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Mount Rainier waxed and waned over the 500,000-year episodic growth of the
edifice. Hydrothermalminerals and their stable-isotope compositions in samples collected fromoutcrop and as
clasts from Holocene debris-flow deposits identify three distinct hypogene argillic/advanced argillic
hydrothermal environments: magmatic-hydrothermal, steam-heated, and magmatic steam (fumarolic), with
minor superimposed supergene alteration. The 3.8 km3 Osceola Mudflow (5600 y BP) and coeval
phreatomagmatic F tephra contain the highest temperature and most deeply formed hydrothermal minerals.
Relatively deeply formedmagmatic-hydrothermal alterationminerals and associations in clasts include quartz
(residual silica), quartz–alunite, quartz–topaz, quartz–pyrophyllite, quartz–dickite/kaolinite, and quartz–illite
(all with pyrite). Clasts of smectite–pyrite and steam-heated opal–alunite–kaolinite are also common in the
Osceola Mudflow. In contrast, the Paradise lahar, formed by collapse of the summit or near-summit of the
edifice at about the same time, contains only smectite–pyrite and near-surface steam-heated and fumarolic
alteration minerals. Younger debris-flow deposits on the west side of the volcano (Round Pass and distal
Electron Mudflows) contain only low-temperature smectite–pyrite assemblages, whereas the proximal
Electron Mudflow and a b100 y BP rock avalanche on Tahoma Glacier also contain magmatic-hydrothermal
alteration minerals that are exposed in the avalanche headwall of Sunset Amphitheater, reflecting progressive
incision into deeper near-conduit alteration products that formed at higher temperatures.
The pre-Osceola Mudflow alteration geometry is inferred to have consisted of a narrow feeder zone of intense
magmatic-hydrothermal alteration limited to near the conduit of the volcano, which graded outward to more
widely distributed, but weak, smectite–pyrite alteration within 1 km of the edifice axis, developed chiefly in
porous breccias. The edifice was capped by a steam-heated alteration zone, most of which resulted from
condensation of fumarolic vapor and oxidation of H2S in the unsaturated zone above the water table. Weakly
developed smectite–pyrite alteration extended into the west and east flanks of the edifice, spatially associated
with dikes that are localized in those sectors; other edifice flanks lack dikes and associated alteration. The
Osceola collapse removed most of the altered core and upper east flank of the volcano, but intensely altered
rocks remain on the uppermost west flank.
Major conclusions of this study are that: (1) Hydrothermal–mineral assemblages and distributions at Mount
Rainier can be understood in the framework of hydrothermal processes and environments developed from
studies of ore deposits formed in analogous settings. (2) Frequent eruptions supplied sufficient hot magmatic
fluid to alter the upper interior of the volcano hydrothermally, despite the consistently deep (≥8 km) magma
reservoir which may have precluded formation of economic mineral deposits within or at shallow depths
beneath Mount Rainier. The absence of indicator equilibrium alteration-mineral assemblages in the debris
flows that effectively expose the volcano to a depth of 1–1.5 km also suggests a low potential for significant
high-sulfidation epithermal or porphyry-type mineral deposits at depth. (3) Despite the long and complex
history of the volcano, intensely altered collapse-prone rocks were spatially restricted to near the volcano's
conduit system and summit, and short distances onto the upper east and west flanks, due to the necessary
supply of reactive components carried by ascendingmagmatic fluids. (4) Intensely altered rockswere removed
from the summit, east flank, and edifice interior by the Osceola collapse, but remain on the upper west flank in
the Sunset Amphitheater area and present a continuing collapse hazard. (5) Visually conspicuous rocks on the
lower east and mid-to-lower west flanks are not intensely altered and probably have not significantly
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Fig. 1. Index map of western North America showing
Quaternary volcanic rocks of the Cascades. Triangles sh
Lassen Peak; MA, Mt. Adams; MSH, Mt. St. Helens.
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weakened the rock, and thus do not present significant collapse hazards. (6) Alteration developed most
intenselywithin breccia units, because of their high permeability and porosity. Volcanoes with abundant near-
conduit upper-edifice breccias are prone to alteration increasing the possibility of collapse, whereas those that
are breccia-poor (e.g., massive domes) are less prone to alteration.

Published by Elsevier B.V.
Mount Rainier towers over the Puget Sound lowland and the
Seattle–Tacomametropolitan area of westernWashington (Fig. 1). The
1. Introduction

last sizeable eruption of this glacier-covered andesitic stratovolcano
was ~1000 years-before-present (y BP), but small eruptions may have
been as recent as 1894. Besides eruptions, about 55 Holocene lahars
have been recognized from Mount Rainier (Crandell, 1971), many of
which flowed across regions that are now densely populated. Future
lahars could affect 100,000s of people who reside in the Puget Sound
lowland (Fig. 2; Scott et al.,1995;Hoblitt et al.,1998; Sisson et al., 2001).
Many far-traveled lahars from Mount Rainier formed from newly
erupted hot volcanic products traversing, entraining, and melting
glacial snow and ice, but some, including the largest, originated by
collapse of the hydrothermally-altered upper-edifice flanks (Crandell,
1971; Scott et al.,1995). Lahars originating by collapse of altered edifice
flanks are particularly hazardous owing to their highmobility, which is
promoted by low rock strengths and high initial pore-water con-
tents, and also because such collapses may take place early in an
eruptive period, thuswith littlewarning, or in rare instanceswithout a
concurrent eruption.

Hydrothermal alteration has been irregular atMount Rainier in time,
space, and intensity. Parts of the upper edifice are severely weakened
and susceptible to collapse and catastrophic debris flows (Crandell,
1971; Frank, 1985; Zimbelman, 1996; Crowley and Zimbelman, 1997;
Finn et al., 2001; Reid et al., 2001), but broad areas of the upper moun-
tain consist of either relatively strong, unaltered volcanic rocks, or of
incipiently altered rocks that are discolored and contain some hydro-
thermal minerals, but with little reduction in rock strength. As a result,
qualitative assessments of the distribution of altered rocks are of limited
use in evaluating edifice stability and hazards.

Exposures of altered rock are small, remote, and of difficult access on
upper Mount Rainier. Some Holocene debris-flow deposits, however,
contain abundant hydrothermal alterationproducts, includingmaterials
location of Mount Rainier and
ow Quaternary volcanoes. LP,
from the edifice interior that are nowconcealed by young lava flows and
by glacial ice. These debris-flow deposits provide a comprehensive
sampling of different alteration types at Mount Rainier. Chief among
these is the 5600 y BP, 3.8 km3 Osceola Mudflow that formed when the
upper 1+km and northeast flank of Mount Rainier collapsed during
small phreatomagmatic eruptions. The OsceolaMudflow traveled down
the White River drainage into the Puget Sound lowland more than
100 km from the volcano and inundated N550 km2 (Fig. 2; Crandell,
1971; Scott et al., 1995; Vallance and Scott, 1997). The collapse was
accompanied by deposition of the hydrothermal–mineral-bearing F
tephra, and possibly by the Paradise lahar that descended the south
slope of the volcano (Vallance and Scott, 1997). Subsequent eruptions
have largely filled the Osceola collapse crater, but a weak hydrothermal
system now active at Mount Rainier has locally altered 2000–2600 y BP
lava flows near the summit (Frank, 1985,1995; Zimbelman et al., 2000),
and travertine-precipitating springs discharge on the lower flanks of the
volcano (Frank, 1985).

In this paper, we characterize hydrothermal alteration of Quaternary
rocks at Mount Rainier and reconstruct the distribution of altered rocks
at the time of the OsceolaMudflow collapse. Our studies concentrate on
Holocene debris flows and tephras that contain fragments of hydro-
thermally-altered rocks. Characteristics of the debris flows, including
their source areas and ages, distribution, range of alteration-mineral
assemblages, and the chemical and stable-isotope composition of the
hydrothermalminerals, vary around the volcano. By combining our new
results with published field (Fiske et al., 1963; Crandell, 1971; Frank,
1985, 1995; Zimbelman, 1996; Bruce, 1998; Zimbelman et al., 2000;
Sisson et al., 2001), remote sensing (Crowley and Zimbelman,1997), and
geophysical studies (Moran et al., 2000; Finn et al., 2001), we interpret
the probable distribution and origin of hydrothermally-altered rocks on
Mount Rainier shortly prior to eruption of the F tephra, edifice collapse,
and formation of the Osceola Mudflow at 5600 y BP. Our results and
interpretation aid in understanding and predicting edifice-collapse
hazards at Mount Rainier by explaining the spatially localized distribu-
tion of collapse-prone intensely altered rocks on the upper edifice. This
work also helps to account for the large differences in degree of
alteration of other Cascades stratovolcanoes by identifying various
geologic factors that promote intense hydrothermal alteration within
edifice interiors. Our results also are relevant to understanding why
hydrothermal systems in some stratovolcanoes are associated with
formation of porphyry and related epithermal mineral deposits,
whereas other systems are not.

2. Tectonic and geologic setting of Mount Rainier

Mount Rainier, Mount St Helens and Mount Adams are active
stratovolcanoes of the Cascades arc in southern Washington State that
result from east-northeasterly subduction of the oceanic Juan de Fuca
plate beneath North America (Fig. 1). The Cascades arc is under com-
pression from Mount Rainier northward (Wells et al., 1998) leading to
strong basement uplift. A primary result of this compression for Mount
Rainier is that magma flux is strongly localized to the volcano's axial
conduit system and associated radial dikes, with almost no diffuse
peripheral volcanism.

Mount Rainier overlies a thick accumulation of Oligocene and Mio-
cene arc volcanic rocks of the Ohanapecosh, Stevens Ridge, and Fife's
Peak Formations and intrusive granodiorite of the middle to late



Fig. 2. Map showing Holocene lahars and their paths into Puget Sound lowland.
Modified from Sisson et al. (2001).
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Miocene Tatoosh Pluton (Fiske et al.,1963;Mattinson,1977; Vance et al.,
1987). The Tertiary substrate crops out as high as ~2200 m above sea
level (asl) in valleys and ridges surrounding Mount Rainier's flanks,
Fig. 3. Generalized geologic map of Mount Rainier showing major stages of edifice con
showing that the volcano sits atop a basement topographic high that
was uplifted and exhumed in the last ~10my (Walsh et al.,1987; Reiners
et al., 2002).

3. Summary of Quaternary Mount Rainier stratovolcano

Mount Rainier mostly comprises andesite to low-SiO2 dacite lava
flows and fragmental deposits (breccias, pyroclastic flows), subordinate
tephras, and a single preserved lava dome. Headwalls and ridges on the
uppervolcano (within5kmof the summit) expose repetitive alternations
of cliff-forming dense lava flow interiors and ledge-forming unconsoli-
dated rubbly flow-top breccias, each on the order of 10–30 m thickness
and dipping 15–30° radially away from the summit. Lava flows on the
lower edifice flanks (up to 20 km from the summit) are much thicker, in
places reaching 300 m, due to impoundment against Pleistocene valley-
filling glaciers (Lescinsky and Sisson, 1998). Typical andesitic eruptive
products are rich (to 40%) in phenocrysts of plagioclase, hypersthene,
augite, titanomagnetite, and ilmenite, and contain accessory apatite, and
traces of pyrrhotite almost exclusively as blebs encased in phenocrysts.
Minor amphibole phenocrysts are present in someandesites and inmany
dacites; olivine is common in basaltic andesites.

The modern Mount Rainier edifice started to grow about 500,000 y
BP, atop the deeply eroded remains of an ancestral Mount Rainier
volcano that was active from ~2–1 Ma (Sisson and Lanphere, 1997).
Volcanic activity continued intermittently between the ancestral and
modern edifices, as shown by isolated, deeply incised lava flows of
intermediate age exposed in the upper reaches of some valleys with
struction. Black lines and points A, B, and C outline cutaway view shown in Fig. 11.



292 D.A. John et al. / Journal of Volcanology and Geothermal Research 175 (2008) 289–314
heads terminatingon the volcano. Since 500,000 yBP, however, frequent
eruptions have produced a voluminous and nearly continuous rock
record that constitutes the bulk of the Mount Rainier edifice (Fig. 3).
Effusion rates varied substantially during growth of the modern edifice
(Sisson et al., 2001), with periods of high effusion of 80,000 and
100,000 years duration (500,000 to 420,000 y BP and 280,000 to
180,000 y BP), leading to rapid edifice growth and widespread volu-
minous flank lava flows, separated by periods of modest effusion of
140,000 and 180,000 years, the latter leading to stasis or edifice de-
gradation. Effusion rates alsovariedwithin the growth stages,withmost
of the lavaflowsof theupper northand southflanks of the edificehaving
erupted at 20,000 to 40,000 y BP, and with many unconformities and
disconformities between lava flow sequences recording hiatuses too
brief (b10,000 years) to resolve by current dating methods.

East-northeast-striking radial dikeswith nearly vertical dips (Fig. 3)
were intruded mainly during the two periods of high effusion from
500,000 to 420,000 y BP and from 280,000 to 180,000 y BP, but a few
younger dikes are also present (Sisson et al., 2001). Localization of
dikes on the west and east flanks of the edifice may result from ex-
ploitation of preexisting weaknesses in the shallow basement, such as
commoneast-northeast-striking joints that are perpendicular to broad
north-northwest trending folds inTertiary strata.Most dikes are 2–5m
thick and are exposed as far as ~7 km from the summit. Some dikes fed
flank lava flows, as demonstrated by dikes that can be traced into lava
flows on the west flank of the volcano and by a large dike at St. Elmo
Pass and the nearby voluminous andesite of Burroughs Mountain on
the volcano's lower east flank (Stockstill et al., 2002). Radial dikes on
the lower flanks end near the beginning of exposed Tertiary basement,
consistent with lateral propagation of the dikes from the axial conduit
system at edifice levels.

A significant event in Mount Rainier's history was the major edifice
flank collapse of 5600 y BP that removed the volcano's summit and
Fig. 4. Map showing surface distribution and intensity of hydrothermally
upper east flank, producing the 3.8 km3, alteration-mineral-rich Os-
ceola Mudflow (Crandell and Waldron, 1956; Vallance and Scott, 1997).
The collapse left an amphitheater-shaped crater ~1.5 km across, open to
the northeast. The back wall and rim of this crater are preserved as
small peaks and rock knobs that partly encircle the present summit to
the north, northwest, southwest, and southeast (Figs. 3 and 4). The
collapse removed dikes and altered rock from the upper ~1500m of the
volcano's east flank and summit area. Subsequent lava eruptions largely
filled the collapse crater, building a new summit cone capped by a pair
of partly overlapping 400-m-diameter craters. Rocks of the new summit
cone are almost everywhere concealed by thick glaciers, but windows
through the ice at 3000–3600 m elevation expose glassy, non-altered
lava flows, similar to unaltered lava flows that form the east half of the
east summit crater. All exposures of the west summit, as well as the
western half of the younger east summit crater, are hydrothermally
altered (Fig. 4; Frank 1995; Zimbelman 1996; Zimbelman et al., 2000),
although geophysicalmeasurements (Finn et al., 2001) indicate that this
summit alteration is thin (b20–50m) and thatmost of the post-Osceola
summit cone consists of unaltered volcanic rocks.

