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GEOLOGY OF KASATOCHI VOLCANO, ALEUTIAN ISLANDS, ALASKA
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Cheryl E. Cameron’, and Andrew T. Calvert®

Abstract

Kasatochi is a small, isolated island volcano in the center of the Aleutian Island chain. It consists of
a roughly circular cone ~3 km in diameter with a lake-filled central crater that is 1.2 km in diameter and
extends from the highest point on the island to sea level. The oldest unit recognized is a thick series of
mid-Pleistocene glaciovolcanic deposits consisting of autobrecciated lava, lahars, and volumetrically
minor lava masses that we believe to have been emplaced underneath a regional ice cap. This unit is
unconformably overlain by several massive Holocene lavas, above which lies a thick sequence of latest-
Holocene pyroclastic deposits likely deposited during the crater-forming eruption. The 2008 eruption
enlarged the preexisting crater, and produced pyroclastic density currents, surges, and fall that blanketed
the entire island except for the crater wall and steep, seaward-facing cliffs on the flanks. 2008 deposits
initially extended the shoreline seaward by up to 500 m.

Kasatochi lava and scoria are porphyritic basalt, basaltic andesite, and andesite, all of which bear
trace-element evidence for prolonged crustal residence and equilibration with an amphibole-rich gabbroic
residue. Lavas from individual effusive eruptions have limited compositional range, whereas juvenile
scoriae from explosive eruptions span the majority of the compositional range of the entire volcano.
2008 pyroclastic deposits contain texturally diverse amphibole gabbro clasts and smaller, less abundant,
plagioclase-free pyroxenitic and peridotitic cumulate inclusions. We infer that the gabbroic inclusions
are from the margins of regions of crustal magma storage and evolution and that equilibration with the

amphibole plays an important role in the evolution of mafic and intermediate magmas.

INTRODUCTION

Kasatochi volcano is located at the intersection of the flat,
shallow Aleutian platform and the Bering slope rise, an area of
high biologic productivity. As a result, the island hosts a large
sea lion colony and nesting sites for hundreds of thousands of
seabirds. A large eruption in 2008 blanketed the island in py-
roclastic deposits, covering nesting sites and almost all existing
vegetation. A multidisciplinary effort to document recovery of
the ecosystem was initiated, and this study of the geology of
the island was undertaken as part of that effort.

LOCATION

The subaerial portion of Kasatochi volcano comprises the
entirety of Kasatochi Island, an isolated 6.5 km? island in the
center of the Andreanof Island region of the Aleutian Islands,
19 km north of the western tip of Atka Island, its closest neigh-
boring island. From west to east, Kasatochi is about a quarter
of the way along the Aleutian Arc, a chain of subduction-zone
volcanoes that lie along the Aleutian Islands and the Alaska
Peninsula and extend into central Alaska (fig. 1). Volcanoes in
the eastern half of the arc sit on continental crust of the North
American plate. Volcanoes in the western half sit on the sum-
mit platform of the Aleutian Ridge, a roughly 100-km-wide
welt built on oceanic crust since the middle of the Eocene by
subduction-zone magmatism and erosion and redeposition
of primary igneous rocks. The Aleutian Ridge abruptly rises
about 3,500 m above the Bering Sea floor to the north, 5,000
m above the Pacific Ocean floor to the south, and 7,000 m
above the Aleutian Trench, which marks the location of subduc-

tion. The Aleutian Ridge has steep flanks on both the Bering
Sea and Pacific Ocean sides, and a broad, low-relief summit
platform formed by subaerial erosion since mid-Eocene time
(for example, Scholl and others, 1975). Measured along the
Bering—Pacific divide, fifty percent of the Aleutian Ridge is
subaerial, and twenty-seven percent is less than 130 m below
sea level (bsl). The portion of the ridge between sea level and
130 m bsl was likely emergent during low Pleistocene sea levels.
The remaining twenty-three percent of the Aleutian Ridge is
cut by passes up to 75 km wide and a few hundred meters to
1,100 m deep.

Kasatochi is on a portion of the Aleutian summit platform
that is about 340 km long and has a total area above 130 m bsl
of about 11,600 km”. Kasatochi itself sits on a spur protruding
from the northern side of the summit platform (fig. 2), directly
above the rise of the Bering slope. The island sits at the northern
tip of the spur, and at the northern edge of a gently sloping,
low-relief platform that extends from sea level to about 50 m
bsl with a slope of about one degree. Below the 50 m isobath
the western, northern, and eastern margins of the spur abruptly
steepen to a slope of about ten degrees, parallel to the slope
between the Aleutian Ridge and the Bering Sea floor. South of
Kasatochi the spur feathers into the Aleutian platform. The 50
m isobath—presumably the approximate base of the volcano—
encloses about 60 km?, nearly ten times the area of the island.

The position of Kasatochi at the break in slope between
the summit platform and ridge flank is important biologically
because upwelling along the ridge dramatically increases pro-
ductivity, providing abundant food for nesting seabirds and
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Figure 1. Geography of the Aleutian Arc. Red triangles denote subaerial volcanoes or volcanic centers, from Buldir (farthest west) to Hayes
(farthest north) and Spurr (farthest east). The portion of the continental shelf and Aleutian ridge between sea level and 130 m bsl, which
was likely emergent during low Pleistocene sea levels, is shown in gray (data from Lim and others, 2011). Projection is The ARC System
(Equal Arc-Second Raster Chart/Map System), Zone 4, central meridian 165°W, standard parallel 58°N. (Higher-resolution [600 dpi] ver-

sions of all figures are in electronic supplement £10.)

resident sea lions (for example, DeGange and others, 2010).
The position of Kasatochi on a large, areally extensive portion
of the summit platform, which was likely emergent during
low Pleistocene sea levels and thus could have supported an
ice cap, is important to our interpretation that the basal unit
was erupted subglacially.

PREVIOUS STUDIES

Previous geologic studies at Kasatochi are sparse. A program
of systematic mapping of the geology of the majority of Aleutian
Islands was undertaken by the U.S. Geological Survey (USGS)
in the 1940s and 1950s, resulting in the 1028-series of USGS
Bulletins. As part of this program, Robert Coats led geologic
reconnaissance in the western Aleutian Islands (Coats, 1956).
Coats identified Kasatochi as a recent volcanic island, but its
stratigraphy was not subdivided beyond “Late Tertiary and
Quaternary basaltic rocks”, and the island was only described
in a few passing sentences. The next pulse of geologic study of
Aleutian volcanoes was in the 1970s and 1980s. This work was
aimed at sampling and analyzing the chemistry of Aleutian lavas,
and using those data to understand magma genesis and evolu-
tion. During this work Robert Kay made one visit to Kasatochi
and published the analysis of one sample (Kay and Kay, 1985,
1994). The location of Kay’s sample is not given, but it is a
close match to the basalt unit on Kasatochi’s northeast coast
that we map as Gregs Mighty basalt (Qgmb). The next geologic
visit was in 2005. Prompted by effervescence and roiling noted
in the crater lake by U.S. Fish and Wildlife Service (USFWS)
biologists, Christina Neal (USGS, Alaska Volcano Observatory
[AVO]) made a one-day, helicopter-supported visit. She recog-
nized, among other features, the widespread geologically young

pyroclastic deposits that revealed the volcano’s recent explosive
history. The present study is the first attempt to systematically
define, map, sample, and describe all geologic units.

While geologic work at Kasatochi has been minimal, biolog-
ic work has not. Kasatochi is one of nine ecological monitoring
sites in the Alaska Maritime National Wildlife Refuge. Starting
in 1996, USFWS biologists have conducted annual intensive
summer-season fleldwork there, aimed primarily at collecting
baseline data and identifying trends in seabird populations.
Prior to 1996, USFWS conducted episodic investigations, no-
tably during the 1980s eradication of non-native foxes, which
had been introduced by 1927 (for example, Drummond and
Larned, 2007; Buchheit and Ford, 2008). USFWS biologists
prompted the 2005 AVO field visit and first reported emerging
seismic unrest immediately prior to the 2008 eruption.

2008 ERUPTION

Scott and others (2010) and Waythomas and others (2010b)
provide detailed descriptions of the 2008 eruption of Kasatochi,
which are summarized below. Prior to 2008, Kasatochi had
not had a confirmed magmatic eruption in the 250-year span
of historic time. However, anecdotal reports from the 18th
and 19th centuries suggest that there may have been episodic
elevated fumarolic activity (Grewingk, 1850; Coats, 1956). The
only report of 20th-century unrest is from USFWS observ-
ers, who reported “increased steaming” in 1996 at Kasatochi
(as well as Gareloi, 230 km to the west) following a M 6.0
regional earthquake (Neal and McGimsey, 1997). In 2005,
USFWS observers noticed bubbling in the crater lake for the
first time. The onset of bubbling is bracketed between June 23
and July 27 observations of the lake from the crater rim. There
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Figure 2. Geography of Atka Island and surrounding area, including Kasatochi. All contours are in meters. The area below 130 m bsl has
blue 100 m contours; the area between sea level and 130 m bslis shaded green with 10 m contours. Shaded-relief topography is based on
ASTER DEM data (http://reverb.echo.nasa.gov/reverb). Enclosed basins in the Aleutian platform deeper than 130 m bsl are shown with
10 m purple contours; these basins have floors 40—-60 m below the surrounding topography. Bathymetric data from Friday and others,
2011. The inset map shows detailed bathymetry near Kasatochi. Pre-eruption ocean depths from sea level to 130 m are shown in 10 m
green contours; depths below 130 m are shown in blue 10 m contours; black contours are at 50 m intervals. The post-eruption Kasatochi
shaded-relief image is from this study, and sea level in the image overlies most of the pre-eruption-10 m isobath.

was no apparent steam or odor and no associated felt seismic-
ity. Bubbling was concentrated in the western half of the lake
and was also noted in the same general location in 2006. It is
likely that the bubbling resulted from increased fumarolic flux
at the lake bottom, and that the bubbles contained gases with
limited solubility in the lake water, such as CO, rather than
high-temperature, water-rich steam. USFWS biologists at the
Kasatochi field camp began feeling repetitive earthquakes on
August 2, 2008. This was the earliest notice of pre-eruptive seis-
micity, although retrospective analysis by the Alaska Earthquake
Information Center (AEIC; now Alaska Earthquake Center)
showed that pre-eruptive seismicity had begun by early July
2008 (Ruppert and others, 2011).

