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ABSTRACT

Mount Rainier has produced numerous Holocenedebrisflows, thelargest of which contain
claysand other mineralsderived from hydrothermally altered rockson thevolcano'sedifice. Im-
agery from an advanced airborne sensor was used to map altered rocksat Mount Rainier and
demonstratestheir distinctly nonuniform distribution. The mapping of altered rocks helpsto
identify edificefailuresurfacesand to recognizethe sour ceareasfor thelargest debrisflow events.
Remote sensing methods like those used at M ount Rainier can enhance ground-based mapping
effortsand should prove useful for rapidly identifying hazar dous sectorsat other volcanoes.

INTRODUCTION

Hydrothermally altered rocks on stratovolca-
noes are closaly linked to edifice failures and the
generation of destructive volcanic debris flows
(Scott et d., 1995; Lopez and Williams, 1993). Al-
tered rocks (1) form zones of weaknessaong frac-
tures, dikes, and bedding surfaces, and (2) contain
hydrous clay minerdsthat contributeto theforma-
tion of large* cohesive” debrisflowsthat cantravel
many tens of kilometres (Scott et d., 1995). Asil-
lustrated by the 1980 edificefailureand eruption at
Mount S. Helens (Lipman and Mullineaux, 1981)
and the disastrous 1985 debris flows derived from
Nevado del Ruiz volcano, Colombia (Lopez and
Williams, 1993), vol canic mass-wastage events of
catastrophic proportions are not uncommon. Edi-
fice failures and destructive debris flows can be
triggered by eruptions or earthquakes, but can also
occur without any precursory activity (Scott et al.,
1995; L opez and Williams, 1993).

Mount Rainier has generated many large pre-
historic debris flows, and future flows present
significant risksto loca communities. Holocene
debris-flow depositsfrom Mount Rainier include
the ca. 5.6 ka. Osceola Mudflow, which traveled
asfar asPuget Sound, near Tacoma, Washington,
~113 km downstream from the Mount Rainier
summit (Crandell, 1971; Scott et al., 1995). Be-
cause of the potential hazards, and a paucity of
available geologic data, Mount Rainier was des-
ignated as a Decade Vol cano study area (National
Research Council, 1994). Determining the distri-
bution, intensity, and style of the ateration was
identified as a priority concern by the National
Research Council, and mapping hydrothermally
altered edifice materials has recently been under-
taken (Frank, 1995; Zimbelman et al., 1994,
1995; Zimbelman, 1996). This paper describes
remote sensing methods that helped to support
ground-based mapping activities at Mount
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Rainier and highlights how such methods might
be used to identify hazardous sectors on other
stratovol canoes.

The Nationad Aeronautics and Space Adminis-
tration (NASA) AirborneVisible/Infrared Imaging
Spectrometer (AVIRIS) used in thisstudy collects
detailed radiance spectrafor every spatia pixe in
aremotely sensed image (Vane and Goetz, 1993).
AVIRISisflown onthe high-altitude NASA ER-2
aircraft and records radiance datain 224 closely
spaced spectra bands spanning the visible to
short-wave infrared (0.4-2.5 pm) wavelength
range. AVIRIS images cover a swath ~11 km
wide, and each image pixel represents an ~20 x
20 m areaon the ground. The AVIRIS combina-
tion of high spatial and spectral resolution enables
remote-sensing identification of many minerals
with diagnostic spectral features. For example,
clays and hydrous sulfate minerals, including
those of hydrothermal origin, typically display
spectra featuresnear 1.4, 1.9, and 2.1-2.4 umre-
lated to vibrations of structural hydroxyl groups
and molecular water (Hunt and Salisbury, 1970).
Iron-bearing minerals commonly exhibit broad
spectral featuresin the 0.4-1.2 um wavelength re-
gion dueto electronic transitionsin Fe3* and Fe?*,
and to Fe-O charge transfer in Fe-oxides and oxy-
hydroxides. Further discussion of the origins of
visibleto short-waveinfrared spectral featurescan
be found in Hunt and Sdlisbury (1970). A review
of severd other geologic studiesinvolving AVIRIS
datais given by Vane and Goetz (1993).