4. Depths of Mount Rainier magmas and their intensive conditions

Andesite–dacite magmas of Mount Rainier are calc-alkaline
(McKenna, 1994; Venezky and Rutherford, 1997; Stockstill et al., 2002),
relatively oxidized, moderately hydrous, and ascend through a complex
plumbing system that probably lacks a large long-lived near-surface
(≤8 km) magma reservoir. Coexisting Fe–Ti-oxide rim compositions
indicate pre-eruptive temperatures of ~850–1025 °C and oxygen fuga-
cities typically 1–2 log units more oxidized than the Ni–NiO buffer,
although a few samples are as reduced as Ni–NiO (Venezky and
Rutherford, 1997; Kirn, 1995; T. Sisson unpublished analyses). Melt
inclusions in tephra phenocrysts have dissolved H2O concentrations of
-altered rocks on Mount Rainier. Modified from Sisson et al. (2001).



293D.A. John et al. / Journal of Volcanology and Geothermal Research 175 (2008) 289–314
3–4 wt.% and dissolved CO2 concentrations from b20 to 900 ppm (T.
Sisson unpublished analyses), consistent with pre-eruptive storage
pressures from 100 to 280 MPa, equivalent to depths of ~4–10 km
(assuming average upper crustal density of 2700 kg/m3). Because of the
potential for leakage of volatiles from melt inclusions, and for
partitioning of CO2 into shrinkage bubbles, the greater depths are
more reliable estimates of magma stagnation levels. Absence of a large
near-surface magma reservoir is also consistent with the restriction of
surface thermal features towithin 2 km radially from the summit (Frank,
1985), a lack of distributed volcanic vents for the modern and ancestral
edifices, and with concentrated brittle failure-type seismicity centered
beneath the edifice at upper crustal depths (Moran et al., 2000). Seismic
velocities consistent with elevated temperatures and the potential
presence of magma do not commence until depths N8 km beneath the
edifice base (Moran et al., 1999).

5. Summary of Holocene debris flows

Holocene lahars from Mount Rainier have one of three origins: (1)
collapse of hydrothermally-altered parts of the edifice; (2) interaction
Fig. 5. Shaded relief map showing the distribution of Holocene clay-rich lahars, sam
of hot rock with ice during eruptions; and (3) mixing of clastic debris
and water caused by glacial outburst floods, failure of water-saturated
debris, or heavy rainfall.

Several large- to very-large-volume lahars at Mount Rainier were
initiated by collapse of hydrothermally-altered regions of the upper
edifice (Crandell, 1971; Scott et al., 1995; Vallance and Scott, 1997). The
altered rocks and the resulting lahars contain abundant hydrother-
mally formed clay minerals. The avalanches of altered rock trans-
formed to lahars as they flowed rather than continuing to slide as
debris avalanches, because the altered rock was weak and because
clay-rich domains held large amounts of pore water within the
disaggregating rock debris (Vallance and Scott, 1997). Numerous large
lahars also formed at Mount Rainier by the eruption of hot rock or
magma onto snow and ice, such as during pyroclastic flows. Small
lahars are generated nearly every year at Mount Rainier when heavy
rains fall, when glaciers suddenly release water, or when streams are
diverted or captured. These small lahars are also clay poor, but are not
related to eruptions at the volcano. Clay-poor lahars, whether
eruption related or generic, have no relation to hydrothermal
alteration at the volcano.
ple locations, names, and thermal springs on the lower flanks of Mount Rainier.
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Of seven edifice- or flank-collapse-induced and clay-rich Holocene
lahars, six were during eruptive periods and one was at a time for
which no eruption is documented. Clay-rich lahars range in age from
about 10,000 to 500 years old and in volume from about 5×107 to
4×109 m3. Edifice collapses of hydrothermally-altered rock and the
clay-rich lahars they generated were confined to the south flank of
Mount Rainier before 5600 y BP, to the west flank after 5600 y BP, but
affected the northeast flank during the eruption of about 5600 y BP. A
summary of clay-rich lahars, their ages, direction, and relation to
eruptions is as follows (Crandell, 1971; and J. Vallance, unpublished):
Van Trump debris flow
 9500–10,000 y BP
 South
 During an eruptive period

Reflection Lakes lahar
 6800–7200 y BP
 South
 During an eruptive period

Paradise debris flow
 5600–6000 y BP
 South
 During an eruptive period

Osceola Mudflow
 5600 y BP
 NE
 Coeval with tephra layer F

Round Pass mudflow
 2600–2700 y BP
 West
 During an eruptive period

Unnamed
 1000–1100 y BP
 West
 During an eruptive period

Electron Mudflow
 500 y BP
 West
 No known eruption
The Osceola Mudflow descended the northeastern slopes of the
volcano, filled valleys of the White River to depths of 80–150 m, spread
overmore than200km2of Puget Sound lowland andflowedunderwater
of Puget Sound tonear thepresent sites of theports of TacomaandSeattle
(Figs. 2 and5;Vallance andScott,1997). VallanceandScott suggested that
the Osceola edifice collapse may have developed as several successive
slide blocks, the first of which included the outer less-altered carapace of
the volcano and the last of which included the deepest and most
intensely altered core of the edifice. Downstream, the components of the
initial slide block were deposited first along valley margins or at depth,
whereas deposits of the last slide block were deposited along axial parts
of valleys and across distal areas of Puget Sound lowland. Axial deposits
commonly contain numerous hydrothermal minerals and huge volumes
of hydrothermal clay (as much as 17% by total weight). The coeval F
tephra consists of a pumiceous layer distributed broadly to the east of the
volcano sandwiched between fine-grained tephra layers rich in hydro-
thermalminerals identical to those in theOsceolaMudflow. The clay-rich
members of the F tephra were deposited to the northeast of the volcano
along an axis that coincides with the outlet direction of the Osceola
collapse scar. This distribution, along with other geologic observations
(Vallance and Scott, 1997), is evidence that the hydrothermal–mineral-
rich members of the F tephra resulted from northeasterly directed
explosive expansion of the interior hydrothermal system of the active
edifice during failure and decompressive unloading.
6. Hydrothermal systems and alteration at Mount Rainier

Mount Rainier contains altered rocks currently forming from the
active hydrothermal system, as well as more widespread altered rocks
that formed earlier when hydrothermal processes were more vigorous
and extensive than at present. Hydrothermal activity probably never
died out completely since inception of the present edifice, but expanded
and contractedwith the overall magmatic flux. This waxing andwaning
behavior is demonstrated in field exposures of strongly altered rocks
overlain unconformably by unaltered rocks that pass along strike into
altered rocks. Although our attempts to date hydrothermal minerals
using 40Ar/39Ar methods have been unsuccessful, it is likely that many
or most of the rocks contained in Holocene debris-flow deposits were
altered well before the collapse event that spawned the particular
debris flow. Our study focuses on this long-term hydrothermal history
of the volcano that controls edifice flank instability. Previous studies of
the small, currently active hydrothermal system are summarized below.

6.1. Mount Rainier's active hydrothermal system

A weak, active hydrothermal system at Mount Rainier has locally
altered post-5600 y BP lava flows that infill the Osceola Mudflow
collapse crater (Figs. 3 and 4; Frank, 1985, 1995; Zimbelman et al.,
2000; Sisson et al., 2001). Frank mapped heated ground, fumaroles,
and hydrothermally-altered rocks that cover an area of about
12,000 m2 at the East and West Craters on the volcano's summit.
Fumarole temperatures reach 82 °C, the approximate boiling
temperature for water at the summit elevation, and alteration phases
include smectite, halloysite, kaolinite, silica phases (cristobalite, tridy-
mite, opal), alunite, gibbsite, and calcite. Zimbelman et al. (2000)
studied fumarole gases and condensates in ice caves near the summit
and noted the presence of sulfate minerals encrusting a fumarole vent
indicating locally high H2S or SO2 contents in past fumaroles.
Measured temperatures of two fumaroles at the summit were 62 °C
in 1997.

Frank (1985, 1995) and Symonds et al. (2003a,b) described thermal
springs on the lower flanks and around the base of Mount Rainier.
Thermal springs discharging from the Quaternary andesites are low
temperature, neutral pH, SO4-enriched solutions that may be derived
from the outflow of acid sulfate–chloride solutions from the axial
hydrothermal system diluted by shallow coldmeteoric water. Thermal
springs in Tertiary basement rocks at lower elevations beyond the
base of the present volcano are Cl-enriched, have a neutral pH, and
locally precipitate travertine. Parent fluids for these springs possibly
originate in the deeper parts of Mount Rainier's hydrothermal system
at depths below the boiling zone and contain a large component of
CO2 and CH4 derived from shallow crustal sources.

6.2. Fossil hydrothermal systems at Mount Rainier

6.2.1. Alteration mineralogy and mineral associations
Alterationmineralswere identified in about 325 samples of Quater-

nary material from Mount Rainer (Fig. 5 and Supplementary data;
analytical methods are described in Appendix A). Samples included (1)
altered rocks cropping out on the volcano, (2) bulk matrix samples of
Holocene debris flows, (3) clasts within Holocene debris flows, and (4)
tephras. Debris-flow deposits sampled were the Osceola, Round Pass,
and Electron Mudflows, the Van Trump, Reflection Lake, Paradise, and
National lahars, and the Tahoma Glacier rockfall.

Common groups of alteration minerals on Mount Rainier define
nine major hypogene associations formed by hydrothermal processes
and one supergene assemblage formed by surficial weathering
(Table 1). We use the term “alteration association” for common group-
ings of minerals independent of thermodynamic equilibrium con-
straints. As noted in the association descriptions below, there is
considerable overlap and variation in mineralogy among these
associations, reflecting variable conditions of alteration during waxing
and waning of hydrothermal activity and superimposed episodes of
alteration. Major types of alteration described below generally follow
the nomenclature of Meyer and Hemley (1967).

6.2.1.1. Smectite–pyrite. Intermediate argillic smectite–pyrite altera-
tion is themost abundant alteration association. Smectite–pyrite altered
rocks are common in all Holocene clay-rich debris flows and comprise
most of theweak tomoderate intensity alteration exposed at the surface
(Fig. 4). The intensity of smectite–pyrite alterationvaries fromveryweak
to nearly complete. Completely altered rocks consist of pervasive
replacement of all primary minerals and glass by smectite and pyrite,
whereasweakly altered rocks consist of partial replacement of glass and
mafic phenocrysts (mostly pyroxene) by smectite, pyrite and silica
phases, and pyrite replacement ofmagnetite (Fig. 6A). Narrow (typically
b1 mm wide) pyrite veins, with patches of anhydrite partly to com-
pletely replaced by gypsum, and minor barite are common in this
association (Fig. 6B). Vesicles partly filled with pyrite, smectite, silica
phases, and/or anhydrite/gypsum are common inweakly altered rock in
this association. X-ray diffraction (XRD) and SEM-EDS analyses of sme-
ctite are consistent with classification as montmorillonite, but local
variations in iron,magnesium and aluminum content suggest a range in



Table 1
Characteristics of hydrothermal alteration at Mount Rainier

Alteration association

1 2 3 4 5 6 7 8 9

Assemblage name Smectite–pyrite Illite/smectite–
chlorite–pyrite

Opal–kaolinite Jarosite–alunite–
opal

Kaolinite–opal–pyrite Quartz–pyrophyllite–pyrite Quartz–illite–pyrite Quartz–
topaz–pyrite

Quartz–
pyrite

Phenocryst alteration
Plagioclase Smectite Illite or mixed-

layer I/S
Opal, kaolinite, alunite Opal, local

kaolinite, alunite
Opal, local alunite or
dickite

Silica phases or alunite Illite Topaz, quartz Leached

Mafic minerals Smectite, pyrite Chlorite, I/S,
pyrite

Opal Opal Opal, kaolinite, alunite, pyrite Silica phases Illite Topaz, quartz,
pyrite

Leached

Oxides Pyrite, TiO2 phase; relict
ilmenite in weak alteration

Pyrite Fe-oxides, TiO2 Fe-oxides, TiO2 Pyrite, TiO2 Pyrite Pyrite Pyrite, TiO2 Pyrite

Groundmass
alteration

Smectite, pyrite, gypsum/
anhydrite

Illite/smectite,
pyrite, silica
phases

Opal, kaolinite, alunite Opal, alunite,
jarosite

Silica phases, kaolinite,
alunite, pyrite, gypsum/
anhydrite

Silica phases, pyrite, alunite,
pyrophyllite, gypsum/
anhydrite

Quartz, illite, pyrite Quartz, topaz,
pyrite

Quartz, pyrite

Silica phases Quartz, opal-A/CT, opal-C,
cristobalite

Quartz, opal C/
cristobalite

Opal-A/CT No data (opal
phase(s))

Opal-CT, local quartz Quartz, opal-CT Quartz, tridymite Quartz,
cristobalite

Quartz

Open-space filling Pyrite, chalcedony, smectite,
gypsum/anhydrite

Quartz, pyrite,
gypsum/
anhydrite

Alunite, kaolinite,
anhydrite/gypsum,
sulfur

Alunite, jarosite,
sulfur

Pyrite, silica phases,
alunite, kaolinite, gypsum/
anhydrite

Alunite, pyrophyllite, pyrite Not observed Not observed Pyrite,
gypsum

Veins Narrow pyrite, gypsum,
smectite

Not observed Not observed Not observed Very narrow pyrite, opal,
gypsum

Very narrow pyrite, gypsum Not observed Not observed Not observed

Other minerals Local trace kaolinite, illite,
pyrophyllite, barite

– Local trace pyrite – Local trace sulfur, fluorite Local trace enargite Local trace pyrophyllite Anhydrite/
gypsum,
trace sulfur