The rate of earthquakes felt by the USFWS crew increased
to 2-3 events every 5 minutes by August 6, and by the end of
the day of August 6 earthquake magnitudes had increased to
as large as M 4. On August 6 USFWS scientists also observed
multiple rockfalls and small avalanches from diverse locations on
the crater wall and rim. Such rockfalls were previously uncom-
mon and isolated; however, the August 6 rockfalls were likely
a direct result of seismic shaking. In addition to documenting
the rockfalls, the scientists noted discolored plumes in the lake,
separated on all sides from the lakeshore and thus likely not

generated by rockfall. These events may represent entrainment
of lake-bottom mud by increasingly vigorous lake-bottom
fumaroles. The USFWS crew was evacuated from the island
about noon on August 7, shortly before the eruption’s onset.
The record of pre-eruptive unrest from instrumental mea-
surements is different from the intimate record provided by
USFWS scientists, largely because the seismometers closest to
Kasatochi were ~40 km to the west and -85 km to the east,
so small earthquakes such as those felc by USFWS personnel
starting August 2 were not detectable because of seismic wave
attenuation. Additionally, all seismometers in the region are
roughly collinear, so earthquake source locations determined
by triangulation are poorly constrained. AEIC detected M 1-2
earthquakes near Kasatochi as early as July 8, with a cluster of
events around July 24. At the time, these early earthquakes did
not seem substantially different than the diffuse tectonic seis-
micity common along the arc—it was only retrospectively that
they were understood to be precursors. In part, they were not
recognized as being related to Kasatochi because of ambiguous
locations. On August 6, the pre-eruptive swarm bloomed (fig.
3); seismicity prior to August 6 ultimately amounted to only
4 percent of the earthquakes and released 0.006 percent of the
energy associated with the eruption. The very thin resorption
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rims on amphibole phenocrysts in 2008 magma, and the rapid-
ity at which those rims form once amphibole is below the Pand
pH,O of its stability, suggest that the onset of the main swarm
and the beginning of magma transport to the surface coincide.

During the 18 hours after the main swarm onset, both
the earthquake rate and the rate of seismic energy release
increased dramatically. M 3+ and M 4+ earthquakes became
commonplace, and seismic energy release increased from 10’
to 10" joules/hour. The rate of seismic energy release began
to decrease early on August 7, but was punctuated by a single
M 5.8 earthquake, the largest of the entire swarm, at about
10:30 (times based on 24-hour clock). Episodes of volcanic

tremor were recorded starting about 45 minutes and 2.7 hours
after the M 5.8 earthquake (earlier tremor may have existed, but
their seismic signals would have been masked by attenuation
or overlapping earthquakes).

At 14:23 on August 7, 34 hours after the start of the main
seismic swarm, weather satellites detected the first eruption
plume, at least the top of which was ash poor and reached an
altitude of 14 km. This plume corresponds to peaks in seismic
and infrasound energy. A second explosion 3.6 hours later
produced another plume, also ash poor and also corresponding
to seismic and infrasound energy peaks. After a 2.7-hour hiatus
the third and last major eruptive phase began. The opening of
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Figure 3. Summary of geophysical data from the 2008 Kasatochi eruption. The eruption had rapid onset, the highest-energy earthquakes
of any recorded Alaska eruption since the Novarupta eruption of 1912, and broadband seismicity during major explosive episodes, which
contrasts strongly with typical Alaska eruptions, which have had more monotonic low-frequency seismicity. Earthquake data are from
the Alaska Earthquake Center (see Ruppert and others, 2011). Real-time seismic amplitude (RSAM) data are from the Alaska Volcano
Observatory (AVO) and were recorded at Great Sitkin seismic station GSMY. The seismic frequency spectrogram was prepared by Glenn
Thompson (AVO, unpublished). Infrasound data were recorded at station 153 (Fairbanks, Alaska; Arnoult and others, 2010). Eruption
plume production (Waythomas and others, 2010b) is shown by blue bars extending behind all panels. Note that times are given in Alaska
daylight time (AKDT), which is one hour earlier than local Hawaii—Aleutian daylight time (HADT).
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June 11, 2008

Figure 4. Photographs of the northwestern coast of Kasatochi two months prior and two weeks after the 2008 eruption. Note the com-
plete burial of vegetation, the fans of pyroclastic debris that extend the shoreline outward, and the dramatic lowering of the crater rim.

Photographs by J. Williams, USFWS.

the third phase was marked by sharp seismic and infrasound
peaks, similar to the two previous plume-producing events, but
unlike the previous two plumes, this plume was ash-rich and
eruption was continuous for 16 hours. The continuous phase
contained two seismic pulses that did not noticeably affect the
plume as observed by satellite and had a variable but continu-
ous infrasound signal.

By the close of the eruption, which seismic, satellite, and
infrasound data indicate was some 62 hours from the onset of
the main precursory seismic swarm and 28 hours from the first
ash-poor eruption plume, the island was radically transformed
(fig. 4). The area of the island had been increased by nearly 40
percent by fans of pyroclastic debris shed into the ocean; the area
enclosed by the crater rim had increased by nearly 30 percent,
chiefly by erosion of the western crater wall and incorporation
of the resulting lithic blocks and fragments into the pyroclastic
deposits; and the area of the crater floor had increased by nearly
70 percent. The formetly lush maritime tundra, which had been
composed mainly of forbs, graminoids, mosses, and lichens, was
covered in unconsolidated pyroclastic deposits many centime-
ters to many tens of meters thick—only largely unvegetated
outward-facing cliffs were left uncovered. Passerines, gulls,
eagles, and falcons were displaced or killed, unfledged seabirds
(mostly fork-tailed storm petrels at this time of year) were killed
in their burrows, and sea lions were pushed off their haul-outs,
although only briefly (Williams and others, 2010). Surpris-
ingly, the pyroclastic flows were only minimally destructive to
preexisting vegetation despite the extreme proximity to the vent
and the high magmatic temperature (-900-1,000°C). While
preexisting vegetation was buried, it was generally not charred,
and generally not ripped out of place. When subsequent ero-
sion and gullying exposed the pre-eruption sod, the vegetation
generally sprouted in the spring and grew through the summer.

The 2008 eruption of Kasatochi volcano had a rapid onset
and was short-lived, but by many measures was exceptionally
large, especially compared to other eruptions in the Aleutian
Arc since the (much larger) 1912 Katmai eruption. The total
energy released by earthquakes, not including energy released by
explosions, exceeded that of any eruption monitored by AVO in
prior decades by several orders of magnitude. Even the hourly
seismic energy release dwarfed the total months-long seismic-
ity preceding the 2009 Redoubt eruption and the 2005-2006
Augustine eruption by more than three orders of magnitude.

The eruption cloud contained more than 1 Tg (teragram) of
SO,, the largest of any eruption worldwide since that of Chile’s
Mount Hudson in 1991 (for example, Corradini and others,
2010; Prata and others, 2010; total erupted SO, is a proxy for
magma volume). The eruption cloud circled the globe, causing
vivid sunsets as far downwind as the mid-western United States
and Iceland. Finally, the infrasound signal was exceptionally
energetic and was detected more than 5,000 km away (Fee
and others, 2010).

GEOLOGIC MAPPING

Base map

The morphology of Kasatochi Island was radically changed
by the 2008 eruption, rendering all preexisting basemaps obso-
lete. The basemap for this study was derived from a stereo pair
of 58-cm-resolution WorldView] satellite images taken April
18, 2009. The images were orthorectified and a two-meter hori-
zontal resolution digital elevation model (DEM) was produced
and then adjusted to Kasatochi mean sea level. The topographic
base for the current map was derived from the DEM.

A small steam cloud in the images precludes any mean-
ingful depiction of topography along the southeastern crater
wall—contours are not shown in this region. Additionally, in
the many areas of near-vertical topography parallax issues are
not completely resolved, and the orthorectified satellite images
deviate from the DEM produced from those images by as much
as tens of meters. In these areas topography was favored over
imagery as a guide to placing unit contacts and other geologic
data. In areas of moderate to low slope, which constitute the
majority of the island, coincidence of satellite images and to-
pography is within a few meters.

Geographic and map unit names and symbols

Kasatochi Island is the only formally named geographic
feature in the map area. This report uses informal geographic
names from, or derived from, common and longstanding usage
by USFWS scientists for geographic reference. Even though in-
formal, we capitalize the names except for the parts of the names
denoting a type of geographic feature (such as mount, point,
ridge, cove, etc.). The geographic names are used throughout
this report for spatial reference, and are shown on sheet 1.

All map units are informal stratigraphic units. Volcanic unit
names combine geographic (capitalized) and compositional
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attributes (not capitalized) except for 2008 eruption deposits,
which include “2008” in the names and “8” in unit symbols.

We refer to the geographic feature that underlies the highest
elevation on the island as mount Kasatochi, and the strati-
graphic unit named for that feature Mount Kasatochi andesite.

Map-unit symbols all have an initial “Q” indicating Qua-
ternary age. Unconsolidated, non-volcanic units have a single
lower-case letter following “Q” indicating general lithology or
depositional environment. Volcanic units on the flanks, some
of which extend to the uppermost crater wall, have one or two
lower-case letters following the “Q” derived from geographic
features and a final letter indicating either average chemical
composition or lithology. Meanings of the final letter of map
unit symbols are:

Non-volcanic units:

beach deposits
beach-lag deposits
back-beach deposits
talus

slump deposits
mass-flow deposits

owegy—o

Volcanic units:

basalt (<53% SiO,)

basaltic andesite (53-57% SiO,)
andesite (57-63% SiO,)

pyroclastic density current and rare
fall deposits

thick fans of pyroclastic deposits
glaciovolcanic deposits

o = 'UNBU'

Units exposed exclusively in the crater wall have symbols
starting with “Qw”, followed by one or two letters indicating
gross lithology. Samples of 2008 ejecta are subdivided in some
geochemical figures, and those symbols are explained on the
figures or in the figure captions. Subdivisions of 2008 samples
are not shown on the map.

