data presented in Masters theses (Manion 2010; Phillips 2010). Each
color shows the various alteration assemblages and crossed areas are siliceous sinter fields.
MAS zeolitic contains minerals from MA1 plus zeolite minerals. Red lines with an orange
outline (MA4) are silicified ridges and fingers. Most abbreviations correspond to IMA-CNMNC
approved symbols: kln — kaolinite, alu — alunite, py — pyrite, mrc — marcasite, mnt —
montmorillonite, brt — barite, qz — quartz, ms — muscovite, dck — dickite, ilt — illite, prl —
pyrophyllite, dsp — diaspore, trd — tridymite, ab — albite (Warr, 2021). Abbreviations without

IMA approved symbols: adl — adularia, cldy — chalcedony.

Figure 3: Feldspar ternary diagram showing distribution of feldspar populations based on mode
of occurrence and unaltered samples from Pritchard and Larson, 2012. Solid circle, unaltered
samples, fall into two grouping - potassium feldspar and calcic plagioclase. Phenocryst samples

from altered rock largely fall into similar groupings. Devitrification products, grains found as
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subhedral to euhedral open-space filling, fall in the unaltered sanidine cluster with two outliers as
potassium enriched samples. Secondary grains, analyses from grains that grew in veins, are
primarily found in the cluster near the orthoclase end member with a few examples in the

primary sanidine cluster.

Figure 4: Orthoclase percent and wt% BaO from EPMA on feldspar crystals with grain
distribution based on mode of occurrence. Unaltered phenocryst samples from Pritchard and
Larson, 2012 fall in two groups, one less than 20% orthoclase (plagioclase) and one between 40
and 60% orthoclase apparently projecting down from about 2.0 wt% BaO. Phenocryst analyses
from altered rocks largely follow the same patterns, however, sanidine phenocrysts also form a
cluster with less than 0.5 wt% BaO with more scatter in the orthoclase percent than unaltered
phenocrysts and an outlier at 80% orthoclase with low BaO. Devitrification products follow the
same trend as devitrification products, typically with lower BaO concentrations. Secondary
feldspar samples and replaced phenocryst samples cluster above 90% orthoclase with 0 to about

1.5 wt% BaO.

Figure 5: Backscattered electron image of chemical zonation of a sanidine phenocryst. Brighter

areas contain greater amounts of barium.

Figure 6: Paragenesis diagram for Seven Mile Hole. The diagram assumes alteration began with
alkaline-chloride fluids to produce illite, quartz, and hydrothermal feldspars of adularia,
buddingtonite, and hyalophane. Infiltration of acid-sulfate fluids altered the host rock to
kaolinite, opal, marcasite, and alunite supergroup minerals. Around the time marcasite
deposition stops and pyrite deposition begins, a small period of sphalerite and galena deposition

occurred. Late-stage alteration is dominated by kaolinite, opal, and alunite supergroup minerals
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753  with native sulfur, barite, and chalcedony as some of the latest minerals to form. Italicized

754  minerals were noted by previous workers but not in the current study.

755  Figure 7A: Sanidine phenocryst entrained in a quartz vein with white pyrite grains near the top of

756  the image. The phenocryst is replaced along irregular boundaries by a lighter gray adularia.

757  Figure 7B: Completely replaced phenocryst. Remaining feldspar islands are adularia. Adularia
758  was replaced by quartz and alunite supergroup minerals. Most of the outermost portions have

759  been altered to darker kaolinite.

760  Figure 7C: Partially replaced adularia in a quartz vein. Adularia was replaced by alunite
761  supergroup minerals that show some zonation, where the outer zone is slightly darker than the

762  interior.

763  Figure 7D: Large patch of alunite supergroup minerals replacing adularia. The remaining
764  feldspar islands are adularia with scattered quartz found around the margins of the alunite
765  supergroup minerals, note the compositional banding in alunite supergroup minerals. The

766  darkest phases are kaolinite replacing the alunite supergroup minerals.

767  Figure 7E: Replaced phenocryst next to a quartz vein. The phenocryst was fractured and quartz
768  replaced the grain along a linear trend. Small adularia islands are potassium rich. The two
769  largest alunite supergroup minerals are mostly rimmed by bright alunite supergroup minerals

770  with a greater Fe component, implying a greater jarositic component.

771  Figure 8: Temperature v log m ([KC1 + K+]/[HCI + H+]). White micas are separated into illite
772 and muscovite and kaolin minerals into dickite and kaolinite by the thick dashed lines. The

773  black arrow indicates a potential pathway as fluid chemistry shifted from alkaline-chloride to

774  acid-sulfate. Modified after Hedenquist and Arriabas, 2022.
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Supplementary Material captions

Supplemental Table 1: Whole-rock XRF data. Sample numbers with “A” represent vein samples
except for JZ-25A. Both JZ-25 and JZ-25A are siliceous sinter samples with color differences.

Samples JZ-26 and JZ-27 are siliceous sinter samples.

Supplemental Table 2: Whole-rock ICP-MS data. Sample numbers with “A” represent vein
samples except for JZ-25A. Both JZ-25 and JZ-25A are siliceous sinter samples with color

differences. Samples JZ-26 and JZ-27 are siliceous sinter samples.

Supplemental Table 3: Alunite supergroup mineral analyses. Sample names include brief
comments that do not indicate the correct mineral. Mineral formulas and comments are given in

far right columns.

Supplemental Table 4: Feldspar analyses. Sample names include brief comments that do not
necessarily indicate the correct mineral or mode of occurrence. Mineral formulas and comments

are given in far right columns.
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