Trace alunite,
pyrophyllite,
illite

Alteration intensity Very weak to strong Generally strong Generally strong Generally strong Very strong Very strong Very strong Very strong Very strong
Texture Dense except vesicular rocks Dense Porous, very fine

grained
Porous,
brecciated

Dense to porous, brecciated Dense, brecciated Dense to porous,
brecciated

Porous Porous

Alteration controls Primary permeability
(igneous breccias); fracture
zones; margins of dikes;
vesicules; perched aquifers

Primary
permeability
(igneous
breccias)

Primary permeability
(igneous breccias);
acid-leaching

Primary
permeability
(igneous
breccias)

Primary permeability
(igneous breccias);
hydrothermal brecciation

Primary permeability
(igneous breccias);
hydrothermal brecciation

Primary permeability
(igneous breccias);
acid-leaching

Acid-leaching Acid-leaching

Temperature of
formation (°C)

b100–175 175–250 b100–125 b100–150 150–225 225–300; 150–200(?) in Van
Trump and Paradise lahars

225–300 200–300 200–300

Hydrothermal
environment of
formation (Rye, 2005)

Magmatic-hydrothermal,
fringe of steam-heated

Magmatic-
hydrothermal

Steam-heated Magmatic steam Magmatic-hydrothermal Magmatic-hydrothermal Magmatic-
hydrothermal

Magmatic-
hydrothermal

Magmatic-
hydrothermal
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Fig. 6. Back-scattered SEM images showing hydrothermal alteration features. (A) Typical fine-grained smectite–pyrite alteration of andesite clast in Tahoma Glacier rockfall.
(B) Smectite–pyrite alteration with coarse-grained pyrite and barite filling narrow (b1 mm) vein. Clast in Tahoma Glacier rockfall. (C) Opal–kaolinite–pyrite alteration with barite.
Clast in Osceola Mudflow. (D) Relatively coarse-grained zoned alunite crystals in clast in Osceola Mudflow. Brighter areas are enriched in K. (E) Opalized breccia cementedwith coarse
crystalline jarosite and mixtures of jarosite and alunite. Clast in Paradise lahar. (F) Enlargement of (E) showing euhedral jarosite with alunite inclusion. (G) Quartz–topaz–pyrite
altered clast in Osceola Mudflow. (H) Quartz–pyrophyllite–pyrite alteration with small enargite (Cu3AsS4) crystal. Clast in Osceola Mudflow.
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composition. XRD analyses of b2 µm separates detected the presence of
minor kaolinite±pyrophyllite in some samples of intense smectite–
pyrite alteration, likely resulting from cross-cutting higher grade al-
teration (as indicated by the presence of pyrophyllite, which typically
forms at higher temperature except in the presence of amorphous silica;
Reyes, 1990).

6.2.1.2. Illite–chlorite–pyrite. Several intensely altered clasts in the
West Fork lobe of the Osceola Mudflow contain mixed-layer illite–
smectite or well-crystallized illite, chlorite, quartz or cristobalite, and
abundant disseminated pyrite.

6.2.1.3. Opal–kaolinite±alunite±sulfur. This advanced argillic altera-
tion association is relatively common in clasts in the OsceolaMudflow,
Paradise lahar, and Tahoma Glacier rockfall. It also is present in clasts
in the Van Trump lahar and in rock exposed near the summit, es-
pecially at West Crater (Frank, 1985). Most debris-flow clasts with this
association are intensely altered breccias comprised of fine to very
fine-grained (b2 µm) kaolinite, alunite, and opal (dominantly opal-A
and opal-CT), withminor Ti-oxide and/or Fe-oxide phase(s) (hematite,
goethite). Pyrite generally is absent. Trace amounts of smectite were
detected by XRD in some samples. Elemental sulfur locally fills vugs,
and barite and anhydrite/gypsum are present locally in trace amounts.
Alunite commonly forms very fine-grained pseudocubic crystals. X-
ray diffraction and SEM-EDS analyses indicate that most alunite is Na-
rich, although complex Na–K zoning is present.

6.2.1.4. Jarosite–alunite–opal. Sparse clasts of brecciated andesite in
the Paradise lahar and in the Osceola Mudflow are cemented with fine-
grained crystalline jarosite, fine-grained alunite, and opal (Fig. 6E,F).
Jarosite typically overgrows and contains inclusions of alunite. Altera-
tion of rock fragments in the breccia varies from complete replacement
by opal, replacement of plagioclase phenocrysts with kaolinite or alu-
nite, to partial replacement of groundmass by opal with relict unaltered
plagioclase phenocrysts. Anhydrite/gypsum crystals locally fill vesicles
lined with alunite. A very fine-grained red Fe-oxide (hematite?) is pre-
sent locally in the breccia matrix.

6.2.1.5. Kaolinite–opal/tridymite–pyrite±alunite. This advanced argil-
lic alteration association has been found only in breccia clasts in the
OsceolaMudflow, primarily in theMain Fork lobe, and inTahomaGlacier
rockfall. Rocks in this association contain up to 25 vol.% fine-grained
pyrite and local marcasite that forms disseminated crystals and breccia
matrix andfills narrowveins (Fig. 6C). Fine-grained silicaphases (opal-A,
opal-CT, or tridymite), kaolinite, and alunite replace breccia fragments.
Fine-grained pyrite, silica phases, alunite, and/or kaolinite form the
breccia matrix. Alunite generally occurs as fine acicular to tabular crys-
tals up to 50 µm long (Fig. 6D). Alunite crystals tend to be Na-rich, but
many have complex Na–K zoning and locally have P- and Ca-rich zones.
Anhydrite/gypsum is present both as poikilitic crystals in breccia matrix
and in narrow veins. Trace amounts of barite, fluorite, and elemental
sulfur are present in some clasts. Dickite–quartz and/or opal-CT–pyrite–
minor alunite is an uncommon variant of this association in several
thoroughly altered clasts in the Osceola Mudflow. Dickite replaces
plagioclase phenocrysts, and a porous mixture of quartz or opal-CT and
pyrite replaces the groundmass in these clasts.

6.2.1.6. Quartz or opal-CT–pyrophyllite–anhydrite–pyrite±kaolinite±
alunite. This relatively uncommon advanced argillic association was
found only in pervasively altered breccia clasts in the Osceola Mudflow
and as single clasts from the Van Trump and Paradise lahars. Fine-
grained quartz and/or opal-CT, pyrite, and local alunite replace breccia
fragments. Fine-grained silica phases, pyrophyllite, pyrite, and anhy-
drite/gypsum, with local kaolinite and/or alunite, form the breccia
matrix. Narrow veinlets of anhydrite/gypsum and pyrite are common.
Trace amounts of enargite are present in the matrix of one breccia
sample from the Osceola Mudflow (Fig. 6H). Multiple stages of
hydrothermal alteration and brecciation are evident in some samples
(Fig. 7H).

6.2.1.7. Quartz–illite–pyrophyllite–pyrite. This uncommon advanced
argillic alteration association was found only in clasts in the Osceola
Mudflow. It consists mostly of fine-grained quartz and/or tridymite
and pyrite with minor to trace amounts of very fine-grained illite and
pyrophyllite.

6.2.1.8. Quartz–topaz–anhydrite–pyrite. This uncommon advanced
argillic alteration association was found only in clasts in the Osceola
Mudflow. Alteration is texturally destructive, leaving a porous inter-
growth of fine-grained quartz and/or cristobalite, topaz, and pyrite
(Fig. 6G). Anhydrite/gypsum ispresent in thegroundmassof one sample.

6.2.1.9. Quartz–pyrite (residual silica). This alteration was found only
in clasts in the Osceola Mudflow. Alteration is texturally destructive
and leaves a porous residue of fine-grained quartz and pyrite with
trace amounts of alunite, pyrophyllite, and/or illite.

6.2.1.10. Supergene alteration. Parts of the debris flows and outcrops
within tens of centimeters of the ground surface are modified variably
by supergene oxidation of pyrite. Products of this oxidation include
orange to black ferric oxyhydroxides, earthy coatings of jarosite, water-
soluble iron sulfates, and gypsum. These phases penetrate altered rock
clasts aswell as thematrices of all clay-richdebrisflowsand the F tephra.
SEM-EDS and isotope analyses determined that alunite and clay
minerals are not products of supergene conditions. Water-saturated
exposures of the clay-richdebrisflows lack these oxidationproducts and
likely retain their depositional composition.

6.2.2. Hydrothermal environments
Hypogene hydrothermal alteration associations and stable-isotope

compositions at Mount Rainier define three hydrothermal environ-
ments recognized in active and fossil hydrothermal systems else-
where (e.g., Schoen et al., 1974; Henley and Ellis, 1983; Reyes, 1990;
Rye et al., 1992; Giggenbach,1997; Hedenquist et al., 2000; Rye, 2005).
These environments are magmatic-hydrothermal, steam-heated, and
magmatic steam (Rye et al., 1992).

The magmatic-hydrothermal environment forms above degassing
magmas where supercritical or two phase fluids exsolve that typically
evolve at shallower depths to low density vapor and saline brine phases
which become separated by buoyancy and viscosity contrasts. The
magmatic vapor rich in SO2, HCl, H2S, and HF condenses, usually into
ground water, at ~350–400 °C, and the SO2 disproportionates, forming
H2SO4 and H2S (4 SO2+4 H2O=3 H2SO4+H2S). Hydrolysis reactions of
the resulting acid fluid with wall rocks progressively neutralize the
acidity while forming hydrothermal minerals that may include pyro-
phyllite, topaz, dickite, alunite, kaolinite, illite, quartz, anhydrite, and
pyrite; montmorillonite may form at lower temperatures and at near-
neutral pH. Dissolved gases (mainly H2S and CO2) may separate into the
H2O-rich vapor phase upon boiling, and ascend to the surface. The
steam-heated environment forms where the H2S is oxidized by atmo-
spheric O2, within the vadose zone, forming H2SO4 (H2S+2O2=H2SO4)
which is absorbed into steam-heated groundwater (Schoen et al., 1974).
These steam-heated waters are close to 100 °C and have pH N2. The
steam-heatedwaters alterwall rocks to an advanced argillic assemblage
of opal (cristobalite), alunite, kaolinite, and minor pyrite (Schoen et al.,
1974). The magmatic steam environment differs from the steam-heated
environment in that elevated temperaturemagmatic gases vent directly
to the atmosphere without condensing into ground water. In the mag-
matic steamenvironment, SO2-dominant gas rises rapidly to the surface
commonly resulting in monomineralic veins of alunite without sig-
nificant pyrite or wall rock alteration (Rye, 2005) before venting to the
atmosphere.



Fig. 7. Photographs showing hydrothermal alteration features. (A) F tephra exposed near head of Granite Creek. Fupper and Flower contain abundant hydrothermal minerals including
gray pyrite layer, whereas Fmiddle is mostly juvenile materials. (B) View of early 20th Century Tahoma Glacier rockfall (orange rocks) sitting on the toe of Tahoma Glacier. Sunset
Amphitheater in background. (C) View of upper Tahoma Glacier and Sunset Amphitheater showing unconformity between strongly altered ~275 ka andesite breccias overlain by
unaltered 195 ka white tuff filling channel cut in altered rocks. (D) Typical pyrite-rich smectite–pyrite altered clast in the Tahoma Glacier rockfall. (E) View of Glacier Basin showing
466 ka dike complex intruding ~470 ka block and ash flows. Generally weak, although strongly colored, smectite–pyrite alteration is developed mostly in the wall rocks of the dike.
Osceola Mudflow exposed in the bottom of the basin. (F) 8-meter-thick exposure of the Osceola Mudflow in the banks of the White River near Greenwater about 50 km downvalley
fromMount Rainier. Note characteristic yellowish color of oxidized Osceola. (G) Close-up of gray pyrite-richmatrix of Osceola Mudflow in upperWest Fork of theWhite River near toe
of Winthrop Glacier. Water-saturated exposures of the Osceola are characteristically dark gray and contain up to 5–10% fine-grained pyrite. (H) Hydrothermal breccia clast in the
Osceola Mudflow. Clast consists of opal-CT–alunite–pyrophyllite–pyrite–anhydrite/gypsum alteration in matrix of pyrite and silica. Note fractured clast cut by pyrite-rich vein/
hydrothermal matrix just above scale bar.
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6.2.3. Textures and physical controls on alteration
Hydrothermal activity on Mount Rainier produced several distinct

textures including hydrothermal breccias, veins, skeletal residue from
acid-leaching, and vesicle-filling minerals. Multiple textural styles
commonly are evident within single outcrops or clasts. The textural
variations reflect both primary and secondary controls on the move-
ment of altering fluids (Table 1).

Permeability, produced by volcanic and hydrothermal brecciation,
provided the dominant control on the lateral extent and intensity of
hydrothermal alteration. The matrices of permeable pyroclastic and
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flow-top breccias commonly are strongly altered, whereas massive
clasts within the breccias are weakly altered or unaltered. Dense
interiors of lava flows and dikes adjacent to strongly altered breccias
commonly are altered only along fractures. Most strongly altered
clasts in clay-rich debris flows are fragments of breccias. These clasts
are composed of variably altered massive fragments and matrices of
altered glass and fine rock fragments. Some strongly altered breccia
clasts in the Osceola Mudflow are hydrothermal breccias comprised of
pervasively altered rock fragments containing pyrite-rich veinlets
truncated at fragment margins in matrices of hydrothermal minerals
or jigsaw breccia cemented by pyrite and silica phases (Fig. 7H).

Narrow zones of fracture-controlled alteration, including several
types of veins, are visible locally in outcrop, most commonly where
dikes intruded pyroclastic flows (Fig. 7E). In general veins are sparse,
narrow, and discontinuous, and no silica mineral-rich veins or zones
of stockwork veining have been found. Narrow (generally less than a
fewmmwide) pyrite veins are themost common vein type (Fig. 6B). In
Glacier Basin, these veins also contain smectite. Irregular veins of
anhydrite/gypsum up to several meters wide are exposed in the
headwall of Sunset Amphitheater (Zimbelman, 1996; Zimbelman
et al., 2005).

Leached and porous rocks with a skeletal texture are present lo-
cally, both around active fumaroles near the summit (Frank, 1985;
Zimbelman, 1996; Zimbelman et al., 2000) and as clasts in several
Holocene debris flows, including the Osceola Mudflow, the Paradise
lahar, and the Tahoma Glacier rockfall. These rocks formed by intense
acid alteration that left a residue of opal, kaolinite, alunite, and Fe- and
Ti-oxide minerals.