Fieldwork and data acquisition

Geologic field mapping and sampling were conducted dur-
ing short trips on 18 days—nominally 2 to 3 days in mid-June
and mid- to late-August—from 2009 through 2013. Fieldwork
was supported by the USFWS using the M/V Tiglax. Dates and
amount of fieldwork were constrained by the schedule of the
Tiglax, which travels over 15,000 miles each field season sup-
porting more than 130 scientists at more than 50 locations.
Eruption response fieldwork at Kasatochi was multidisciplinary:
the June dates coincided with auklet nesting and the August
dates coincided with maximum seasonal vegetation growth and
storm petrel nesting. One advantage of short periods of geologic
fieldwork conducted over several years is that we could monitor
the rapid post-eruption morphological changes to the shoreline
and the extensive gully network.

More than 110 rock samples were collected during the
course of mapping. One hundred one of these samples were
analyzed for major and trace elements by the Peter Hooper
GeoAnalytical Lab at Washington State University. Detailed
petrographic descriptions and 1,000-point modes were made
using thin sections of 67 of the samples. Electron probe micro-
analysis (EPMA) at the Advanced Instrumentation Laboratory
at the University of Alaska Fairbanks produced 3,364 mineral

analyses, including core-rim pairs from 1,385 grains, from 24

representative samples, spanning all lithologic units. In addition,
“Ar/*Ar ages were obtained for three samples by the USGS,
Menlo Park, California. Sample descriptions and analytical data
are in the appendices of this report.

Dynamic landscape

The 2008 eruption changed Kasatochi Island dramatically
(fig. 4; Waythomas and others, 2010a,b; Scott and others,
2010). The island increased by 40 percent in total area by de-
position of eruption deposits beyond the pre-eruptive shoreline;
the area enclosed by the crater rim grew by nearly 30 percent
by the explosive removal of tens of millions of cubic meters of
older volcanics; and the island was blanketed with millions of
cubic meters of unconsolidated volcanic deposits. The island
is responding very quickly to the new load of nearshore and
shallow marine sediment, and is rapidly shedding 2008 deposits
from its flanks.

As a result, the map presented here shows the island at a
moment in time—April 18, 2009—when the only stereo pair
of satellite images was obtained. The stereo images permit the
construction of a digital elevation model and contour map;
however, in the few years since those images were acquired there
have been significant geomorphic changes to the shoreline,
gully system, and even to the exposure of lithologic units that
underlie the 2008 deposits.

As a result of ongoing changes some features of this map
are already obsolete: the coastline is inaccurate, some sample
locations are now offshore, and other sample locations were
covered in 2009, but uncovered and sampled subsequently.
We note post-map-base changes in the text. Statements about
the geology of the island in the present tense should, unless
otherwise noted, be understood to carry the caveat “as of April
18,2009.”

Appendix 1 contains high-resolution panoramic photo-
graphs of the island flanks taken from offshore, and of the crater
wall taken from the rim. These are intended to augment the
figures and serve as reference photographs for use by scientists
in the future.

DESCRIPTION AND
DISCUSSION OF MAP FEATURES

CRATER LAKE MINIMUM ELEVATION CONTOUR
At the time the base images for this map were acquired
(April 18,2009, 8.3 months post-eruption), the surface eleva-
tion of the crater lake was 10.8 m below local mean sea level
(bsl) (see map metadata for description of the map datum).
Field observations by AVO and USFWS personnel two weeks
after the eruption showed a small, slate-gray lake in the crater
surrounded by a wide, gently sloped shore, which was likely at
or near the bottom of the pre-eruption lake, as well as a small
island toward the center of the lake. The island, which was not
seen in any subsequent imagery, may have been part of a slightly
irregular lake bottom, and thus provided some sense that the
lake was very shallow. Field investigators also noted a spring
below the 2009 crater lake level (10.8 m bsl) that was feeding
water into the crater. Excessive steam in the crater during the
field visit precluded obtaining photographs that would allow
accurate estimation of the lake height by comparison to the
2009 DEM. Oblique photographs taken from a commercial
flicht on September 8, 2008 (B. Mees, AVO image database),
show a portion of the north crater wall with some recognizable
features. These images, compared with 2009 imagery and the
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DEM, suggest the lake may have risen about 10 m between
the eruption and April 2009, and thus that the lake bottom is
about 21 m bsl.

GULLIES

A robust system of gullies dissects the 2008 deposits (sheet
1; fig. 5). Sheet 1 shows minor gullies (1-5 m wide at their top)
and major gullies (greater than 5 m wide). Gullies less than 1
m wide were not mapped because they could not be uniformly
identified on the base imagery. The map shows 173 km of minor
and 12 km of major gullies cutting the 3.9 km® of the volcano’s
flanks mantled by 2008 deposits. The gullies shown have an

average lateral spacing of about 25 m; the actual lateral spacing
ranges from meters to tens of meters on individual surfaces.
We estimate that about 10 percent of the surface area of 2008
deposits was gullied within 9 months of the eruption.

The gullies developed early and rapidly. The first field visit
(September 22; two weeks after the eruption) found fine-scale
dendritic gullies at high elevations; straight, branching gullies;
and well-established larger gullies at lower elevations. Once gul-
lies were established they deepened in place but did not migrate
laterally over time by more than a few meters.

Gullies are the most important agent for delivering sand,
gravel, and boulders derived from 2008 deposits to tidewater.

A Luna summit

Figure 5. Detailed views of post-eruption gullies. A. View to northwest of the southeastern flanks of Kasatochi immediately south of The
Ogres Toes (sheet 1). Luna summit is the high point on the skyline. The vertical bluffs in the foreground are pre-eruption sea cliffs of
Luna pyroclastic deposits and are up to 29 m tall. The width of the foreground view is 500 m. Photograph by C. Nye, August 11, 2010. B.
Downward and southeast-looking oblique aerial view taken from above Luna summit 14 days after the eruption, showing that intricate
gullying from the crater rim downward was established very rapidly. The foreground width of the field of view is about 300 m. Elevations
shown range from 320 m asl at the rim to about 120 m asl, encompassing about half of the upper southeast flank. The smallest gullies in
the foreground are less than 1 m wide, and therefore are not shown on sheet 1. Photograph by R. Buchheit, USFWS, August 22, 2008. C,
D. Nearly identical views of the largest gully as it exits Peregrine ravine, as well as larger gullies at lower elevations. The 40-m-high cliffs
on the right edge of the photographs are of Peregrine lava, the source of the now-buried Troll talus, an important auklet nesting colony
prior to the eruption. The mid-field width of each scene is 140 m. The photograph in C was taken by J. Williams, USFWS, June 12, 2009.
Field observations at that time showed the gully to be about 28 m wide with steeply-sloping upper walls extending to a depth of about 8
m. A narrow, vertical-walled slot extended several meters deeper. In contrast, field photographs from August 22, 2008 (not shown), show
that two weeks after the eruption this gully was about 3 m wide and 1-2 m deep with vertical walls and a flat bottom. The photograph
in D was taken by C. Nye, August 24, 2013. In five years the gully had grown to 46 m wide, with steep-sloped upper walls about 24 m
deep above a narrow, deeper slot.
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Field investigations show that a major mechanism for down-
gully movement of 2008 deposits involves failure of gully walls
along near-vertical tension cracks, producing gully-blocking
debris dams, which are subsequently mobilized as debris flows
that deliver large volumes of boulder- to sand-sized debris to
the gully mouth. Field evidence supporting this mechanism
includes observation of tension cracks that had not yet failed
parallel to gully walls, debris dams in gully bottoms, and fresh
boulder-bearing flowage deposits that were delivered to the
beach and eroded by the next high tide.

Gullies are steep-sided, and those of small to moderate
size remained steep-sided through 2013, the final year of field
investigations associated with this map. In contrast, some of
the larger gullies evolved morphologically, becoming deeper
and wider over 5 years of periodic observations (figs. 5C and
D). The best-documented example of the rapidity of large gully
change is the morphology of the large gully exiting Peregrine
ravine that was (at a set reference point) a few meters wide 2
weeks post-eruption, 28 m wide 8.5 months post-eruption, and
46 m wide 5 years post-eruption. During the 5-year period the
gully deepened from 1-2 m to more than 24 m. In 2009 this
gully had a roughly funnel-shaped cross section with very steep
walls at the bottom and more flared walls near the top. Over
time, the upper flared walls widened faster than the bottom
near-vertical-walled section deepened. If this change continues,
with additional time the gully will change from slot-shaped to
funnel-shaped to V-shaped, and will ultimately be closer in
cross section to the Ogres Toes—presumably analog relict gul-
lies developed in the Luna pyroclastic deposits—and the rate
of erosion will decrease.

TENSION CRACKS

Tension cracks parallel to the northeastern and southeastern
crater rim are visible on satellite imagery postdating, but not
predating, the eruption. The existence of those near the south-
eastern crater wall was confirmed during field investigations.
These cracks are tens to several tens of centimeters wide and up
to 200 m long. They may have formed cither by the unusually
energetic seismic shaking associated with the eruption or as a
result of erosion and steepening of the walls during the erup-
tion. Satellite imagery subsequent to the base imagery used
for this map suggests that the system of cracks parallel to the
northeastern crater rim failed sometime prior to March 2011,
and that a slab of crater wall approximately 20 m wide and 175
m long fell into the crater.