STUDY AREA

Mount Rainier islocated in south-central Wash-
ington about 60 km southeast of the city of
Tacoma. Like other active Cascade Range volca
noes, Mount Rainier isageologicaly young fea-
ture (oldest flowsformed ca. 0.5 Ma.), constructed
of hundreds of andesitic to dacitic lava flows, in-
terbedded breccias, and ash deposits (Fiske et dl.,
1963; Sisson, 1995). The volcano is built upon a
deeply eroded Tertiary volcano-plutonic terrain,
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congsting mainly of basaltic andesite, rhyodacitic
ash-flow tuff, granodiorite, and granite.

Three genera types of atered rock were previ-
ously identified at Mount Rainier (Zimbelman,
1996). The most important type from the stand-
point of volcanic hazards consists of kaolin and
smectite clay, sulfate, and sllicamineras, and oc-
curs as replacements and fracturefillingsin the
volcanic rocks of the edifice (Zimbelman et a.,
1994, 1995; Zimbelman, 1996). A second type of
altered rock is characterized by iron-oxide enrich-
ment of porous flow tops and breccias, evidently
rel ated to the degassing of flows shortly after their
extrusion. This“vapor phase’ dterationisnot con-
trolled by structurd features, iswidely distributed
acrossthe mountain, and does not appesar to repre-
sent focused or prolonged circulation of hy-
drothermd fluids. The third major type of altered
rock at Mount Rainier consstsof chlorite, sericite,
quartz, and/or tourmaline within porphyry-style
breccias, veins, and stockworksin Tertiary extru-
sive and intrusive rocks that underlie the edifice
(Zimbelman, 1996).

DATA AND METHODS

AVIRIS images of Mount Rainier were ac-
quired on July 19, 1994, at approximately 11:00
A M. Pacific Daylight Time (Fig. 1). Theradiance
data provided by the NASA Jet Propulsion Labo-
ratory werefirst corrected for atmospheric absorp-
tion and solar irradiance effects by using atech-
nique developed by Gao and Goetz (1990). The
datawere then cdibrated to surface reflectance by
using alaboratory measured reflectance spectrum
of an unaltered volcanic rock collected on the
lower flanks of Mount Rainier. The laboratory
spectrum was divided by the AVIRIS image spec-
trum for the same area, generating aset of calibra-
tion factors, which were then multiplied through
the entire data set.

Two different analysis procedureswere applied
to the AVIRIS reflectance data set. The first pro-
cedure, spectral band fitting, compares a series of
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Figure 1. Location map showing Mount Rainier and surrounding major river drainages. Dashed
outline indicates Airborne Visible/Infrared Imaging Spectrometer coverage. Approximate extent
of glacial ice indicated by shading.The summit is marked by a black triangle.

previously measured mineral or rock reference
spectrato each AVIRIS pixel spectrum and identi-
fiesasingle spectrally dominant material that best
fits each pixel (Clark et a., 1990). The second
procedure, linear spectral unmixing, evaluates
each AVIRIS spectrum in terms of linear combi-
nations of “pure’ spectral end members—gener-
aly minerals (Boardman, 1993). The combina-
tion of end members giving the best match for
each pixel iscalculated and displayed. To produce
theinitial image results, the spectral band fitting
procedure was used in conjunction with apre-ex-
isting library of ateration mineral spectra. From
these images spectra representing each of the
main alteration types, as well as spectra of snow
and vegetation, were extracted and used in the
spectral unmixing method. This approach identi-
fied materiasthat were not contained in the orig-
ind spectrd library and a so better defined altered
rocks present in subpixel mixtures with vegeta
tion, snow, and ice.

RESULTS

Laboratory-measured spectra of representa-
tive altered rock samples from Mount Rainier
(Fig. 2) closely resemble AVIRIS spectra ex-
tracted from corresponding field sites (Fig. 3).
The spectra are keyed to |ettered field locations
indicated on an AVIRIS image (Fig. 4), which
shows altered rock distributions as different
color patterns. Further information on sample
mineralogy isprovidedin Table 1.