6.2.4. Temperatures of hydrothermal alteration
Estimated temperatures of formation of hydrothermal alteration

associations are listed in Table 1. Temperature constraints are provided
by hydrothermal alteration mineralogy sampled by drill holes in other
active hydrothermal systems (e.g., Henley and Ellis, 1983; Reyes, 1990;
Simmons et al., 2005). Indexminerals andmineral assemblages in these
systems and found at Mount Rainier include: (1) the transition from
smectite to mixed-layer illite/smectite at ~150 °C; (2) the transition of
mixed-layer illite/smectite to illite at ~230 °C; (3) the limitation of
kaolinite to temperatures ≤200 °C and dickite to temperatures of 150–
300 °C; (4) the transition of kaolinite to pyrophyllite at temperatures
N210 °C except at high silica activities; (5) the stability of illite at 230–
270 °C; (6) the presence of chlorite at 150–350 °C; and (7) the formation
of topaz generally at temperatures N200 °C. At Mount Rainier,
pyrophyllite+opal-CT assemblages in single clasts from the Van Trump
and Paradise lahars probably formed at ≤150 °C due to high silica
activity, whereas pyrophyllite+quartz assemblages in the Osceola
Mudflow likely formed at higher temperatures of 225–300 °C (Hemley
et al., 1980). The absence of epidote in sparse chlorite altered clasts at
Mount Rainier is evidence that temperatures in those rocks did not
exceed about 240 °C.

6.3. Surface and subsurface distribution of hydrothermally-altered rocks

Only small areas of hydrothermally-altered Quaternary rocks are
exposed on the surface of Mount Rainier, in part due to extensive snow
and ice cover (Fig. 4). Much of the alteration shown in Fig. 4 is
inhomogeneous and its area is exaggerated in size for display
purposes. Exposed altered rocks are limited to three areas. The
summit craters have been altered by the active hydrothermal system
that post-dates the Osceola Mudflow (Frank, 1985). Discontinuous
outcrops of older altered rocks form a narrow 12-km-long, east- to
northeast-trending zone that divides the summit and is coincident
with a corridor of dikes intruded during multiple periods of time
(Fiske et al., 1963; Zimbelman, 1996; Crowley and Zimbelman, 1997;
Bruce, 1998; Sisson et al., 2001). Altered rock also remains visible on
the walls of the Osceola collapse crater.
Hydrothermally-altered rocks are divided into three intensity
levels based on pervasiveness of alteration (Fig. 4). Strong intensity
alteration is comprised of pervasively altered rocks, mostly of
alteration associations 1, 3, 4, and 5. Exposures of this alteration are
limited mostly to Sunset Amphitheater and the upper part of Puyallup
Cleaver high on the upper west side of the edifice where dikes are
abundant. Moderate intensity alteration generally is the smectite–
pyrite associationwith local minor kaolinite and is typically restricted
to breccia matrices. Where exposed in-situ, this intensity of alteration
is confined to within 5 m of dike margins and to a vent complex along
Puyallup Cleaver on the west side of the summit and along dike
margins on the northeast side of the volcano near Glacier Basin. It
probably also flanks the strong intensity alteration in Sunset
Amphitheater, but this has not been verified by sampling due to
hazardous and difficult access.Weak intensity alteration is gradational
with moderate intensity alteration and contains sparse smectite±
pyrite that incompletely alters breccia matrices, lines vesicles, and
coats fracture surfaces. Most of this alteration is in the east- to
northeast-trending zone on both sides of the summit and in isolated
small exposures on the east and southeast sides of the edifice. The
weak intensity alteration imparts a brownish hue to outcrops, but
volcanic glass is preserved within a few millimeters of clast and
fracture surfaces. This lowest rank of alteration intensity affects the
Steamboat Prow–Interglacier and Jeanette Heights areas on the lower
northeast and west flanks of the volcano. Previous analysis of remote
sensing images reported higher intensity advanced argillic alteration
in those areas (Crowley and Zimbelman, 1997), but our field
examination found that advanced argillic alteration is limited to
Holocene debris-flow deposits mantling the ground surface.

Crowley and Zimbelman (1997) also imaged large areas of “vapor
phase alteration” characterized by local goethite. Rocks in these areas
are stained red to bright orange due to oxidation during cooling and
degassing of the lava flows and breccias, with goethite deposited on
fractures. No evidence supports formation of the iron oxides in
response to circulation of sulfur-bearing hydrothermal fluids.

Finn et al. (2001) modeled the subsurface distribution of altered
rocks using mapped surface alteration and detailed airborne geophy-
sical surveys of the edifice. We infer that the modeled subsurface
alteration they defined corresponds mostly to our areas of strong
alteration. The models of Finn et al. suggest that altered rocks are
confined largely to the summit area and to the east- to northeast-
trending corridor through the summit. The greatest volume of altered
rock lies beneath and east of Sunset Amphitheater on the west side of
the summit, with several smaller volumes of altered rock lying along
or near thewalls of the Osceola collapse crater. The geophysical results
show that the post-Osceola hydrothermal systemhas affected only the
upper 20–50 m of rock beneath the summit. Finn et al. also modeled
older alteration to ~1000 m depth beneath the summit and suggested
that the volume of strongly altered rock is relatively small and dis-
continuously underlies an area b500 m wide.

6.4. Hydrothermal mineralogy of the F tephra

The F tephra erupted approximately simultaneously with forma-
tion of the Osceola Mudflow and contains a high abundance of clay
minerals (Mullineaux, 1974; Vallance and Scott, 1997). Mullineaux
ascribed the origin of the clay minerals to hydrothermal alteration of
rocks within Mount Rainier prior to eruption of the tephra. Samples of
the F tephra from Yakima Park and the head of Granite Creek (Fig. 5)
examined in this study contain the same hydrothermal phases as the
matrix of the Osceola Mudflow. Various forms of opaline silica are
abundant in both deposits, but clay minerals and quartz are more
abundant in the F tephra than in the Osceola Mudflowmatrix. Pyrite is
abundant in one sample of the tephra that was deposited on a water-
saturated peat layer (Fig. 7A). Clay minerals in the tephra include
smectite, kaolinite, pyrophyllite, and trace amounts of illite.



Table 2
Types and abundance of hydrothermal alteration associations in clay-rich Holocene debris flows from Mount Rainier

Debris flow Age Overall abundance of altered clastsa Abundance of alteration associations

(y BP) Common Sparse Rare

Van Trump lahar ~9500 Low 1 3,6
Osceola Mudflow (Main Fork lobe) ~5600 Moderate–High 1,3 8 4,5,6
Osceola Mudflow (West Fork lobe) ~5600 Moderate–High 1 3,5,6 2,7,9
Paradise lahar ~5600 Moderate 1,3 4 6
Round Pass lahar ~2600 Low 1
Electron Mudflow (distal) ~550 Low 1
Electron Mudflow (Emerald Ridge) ~550 Moderate 1 3,5
Tahoma Glacier rockfall 75–100 High 1 3 5

a Percent of total clasts in debris flow: low, b5 vol.%; moderate, 5–20 vol.%; high, N20 vol.%.

Table 3
Summary of chemical analyses of altered rock and lahar matrix samples, Mount Rainier,
WA. See Appendix A for analytical methods

Sample typea 1 4 5 9 10

No. samples 20 2 5 1 10
Total S (wt.%)b 0.9 (3.8) (5.2) 5.8 (13.7) 0.46 1.2 (3.8)
Au (ppb) b5 (20) (0.5) (9) 5 2.2 (33)
Hg (ppb) 25 (480) (207) 30 (2560) 1250 60 (74)
As (ppm) 5 (13.8) (34) 7.4 (50) 11 7.1 (19)
Bi 0.1 (1.1) (0.1) 0.2 (10.3) 2.2 (3.2)
Cu 19 (46) (42) 15 (33) 2.5 23 (37)
Mo 1.2 (2.3) (0.7) 0.9 (8.8) 24.3 2.5 (7)
Pb 3.3 (17) (2.9) 7.1 (27.7) 1.4 6.3 (12)
Sb 0.2 (0.9) (0.3) 0.8 (6.4) 0.7 0.2 (0.6)
Se 0.7 (2.6) (6.2) (0.6) na 1.5 (3)
Te 0.3 (1.2) (4.4) 0.15 (0.8) 0.3 0.44 (0.7)
Zn 15 (63) (8) 14 (60) 3 30 (47)

na, Not analyzed.
a 1–9, alteration associations 1 to 9 (Table 1); 10, lahar matrix.
b Median and maximum values.
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Hydrothermal phases identified by SEM and XRD in the sand and
silt fraction of the F tephra include opal, quartz, rutile, topaz, alunite,
and pyrite. Trace amounts of alunite crystals are irregularly shaped,
possibly due to abrasion during transport and eruption. One alunite
crystal is zoned compositionally with a Ca–P rich core consistent with
woodhouseite. Topaz forms aggregates of euhedral crystals. Pyrite
crystals typically are N10 µm in diameter and have euhedral to abraded
morphologies; their δ34S value (1‰) is consistent with δ34S values of
hydrothermal pyrites in altered clasts from the debris flows, and the
lack of framboid textures support hydrothermal formation of this
pyrite prior to eruption of the tephra.

6.5. Distribution of hydrothermal alteration associations in clasts in
Holocene debris flows

The hydrothermal alteration-mineral associations identified in
clasts vary significantly among the Holocene clay-rich debris flows
(Table 2). Clasts in the Osceola Mudflow have all identified associa-
tions. Those in the Paradise lahar have associations 1, 3, 4, and 6, and
the Tahoma Glacier rockfall clasts have associations 1, 3, and 5. The
only sample for the Van Trump lahar contains associations 1, 3, and 6.
Electron Mudflow clasts mostly are association 1, although sparse
clasts of association 3 were detected in an outcrop at Emerald Ridge
identified as the proximal Electron Mudflow. Other clay-rich debris
flows have altered clasts limited to association 1.

Clay mineralogy varies consistently among debris-flow matrices
and in the F tephra based on the XRD peak intensities of the b1 µm
separates. Clays detected in the Electron Mudflow are mostly smectite
with minor kaolinite and a trace of illite. Samples of this debris flow
collected more than 10 km from the summit also have detectable
chlorite that likely was incorporated from propylitically altered Te-
rtiary bedrock as the flow moved down the mountain. The Paradise
lahar contains abundant smectitewith greater proportions of kaolinite
than detected in the Electron Mudflow. The Osceola Mudflow samples
are distinguished from the Paradise lahar by somewhat lower relative
abundance of kaolinite and by the presence of pyrophyllite. Pyro-
phyllite abundance is markedly greater in the F tephra than in the
Osceola Mudflow.

The distribution of alteration associations indicates that the Osceola
Mudflow sampled higher temperature, deeper parts of the hydrother-
mal system(s), consistent with its much larger volume and the deeper
downcuttingof thenortheast side of the edifice, as surmised byprevious
studies (Crandell, 1971; Scott et al., 1995; Vallance and Scott, 1997; Reid
et al., 2001; Rye et al., 2003). Similarly, the eruption responsible for the F
tephra exhumed fragments of hydrothermally-altered rocks from even
deeper parts of the hydrothermal system. In contrast, the Paradise lahar,
which formed by an avalanche of the south side of the volcano shortly
prior to the Osceola Mudflow, only contains alteration minerals
characteristic of the lower temperature shallow upper and outer parts
of the Osceola hydrothermal system, as suggested by Vallance and Scott
(1997). Successively younger debris-flow deposits (Round Pass Mud-
flow, ElectronMudflow, TahomaGlacier rockfall) on thewest side of the
volcano have exposed progressively more strongly altered rocks. The
early 20th century Tahoma Glacier rockfall contains alteration associa-
tions that have been detected only in theOsceolaMudflowand F tephra,
suggesting that the headwall exposures in Sunset Amphitheater are
approaching the core of alteration formed by an extinct hydrothermal
system. The geophysical data and models of Finn et al. (2001) also
support this interpretation.

Hydrothermal mineral associations in altered clasts also vary
between the Main Fork and West Fork lobes of the Osceola Mudflow
(Table 2). The West Fork lobe contains chlorite- and illite-rich clasts,
dickite is present in some clasts, pyrophyllite is more common than in
the Main Fork lobe, and alunite is more commonly part of magmatic-
hydrothermal associations 5 and 6. In contrast, the Main Fork lobe
contains more abundant alunite, mostly in steam-heated association
3, kaolinite is more common, and hypogene jarosite is present locally
as part of association 4. These relations suggest that the West Fork
lobe sampled rocks from deeper, higher temperature parts of the
hydrothermal system, whereas theMain Fork lobemostly sampled the
upper and outer parts of the system.

7. Geochemistry of altered rocks and lahar matrices

7.1. Whole-rock compositions

Whole-rock chemical analyses of about 40 samples of altered
clasts in debris flows, lahar matrices, and altered block and ash flows
in Glacier Basin are summarized in Table 3. Most samples analyzed
were smectite–pyrite altered clasts (20 samples) or bulk lahar matrix
(10). Sulfur is the dominant element enriched during hydrothermal
alteration. Altered rock clasts commonly contain 1–3 wt.% sulfur,
with pyrite-rich samples containing up to 14 wt.%. Most other
elements show little or no enrichment relative to typical calc-
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alkaline andesites, and Cu, Pb, and Zn contents are generally lower
than unaltered Mount Rainier andesite (Stockstill et al., 2002). All
samples have low Au and Ag contents, generally b5 ppb and b1 ppm,
respectively. A few smectite–pyrite altered rocks have weakly
elevated values of As, Hg, Mo, and Se, although most samples show
little enrichment in these elements. Some opal or quartz–pyrite–
kaolinite±alunite altered rocks are enriched in As, Bi, Hg, Mo, Pb, and
Sb. Opal–alunite–jarosite altered rocks are enriched in As, Hg, Se, and
Te. Lahar matrix samples are enriched in sulfur (see next section) and
commonly are weakly enriched in As and Mo. These limited data
indicate pronounced sulfur metasomatism but little to no enrich-
ment of other metallic elements common in porphyry copper and
high-sulfidation epithermal systems related to calc-alkaline mag-
matism (e.g., Ag, Au, Cu, Mo, Pb, Zn).