LOAFING GULL LAKE

Loafing Gull lake is a shallow, freshwater pond near the
southernmost point of the island. It is a common resting place
for gulls, perhaps attractive as a water source. It sits in a depres-
sion formed by 2008 pyroclastic fans on the east and west and
the beach ridge formed during post-eruption aggradation of the
southern beach. It formed sometime between mid-September
(not present in satellite imagery) and October 23, 2008 (clearly
visible in oblique aerial photography by J. Morris), and has
persisted since. At the time the base satellite images used for
mapping were acquired (April 18, 2009), Loafing Gull lake
was about 0.9 ha, had a surface elevation of 2.6 m, and was
surrounded by topographic barriers to drainage at least 90 cm
high. On March 9, 2011, its surface elevation had increased to
about 3.3 m, its area had increased to 2.1 ha, and topographic
barriers to drainage were only a few tens of cm higher than the
lake level. In 2011 satellite imagery it appears that at some prior

point the lake had been deep enough to partially drain to the
east along the base of the 2008 pyroclastic fan. On February 2,
2012, the lake level was slightly higher than in 2011, and the
surface area had increased to 3.0 ha. What we interpret to be a
relict shoreline in the 2012 imagery suggests that prior to data
acquisition the lake had been as large as 4.4 ha and deeper by
at most a few tens of centimeters. Unlike in 2011, there is no
indication of eastward drainage despite the higher lake level,
likely because the alluvial fan at the base of the major gully to
the southeast of Luna summit had increased in size enough to
wrap around the southern toe of the pyroclastic fan just east
of Loafing Gull lake and block that drainage, as well as to shed
at least some debris into the lake. In 2012 that fan was 5.7
times the area it was in 2009, and the elevation at its apex had
increased from 9.5 m to 16 m.

POST-ERUPTION SHORELINES

The locations of shorelines before the eruption and at four
different times after the eruption were mapped using ortho-
rectified satellite imagery (sheet 1, appendix 2). Individual
shorelines were drawn through the center of the surf zone, an
easily identifiable feature on each image. They were not cor-
rected for tidal stage, but the tidal range at Kasatochi is about
1 m, indicating that tidal correction of shorelines would be
relatively minor. Sheet 1 also shows relict bluff locations from
winter 2008—2009. These are bluffs that were cut into 2008
deposits, but were not being actively eroded at the time the satel-
lite image was acquired. Instead, they were protected by sandy
beaches that had formed in late winter and early spring 2009.

The eruption shed lithic pyroclastic debris into the sea
beyond the pre-eruption shoreline in all directions. Wave
erosion and submarine slumping started eroding the depos-
its immediately. When the island was visited by AVO and
USFWS personnel on August 22, 2008, just two weeks after
the eruption, wave-cut bluffs were around 1 m high on the
western side of the island, centimeters or less on the south,
and up to 3 m high on the northeastern coast, and the bluffs
were separated from the sea by steep, coarse beaches a few tens
of meters wide. Shoreline erosion most likely continued into
September, when the first satellite images were obtained from
which we can draw an accurate shoreline, so the post-eruption
shoreline shown on sheet 1 is somewhat landward of the true
post-eruption shoreline.

Erosion continued through winter 2008-2009, pushing
the shoreline tens of meters farther landward before downslope
erosion supplied enough material to the shore to allow longshore
transport to start building protective beaches on the southern
and eastern sides of the island.

By April 18, 2009, new beaches had been built along the
southern coast between Peregrine peak and Rye point, and sand
beaches separated the winter bluffs from the sea from Rye point
north along the eastern coast. Relict wave-cut bluffs inside these
beaches record the maximum landward extent of the shoreline
during winter 2008-2009.

By April 18, 2009, the northwestern coast headlands
were fully exposed, although beaches between the headlands
were still seaward of their pre-eruption location. Forty-two
hectares (42 ha) of land had been eroded from the western,
northern, north—northeastern, and eastern shores, and 27 ha
of new beaches had extended the shoreline seaward along the
southwestern, southern, southeastern, and northeastern coasts
(table 1; sheet 1).

By March 9, 2011, another 28 ha of the western, northern,
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Table 1. Changes in beach area and length measured from satellite images from September 3, 2008 (26 days after the eruption) through
February 2,2012. Losses of beaches and 2008 deposits through landward erosion and gains through seaward building of new beaches are
listed by size (hectares). The percentage of stable pre-eruption shoreline exposed and forming the shore on successive dates is also listed.

September 3, 17, and September, 2008 April 18, 2009 March 9, 2011
Image Date 29 2008 through through through
! April 18, 2009 March 9, 2011 February 2, 2012
elapsed time (yrs) - 0.55 1.89 0.90
loss (ha) - 42 28 25
gain (ha) 207 27 17 3.7
net (ha) 207 -15 -11 -21
net change (ha/y) - -27 -5.8 -24
Date September 29, 2008 April 18, 2009 March 9, 2011 February 2, 2012
percent qf pre-eruption 3 16 24 48
shoreline exposed

and eastern shores had been eroded; 17 ha had been added to
the southern quadrant, and twenty-four percent of the shoreline
had reached erosional stability. Between 2011 and February
2, 2012, erosion continued along seventy-eight percent of the
coast, removing another 25 ha, and beach growth was restricted
to the southern thirteen percent of the coast, adding only an-
other 3.7 ha. By 2012 the rest of the northeastern coast had
eroded back to its stable pre-eruption position, and most of the
northern half of the island (except primarily the pocket beaches
in the northwestern coves) had reached stability. In 2012 there
was still a beard of 2008 deposits up to 500 m wide on the
southern half of the island. Field observations indicate that
the 2008 deposits may have a sufficient volume of large lithic
fragments to form a persistent new boulder-armored shoreline
at some intermediate point between the current shoreline and
the pre-eruption shoreline.

PRE-ERUPTION SHORELINE

The pre-eruption shoreline is digitized from an April 9,
2004, QuickBird satellite image. Prior to the eruption the
shoreline consisted of boulder lags and bare rock. After repeat
visits, USFWS personnel reported that the shoreline was rela-
tively stable over many years.

PRE-ERUPTION CRATER RIM

The pre-eruption crater rim is digitized from an April 9,
2004, QuickBird satellite image. Lack of evidence for large rock-
falls inside the crater between 2004 and the last pre-eruption
observation of the crater (USFWS photographs from August
6, 2008) suggest the 2004 rim was identical, or close to, the
pre-eruption rim.

DESCRIPTION AND
DISCUSSION OF MAP UNITS

OVERVIEW

The stratigraphically lowest, and thus oldest, units on the
island are composed of massive to thickly bedded autobrecci-
ated lava and lahars that carry abundant angular monolithologic
juvenile lava clasts; and a few stubby, thick lava flows (map
units Peregrine glaciovolcanic deposits [Qpg] and Peregrine
lava [Qpl], sheet 1). We believe these units were emplaced in
subglacial lakes beneath a Pleistocene ice cap grounded on the

~40-km-wide summit platform of the Aleutian Ridge, which
was likely subaerial during low Pleistocene sea levels. They are
exposed in 150-200-m-high southwest-facing cliffs on the
island’s southwestern flank and, apparently, in the lowermost
northwestern crater wall. A single “’Ar/*Ar age of 131 + 2.5
ka from one of the Qpl lavas suggests a mid-Pleistocene age
for these units.

Next in age are at least eight thick basalt, basaltic andesite,
and andesite flows, which form cliffs, headlands, and steep
outer slopes on the northern half of the island (sheet 1). Com-
positional dissimilarities between individual units suggest these
formed from a number of discrete eruptive episodes. All are
subaerial, rather than subaqueous or englacial, and thus are
likely of interglacial or post-glacial age. Two of the units, both
stratigraphically below five of the six other lava units, yielded
OAr/PAr ages of 8.9 + 2.0 and 4.0 + 2.5 ka, thus we infer
Holocene ages for at least most of the eight flank lava units.

A thick sequence comprising numerous deposits of pyro-
clastic density currents and related processes (Luna pyroclastic
deposits [Qlp]; sheet 1), discontinuously overlies all older units,
particularly on the southern, southeastern, and southwestern
sides of the island. Soil development on top of the Luna py-
roclastic deposits is poor, and regional tephras, common on
nearby islands, are notably absent on top of the pyroclastic
deposits. This suggests that at least the upper surface of the
Luna pyroclastic deposits is quite young, although prehistoric,
perhaps several hundreds to at most a few thousands of years.

All these older units are mantled by deposits of the 2008
eruption except where the older units form near-vertical cliffs
(sheet 1). The thickness of 2008 deposits is highly variable and
controlled by funneling of pyroclastic density currents (PDCs)
by preexisting topography, forming pronounced fans (Q8f) in
many areas. In the absence of funneling by preexisting topog-
raphy, 2008 PDCs form sheets of multiple flow units (Q8p).
Immediately after, or during the waning phase of the eruption,
the uppermost unit within the 2008 deposits—finer-grained
surges and flows—slid off the steep upper surface and formed
fans and sheets of mass-flow deposits (Qd) at lower elevations
and on gentler slopes, thereby stripping 2008 PDCs of their
relatively impermeable cap of surge deposits. The majority, but
not all, of these mass flows formed by the time of first visual
observations, about two weeks after the eruption.

The 2008 eruption deposited pyroclastic material that ex-
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tended the pre-eruption shoreline by as much as 500 m laterally,
and up to approximately the pre-eruption 10 m isobath. Dur-
ing the course of this study the northern extended shorelines
retreated rapidly, while longshore and downslope transport of
material from the 2008 deposits built beaches that continued
to extend the southern shoreline seaward.

A robust system of gullies formed very quickly in the 2008
deposits, and during the course of this investigation those gullies
have deepened but not migrated significantly laterally, delivering
material either to tidewater or to lower elevation fans (Qf). This
material, mobilized by southerly longshore transport, built the
southern beach seaward during the course of this study.

POST ERUPTION

Beach deposits (Qb)

Beach deposits (Qb) include fines-depleted, cobble- and
gravel-bearing, coarse sand of active beaches. In 2009 these
beaches were 70-200 m wide, with a lower beach face 20-30
m wide, increasing in elevation from sea level to about 3 m asl.
The active beach face was backed by a wide, gently sloped to
flat section, often with localized concavities. These beaches are
restricted to the southern third of the island, and straddle the
shoreline as it was immediately after the eruption (sheet 1). The
seaward limit of these beaches is up to 150 m seaward of the
post-eruption shoreline, and the landward limit of these beaches
is up to 130 m landward of the post-eruption shoreline. The
beaches are likely the product of a combination of processes
including reworking of local 2008 deposits, and downslope
and longshore southerly transport and redeposition of 2008
deposits. Because these beaches, at least in part, extend seaward
of the post-eruption shoreline it is clear that there was active
beach construction on the southern part of the island.