Areas of advanced argillic ateration are indi-
cated by yellow pixels on Figure 4 and occur
mainly on the upper west flank of the volcano
along an arcuate escarpment known as Sunset
Amphitheater, and on the nearby upper Puyallup
and upper Tahoma Cleavers(Fig. 4, areaA). Spec-
trafor these areas generally show a broad feature
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near 2.2 um that is caused by mixtures of amor-
phoussilica, smectite and kaolin clays, alunite, and
jarosite (Fig. 2, spectraAl, A2, A3; Fig. 3, spec-
trumA). Yellow pixesat the base of TahomaGla
cier (Fig. 4, area B) represent hydrothermally al-
tered rocks from the Sunset Amphitheater that
were deposited as a debris avdlanche in the early
twentieth century (Cranddll, 1969). Yellow pixds
in Glacier Basin (Fig. 4, area C1) correspond to
glacid drift deposits consisting of reworked rem-
nants of the Osceola Mudflow, whereas yellow
pixels on the slopes of Steamboat Prow (Fig. 4,
area C2) are a veneer of Osceola material. Al-
though large areas of the Osceola Mudflow have
been mapped in Glacier Basin (Crandell, 1969),
most of the unit is obscured by vegetation cover.

The orange pixels in Figure 4 define areas of
argillicaly atered rock, adistinct ateration sub-
typethat was not visualy differentiated from the
advanced argillicaly dtered rocksinthefield. Its
characteristic mineralogy is similar to that de-
scribed above, except for being substantially
poorer in sulfate and clay minerals (Fig. 5). Spec-
tral curvesfor this ateration are subdued owing
to the reduced quantity of sulfates and clays, and
the somewhat more abundant silica forms,
which, except for opaline quartz, are spectrally
featureless (Fig. 2, spectrum D; Fig. 3, spectrum
D). The sulfate- and clay-poor argillic ateration
is generally exposed on the lower western and
northeastern flanks of the volcano in flows that
are older than those nearer to the summit (Sisson,
1995). Prominent areas of this alteration include
upper Jeanette Heights (Fig. 4, area D1) and St.
Elmo Pass (Fig. 4, area D2), both of which have
east-northeast fracture systems and associated
large through-going dikes that served to channel
the hydrothermd circulation and attendant alter-
ation processes (Zimbelman, 1996). Several
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Figure 2. Laboratory diffuse reflectance spectra
of Mount Rainier field samples. Al, natro-
jarosite-rich sample from Sunset Amphithe-
ater; A2, natroalunite- and smectite-rich sample
from upper Puyallup Cleaver; A3, kaolinite- and
natroalunite-bearing sample from Sunset Am-
phitheater; D, cristobalite-rich sample from up-
per Jeanette Heights; E, goethite-bearing sam-
ple from Puyallup Cleaver; F, chlorite-rich
sample from west of Tokaloo rock; G, sericite-
rich sample from Copper Mountain. Table 1
gives amore detailed mineralogical description
of these samples. Spectra are offset vertically
for viewing purposes. Tick marks on vertical
axis indicate reflectance intervals of 5%.

small deposits of glacial drift composed of re-
worked altered material are also evident in Fig-
ure 4 northwest of Jeanette Heights.