7.2. Sulfur contents and sulfur speciation of lahar matrices

Total sulfur contents in the −10 mesh (b2 mm) fraction measured
for 80 samples of clay-rich debris flows, tephras, and glacial tills vary
among sample types. Concentrations range from 0.01 to 4.78 wt.%
with the lowest values (b0.07 wt.%) in glacial tills representative of
average degassed Mount Rainier volcanic rocks. Generally high sulfur
contents (N0.2 wt.%) are characteristic of samples from the Osceola
and proximal Electron Mudflows, Paradise and Van Trump lahars, and
Tahoma Glacier rockfall. Low sulfur contents are characteristic of the
Reflection Lakes lahar and Round Pass and distal Electron Mudflows.
Progressive incorporation of unaltered exotic rock fragments into a
lahar along its path, known as bulking, dilutes the sulfur content. Such
dilution might account for the large difference in sulfur concentration
between the proximal and distal parts of the Electron Mudflow
deposit. A similar decrease apparent in samples of the Osceola Mud-
flow has a more complicated explanation, which includes bulking,
heterogeneity of alteration with the initial avalanche mass, and post-
depositional weathering. Within the Osceola, axial deposits consis-
Table 4
Summary of the results of total sulfur and sulfur speciation analyses of selected matrix sample
extraction method of Berry and Breit (2007). Depth below ground surface is listed for sam
determined; ⁎, water-saturated sample)

Sample number Debris-flow-location Depth below ground
surface

Distance to
summit

(m) (km)

Osceola Mudflow
Main Fork White River
MR-05-06 Osceola—Steamboat Prow – 3.5
MR-05-04 Osceola—Mount Ruth – 4
MR-02-16 Osceola—Glacier Basin – 6
06-RN-05⁎ Osceola—Glacier Basin – 6
MR-02-63 Osceola—Interfork 10 9
MR-02-64 Osceola—Interfork 20 9
MR-02-43 Osceola—Buck Creek 1 25
MR-02-44 Osceola—Buck Creek 3 25
MR-04-03 Osceola—Dalles Camp. 2 28
MR-04-02 Osceola—Dalles Camp. 3 28
MR-02-34 Osceola—Greenwater 2 34
MR-02-36 Osceola—Greenwater 4 34
MR-02-38 Osceola—Greenwater 7 34

West Fork White River
MR-05-10⁎ Osceola—Winthrop Glacier – 10
MR-05-12 Osceola—Winthrop Glacier – 10
MR-04-04 Osceola—FR74 1.5 29
MR-04-05⁎ Osceola—FR74 2.5 29
02-RN-39⁎ Osceola—FR74 – 29

Other lahars
MR-04-01 Van Trump—V. Trump Park – 6
MR-04-10 Round Pass—Deer Creek – 16
06-RN-02⁎ Paradise—Myrtle Falls – 7
OORE-854 Paradise—Parking lot – 8
OORE-856 Paradise—Ricksecker Point – 9
tently contain greater amounts of sulfur (up to 4.78 wt.%) and lower
proportions of unaltered eroded sediment (bulking of 40–60%;
Vallance and Scott, 1997) than those higher on the valley side (0.03–
0.06 wt.% sulfur and bulking of 80–90%). Such a two-to-one factor in
bulking clearly can explain only part of the contrast in sulfur content.
The lower sulfur content in marginal valley-side deposits is consistent
with a suggestion advanced in Vallance and Scott (1997) that such
deposits came from the outermost, least altered part of the edifice
before its failure and, after the edifice collapse, this less-altered rock
became the lead edge of the debris flow and was subsequently de-
posited at inundation limits and high on valley sides. Lastly, low sulfur
contained in valley-side deposits may have resulted from leaching of
sulfur during weathering of these relatively thin deposits. Prior to
weathering and leaching of sulfur, the total sulfur content of the
Osceola Mudflow is estimated at about 90 million tonnes (Mt), as-
suming a volume of 3.8 km3, 40 vol.% matrix (sand, silt, and clay-sized
fragments) that contains 2 wt.% sulfur and 60 vol.% clasts containing
0.5 wt.% sulfur, and an overall average density of 2.5 g/cc.

Surficial exposures of the lahars are typically pale yellow-brown
(Fig. 7F). Shallow excavation yields material that is purple-gray with
ferric oxyhydroxides coating fractures. Water-saturated intervals are
distinctly massive and dark gray (Fig. 7G). Oxidation of pyrite and
dissolution of soluble sulfate minerals likely resulted in loss of sulfur
to surface water flowing through the debris flows. The progressive
decrease in sulfur concentrations toward the surface in exposures of
the Osceola Mudflow at Interfork, Buck Creek, and Greenwater results
from sulfur loss caused by weathering (Table 4).

The forms of sulfur in the matrices vary among debris flows.
Sequential extraction of one sample of the Round Pass deposit on the
west side of Mount Rainier (Table 4) contained water-soluble sulfate
(anhydrite/gypsum), supergene jarosite, and pyrite. Similarly, the
Reflection Lakes lahar and Round Pass and distal Electron Mudflows
lack detectable alunite consistent with the dominance of smectite–
pyrite alteration in these debris flows. In contrast, alunite is present in
s (−10mesh) fromMount Rainier debris flows. Speciation determined by the sequential
ples collected in a vertical sequence from cutbanks along the White River. (nd, Not

Total
sulfur

Elemental
sulfur

Water
soluble

Supergene
jarosite

Pyrite Alunite Residual

(wt.%) (Rel. %) (Rel. %) (Rel. %) (Rel. %) (Rel.%) (Rel.%)

0.54 b1 b1 7 b1 69 20
0.85 1 1 1 b1 73 25
0.28 1 2 17 1 71 7
4.3 b1 26 1 64 3 5
0.51 1 2 38 1 55 4
0.93 b1 1 39 1 57 2
0.40 2 6 56 1 32 3
0.66 1 5 56 1 34 3
0.42 1 1 62 1 31 5
0.31 2 1 87 1 3 6
0.39 Nd nd nd nd nd nd
0.74 1 23 47 10 16 3
1.13 Nd nd nd nd nd nd

2.3 b1 4 b0.5 92 5 b1
0.23 b2 b2 16 22 4 35
0.38 2 9 72 7 5 5
1.84 b1 10 26 65 b1 1
0.71 2 18 38 51 b1 3

0.20 1 0 45 2 41 10
0.05 8 13 30 11 b1 43
2.2 b1 4 1 80 18 5
0.50 b1 b1 b1 b1 96 4
1.00 1 b1 b1 b1 97 2
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the Paradise and Van Trump lahars and in some Osceola samples
(Tables 4 and 5).

8. Stable-isotope studies

Light stable-isotope (O, H, S, C) compositions were measured for
hydrothermal minerals, altered rocks, and lahar matrices from Mount
Rainier to help identify fluid sources and environments of hydro-
thermal alteration. Sample locations are shown in Fig. 5, and analytical
methods are described in the Appendix. The stable-isotope data for
sulfur-bearing and hydrous minerals in clasts in various debris flows
are summarized in Tables 6 and 7, respectively. The S and O isotope
data for supergene and hypogene anhydrite/gypsum, alunite, and
jarosite are plotted in Fig. 8, with reference fields from Rye et al.
(1992). The H and O isotope data for hydrous minerals are plotted in
Fig. 9.

8.1. S isotopes

We divide samples of anhydrite/gypsum and jarosite into groups
with hypogene and supergene origins on the basis of petrographic
characteristics. Gypsum crystals are considered hypogene if they
contain anhydrite and/or pyrite inclusions, fill narrow veins (com-
monly with pyrite), or replace igneous phenocrysts, whereas fine-
grained crystals intergrown with Fe-oxides or late vug fillings are
considered supergene. Similarly, crystalline jarosite cementing brec-
cias is identified as hypogene, whereas fine-grained earthy jarosite
and amorphous jarosite coating fractures in oxidized rocks are
interpreted to have a supergene origin. All analyzed alunite samples
are considered hypogene on the basis of their petrographic character-
istics (Fig. 6).

The sulfate minerals have an exceptionally broad range of S and O
isotope compositions (Fig. 8). This range indicates distinctly different
hydrothermal environments (magmatic-hydrothermal, steam-heated,
andmagmatic steam) of formation for sulfate minerals within the pre-
Osceola collapse edifice, and the formation of supergene sulfates in
the debris flows after edifice collapse. The S and O isotope results for
the hypogene sulfates define two trends (see shaded areas of Fig. 8) of
increasing δ34S with increasing δ18OSO4

2−. One of these trends has
large δ18OSO4

2− values that extend upward from δ18OSO4
2− and δ34S values

typical of magmatic steam alunite. The other trend has lower δ18OSO4
2−

values, ranging from values typical of steam-heated alunite to those
typical of magmatic-hydrothermal alunite. At low δ34S values of the
two trends, there is a continuous range of δ18OSO4

2− values. Samples
with the greatest δ18OSO4

2− values were collected from the Paradise
lahar and the Main Fork lobe of the Osceola Mudflow, whereas
samples on the lower δ18OSO4

2− trend are mostly from both the Main
Fork and West Fork lobes of the Osceola Mudflow and from the
Tahoma Glacier rockfall.

8.1.1. Supergene sulfates
The S and O isotopic composition of supergene sulfates differ from

hypogene sulfates, such that supergene sulfates have the lowest δ34S
Table 5
Number of samples that contained detectable amounts of selected alteration minerals
as determined by X-ray diffraction of the −10 mesh fraction of debris-flow and F tephra
samples. (n, total samples analyzed)

Unit N Quartz Pyrite Jarosite Alunite Gypsum Kaolinite

Electron Mudflow 5 1 0 0 0 0 0
Round Pass lahar 5 2 0 0 0 0 0
Osceola Mudflow 30 29 4 7 1 4 11
Paradise lahar 10 0 1 0 6 0 4
Reflection Lakes lahar 4 0 0 0 0 0 0
Van Trump lahar 1 0 0 0 0 0 1
F tephra 7 7 1 1 0 1 2
and δ18OSO4
2− values (Fig. 8). Our analyses indicate that supergene

sulfates are jarosite and gypsum whose parent aqueous sulfate is
attributed to the low-temperature oxidation of pyrite in pyrite–
smectite altered rocks. As expected, the δ34S values of these supergene
sulfates overlap with values for pyrite. The δ18OSO4

2− values of
supergene sulfates range from +5 to −8‰, reflecting the variable
contributions of meteoric water and atmospheric oxygen in parent
aqueous sulfate (Taylor et al., 1984; Rye et al., 1992) that are likely
during oxidation within the debris-flow deposits and on the edifice
prior to collapse.

8.1.2. Magmatic-hydrothermal sulfates
Magmatic-hydrothermal sulfate is derived from H2SO4 generated

from the disproportionation of magmatic SO2 during condensation of
magmatic vapor below 400 °C. When magmatic vapor condenses in
meteoric water, low δ18OSO4

2− values may result (Rye et al., 1992). A
diagnostic feature of alunites formed in this environment is their
coexistence with pyrite and δ34S values that reflect sulfur isotope
equilibrium between oxidized and reduced aqueous sulfur species in
their parent fluids. Because evolved magmatic fluids in volcanic
systems like Mount Rainier typically have H2S/SO2 values greater than
1 (Arribas, 1995; Rye, 1993, 2005), the δ34S values of the pyrite are
close to that of the bulk sulfur in the fluid, whereas δ34S values of the
alunite are characteristically much higher and have a larger variation
(Table 6). Most of the alunite and pyrite in samples analyzed for
Table 6 may not be contemporaneous and therefore not in equili-
brium. Nevertheless, the pyrite–alunite sulfur isotope fractionations in
two samples (04-RN-3C, 05-RN-17Q) give reasonable temperatures of
about 225 °C and 260 °C, respectively, using the equilibrium frac-
tionation factors of Ohmoto and Rye (1979).

8.1.3. Steam-heated sulfates
The aqueous sulfate available to form shallow sulfate minerals in

steam-heated environments is derived from atmospheric oxidation of
H2S. The δ34S value of the sulfate in the steam-heated environment is
typically close to the value for H2S, because SO4

=
–H2S exchange is slow

at low temperatures. Partial exchangewith H2S resulting in larger δ34S
values for parent aqueous sulfatemayoccurdependingon its residence
time prior to precipitation as a sulfatemineral. The δ18OSO4

2− valuesmay
vary depending on the proportions of 18O-enriched atmospheric
oxygen (δ18O=23‰) or 18O-depleted meteoric water incorporated in
the aqueous sulfate. The δ18OSO4

2− values likely to form in the steam-
heated sulfates on Mount Rainier are lower than the values for the
steam-heated reference composition (Fig. 8; Rye et al., 1992). These
low values likely are due to the incorporation of oxygen from low 18O
meteoric water derived from glacier melt on the edifice of Mount
Rainier.

8.1.4. Magmatic steam alunite and jarosite
Alunite, jarosite, and anhydrite/gypsum in some variably altered

clasts collected in the Paradise lahar and Osceola Mudflow on the
lower edifice flanks (Paradise Park and Mt. Ruth, respectively, Fig. 5)
have high δ18OSO4

2− values and show a positive δ34S vs. δ18OSO4
2− trend

(Fig. 8). These alteration features probably formed near eruptive vents
high on the edifice where volcanic fluids discharged with little
interaction with snowmelt. Aqueous sulfate in these minerals formed
during the rapid expansion of high-temperature SO2-rich magmatic
fluid such that sulfur isotope equilibrium between reduced and
oxidized sulfur species formed during disproportionation of SO2 was
not maintained. Sulfate minerals with similarly high δ18OSO4

2− values
have been measured from other stratovolcanoes (Zimbelman et al.,
2005) and are interpreted here as the result of 18O-enrichment during
separation of vapor and/or exchange with isotopically heavy atmo-
spheric oxygen (δ18O=23‰) that was entrained in the degassing
magmatic fluid in an open vent near the paleosurface of the pre-
collapse edifice.