Along the northeastern shore, sandy beaches 40-100 m
wide between the shore and the bluffs eroded during winter
2008-2009; at the time of satellite image acquisition (April
18, 2009) the bluffs were not being actively eroded. These
beaches were short lived. The September 13, 2009, satellite
image shows that along the north-northeast coast the beach
was gone and waves were actively eroding the bluffs of 2008
deposits; along the east—northeast coast the width of the beach
had been reduced by half.

Between 2009 and 2012 the southernmost beach continued
to expand southward. On February 2, 2012, the southern tip
of the island was 120 m farther south than in 2009, when the
base imagery for this map was acquired (sheet 1).

Lag beach deposits (Ql)

Sand-poor boulder beaches formed, and continue to form,
during retreat of shorelines extended by deposition of 2008
ejecta. In April 2009 beaches on the west side of the island were
10-30 m wide, composed of coarse sand, gravel, and cobbles,
and located midway between the maximum post-eruption
shoreline and the pre-eruption shoreline and at the base of bluffs
0f 2008 ejecta. Bluffs eroded into 2008 deposits thinned from
more than 25 m high at the north to 0 m at the south. Pocket
beaches in Tundering and Whiskey coves were sandier and
asymmetric—wider at the west end of each cove. Beaches on
the northeastern part of the island, between the north pointand
Gregs Mighty rock, were 4070 m wide, at the base of 30-m-
high bluffs of 2008 deposits, and with shorelines as far as 150
m landward of the maximum post-eruption shoreline (sheet 1).

These beaches are dynamic and continued to migrate

inward toward the pre-eruption shoreline. By early 2012 the
shoreline on the northern half of the island was essentially at
its pre-eruption location and the beaches consisted of coarse
boulder lag. Beaches on the southwestern side of the island
that had grown outward beyond the post-eruption shoreline
had also begun to retreat.

The preferential beach erosion and landward migration of
the shoreline on the northern half of the island presumably
reflects the greater power of northerly storm waves, which have
a longer fetch and approach the island through deeper water
than waves from other directions (fig. 2). Shallower water and
less powerful storm waves permit accumulation of beach sands
to the south.

Back-beach deposits (Qm)

Back-beach deposits (Qm) comprise clay, silt, fine sand,
and subordinate gravel deposited from ephemeral ponds in
closed depressions behind the active beach ridge. The surfaces
of back-beach deposits are easily recognized in the field by po-
lygonal desiccation cracks that contrast strongly with adjacent
coarse beach sand. Along Kasatochi’s southern shore between
Peregrine peak and The Ogres Toes, more than two-thirds of
the beach has such depressions, typically in areas between the
lateral margins of large fans of 2008 pyroclastic debris. Not all
depressions are filled with back-beach deposits.

The westernmost back-beach deposits are below Peregrine
peak. The outboard of this pair of deposits is in a 600-m-long
trough 40-60 m wide, with stepped elevations of 2, 1.8, and
1.4 m asl, and with a seaward ridge of sand between 60 cm
and 1.5 m higher than the trough. This deposit was removed
by landward erosion of the shoreline between satellite images
acquired April 9, 2011, and February 2, 2012. Landward of
this occurrence is a separate, higher trough immediately seaward
of the maximum winter 2008—2009 erosion limit. It is about
200 m long, with a base elevation of 3.8 m, and with a seaward
ridge of beach sand about 60 cm high.

A smaller back-beach deposit lies about 700 m to the
southeast, below the southern end of the cliffs of Peregrine
glaciovolcanic deposits, and adjacent to the lateral edge of the
westernmost large fan of pyroclastic debris on the south flank
of the island. It has a surface elevation of 3.2 m, and is enclosed
by a seaward rise of beach sand about 40 cm higher.

The largest back-beach depression is occupied by Loafing
Gull lake. Sheet 1 shows back-beach deposits on the western,
southern, and eastern shores of the lake. The surface eleva-
tion of the deposits is 3 m or less, and they are surrounded by
topography at least 50 cm higher. Growing alluvial fans shed
from major gullies to each side covered the western and eastern
ends of the mapped deposits by early 2012.

Two more small areas of back-beach deposits are mapped
about 700 m northeast of Loafing Gull lake, between major
pyroclastic fans shed from the gully southeast of Luna summit
and the southern Ogres Toes gully. The surface of these deposits
is about 3.2 m asl, and a beach ridge up to 1.2 m higher lies
seaward. Floodwaters that pond in this depression drain to the
northeast, obliquely to the beach, along a channel with outlet
elevation of 3.5 m asl. These deposits were buried by progra-
dation of adjacent alluvial fans in late 2011 or earliest 2012.

Alluvial fans (Qf)

Fans of fines-depleted sand, gravel, and small boulders are
formed by intermittent streamflow and debris flows that course
down gullies to an elevation, or slope, where they start deposit-
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ing their sediment load. Apices of these fans are at the mouths of
gullies. The majority of these fans have formed on the southern
and southwestern flanks behind post-2008 beaches where gullies
flacten out to a gently dipping, low-elevation slope. In contrast,
on the northern part of the island gullies are relatively steep all
the way to the tide line and deposit their sediment load below
the high tide line.

The dominant source of material is presumably 2008 de-
posits, but some gullies have eroded to below the pre-eruption
surface and fans sourced by these gullies must incorporate older
material. One clear example of this is on the low southeastern
flank (fig. 5A), where gullies have eroded through the vegetation
mat into Luna pyroclastic deposits.

Talus (Qt)

Talus deposits are jumbled piles of angular boulders up to
many meters in diameter that have accumulated at the bases of
cliffs. Taluses are key features at Kasatochi; prior to the 2008
eruption Tundering and Troll taluses provided nesting habitat
for hundreds of thousands of seabirds, mostly crested and least
auklets. Those taluses were deeply buried by the eruption, thus
unavailable for nesting in 2009. There was doubt among or-
nithologists about how the auklets would adapt to the sudden
and total loss of their nesting burrows as they are known to
have high nest-site fidelity (Williams and others, 2010; Drew
and others, 2010).

The map shows new taluses built on top of 2008 eruption
deposits in areas away from the previously heavily used, and
now buried, nesting taluses. The most prominent is Whiskey
talus, located above Whiskey cove and under the north-facing
cliffs of Mount Kasatochi andesite (Qmka). Immediately after
the August 23, 2008, eruption, a discontinuous scattering of
individual boulders had fallen on top of the 2008 deposits. Year
by year additional rockfall added new material and as of 2013
the talus extends for about 130 m along the base of the cliff and
65 m perpendicular to the cliff face (fig. 6). Individual boulders

are angular fragments of lava columns and are routinely meter-
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sized; the largest are up to 7 or 8 m in diameter. The position
of the toe of the talus has been fairly stable since 2010; growth
of the talus has been in thickness and in length along the cliff
face. The toe of the talus was initially 50 m or more from the
active beach, but rapid erosion of the beach and bluffs of 2008
deposits behind the beach have lessened the protection the talus
once had from active erosion. Still, the majority of the talus is
landward of the pre-eruption shoreline, which was presumably
much more stable than the present shoreline, and beach retreat
will likely stop before the talus is heavily eroded.

Colonization of the talus by least and crested auklets in
substantial numbers began in 2010 and has increased to many
tens of thousands of birds.

A smaller talus is forming about 150 m west of the main
Whiskey talus. It is about 20 m in diameter and in a concave
re-entrant in the cliff face. It extends from the base of the cliff
across the surface of 2008 deposits, then down the bluff face
carved in the 2008 deposits by subsequent erosion. The lack of
a vibrant green, guano-fertilized algal bloom as late as August
2013 suggests that this smaller talus has not been extensively
colonized by seabirds.

Another post-2008 talus lies high on the northern flank,
between 160 and 210 m elevation, and about 80 m long mea-
sured along slope and 40 m wide. We refer to it as Monkey
talus because it sits above The Monkeys Forehead, the informal
USFWS name for a prominent, protruding block of lava lower
on the north flank. The talus developed on the surface of a
Monkeys Forehead basaltic andesite (Qmfm) flow unit, only
thinly covered by 2008 deposits, which dips northward with a
surface slope of about 40 degrees.

Visual observations of this slope were precluded by fog or
clouds during many of our field visits, so our photographic
record is sparse. The slope where the talus now sits was boulder
free in June 2009 (fig. 7). Our next view was in June 2012, when
the upper part of the slope on which Monkey talus sits was in
clouds, but the lower part was visible. Monkey talus was present
and consisted of dun-colored boulders similar in appearance

mount Kasatochi

Qmka

Whiskey talus et

S

Figure 6. Whiskey talus, above Whiskey cove and below north-facing cliffs of Mount Kasatochi andesite (Qmka) and Tundering basaltic
andesite (Qtm) shown at six different times over the course of this study. A single feature common to all photographs is indicated by a
yellow plus. Scattered boulders lay on the surface of 2008 deposits two weeks after the eruption. Ten months later additional rockfall
had added material, most notably to the right (northwestern side) of the earlier talus. The talus was not used for nesting by auklets in
2009 (Williams and others, 2010). By 2011, the talus was being used for nesting, as evidenced by the bright green color produced by
guano-based algae and confirmed by field observations. By 2013 the talus had enlarged to the northwest (right of photograph) and
thickened. Cliffs behind the talus are 70-120 m tall. Note geologists sitting on beach in top photo, circled in yellow. Photographs by J.

Williams, USFWS, and C. Nye.
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to nearby lava. In August 2013 the arrangement of boulders in
the talus was similar or identical to 2012, suggesting there had
not been significant additional rockfall in the past year. Unlike
in 2012, in 2013 the talus was vibrant green, suggesting that it
had been colonized and that guano was hosting algae. Although
we have no direct evidence for precisely when, between 2009
and 2012, the talus formed, it is logical to infer that it occurred
at the same time that the portion of crater wall failed (see Ten-
sion Cracks) and thus was likely sometime before March 2011.

Slump (Qs)

Two slumps of 2008 deposits are shown along the northeast-
ern shore. These deposits were ephemeral and are the two that
were mappable on our base imagery; they were in place on April
18, 2009, when the imagery was acquired, but were removed
soon after by ongoing erosion and shore retreat. Presumably
many similar deposits were formed and removed by wave action
in time intervals between satellite observations. The northern
slump deposit is outboard of the 2011 shoreline, and the south-
ern slump deposit is outboard of the 2012 shoreline. Slump
deposits are sections of 2008 pyroclastic flows that have dropped
downward along shoreline-parallel failures and, in the case of
the northern slump, translated seaward enough to produce a
crude, fan-shaped deposit with irregular hummocky surface.