Red pixelsin Figure 4 depict areas of vapor
phase ateration with characteristic Fe-oxide
(goethite) absorption bands near 0.90 um (Fig. 2,
spectrum E; Fig. 3, spectrum E). Green pixelsin
Figure 4 represent aress of chloritic dteration in
Tertiary rocks at the base of the edifice. Chlori-
tized rocks show strong 2.25 and 2.33 um absorp-
tion features characteristic of Mg-rich chlorite
(Fig. 2, spectrum F; Fig. 3, spectrum F). Thistype
of ateration is particularly evident to the west of
Tokaoo Rock (Fig. 4, areaF1), and at Glacier Is-
land and Pyramid Pesk (Fig. 4, area F2). Chlorite
is sometimes present in mixtures with sericite,
represented as magenta pixels (Fig. 4, area G),
and displaying an additional narrow spectral fea-
tureat 2.2 um (Fig. 2, spectrum G; Fig. 3, spec-
trum G). Many of the chlorite- and sericite-rich
rocks have at least partial vegetation cover, and
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Figure 3. Airborne Visible/Infrared Imaging
Spectrometer spectra extracted at selected field
sample locations and used in spectral unmixing
analysis. Each spectral curve represents an av-
erage of three to eight individual pixel spectra.
A, clay- and sulfate-rich advanced argillic alter-
ation in Sunset Amphitheater; D, clay- and sul-
fate-poor argillic alteration at upper Jeanette
Heights; E, iron-oxide-bearing alteration on
Puyallup Cleaver; F, chlorite-rich alteration west
of Tokaloo Rock; G, sericite alteration at Copper
Mountain. Spectra are offset vertically for view-
ing purposes. Tick marks on vertical axis indi-
cate reflectance intervals of 5%.

the spectral unmixing procedure greatly improved
the ability to discern their agria distributions.

DISCUSSION

The AVIRIS image of Mount Rainier shows
that hydrothermally altered rocks occur in abroad
east-west zone that bisects the volcano acrossits
summit. Thisconfirmsthe overal distribution rec-
ognized in field studies (Zimbelman et d., 1994;
Zimbelman, 1996) and demonstrates the utility of
remote sensing data for discerning atered rocks
even in areas of steep slopes and limited expo-
aures. Infact, the AVIRIS data depict mineralogi-
cd variaionsin the hydrothermally altered rocks
that correspond to important variationsin alter-
ation intensity. Sulfate- and clay-rich rocks (yel-
low pixelson Fig. 4) represent themost intense d -
teration, generated where hydrothermal fluids
traveled upward in the central portion of the edi-
fice, and dong subvertical, mainly east-west frac-
tures on the volcano flanks (Zimbelman et .,
1995). The sulfate- and clay-poor rocks (orange
pixelson Fig. 4) represent alower dteration rank,
probably indicating less-sustained fluid circulation
and/or greater meteoric water influencein thispart
of the hydrothermal system. Spectrd differences
rel ated to ateration mineralogy are evident in sev-
eral debris avalanche and reworked drift deposits,
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Figure 4. Airborne Visible/Infrared Imaging Spectrometer image of Mount Rainier showing differ-
ent types of altered rock in different color patterns.Yellow pixels: advanced argillic alteration con-
sisting of kaolin and smectite clays, sulfates, and various silicaforms. A, pervasively altered rock
in Sunset Amphitheater and at upper Puyallup and upper Tahoma Cleavers; B, early twentieth-
century debris avalanche deposit derived from Sunset Amphitheater rocks; C1, glacially reworked
altered material originally deposited by Osceola Mudflow; C2, veneer of Osceola Mudflow on
Steamboat Prow. Orange pixels: argillically altered rock containing smaller percentage of clay and
sulfate minerals than areas indicated by yellow pixels. D1, argillically altered rock at upper
Jeanette Heights; D2, similar rocks exposed at St. EImo Pass. Red pixels: iron-oxide alteration re-
lated to in situ degassing of flows. E, iron-oxide alteration at Curtis Ridge. Green pixels: chlorite
alteration in Tertiary intrusive and extrusive rocks. F1, chlorite-rich area west of Tokaloo Rock;
F2, chlorite-rich areas on Glacier Island (left) and Pyramid Peak (right). Magenta pixels: sericite al-
teration in Tertiary rocks. G, sericite-rich rocks on Copper Mountain. Scale bar is 1 km.