Table 6
Sulfur and oxygen isotope analyses of sulfur phases in samples from Mount Rainier. See Appendix A for analytical techniques and precision

Sample number Sample type Location Alteration
typea

Elemental S
δ34S

Gypsum/anhydrite
δ34S

Gypsum/anhydrite
δ18O

Jarosite
δ34S

Jarosite
δ18O

Pyrite
δ34S

Alunite–barite
δ34S

Alunite–barite
δ18O

(‰) (‰) (‰) (‰) (‰) (‰) (‰) (‰)

Electron Mudflow
MR-02-01 Clast Emerald Ridge 1 2.7 2.7 1.0 0.9 nd −0.5
MR-02-10 Clast Emerald Ridge 1 0.8 0.1 −1.4 1.3 nd −0.9
MR-02-07 Matrix Emerald Ridge Mixed 1.6 −3.3

Paradise lahar
03-RN-09 Clast Ricksecker Point 3 4.1 16
02-RN-34⁎ Clast Paradise Park 4 4.2 11.6
Paradise Clast Paradise Park 4 6.4 4.7 4.5 7.1 nd
Paradise⁎ Clast Paradise Park 4 3.8 13.2
MR-02-59A Clast Paradise Park 4 9.5 7.6 14.9 10.5 15.9
06-RN-02 Matrix Myrtle Falls Mixed −1.5 −1.1 0.1 13.1
00-RE-854 Matrix Paradise Mixed 2.1 3.2
00-RE-856 Matrix Ricksecker Point Mixed 7.7 0.0

Osceola Mudflow
05-RN-11A Clast Mount Ruth 3 2.4 15.6 20.5
05-RN-11B Clast Mount Ruth 3 15.4 20.6
05-RN-11C Clast Mount Ruth 3 −7.0 15.5 19.4
05-RN-12E Clast Mount Ruth 3 3.2 0.4 5.4 nd
05-RN-12I Clast Mount Ruth 4 5.5 nd 5.0 9.1 6.7 14.3
05-RN-12K Clast Mount Ruth 6 9 3.5 −1.9 1.4
05-RN-12P Clast Mount Ruth 3 6.7 5.7 −1 4.4 −0.4 2.2
MR-05-05 Clast Mount Ruth 1 −0.2 4.6 5.2 −1.4 nd −3.6
MR-02-13 Clast Glacier Basin 3 5.7 6.5
MR-02-15 Clast Glacier Basin 1 −0.3 −0.4 −7.1 1.2 nd −0.3
MR-02-17 Clast Glacier Basin 1 7.8 −0.5 nd −1.5
02-RN-15 Clast Glacier Basin ? −1.7
MR-02-68 Clast Interfork 1 2.4 2.9 nd −2.2
02-RN-27 Clast Greenwater 5 −3.3 3.4 2.3 −3.6 5.5 −8.8 5.3 13.5
03-RN-10A Clast Greenwater 5 10.2 4.9 −0.7 13.3 12.4
03-RN-10D Clast Greenwater 6 11.3 5.4 −4.3 nd −5.1
03-RN-10E Clast Greenwater 3 3.3 7.2 3.9 1.2
MR-02-37A Clast Greenwater 1 2.9 10.3 5.8 −1.6
Greenwater-1 Clast Greenwater 1 1.8 1.8 −4.5 2.1 nd 1.6
04-RN-03c Clast West Fork 5 −0.4 −5.3 −2.1 16.4 9.2
05-RN-17A Clast Winthrop Glacier 3 1.4 −4.3 1 0 1.8
05-RN-17J Clast Winthrop Glacier 6 −1.2 nd −1.2 −3.1 −3.1
05-RN-17Q Clast Winthrop Glacier 6 0.6 1.1 −4.1 20.7 12.0
05-RN-17R Clast Winthrop Glacier 6 −2.5
MR-02-16 matrix Glacier Basin mixed 2.4 2.3 0.4 2.3 −2.4
06-RN-05 matrix Glacier Basin mixed 14.2 1.7
MR-02-63 matrix Interfork mixed −0.1 1.4 −7.2 1.8 −5.3
MR-02-64 matrix Interfork mixed 4.0 3.8 −5.4 3.5 −5.7
MR-02-42 matrix Buck Creek mixed 5.3 3.3 −4.9 2.4 −3.0 0.2
MR-02-44 matrix Buck Creek mixed 2.9 3.1 −4.9 2.6 −3.2
MR-02-36 matrix Greenwater mixed 3.5 0.8 −6.0 0.8 −4.1 1.2
MR-02-38 matrix Greenwater mixed 1.5 −4.0 1.2 −2.6 1.5
02-RN-39 matrix West Fork mixed 1.6 0.6 −4.6 1.4 −3.1 0.1
MR-04-04 matrix West Fork mixed −2.7
MR-04-05 matrix West Fork mixed −0.7

Tahoma Glacier
02-RN-03 clast Tahoma Glacier 1 10.9 4.6 6.1 nd 2.1
02-RN-04 clast Tahoma Glacier 1 5.5 7.0 0.0 −0.4
02-RN-05 clast Tahoma Glacier 1 8.7 2.9 −6.8 2.6 −4 2.5
02-RN-6B clast Tahoma Glacier 5 2.6 0.4 1.0 0.2 3.5 −1.9
02-RN-10 clast Tahoma Glacier 5 12.0 6.2 1.0 12.4 7.5

Other
GB Dike outcrop Glacier Basin 1 2.5 −4.1 2.4 −4.6 2.5
JV-637 matrix F-tephra mixed −0.6
MR-02-27 matrix F-tephra mixed −6.0 nd −0.3

Phases were extracted using the procedure of Berry and Breit (2007) unless otherwise indicated. nd=not determined.
a Alteration associations in Table 1.
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8.1.5. Elemental sulfur
Many debris-flow clasts contain elemental sulfur that has δ34S

values 1 to 9‰ higher than δ34S values of pyrite in the same sample
(Fig. 10, Table 6). Clearly, pyrite and elemental sulfur did not form in
sulfur isotopic equilibrium, consistent with the typical occurrence of
elemental sulfur in vugs and following pyrite in the paragenesis of
each clast. Because sulfur precipitated later than pyrite, its higher δ34S
values may reflect the evolution of the isotopic composition of bulk
sulfur during progressive degassing of one or more batches of magma.
Magmas that feed Mount Rainier and similar Cascades arc andesitic



Table 7
Oxygen and hydrogen isotope analyses of hydrous minerals in samples from Mount Rainier. See Appendix A for analytical techniques and precision

Sample number Sample type Location Alteration typea Mineral Temperatureb Measured
values

Calculated
water

δ18O δD δ18O δD

(°C) (‰) (‰) (‰) (‰)

Electron Mudflow
MR02-02 Clast Emerald Ridge 1 Smectite 125 8.3 −91 −3.0 −71

Osceola Mudflow
05RN 12K Clast Mt. Ruth 6 Pyrophyllite 275 9.5 −84 3.7 −64
05RN 17J Clast Winthrop Glacier 6 Pyrophyllite 275 11.1 −92 5.3 −72
05RN 17Q Clast Winthrop Glacier 6 Pyrophyllite 250 10.3 −87 3.5 −67
05RN 17R Clast Winthrop Glacier 6 Pyrophyllite 250 10.1 −83 3.3 −63
05-RN-12P Clast Mt. Ruth 5 Kaolinite 175 7.7 −119 0.7 −100
05-RN-17A Clast Winthrop Glacier 5 Kaolinite 175 7.7 −117 0.7 −98
MR02-13 Clast Osceola clast 3 Alunite 125 6.5 −125 −10.1 −119
05RN-12I Clast Mt. Ruth 3 Alunite 150 14.3 −90 0.0 −84
05RN-11A Clast Mt. Ruth 3 Alunite 150 20.5 −58 6.2 −52
05RN-11B Clast Mt. Ruth 3 Alunite 150 20.6 −62 6.3 −56
05RN-17Q Clast Winthrop Glacier 6 Alunite 250 12.0 −73 3.6 −67
MR02-37 Clast Glacier Basin 1 Smectite 150 7.1 −99 −2.5 −79
05RN-12F Clast Mt. Ruth 1 Smectite+mica 175 7.4 −103 −0.7 −83
05RN-17N Clast Winthrop Glacier 2 Chlorite+ I/S 200 3.9 −97 −1.2 −67
05RN-17Y Clast Winthrop Glacier 2 Mica+chlorite 225 4.3 −98 0.3 −69

Paradise lahar
MR02-59A Clast Paradise Park 3 Alunite 125 15.9 −75 −0.7 −69
02-RN-34 Clast Paradise Park 4 Jarosite 125 13.2 −141 −2.2 −81
Paradise Clast Paradise Park 4 Jarosite 125 11.6 −135 −3.8 −75

Glacier Basin dike wall rockc

GB-002 Outcrop Glacier Basin 1 Illite–smectite (30% I) 150 3.9 −145 −5.7 −125
GB-037 Outcrop Glacier Basin 1 Illite–smectite (20% I) 150 5.8 −97 −3.8 −77
GB-033 Outcrop Glacier Basin 1 Smectite 125 5.6 −136 −5.7 −116
GB-038 Outcrop Glacier Basin 1 Smectite 125 5.7 −141 −5.6 −121

a Table 1.
b Estimated temperature of formation (±25 °C); see text for temperature constraints on alteration associations.
c Samples from Bruce (1998).
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volcanoes ultimately originate in the mantle and undergo differentia-
tion and assimilation processes at lower to mid-crustal depths (e.g.,
Hildreth, 2007). At Mount Rainier the resulting magmas ascend ty-
pically in small batches, and last stagnate in sizeable amounts pro-
bably at 8 or more km depth before erupting. Mount Rainier magmas
commonly have oxidation states 1 to 2 log units above the Ni–NiO
buffer, and at the pressure of the probable storage depths, the ex-
solved magmatic fluid would be H2S rich, such as calculated for the
1982 eruption of El Chichon (Luhr et al., 1984). Because of fractionation
between reduced and oxidized sulfur species in magmas (Ohmoto and
Rye, 1979; Rye, 2005), the early loss of H2S increases the δ34SΣS value
of residual magma raising δ34S values for subsequently released H2S.
During the waning stages of a magmatic event, progressive degassing
of magmas stalled in the mid to upper crust would lead to progre-
ssively higher δ34S values in degassing fluids coupled with decreasing
Table 8
Isotope fractionation equations used in this study

Element-fractionation equation Isotope

103lnαkaolinite–H2O=2.76×10
6T−2−6.75 Oxygen

103lnαpyrophyllite–H2O=2.76×10
6T−2+1.08×103T−1−5.37 Oxygen

103lnαillite–muscovite–H2O=2.39×10
6T−2−3.76 Oxygen

103lnalunite (SO4)×106−2.94 Oxygen
103lnαchlorite–H2O=2.69×10

9T−3−6.34×106T−2+2.97×103T−1 Oxygen
103lnαkaolinite–H2O=−2.2×10

6T−2−7.7 Hydrogen
103lnαpyrophyllite–H2O=−20±5 Hydrogen
103lnαillite–muscovite–H2O=−20±5 Hydrogen
103lnαalunite–H2O=−6 Hydrogen
103lnαchlorite–H2O=−3.7×10

6T−2−24 Hydrogen

Note: The hydrogen isotope fractionation factor of muscovite (Marumo et al., 1980) was use
alteration temperatures, as recorded by precipitation of pyrite fol-
lowed by elemental sulfur at temperatures b120 °C in the debris-flow
clasts.

8.2. H–O isotopes

The H and O isotopic data for alunite, jarosite, kaolinite, pyrophyllite,
chlorite, illite, and smectite in debris-flowclasts and for a few samples of
smectite from outcrops in Glacier Basin are plotted in Fig. 9. The isotopic
compositions of water in parent fluids calculated using probable for-
mation temperatures (Table 7) also are plotted. These parent waters are
considered relative to the range of isotopic compositions of meteoric
water on Mount Rainier (Frank, 1995). The large range of values reflects
an approximate δDgradient of 65‰per kilometer of elevation. Although
smectite is the most common hydrous mineral produced by
Temperature range Reference

(°C)

0–350 Sheppard and Gilg (1996)
0–700 Savin and Lee (1988)
0–700 Sheppard and Gilg (1996)
250–450 Stoffregen et al. (1994)
170–350 Cole and Ripley (1999)
0–300 Sheppard and Gilg (1996)
120–400 Marumo et al. (1980)
120–400 Marumo et al. (1980)
250 Stoffregen et al. (1994)
500–700 Graham et al. (1984)

d for pyrophyllite because of the lack of experimental data.



Fig. 8. S and O isotope data for supergene (open symbols) and hypogene (closed symbols) sulfate minerals from various debris flows on Mount Rainier. Bars in lower left corner show
range and median δ34S values for pyrite and elemental sulfur. Reference fields are from Rye et al. (1992) and are the predicted S and O isotope composition of alunite in supergene,
steam-heated, magmatic steam and magmatic-hydrothermal environments for the following assumptions: δ34SΣS=0‰ for all fluids, δ18OH2O=−5 and −15‰ for exchanged and
unexchanged meteoric water fluid, respectively, and δ18OH2O=6‰ for magmatic fluids. The magmatic-hydrothermal reference is defined for alunites derived from such parent fluids
at temperatures of 200–400 °C and H2S/SO4 ratios of 1 to 8. The range of δ18OSO4

values for steam-heated and supergene sulfate derives from the relative contributions of atmospheric
oxygen and meteoric water oxygen to the parent aqueous sulfate. The horizontal arrow shows the direction of change in δ34S of the aqueous sulfate derived from the
disproportionation of magmatic SO2 when it undergoes exchange with H2S, while the vertical arrow shows the direction of change in δ18OSO4

when the aqueous sulfate exchanges in
meteoric water (downward) or with atmospheric oxygen (upward). See Rye et al. (1992) for further details. All of the reference fields for alunite are applicable to the Mount Rainier
sulfate samples except, perhaps, the one for stream-heated alunite that should probably extend to lower δ18OSO4

values to accommodate the possible influence of isotopically light
meteoric water derived from the glacial melt waters.

Fig. 9. Plot of hydrogen and oxygen isotopic data for clay minerals, alunite, and jarosite and calculated parent water compositions for Mount Rainier samples (Table 7). Water
compositions calculated at estimated formation temperatures (Table 7) and fractionation factors listed in Table 8. Bars show range of calculated water compositions at ±25 °C of
estimated temperatures of formation for each mineral. Meteoric water line is from Craig (1961), and meteoric water compositions at Mount Rainier are from Frank (1995). Volcanic
vapor and felsic magmatic water boxes from Giggenbach (1992) and Taylor (1992), respectively.
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Fig. 10. Plot of δ34S values of coexisting pyrite and later elemental sulfur from debris-
flow clasts showing that elemental sulfur always has the larger value.
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hydrothermal alteration on Mount Rainier, it is susceptible to post-
depositional isotope exchange with later fluids (O'Neil and Kharaka,
1976). Therefore, most of our analyses were on alunite, pyrophyllite,
kaolinite, chlorite, and jarosite that are more reliable indicators of the
history of hydrothermal alteration fluids.