2008 mass-flow deposits (Qd)

The surface of 2008 pyroclastic deposits, dominantly thin
beds of ash and accretionary lapilli, sloughed at the close of,
or shortly after, the eruption and flowed down slopes as mud-

Monkev.su’h\mit

(c)Jun. 12} 2009 (detail)

lump debris flows (fig. 8C) that came to rest on surface slopes
of 15 degrees or less, compared to the greater-than-25-degree
slopes where they originated (fig. 8). These form unit Qd. The
deposits are generally less than a few meters thick, composed
chiefly of sand- to clay-sized material; and have a characteristi-
cally lumpy surface, with individual lumps a few decimeters in
diameter, and blunt lobate margins many centimeters to many
decimeters high.

2008 ERUPTION DEPOSITS

Pyroclastic deposits (Q8p)

The 2008 eruption produced deposits chiefly of pyroclastic
density currents (PDC) and only minor fall deposits. On broad
upland slopes and on top of previous topographic highs the
2008 deposits form a sheet-like package composed of mul-
tiple subparallel units of varying composition, grain size, and
depositional mechanism. We map these as 2008 pyroclastic
deposits (Q8p). Cumulative thickness is variable, from about
10 m on the middle of the southern flank, to greater than 10
m at the southern crater rim, to a few decimeters on the lower
eastern flank, which was both upwind during the eruption and
relatively steep.

The deposits contain both andesite and basaltic andesite
juvenile scoria, as well as gabbroic inclusions, which are de-
scribed in the Petrography and Geochemistry sections. Basaltic
andesite scoria (52-56.5% SiO,) are dark- to medium-gray
and have phenocrysts of plagioclase (22-34%, 0.3—-1 mm),
clinopyroxene (3—8%, 0.3—1 mm), orthopyroxene (2—6%, 0.2

The Monkeys Forehead

(b) Aug. 24, 2013

(d) Aug. 24, 2013 (detail)

Figure 7. Monkey talus, high on the outer northern flanks above and west of The Monkeys Forehead. A, C. In June 2009, ten months
after the eruption, the ground slope was bare. B, D. The upper slopes were covered by fog or clouds during most of our field visits, but
on August 24, 2013, chance visibility revealed a roughly 40 by 80 m talus that had formed since 2009. The green color indicates that the
talus is an active nesting site. Panels A and B are views of the upper 80 percent of the northern flank; panels C and D are expanded views
of portions of the same photographs showing talus details. Photographs by C. Nye.
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mm), amphibole (1-8%, 0.5—1.2 mm), opaque oxides (2—4%,
0.2 mm), and olivine (0-1%, 0.1-0.2 mm), and 47-70 percent
groundmass composed of microlites and brown glass (see ap-
pendix 7 for photomicrographs). The plagioclase is typically
zoned, and has concentric, frittered, inclusion-bearing bands,
which mark episodes of disequilibrium. Amphibole phenocrysts
have thin (-5 pm) reaction rims. The basaltic andesite also
contains xenocrysts of large unzoned plagioclase crystals and
poikiliticamphibole enclosing plagioclase and pyroxene, which
are presumably fragments of disaggregated gabbro. Andesite
scoria (58.3-60.6% SiO,) are light gray to white and have
phenocrysts of plagioclase (12-21%, 0.3-1.1 mm), clinopy-
roxene (0—7%, 0.4—1 mm), orthopyroxene (1-3%, 0.2-0.3
mm), opaque oxides (1-4%, 0.2 mm), and amphibole (0-4%,
0.5-0.8 mm), and 68-86% groundmass composed of clear glass
and microlites. Some andesite scoria have bulk densities <1 g/
cc, and thus float in seawater. Basaltic andesite and andesite
scoria both have large compositional ranges, but there is a
2 weight percent (wt.%) SiO, compositional gap between the
two. Banded scoria is common, and consists of sharp bands of
basaltic andesite and andesite at scales from a few centimeters
to as small as five microns (um). The sharpness of even the

thinnest bands indicates that mingling of basaltic andesite and
andesite occurred shortly enough before eruption that there
was insufficient time for diffusive equilibration.

The stratigraphy, composition, and depositional mecha-
nisms are discussed in detail by Scott and others (2010),
Waythomas and others (2010b) and Neill (2013), and are sum-
marized below. They recognize a basal layer (Unit 1) of thin fall
and surge deposits that are dark, muddy, pumice-bearing, and
acidic, and presumably derived from lake-bottom mud during
the opening phreatomagmatic explosion, which apparently
ejected the lake entirely. Unit 1 is not seen everywhere, and
is never exposed seaward of the pre-eruption shoreline, where
deposits, if they exist, would be below sea level. It is generally
centimeters to decimeters thick.

Unit 2 is a thick sequence of vaguely bedded, coarse-grained
pyroclastic flows. At shoreline exposures, much of Unit 2 is
presumed to be below sea level. Unit 3 is a distinctly stratified
sequence of interbedded, coarse pyroclastic deposits of flow
and fall origin. The distinct bedding between Unit 3 flows,
including intervals of pumiceous and fines-depleted fall, sug-
gests that Unit 3 accumulated during a time of more episodic
deposition than when Unit 2 was deposited. Units 2 and 3

Figure 8. Examples of 2008 mass flows (map unit Qd) and the primary 2008 deposits denuded primarily of their uppermost, fine-grained
layer (Unit 4; see text). A. Oblique view 41 days after the eruption of September 17, 2008, satellite imagery draped on the April 2009
DEM. The extensive dark areas (stippled Q8p on sheet 1) show where the upper part of 2008 deposits have detached, flowed to lower
elevations, and redeposited as unit Qd, illustrating widespread and rapid erosion of 2008 deposits through sloughing and slab avalanches
that produced mass flows. B. Photograph taken in the uppermost part of a prominent gully about 400 m east of Luna summit. It shows
four small scarps, each about 10 m across, where Unit 4 deposits have slumped, generating mass flows (Qd) and leaving behind patches
of 2008 deposits stripped of their uppermost surface. Photograph by J. Williams, USFWS, June 13, 2009. C. View northward of the
southern side of the pyroclastic fan built from 2008 pyroclastic density currents channeled by Peregrine ravine. It shows the distal ends
of four flows, three toward the camera and one on the skyline, which originated on the upper slopes of Peregrine ravine. The steepest
parts of the two center mass flows are 18 and 16 m wide. The termini of the flows are covered by subsequent alluvial deposits seen in
the foreground. Photograph by C. Nye, June 13, 2009. The two mass flow deposits in the center are among the few that were emplaced
during the winter of 2008—2009 rather than immediately after the eruption.
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both contain abundant non-juvenile lithic fragments presum-
ably mostly derived from the portions of the crater wall that
were removed during the eruption. Non-juvenile lithic clasts
comprise an average of 70 percent of fragments in the 16-32
mm size class (appendix 9). The largest lithic block we have
seen is about 7 m long and a few meters wide and thick; it sits
about 850 m seaward of the nearest part of the crater rim on
the south—southeast flank. Numerous lithic blocks greater than
3 m long sit on the surface of 2008 deposits about a kilometer
from the crater rim and a few hundred meters seaward of the
pre-eruption shoreline.

Units 2 and 3 contain basaltic andesite, andesite, and
banded scoria in roughly equal proportions. Andesite scoriae
dominate juvenile ejecta in the bases of Units 2 and 3. Basaltic
andesite dominates the middle of Unit 3, and andesite and
basaltic andesite are in subequal proportions in the tops of
both Unit 2 and Unit 3. Unit 3 also contains texturally diverse,
amphibole-rich, cumulate gabbroic blocks and minor cumulate
pyroxenitic and peridotitic blocks. Gabbros are often extremely
friable and contain intergranular voids, some of which contain
interstitial basalt melt slightly more mafic than the most mafic
juvenile basaltic andesite scoriae. Some cumulate blocks are
coated with basalt rinds of the same composition as the inter-
stitial basalt in the gabbros.

Units 2 and 3 comprise the bulk of the 2008 deposits, and
are overlain by Unit 4, which is composed of millimeters- to
centimeters-thick beds of ash and accretionary lapilli that
were deposited by falls and surges during the waning stage of
the eruption. Individual beds are composed of fine sand, silt,
and clay-sized particles. Low-angle crossbedding is common.
Accretionary lapilli are abundant, suggesting that water was
incorporated in the eruptions that produced Unit 4. Aggregate
thickness of Unit 4 is decimeters to a few meters.

Boundaries between units are not differentiated on the map
and are only visible in near-vertical exposures. Pyroclastic den-
sity currents from the 2008 eruption were only locally erosive,
as shown by occasional rip-ups of underlying turf, and often
not erosive, as shown by undisturbed turf below the deposits.
Despite the expected high magmatic temperature (-900°C)
and the proximity to the vent, the pyroclastic deposits were in
general not hot enough to char underlying turf or rare manmade
artifacts (for example, a plywood observation blind at Tundering
talus that was exposed by erosion some years after the eruption).

We observed Unit 4 becoming mobilized under light
rain, presumably because its fine-grained, interbedded nature
promotes rapid buildup of pore pressure and loss of shear
strength. Unit 4 initially capped all 2008 deposits, but soon
after deposition it commonly sloughed off steeper slopes,
producing mud-lump debris flows (fig. 8; see 2008 mass-flow
deposits [Qd]) that moved downslope and came to rest on
shallower slopes, leaving behind large areas of 2008 deposits
largely denuded of their Unit 4 cap. Such areas are bounded
by headwall and sidewall scarps a meter or two high, and are
shown with a stippled pattern on sheet 1. Differences in their
surface characteristics may be relevant to revegetation. Where
Unit 4 is fine-grained enough, and where it is still in place cap-
ping 2008 deposits, even light rainfall migrates downslope as
sheet-flow before dropping into gullies. In the absence of Unit
4 the upper surface of 2008 deposits is much more porous, and
rainfall is more likely to infiltrate.