and further investigation may permit particular de-
bris avalanches and debris flows to be associated
with particular source regions on the edifice. This
could aid in understanding the devel opment of dif-
ferent source regions and related changesin the
hydrotherma system over time. Despite the
AVIRIS sensitivity to mineralogicd variations, it
should be emphasized that conventional geologic
mapping istill necessary to determinewhether d-

tered materials have been transported or remainin
place, and to examine relationships between al-
tered rocks and structura features (e.g., dikes and
faults) that are likely to control failure modes and
locations. Field studies are aso needed to make
volume estimates of altered rock, to collect sam-
plesfor geochemica and minerdogica anayses,
and to evaluate glacia undercutting and other
physical factors related to debris-flow potential.
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TABLE 1. MINERALOGY OF FIGURE 2 FIELD SAMPLES DETERMINED
BY X-RAY DIFFRACTION

Sample Location Mineralogy

A1 Sunset Amphitheater Natrojarosite, andesine

A2 Upper Puyallup Cleaver Andesine, natroalunite, Ca-
montmorillonite, kaolinite

A3 Sunset Amphitheater Kaolinite, natroalunite,
amorphous silica

D Upper Jeanette Heights Andesine, cristobalite, Ca-
montmorilionite

E Mid-Puyallup Cleaver Andesine, goethite

F West of Tokaloo Rock Chlorite, quartz, muscovite

G Copper Mountain Muscovite (sericite), quartz

Number of samples
0 5 10 15 20 25 30 35

amorph.

natroal.

natoer

Figure 5. Comparison of X-ray diffraction analy-
ses for hydrothermally altered Quaternary rocks
(yellow and orange pixels on Fig. 4). White bars
indicate minerals found in 46 samples repre-
senting areas of advanced argillic alteration
(yellow pixels). Shaded bars indicate minerals
found in 43 samples of argillically altered rocks
(orange pixels). Note that advanced argillic sam-
ples are more likely to contain kaolin and smec-
tite clays as well as various sulfates. Argillic
samples are more likely to contain opal, cristo-
balite,and amorphous silica. Other minerals de-
tected in only afew samples are omitted for clar-
ity (see Zimbelman, 1996).

By combining resultsfrom theAVIRISimagery
and ground-based mapping studies, it is possible
for thefirst timeto directly comparethe spatia dis-
tribution of atered rocksto that of postglacia de-
bris flows. Scott et a. (1995, Tables 2 and 3) re-
ported that large, mostly cohesive (clay-rich)
debris flows have affected the Puyallup River
drainage, and to alesser extent the Nisqually River
drainage, both of which are downdope from the
pervasively altered Sunset Amphitheater and up-
per TahomaCleaver (Fig. 1; Fig. 4, areaA). Incon-
trast, the Carbon and Cowlitz river drainages
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(Fig. 1) contain fewer, mostly noncohesive, debris-
flow deposits. The differencesin debris-flow size,
reach, behavior, and recurrence intervals are con-
sistent with the presence or absence of hydrother-
mally atered rocksin the upper reaches of there-
spective drainage basins. On the eastern and
northeastern sectors of Mount Rainier, extensive
snow and ice cover, unaltered post-Osceolalava
flows, and veneersof older mudflow deposits, pre-
sent acomplex situation that cannot be correctly
inferred from the AVIRIS data alone. Ground-
based mapping shows high rank alteration to be
present in small exposures on the northeastern
flank, and also points to three-dimensional rela-
tions between fracture zones, dikes, and atered
rocksthat are similar to rel ations seenin the better-
exposed Sunset Amphitheater (Zimbelman, 1996).
The sedimentary record of debrisflowsinthe east-
ern and northeastern river drainages (White River,
including the West Fork) indicates sustained pro-
duction of both cohesive and noncohesive flows,
including the voluminous Osceola Mudflow
(Scott et ., 1995).

The clear link between altered rock distribu-
tions and debris-flow activity at Mount Rainier
emphasizes the need for careful mapping of edi-
fice structural and compositional features at al
stratovol canoes. Because of the difficultiesinher-
ent in mapping altered edifice materials, such
studies, until recently, have not been a major
component of debris-flow hazard investigations.
Integrating remote sensing imagery with ground-
based studies can improve their safety and effi-
ciency, and ultimately may provide important in-
sights for reducing risks from potentialy
devastating volcanic debrisflows.
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