The striking linear trend of H and O isotopic composition of water
in calculated parent hydrothermal fluids (Fig. 9) is similar to those that
have long been recognized in studies of hydrothermal systems and ore
deposits and is best explained by mixing of water in fluids from
magmatic and meteoric sources. The fluids with the largest magmatic
component are those associated with most alunites and pyrophyllites.
The parent fluids for coexisting alunite and pyrophyllite from the same
clast (05-RN-17Q) in the Osceola Mudflow have nearly identical
calculated δ18OH2O and δD values and are consistent with a magmatic
water source. With one exception (alunite MR02-13), fluids calculated
from smectite and kaolinite have the largest meteoric water
component and the largest deviations in δD values from a tight linear
trend. These deviations are consistent with post-formation isotopic
exchange with meteoric water (O'Neil and Kharaka, 1976). Consistent
with such exchange, the smectite in outcrops in Glacier Basin have
lower δD values than the smectite occurring in nearby debris-flow
clasts (Table 7). The exchange results in calculated δD values for the
water of formation that are lower than the actual parent fluids.

The calculated H and O isotopic compositions of water in parent
fluids of alunites encompass the range of compositions for all hydrous
minerals. The alunites with the largest δ18OSO42− values are interpreted
to have formed in a magmatic steam environment in fumaroles at the
summit of the pre-Osceola edifice. One alunitewhose δ34S and δ18OSO4

2−

values indicate a magmatic-hydrothermal origin has a calculated
parentwater δD value of −67‰ consistentwith a substantialmagmatic
water component. The isotopically lightest calculated water in the
parent fluids (Fig. 9) is from alunite in a clast in the Osceola Mudflow
(MR-02-13) that also has the lowest δ18O and δ34S values, consistent
with its formation in a steam-heated environment in which aqueous
sulfate is derived largely from the oxidation of H2S in near-surface
meteoric water.

9. Discussion and model for hydrothermal systems on
Mount Rainier

9.1. Hydrothermal environments at Mount Rainier and a model for the
pre-Osceola Mudflow hydrothermal system

Hydrothermal–mineral associations, rock textures, and stable
stable-isotope compositions of hydrothermal minerals indicate that
hydrothermal alteration formed in a variety of environments ranging
from steam-heated and magmatic steam, similar to those presently
active near the summit, to the deeper magmatic-hydrothermal envi-
ronment sampled by the Osceola Mudflow and the F tephra (Table 1).
Our model for the distribution of hydrothermally-altered rocks on
Mount Rainier at about 5600 y BP, shortly prior to eruption of the F
tephra and formation of the Osceola Mudflow (Fig. 11), is constrained
by (1) exposures of hydrothermally-altered rocks on the modern
edifice, (2) distribution of alteration-mineral associations in debris
flows, (3) hydrothermal environments and sources of hydrothermal
components inferred from alteration-mineral associations, mineral
stability relations, and stable-isotope data, (4) permeability controls
on alteration, including presence of breccia units, primary dips, local
aquifers, and fractures and dikes, (5) unconformities between altered
and unaltered rocks that indicate the episodic nature of magmatic and
related hydrothermal events, (6) inferred depth of the underlying
magma reservoir, and (7) models for fluxes of heat and magmatic
fluids.

Hydrothermally-altered rocks on Mount Rainier are the product of
(1) partly superimposed zones of alteration formed around the long-
lived central magma conduit during and following periods of high
magmatic fluid flux and (2) narrow zones of alteration around dikes
mostly on thewest and east flanks of the volcano (Figs. 5 and 11a). The
distribution of eruptive rocks of different ages, erosional unconfor-
mities between these eruptive units, and an inferred tree-like cross-
sectional distribution of hydrothermally-altered rock in permeable
units in the core of the volcano indicate repeated cycles of edifice
construction during periods of high magmatic eruption, overlapped
and followed by hydrothermal alteration and erosion of the edifice
during quiescent periods. Alteration was narrow around the central
conduit system (≤1 km diameter), as visible in extensive headwall
exposures of unaltered lava flows and breccias on the upper south,
southwest, northwest, and north flanks of the volcano. Alteration
extended much farther from the conduit system only on the upper
west and east flanks of the edifice where concentrations of dikes
provided heat and fluid during periods of high magma flux.

In the interior of the volcano, hydrothermal alteration assem-
blages likely were zoned along and around the central magma
conduit. Alteration assemblages varied vertically with steam-heated
and magmatic-steam assemblages near the surface, and deeper,
higher temperature magmatic-hydrothermal assemblages in the core
of the edifice (Fig. 11B), as inferred from altered clasts in the Osceola
Mudflow and from the mineralogy of the F tephra. Lower intensity
smectite–pyrite (argillic) alteration surrounded the shallow conduit
system and extended into the west and east edifice flanks associated
with dikes. Deeper parts of the smectite–pyrite association were
transitional into interlayered illite/smectite and chlorite alteration
(low-grade propylitic alteration), preserved now as clasts in the West
Fork lobe of the Osceola Mudflow. The strong correlation between
breccia textures and increased intensity of alteration is evidence that
hydrothermal fluids were focused into permeable units, such as flow-
top breccias and block-and-ash-flow deposits. Alteration likely
followed beds that dip away from the summit much like sagging
branches on a snow-covered tree. Water-saturated breccias near the
summit of Mt. Adams are required to explain detailed geophysical
data (Finn et al., 2007), supporting the concept that similar water-
saturated layers existed within the pre-Osceola edifice at Mount
Rainier. Within such breccias the reaction of aqueous fluids contain-
ing H2S formed the generally weak smectite–pyrite alteration.
Alunite and hypogene jarosite formed locally in shallow oxygenated
zones where SO2-rich magmatic gases vented. A relatively thin zone
of steam-heated alteration underlay the summit but was removed by
the collapse(s) that generated the Paradise lahar and the Main Fork
lobe of the Osceola Mudflow. The deeper part of the steam-heated
zone was comprised of smectite–pyrite alteration; this was transi-
tional to the outer zone of magmatic-hydrothermal alteration,



Fig. 11. Cutaway cross-sections of Mount Rainier showing models of the distribution of major eruptive units and hydrothermal alteration at 5600 y BP. (A) Entire edifice showing
overall distribution of volcanic rocks. Box shows outline of area enlarged in b. (B) Inset of the upper part of Mount Rainier showing inferred distribution of hydrothermally-altered
rocks and alteration assemblages prior to the Osceola Mudflow collapse, present-day hydrothermal alteration at summit, and hydrothermal environments. Upper part of pre-Osceola
hydrothermal systemwas dominated by near-surface steam-heated and fumarolic alteration, with deeper, higher temperature magmatic-hydrothermal alteration zoned around the
central magma conduit. Smectite–pyrite alteration formed in water-saturated, permeable breccia units at the base of the steam-heated alteration, in the outer fringes of magmatic-
hydrothermal alteration, and in narrow zones around upper flank dikes. Osceola Mudflow and F tephra incorporated both shallow and deep alteration, whereas the Paradise lahar
only sampled shallow alteration. Alteration was likely much narrower and less continuous than portrayed due to the deep magma reservoir (≥8–10 km) and restricted permeability.
See text for additional description.
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characterized in the edifice core by alunite, pyrophyllite, topaz, and
pyrite with traces of enargite. Steam-heated, sulfate-rich fluids in the
transition zone between magmatic-hydrothermal and steam-heated
environments may have deposited anhydrite/gypsum. The phreato-
magmatic nature of the F tephra eruptions, the presence of
hydrothermally brecciated clasts in the Osceola Mudflow, and the
formation of hypogene jarosite in fumaroles are evidence for a
vigorous hydrothermal system in the edifice interior. Warm springs
that deposited carbonate (dolomite), quartz, and pyrite, recorded by a
single clast sample from the Osceola Mudflow, likely discharged
along the margins of the hydrothermal system on the flanks of the
edifice.
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The similarity of altered clasts in the Osceola Mudflow to alteration
assemblages in fossil hydrothermal systems, notably those related to
high-sulfidation epithermal gold–silver deposits (e.g., Summitville, USA,
Steven and Ratte,1960, Stoffregen,1987; Julcani, Peru, Deen et al.,1994),
suggests similar zoning of magmatic-hydrothermal alteration around
the central magma conduit at Mount Rainier (Fig. 11B). In these fossil
hydrothermal systems, alteration is zoned outward over meters to tens
ofmeters froma core of residual quartz, throughquartz–alunite, quartz–
pyrophyllite, dickite, or kaolinite, and quartz–illite assemblages, to distal
quartz–smectite or chlorite assemblages (all containing abundant
pyrite). This mineralogical zoning reflects both decreasing temperature
and progressive neutralization of acid fluids by reactionwith wall rocks
(Steven and Ratte, 1960). At Mount Rainier, quartz–pyrophyllite assem-
blages and sulfur isotope fractionation indicate amaximumtemperature
of alteration, sampled by the Osceola Mudflow, of about 225–300 °C.
Fig.12. Cutaway cross-sections of (A) Mount Rainier and (B)Mount Adams showing generaliz
assemblages. Distribution of hydrothermally-altered rocks on Mount Rainier generalized fro
5600 y BP. Present-day distribution of hydrothermally-altered rocks on Mount Adams base
Mineral associations and stable-isotope values indicate formation of this
high-temperature alteration from acidic, sulfur-rich liquids with a large
component ofmagmatic water (Fig. 9). Lower temperature assemblages
indicate progressively smaller contributions of magmatic water. Despite
the relatively deep (N8 km) magma storage inferred for Mount Rainier
from melt inclusions, seismicity, and seismic velocities, and scarcity of
peripheral vents and geothermal features, magmatic fluid flux was
intermittently sufficient to reach the shallow edifice interior where
volatile species condensed into ground water filling perched aquifers in
permeable breccia units. The presence of quartz–topaz alteration and
fluorite contained in high-temperature alteration assemblages sampled
from the Osceola Mudflow and from the F tephra indicate fluxes of HF
sufficient to stabilize these minerals. Topaz-bearing alteration assem-
blages also are present in Pleistocene magmatic-hydrothermal systems
at Brokeoff and Maidu volcanoes near Lassen Peak (Fig. 1; John et al.,
ed distribution of hydrothermally-altered rock and inferred alteration environments and
m Fig. 11A showing inferred alteration prior to the Osceola Mudflow collapse at about
d on block model of the edifice from Finn et al. (2007, Fig. 10).
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2005, 2006), suggesting that F-bearing alteration assemblages may be
common in other hydrothermal systems in theQuaternary Cascades arc.

9.2. Implications for future edifice collapse at Mount Rainier

Large-volume, clay-rich debris flows younger than 5600 y BP
originated on the west side of the edifice in Sunset Amphitheater
(Crandell, 1971; Scott et al., 1995) (Figs. 4 and 7). Our analysis of clasts
in these debris flows indicates that successively younger deposits
contain increasingly complex alteration assemblages that resulted
from higher temperature and more intense alteration conditions. This
probably is due to progressive incision into remnants of the altered
axial conduit system preserved in the backwall of the Osceola collapse
crater. Unlike the summit, thermal features such as fumaroles are
absent at Sunset Amphitheater. With the possible exception of a small
and weak thermal anomaly detected remotely by infrared methods
(Frank, 1985), the region undergoing collapse is hydrothermally inac-
tive. Geophysical measurements image a substantial zone of strong
alteration rooted in Sunset Amphitheater coincident with the western
concentration of radial dikes on the upper edifice (Finn et al., 2001).
Modeling of slope stability incorporating variable rock strengths due
to hydrothermal alteration also identifies this area asmost likely to fail
(Reid et al., 2001). These findings suggest that future edifice collapse
and large-volume, clay-rich debris flows will most likely originate
from the upper west side of the volcano near Sunset Amphitheater.

9.3. Comparisons with Mount Adams and other Cascades stratovolcanoes

Some Cascades stratovolcanoes have appreciable hydrothermal
alteration, whereas others do not. Significant upper-edifice alteration
is exposed on Mounts Rainier and Adams, where multiple clay-rich
debris flows have occurred in the Holocene; by contrast the edifice-
eviscerating, debris-avalanche deposits from Mount St. Helens (1980)
and Mount Shasta (Pleistocene; Crandell, 1989) are minimally altered.
Fig. 13. Plot of S–O stable-isotope data for hypogene alunites and jarosites from Mount Rain
silver deposits. Reference fields are from Rye et al. (1992); see text and Fig. 8 for further detail
South East, Philippines—Hedenquist et al. (1998); El Salvador, Chile—Watanabe and Hedenq
(2005); Oyu Tolgoi, Mongolia—Khasgerel et al. (2006).
The presence or absence of Holocene glacial ice is unlikely to account for
differences in the extent of alteration, because many of the Cascades
stratovolcanoes grew mainly during the Pleistocene when ice was
widespread at higher elevations throughout the range. A possible
explanation for differences in alteration is eruptive style. Volcanoes that
produce abundant interlayered lava flows and breccias, and perhaps
vent facies breccias, create multiple permeable regions suitable for
perched aquifers into which escaping magmatic volatiles can condense
(Mounts Rainier, Adams, and Baker), in contrast to volcanoes that
extrudedense lavadomes and thick lavaflowswhichare cut by through-
going fractures that allow escape of magmatic volatiles to the atmo-
sphere (Mounts St. Helens, Hood, Shasta, and Lassen Peak).

Hydrothermal alteration onMount Adams (Finn et al., 2007) closely
mirrors our interpretation of alteration onMount Rainier shortly prior
to the Osceola Mudflow collapse. We interpret the distribution of
hydrothermally-altered rocks and alteration environments on sections
through these volcanic edifices (Fig.12). The upper part of the edifice at
Mount Adams erupted in the past 10–40 kyr, with summit-forming
andesite lava flows and interlayered breccias erupted at 10–15 kyr BP
(Hildreth and Lanphere, 1994). Venting of H2S from the summit crater
and deposition of elemental sulfur beneath the summit ice cap
indicates the presence of an active hydrothermal system.Models of the
three-dimensional distribution of hydrothermal alteration on Mount
Adams, based on detailed geophysical measurements, suggest a root of
intensely altered rock filling a brecciated central magma conduit (Finn
et al., 2007). Alteration at the top of Mount Adams comprises intense
steam-heated advanced argillic assemblages (opal–kaolinite–alunite)
and lateral and deeper argillic assemblages (mostly montmorillonite;
Hildreth et al., 1983; Vallance 1999; Zimbelman et al., 2005; Finn et al.,
2007). Outside an approximately 100-m-thick, blanket-like zone of
steam-heated advanced argillic alteration, alteration is heteroge-
neously distributed; breccia matrices and small clasts are strongly
altered, whereas interiors of larger clasts are unaltered. Only the
steam-heated advanced argillic and argillic alteration assemblages
ier and hypogene alunites from porphyry copper and high-sulfidation epithermal gold–
s. Data sources: Mount Rainier, this study; Julcani, Peru—Deen et al. (1994); Lepanto—Far
uist (2001); Pierina, Peru—Fifarek and Rye (2005); Summitville, Colorado—Bethke et al.