Most sloughing of Unit 4 and the subsequent formation
of mass flows occurred very soon after the eruption. The first
post-eruption visual observations of Kasatochi were from the

MV Tiglax shortly after sunset August 10, about two and a half
days after the eruption ceased. While low light, low clouds,
scattered fog, and intermittent rain significantly degrade the
available photographic record, it is clear that many Unit 4 debris
flows had formed. A helicopter-supported visit to the island by
USFWS and AVO scientists on August 22, and observations
from the M/V Tiglas on August 29, show widespread areas
where Unit 4 sloughed, forming mass-flow deposits at lower
elevation. Satellite images acquired as early as September 3 show
most of the sloughed areas and mass-flow deposits essentially
as they have been since (fig. 8A); some additional mass flows
were emplaced during winter 2008-2009, but prior to April
18, 2009, the date of the satellite images used as a base for
this study. The sloughing of Unit 4 was an early post-eruptive
process, largely completed within at most two weeks, and fully
complete within at most eight months, and was not ongoing
during the course of our study.

The surface of about 30 percent of the original pyroclastic
deposits sloughed. While there is broad overlap of surface slopes
where sloughing did and did not occur, the areas that sloughed
have a higher proportion of steeper slopes (for example, 35
percent of the sloughed areas, but only 15 percent of the areas
where Unit 4 remained in place have surface slopes greater than
30 degrees). Perhaps slumping was initiated on steeper slopes
and then propagated across shallower slopes.

Pyroclastic fans (Q8f)

2008 pyroclastic density currents were largely channeled
by preexisting topography despite their proximity to the vent.
As a result, thick fans formed with apices at the lower ends
of canyons and valleys. These fans are mapped as a separate
unit (Q8f). The lack of precise pre-eruption topographic data
makes determination of the three-dimensional morphology of
the fans difficult. However, the position of the pre-eruption
shoreline—a pre-eruption zero-elevation marker—is known,
and the elevation of the surface of the 2008 deposits above this
zero-elevation line can be determined.

Figure 9 shows the thickness of 2008 deposits at the pre-
eruption shoreline along the western, southern, and eastern
shore between Barabara ridge and Rye point. The thickest fan,
at the mouth of Peregrine ravine (fig. 9, point A), is 50 m thick.
Other thick fans are seaward of the lowest point on the crater
rim (north of point A in fig. 9), at the south end of the cliffs
of Peregrine glaciovolcanic deposits (Qpg) (fig. 9, point B), at
the mouth of the broadest valley below Luna Summit (fig. 9,
point C), and seaward of The Ogres Toes (fig. 9, point D), a
triplet of pre-eruption valleys presumably cut into the Luna
pyroclastic deposits. All of these fans stand more than 20 m
above the pre-eruption beach and thin dramatically landward
because they cover steep pre-eruption topography. Thickness of
2008 deposits along this transect range from 6 m at the edges
of fans to 50 m at the peak of the largest fan, with an average
of about 23 m. The surface slopes of the fans average about 13
degrees, about half as steep as the upper slopes of the volcano,
where 2008 pyroclastic deposits form sheet-like bodies.

PRE-ERUPTION

Luna pyroclastic deposits (Qlp)

The stratigraphically highest unit prior to the 2008 eruption
was a thick package of beds formed principally by deposition
from pyroclastic flows. The name for this unit, Luna pyroclas-
tic deposits (Qlp), is taken from Luna Insularis—the USFWS
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name for the area surrounding Luna summit, which was a bare,
unvegetated surface prior to the 2008 eruption. In all exposures,
including those inferred from pre-eruption photography, Luna
pyroclastic deposits overlie all other units, and underlie only
2008 deposits.

The Luna pyroclastic deposits map unit consists of stacks
of individual flow units. Each flow unit is meters to several
meters thick and poorly sorted, containing juvenile pyroclasts
up to tens of centimeters in diameter, and angular lithic blocks
of preexisting lava up to a few meters in diameter, in a sandy
to ashy matrix. Individual flow units are usually uniform in
thickness over horizontal distances of hundreds of meters.

However, in some localities there are flattened, lens-shaped
bodies, apparently formed both by scouring of underlying
flows by overlying flows and by deposition of leveed lobes of
pyroclastic flow deposits.

Three main outcrop areas of Luna pyroclastic deposits
existed prior to the 2008 eruption: the south shore, the
southern crater rim, and the west shore. The south shore ex-
posure consisted of a continuous beach bluff that rose above a
20-50-m-wide sand, gravel, and boulder beach (fig. 10) and
ran in a 2-km-long arc from the southernmost point eastward
and then northward to Rye point, a distance of about a quarter
of the pre-eruption circumference of the island. The bluff was
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Figure 9. Upper panel is a north-looking perspective of the April 18, 2009, satellite image used as a map base, showing the western,
southern, and eastern flanks of Kasatochi, as well as the surface projection of the pre-eruption shoreline (dark blue line) taken from April
4, 2004, satellite imagery. Lower panel is an elevation profile of the projected pre-eruption shoreline (vertical exaggeration 15x), showing
higher elevations at apices of fans of 2008 pyroclastic deposits than between the fans. Letters show matching features between panels.

Figure 10. Views of the southern shore of Kasatochi before and after the 2008 eruption. Lines indicate the positions of the same three
major features on each photograph. Upper photograph by USFWS, 1996. Lower photograph by C. Nye, June 12, 2009.
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about 50 m high at the mouth of a shallow radial valley (250
m wide and 20 m deep measured midway between shore and
rim) and thinned to about 20 m high to the north and south.
Individual flow units mirror the top edge of the bluff, showing
that the thickened central portion is constructional. Deposits
from 2008 have buried the lower 20 m of the pre-eruption bluff,
completely burying the bluff on the northern and southern
ends, and leaving about 30 m of the bluff exposed at its thickest
part. From the top of the bluff to the crater rim, the surface slope
of Kasatochi is generally smooth and 10-15 degrees at lower
elevations and 15-20 degrees nearer the rim. Comparison with
pre-eruption photographs suggests that deposition of meters to
several meters of 2008 deposits did not significantly change the
slope. The smooth surface slope is presumed to be the original
depositional slope of Luna pyroclastic deposits slightly modi-
fied by erosion. The major exception to the generally constant
flank slope is near the south point of the island where a gently
lobate band about 30 m high with a surface slope of 25-40
degrees lies about 50 m behind the beach bluff (fig. 10). It is
likely that these steeper bluffs reflect preexisting topography,
and perhaps a preexisting shoreline, which Luna pyroclastic
deposits flowed over and around, building the island seaward
in a manner similar to the 2008 event.

The southern crater wall, upslope from the southern beach
bluffs, contains a composite section of pyroclastic deposits
up to 200 m thick (fig. 11). None of these deposits are ac-
cessible, so our description is based on observations from the

crater rim and from photographs. The basal 50 m appears to
consist of massive, poorly stratified, lithic-rich pyroclastic flow
deposits. The basal unit is overlain by about 80 m of reddish
and dark-gray pyroclastic flow deposits. The deposits include
10-m-thick layers containing dense lithic blocks, but fewer than
the lower massive section, and are interbedded with thinner,
finer-grained pyroclastic flows and falls. This intermediate sec-
tion also includes a few thin, light-colored deposits that define
wavy unconformities. Next there is a package of about 70 m
of ~1-m-thick parallel pyroclastic-flow deposits that are mostly
free of large lithic blocks and are also lighter in color than the
lower units. The thinner-bedded section may reflect either a
period of lower-energy explosive eruptions or a period of inflated
flow with little deposition. In the crater wall Luna pyroclastic
deposits are overlain by about 10 m of 2008 deposits.

The third area with large pre-eruption exposures of Luna py-
roclastic deposits was on the western flanks. With the exception
of three small outcrops totaling less than 0.2 ha, all Luna py-
roclastic deposit outcrops on the western flanks are completely
buried by 2008 deposits, hence the only available information
comes from pre-eruption photographs. Pyroclastic flows formed
the uppermost deposits from Barabara ridge southward for 1.2
km to the shoreline below Peregrine peak. An impressive bluff
that cut into these fans from below the USFWS cabin 550 m
southward (fig. 12), was about 40 m high beneath the cabin
and rose to a maximum height of nearly 50 m near the end of
Peregrine ravine before tapering away beneath Peregrine peak.

Figure 11. View of the southern crater wall, showing 200-m-thick Luna pyroclastic deposits (Qlp) above lava and thin tephra exposed only

in the lower crater wall. Photograph by W. Scott, August 11, 2010.
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The bluff consisted of four or five major packages of pyroclastic
flow deposits, each composed of multiple crudely stratified
subunits (fig. 13). Pronounced low-angle crosscutting between
packages presumably reflects deposition from successive major
pulses of pyroclastic flows. The pyroclastic-flow deposits ap-
parently contain occasional lithic blocks up to a few meters in
diameter. The beach below the bluffs was 15-25 m wide and
composed of meter-sized boulders that presumably are the
lag deposit left from erosion of the pyroclastic fan. The Luna
pyroclastic fans presumably extended several hundred meters
seaward immediately after eruption, similar to the way the 2008
fans extended the pre-eruption shoreline, and were eroded back
over time, leaving the bluffs protected from all but large storms
by the boulder beach.

From the cabin north to Barabara ridge, bluffs were not as
well developed as those south of the cabin, although slumps
did expose pyroclastic-flow deposits discontinuously. Prior to
2008, lava bedrock was exposed immediately below the cabin,

mount Kasatochi
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at Barabara ridge, and midway between the two. These lava
outcrops may represent more continuous lava slightly below
the pre-2008 beach, which might have protected the Luna
pyroclastic fans from erosion. About 15 vertical meters of
Luna pyroclastic deposits were exposed on the north-facing
flank of Barabara ridge prior to 2008. The upper crater wall
upslope from the northern part of this western package of
Luna pyroclastic deposits exposes 50-100 m of presumably
correlative bedded pyroclastic-flow deposits.