Fig. 14. Plot of δD and δ18O values of calculated parent fluids for (A) alunites, (B) pyrophyllites, and (C) kaolinites fromMount Rainier compared with those from published studies of high-sulfidation epithermal gold–silver and porphyry copper
deposits. All parent fluids recalculated using fractionation factors in Table 8. Arrows in A show expected mixing trends between magmatic fluids and unexchanged meteoric water, low temperature retrograde exchange with meteoric water,
and the effects of exchangewith wall rocks at high and lowwater/rock (W/R) ratios and of magma degassing on the deuterium contents of water in vapor and residual liquid phases (see Hedenquist et al., 1998; Bethke et al., 2005). Thesemixing
and exchange trends apply to all three figures. Data sources: Mount Rainier, this study; Lepanto—Far South East, Philippines—Hedenquist et al. (1998); El Salvador, Chile—Watanabe and Hedenquist (2001); Oyu Tolgoi, Mongolia—Khasgerel
et al. (2006); Summitville, Colorado—Bethke et al. (2005); Pierina, Peru—Fifarek and Rye (2005); Julcani, Peru—Deen et al. (1994).
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from the upper parts of the hydrothermal system have been incised by
Holocene debris flows on Mount Adams, although deeper advanced
argillic magmatic-hydrothermal alteration assemblages present in the
Osceola Mudflow and F tephra at Mount Rainier are likely present in
the altered core of Mount Adams. The total volume of strongly altered
rocks within the edifice of Mount Adams is estimated to be about
1.8 km3 (Finn et al., 2007), similar to the volume of altered rock in the
Osceola Mudflow.

9.4. Are porphyry copper or high-sulfidation epithermal deposits now
forming beneath Mount Rainier?

Porphyry copper-(gold) and high-sulfidation epithermal gold–
silver deposits can form at shallow depths beneath and around
andesite–dacite stratovolcanoes in arcs along convergent plate
margins (e.g., Sillitoe, 1973; Hedenquist and Lowenstern,1994; Hattori
and Keith, 2001; Sillitoe and Hedenquist, 2003; Halter et al., 2004).
Numerous small porphyry copper deposits and high-sulfidation
prospects are exposed in middle to late Tertiary rocks in Washington
and Oregon, such as those that underlie Mount Rainier (Hollister,
1979; John et al., 2003). Although no porphyry copper deposits are
known in the Quaternary Cascades arc, apparently unmineralized
magmatic-hydrothermal alteration, of the type that is associated with
high-sulfidation-style deposits, is present in eroded stratovolcanoes at
the southern end of the arc near Lassen Peak (John et al., 2005, 2006).

Magmatic-hydrothermal alteration assemblages with residual
quartz and sulfide-cemented hydrothermal breccias are present at
Mount Rainier, as well as trace amounts of enargite, a Cu–As mineral
characteristic of high-sulfidation epithermal deposits (Fig. 6H).
However, several lines of evidence suggest that no significant high-
sulfidation epithermal deposits are present and provide no indication
that porphyry copper deposits are forming at shallow depths beneath
or adjacent to Mount Rainier: (1) multiple periods of edifice
construction and edifice degradation during the 500,000 years history
of Quaternary Mount Rainier have not left evidence for shallowly
emplaced plutons or domes; (2) spatially extensive areas of shallow
alteration, such as zones of residual quartz, and alteration of older parts
of the Quaternary edifice exposed beneath the present edifice are
absent; (3) most alteration exposed on the volcano and typical of most
clasts in the clay-rich debris flows is weak, quartz poor, and lacking
quartz veins; (4) melt inclusions in Quaternary eruptive products
indicate eruption from depths ≥4–10 km; and (5) seismic velocities
and earthquake focal depths indicate an absence of a sizeable shallow
(b8 km) magma reservoir (Moran et al., 1999, 2000).

The S and O isotope values for hypogene alunite and jarosite from
Mount Rainier extend considerably beyond those observed for alunite
in studies of high-sulfidation epithermal and porphyry mineral
deposits (Fig. 13). Most of the isotopic values for the alunite in high-
sulfidation ore deposits cluster near the magmatic-hydrothermal re-
ference field. The range of δ34S values for individual deposits reflects
variations in the redox state and δ34SΣS of the fluids, and the range of
δ18O values reflect the degree of interaction of meteoric water with
magmatic-hydrothermalfluids (Rye et al.,1992). Some sulfateminerals
on Mount Rainier have lower δ34S values and much higher δ18OSO4

values than generally observed in ore deposits. These differences arise
because alteration minerals that form in the shallowest environments
near vents on the edifices of stratovolcanoes are seldom preserved in
mineral deposits.

In contrast, the H and O isotope values of parent fluids of alunite,
pyrophyllite, and kaolinite from Mount Rainier are within the range
observed for these minerals from porphyry and high-sulfidation
deposits (Fig. 14A,B,C) but their overall H and O isotope trend is less
scattered (Fig. 9). The data for parent fluids for alunite (Fig. 14A)
scatter around magmatic-ambient meteoric water mixing trends that
can be defined for individual deposits. The variation of values around
these trends in individual deposits can be explained by a combination
of wall rock exchange,mixing, and deuterium depletion due tomagma
degassing (for summary, see Bethke et al., 2005, Fig. 14; Hedenquist
et al., 1998, Fig. 18). Not all data for parent fluids of pyrophyllite and
kaolinite in individual deposits are readily explained by simple
magmatic-meteoric water mixing, such as seen for the Mt. Rainier
samples (Fig. 9). There is a suggestion in the data for these minerals
(Figs. 14B and c) that specific patterns of H and O values for pyro-
phyllite and kaolinite from individual deposits depend on the isotope
composition of local meteoric water and that the lower the δD value of
the ambient meteoric water, the greater the tendency for δD values of
parent fluids to fall off of a simple mixing trend. While low δD values
for some of the kaolinite and pyrophyllite may reflect deuterium
depletion of residual fluids during magmatic degassing with subse-
quent meteoric water mixing (Taylor, 1992; Hedenquist et al., 1998),
some low values most likely reflect retrograde hydrogen exchange
withmeteoric water without accompanying oxygen isotopic exchange
typical for phyllosilicates (O'Neil and Kharaka, 1976). Perhaps, the
scatter of δD values in hydrous minerals is more evident in ore de-
posits than on Mount Rainier, because ore deposition is a product of
sustained hydrothermal systems with pronounced waxing and
waning phases which would allow for much greater variation in δD
of hydrous minerals. Thus, the stable-isotope data are consistent with
the absence of shallow high-level intrusions at Mount Rainier that
could support the large, long-lived hydrothermal systems that are a
requirement to form high-sulfidation and porphyry-type ore deposits.

10. Conclusions

Mount Rainier grew episodically over the past 500,000 years with
alternating protracted periods of high and low rates of magma
eruption. Alteration by hydrothermal fluids was particularly intense
and focused into permeable breccia units during and immediately
following times of high eruption rates. This alteration promoted
edifice degradation during ensuing times of relative volcanic
quiescence. Hydrothermal–mineral assemblages and distributions
at Mount Rainier can be understood in the framework of hydro-
thermal processes and environments developed from studies of ore
deposits. Mineral assemblages and stable-isotope compositions of
hydrothermally-altered rocks in outcrop, in clasts in Holocene debris
flows, and in the F tephra indicate that alteration formed from
variable mixtures of magmatic and meteoric water at temperatures
from b100 °C to ~300 °C. Diversity in mineral assemblages and
intensity of alteration were controlled by position in the edifice, by
permeability, and by variations in the size of the hydrothermal
system linked to the flux of magmatic heat and volatiles. High-
temperature magmatic-hydrothermal and overlying surficial steam-
heated and fumarolic alteration assemblages were limited to the
central conduit system and near-summit part of the volcano that was
affected by hot magmatic fluids. Intense pyrite-rich alunite- and
pyrophyllite-bearing alteration assemblages formed in the interior of
the edifice during episodes dominated by magmatic water fluids. In
contrast, generally weak, low-temperature smectite±pyrite alteration
developed surrounding this core zone, but within ~1 km from the
edifice axis, and extended to the upper east and west flanks of the
volcano only during periods of high magmatic flux accompanied by
dike emplacement. Hydrothermal fluids that caused edifice flank
alteration were greatly diluted and cooled by meteoric water. Strong
alteration on the edifice flanks was limited to narrow (≤5 m) zones
bordering dikes, whereas surrounding, more diffuse, flank alteration
was caused by outflow of hydrothermal fluids during times of
heightened magmatic activity. Though visually apparent, this diffuse
alteration is weak and of little significance for edifice stability.
Alteration in both the central core and lower flanks was controlled by
permeability. The most strongly altered rocks are breccias, and
adjacent, more massive rocks are weakly altered or unaltered.
Permeable flow-top breccias, lava talus deposits, and block-and-
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ash-flow deposits high on the edifice were locally meteoric-water-
saturated and acted as perched aquifers that focused alteration along
beds that dipped radially away from the central magma conduit.
Volcanoes such as Mounts Rainier and Adams with abundant near-
conduit upper-edifice breccias are prone to alteration, whereas vol-
canoes that are breccia-poor (e.g. massive domes) are not.

Intensely altered rocks from the summit, east flank, and edifice
interior of Mount Rainier were removed by the Osceola Mudflow
collapse. The most intense in-situ alteration remaining is exposed in
Sunset Amphitheater on the uppermost west flank of the volcano.
Successively younger debris-flow deposits originating from this area
have revealed progressively more strongly altered rocks with higher
temperature alteration assemblages. The most recent debris flow
(early 20th century Tahoma Glacier rockfall) contains alteration
assemblages only observed elsewhere in the Osceola Mudflow and F
tephra suggesting that the headwall exposures are approaching the
core of an older hydrothermal system. Geophysical studies also
identify this area to be underlain by the most extensive subsurface
alteration (Finn et al., 2001), and altered rocks from this area have the
potential to produce a large clay-rich debris flow.

Although hydrothermal–mineral assemblages and stable-isotope
compositions of altered rocks are similar to those found in high-
sulfidation epithermal gold–silver deposits and in altered rocks
overlying porphyry copper deposits, the typical deep location of past
(≥4–10 km) and present (N8 km) magma reservoirs, the absence of
exposed altered shallow Quaternary intrusions and domes, and the
relatively sparse occurrences of alteration assemblages typical of these
deposits in the debris flows that effectively expose the stratovolcano
to depths of up to 1–1.5 km are not encouraging indicators for deeper
mineral deposits at Mount Rainier.
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Appendix A. Analytical methods

Approximately 325 variably altered rock, lahar matrix (−10 mesh
fraction), and tephra samples were collected fromQuaternary units on
and near Mount Rainier (Fig. 5 and Supplementary data). The con-
stituent minerals were identified using a combination of optical mic-
roscopy, powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), and shortwave infrared spectroscopy. Polished
thin sections of about 80 altered rocks were examined in transmitted
and reflected light. XRD was applied to ground bulk samples and
hand-picked grains using CuKα radiation from 4° to 64° 2Ø with step
size of 0.02° and a count time of 2 s/step. Clay-sized separates (b1 µm)
from 30 rock and lahar matrices were separated by centrifugation.
Oriented mounts prepared from the b1 µm separates were scanned
using CuKα radiation from 2 to 40° 2Ø as air-dried, saturated with
ethylene glycol, heated to 375 °C, and heated to 550 °C. About 40 thin
sections, 20 rock chips and 5 grain mounts were examined in back-
scatter and secondary electron modes using an SEM equipped with an
energy dispersive analyzer. Most altered rocks were scanned using a
Portable Infrared Mineral Analyzer (PIMA), which allows identifica-
tion of hydrous phases (e.g., clay minerals, pyrophyllite, micas, and
chlorite), sulfates (alunite, jarosite, gypsum), carbonates, and topaz
(Thompson et al., 1999).
Whole-rock chemical analyses of about 40 samples of altered clasts
in debrisflows, laharmatrices, and altered outcrops are summarized in
Table 3. Sampleswere dissolved using a hydrochloric, nitric, perchloric,
and hydrofluoric acid digestion and analyzed for 42 elements using
ICP-MS and ICP-AES methods. In addition, gold was analyzed by fire
assay and mercury by cold vapor atomic absorption techniques. Total
sulfur contents of 80 lahar matrix, glacial till, and tephra samples were
measured by combustion (Brown and Curry, 2002). Tests of the
analytical methods determined accuracywithin 20 relative percent for
all measured parameters. Uncertainty increased within 5 times the
lower-limit of detection.

Sulfur-bearing phases were sequentially extracted using chemical
reagents to estimate phase abundance and to recover sulfur and sulfate
for isotopic analysis (Berry and Breit, 2007). Chemical extraction was
required, because the sulfur-bearing phases were generally fine grained
(b100 µm) and sufficiently intergrown such that mechanical separation
was impractical. The extractionprocedure separately recovers elemental
sulfur, water-soluble sulfates (anhydrite/gypsum), jarosite, pyrite, and
alunite/barite. Replicate extraction analyses were within 10 relative
percent for each phase measured. All phases were analyzed to
determine their δ34S composition, and the anhydrite/gypsum, jarosite,
and alunite/barite fractions were analyzed to determine δ18O. Purified
mineral separates using standard physical separation techniques were
used for isotopic analysis ofminerals in some clasts and tephras. Oxygen
and hydrogen isotopes were analyzed for clay-sized separates from 10
altered clasts, as well as for 6 alunite separates.

Most sulfur isotope analyses were made by continuous flow mass
spectrometry similar to that described by Giesemann et al. (1994) using
an elemental analyzer on an Optima MicroMass mass spectrometer.
Hydrogen isotope analyses of hydrous minerals and oxygen isotope
analyses of sulfatesweremade by continuousflow techniques through a
TC/EA coupled to a ThermoFinnigan Delta XL mass spectrometer using
techniques similar to those described by Sharp et al. (2001). Oxygen
isotope analyses of hydrousmineralsweremadeon CO2 preparedby the
BrF5 technique of Clayton and Mayeda (1963) followed by conventional
analyses on a Finnigan MAT 252 mass spectrometer. Precision is ±0.2‰
for sulfur isotopedata; ±2‰ forhydrogen; ±0.5‰ forδ18O of sulfates and
±0.2 for hydrous minerals. Results of the isotopic analyses are listed in
Tables 6 and 7.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jvolgeores.2008.04.004.
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