The western package of Luna pyroclastic deposits was
well exposed prior to the 2008 eruption, but is now almost
entirely covered by 2008 deposits. The estimated thicknesses
0f2008 deposits above the pre-eruption bluff edge range from
3 to 10 m. The few currently accessible outcrops are only
several tens of meters long and several meters high. Those
outcrops are along the sides of small, pre-2008 radial valleys
and 250-300 m from the low spot in the 2008 crater rim.
The 2008 pyroclastic flows were uncharacteristically erosive

Jack peak

Peregrine peak

Figure 12. Pre-eruption photograph of the western coast of Kasatochi, showing a large fan of Luna pyroclastic deposits exposed in the
beach bluff. This fan is now entirely buried by 2008 deposits, as are the cabin and Troll talus. Photograph by USFWS, August 7, 2006.

Figure 13. View of western shore of Kasatochi, showing Luna pyroclastic deposits below the cabin and boulder beach deposits at the
shoreline. The cabin, Luna pyroclastic deposits outcrop, and beach deposits are buried beneath 2008 deposits. Photograph by USFWS,
August 7, 2006.
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in this area, peeling away the pre-eruption vegetation to expose
the underlying Luna pyroclastic deposits.

The age of Luna pyroclastic deposits is not precisely known,
nor is the amount of time required to accumulate the 200
m of stacked flow units exposed in the southern crater wall.
However, we see no soils or significant erosional breaks in the
Luna pyroclastic deposits, suggesting the unit formed during
a single, large, relatively brief eruptive episode. The youngest
dated underlying lava unit is 4.0 + 2.5 ka, but our interpretation
of stratigraphy indicates that there are several undated overly-
ing lava units that are younger still, so we consider 4 ka to be
a maximum age, and substantially older than Luna pyroclastic
deposits. Luna pyroclastic deposits are overlain by very thin,
poorly developed soils, even at very low elevations, which also
suggests a very young age. Minor radial valleys cut into Luna
pyroclastic deposits, most prominently on the eastern flank of
the island (forming The Ogres Toes), and on the western flank
between the cabin site and Barabara ridge. At mid elevation
these valleys are 100-250 m wide and 30-50 m deep. They
are V-shaped, and the slopes of the valley walls are generally
less than 30 degrees. Presumably these started as steep-walled
gullies similar to those in the 2008 deposits and evolved over
time from a box-shape profile to the current V shape as the gully
walls eroded from near-vertical to the angle of repose or less.
The amount of time required for this erosional modification to
the gullies is unknown, but we note that similar modification of
the largest gullies in 2008 deposits was well underway during
the course of this study. Prior to the 2008 eruption the sides
and bottoms of the valleys were entirely vegetated, thus the
valleys were no longer being formed by active erosion. During
the 2008 eruption the bottoms of some of these valleys were
scoured, exposing Luna pyroclastic deposits that had previously
been vegetated.

Juvenile pyroclasts were collected from the upper exposed
portion of the pre-eruption southern beach bluffs and from
other smaller outcrops. The full stratigraphic extent of Luna
pyroclastic deposits is only exposed in the crater wall, and
is inaccessible. Luna pyroclastic deposit samples range from
52.8 percent SiO, basaltic andesite through 59.4 percent SiO,
andesite, and incompatible element abundances vary regularly
with SiO,, so there is limited dispersion of concentrations
about trendlines of specific elements vs. SiO,. Luna samples
are similar to 2008 deposits only in having a large composi-
tional range with little spread about trendlines. Pyroclasts have
phenocrysts of plagioclase (14-39%, 0.2—-0.8 mm), clinopy-
roxene (2-12%, 0.3-0.7 mm), orthopyroxene (0-5%, 0.2
mm), oxides (0-3%, 0.3—-0.5 mm), amphibole (0-1%, 0.5-1
mm), and 4682 percent groundmass consisting of glass plus
microlites. Groundmass is more abundant and phenocrysts
less abundant in samples with higher SiO, (see appendix 7 for
photomicrographs).

Lava units

Eight prominent lava-flow units form the flanks of the
northern half of the island. They are generally steep, thick flows
with surface slopes of 25-50 degrees with tall cliffs at their
margins. The lavas are uniformly medium-gray and dense and
are difficult to distinguish from each other in hand specimen.
Twenty-five lava samples collected from outcrop and three ad-
ditional lava samples collected from lithic blocks in the 2008
pyroclastic flows were analyzed for major and trace elements;
modal mineralogy was determined for 21 of these. We identified
several separate lava units based on geographic contiguity and

petrographic and chemical similarity. Those units from which
we have multiple samples have restricted ranges of concentra-
tions of certain key trace elements and inter-unit variations
that suggest that the units are genetically different and there-
fore likely represent temporally distinct eruptions. Some lava
exposures that are not contiguous are correlated on the basis of
distinctive chemical composition. Most of the units are basaltic
andesite and andesite with 50 + 10 percent crystals, although
notable basalt units exist.

An unequivocal field-based stratigraphy cannot be estab-
lished because overlapping relationships from one unit to the
next spanning all units were not found. Lava units are listed in
order of what we interpret to be increasing apparent age based
on field relationships, geomorphology, and limited “Ar/*Ar
dating.

Monkeys Forehead basaltic andesite (Qmfm)

The Monkeys Forehead is the name given by USEWS per-
sonnel to a large, isolated block of lava on the northern flank of
Kasatochi, about 500 m east of the northernmost point of the
island (fig. 14). The roughly triangular seaward-facing surface of
The Monkeys Forehead is near-vertical, 45 m wide at the base,
and about 40 m tall. It stands about 35 m above adjacent lower
slopes, and 5 m above adjacent upper slopes. The base of the
block is 80 m laterally behind and 60 m above the beach. The
block does not seem to be morphologically connected to any
adjacent lava flow or dome. We believe The Monkeys Forehead
is a roughly equant 40-50-m-diameter block that slid a few
hundred meters or less to its present position. Presumably the
massive nature and lack of internal fractures helped keep the
block intact during transport.

During field investigations neither The Monkeys Forehead
nor any of the outer slopes of the north—-northeast sector of
the volcano were accessible because unbroken bluffs that cut
into the 2008 deposits were up to 30 m tall, friable, and too
steep to climb.

Sample 1010KCnye004, which we believe is a piece of The
Monkeys Forehead, is taken from an area of large, angular, 5-10
m homogeneous blocks on the beach directly below The Mon-
keys Forehead. The sample area was buried by 2008 deposits
during 2009 fieldwork, but was exposed in 2010. These blocks
are distinctly different morphologically from the heterogeneous,
rounded 0.5-1.5 m boulders that form the beach on either side,
as well as petrographically and chemically different from the
nearest unequivocal outcrops in either direction along the beach.

Lavas high on the cone directly upslope from The Mon-
keys Forehead (fig. 15) have been assigned to the Qmfm map
unit because they are the uppermost units on this flank, thus
stratigraphically equivalent to The Monkeys Forehead itself.
The upper units were inaccessible during field investigations
and have not been sampled. The upper units appear, based
on oblique field photographs, to consist of two to about six
flow lobes, each 200-300 m wide and 5-15 m thick. The best
exposed of these flow lobes is about 80 m upslope from The
Monkeys Forehead, and is divided into fairly regular vertical
columns 3-5 m wide. Other upper flow units appear to have
similar columnar fracture. The maximum total thickness of
these upper units as exposed in the crater wall is about 75 m,
extending from Monkey summit to 10~15 m below the low spot
on the rim just southeast of Monkey summit. The upper flow
units have an original depositional slope of about 45 degrees.

Monkeys Forehead basaltic andesite contains phenocrysts
of plagioclase (28%, 0.2-0.8 mm), clinopyroxene (5%,
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0.4-0.8 mm), orthopyroxene (2%, 0.1-0.2 mm), oxides
(2%, 0.2-0.3 mm), amphibole (4%, 0.3—-0.6 mm), and 50
percent microcrystalline groundmass (see appendix 7 for
photomicrographs). Plagioclase crystals typically are zoned
and have concentric spongy, inclusion-rich regions. Atypical
large, unzoned, inclusion-free plagioclase crystals are likely
xenocrysts. Amphibole crystals have an opaque reaction rim
at least 100 pm thick; smaller amphibole crystals are often
completely replaced by reaction products. Monkeys Forehead
basaltic andesite is distinguished from the more silicic Whiskey
andesite immediately to the west by having more amphibole
and a more inequigranular texture. Qmfm is distinguished from
Gregs Mighty basalt immediately to the east by its higher silica
content, absence of large euhedral olivine and clinopyroxene,
and much higher relative proportion of plagioclase.

Tundering basaltic andesite (Qtm)

Tundering basaltic andesite (Qtm) consists of two large
flow lobes embracing Tundering cove on the northwestern side
of the island. The northern flow lobe is the largest, and forms
Tundering head. It is about 600 m long, widening from about
90 m at its top to 150 m on the lower flank, before flaring to
a 250-m-wide bulbous terminus near sea level. Pre-eruption
imagery shows that this flow lobe does not extend to the cra-
ter rim; instead, it originates at an elevation of about 300 m,
high on the outer flank of mount Kasatochi (fig. 15). Whether
this flow is a rootless, spatter-fed flow or erupted from a vent
that penetrated Mount Kasatochi andesite is unknown; the
uppermost part of the flow was inaccessible during this study

and is also blanketed with 2008 deposits. The surface of the
flow slopes about 25-30 degrees, somewhat less steep than the
Mount Kasatochi andesite surface it overlies. The upper part of
the flow appears to be 15-30 m thick. The lateral margins of the
lower, widened part of the flow are cliffs 40-90 m tall, formed
by a single massive lava flow that forms vertical, subparallel,
blocky columns several meters thick.

The other Tundering basaltic andesite flow unit underlies
Barabara ridge and forms the headland bounding Tundering
cove on the south. It is exposed immediately behind the beach in
the southern third of Tundering cove, and extends to the crater
rim where it is truncated and exposed in lava flows many tens
of meters thick. Barabara ridge is currently covered by 2008
deposits. Pre-eruption photography shows that at about 80 m
elevation on the ridge, 25 m of poorly sorted pyroclastic bluff
deposits, presumably Luna pyroclastic deposits, overlie the lava
and presumably are still present beneath the 2008 deposits.

Lavas have 53.8-55.7 weight percent SiO, and phenocrysts
of plagioclase (26-41%, 0.1-0.7 mm), olivine (1-3%, 0.2-0.2
mm), clinopyroxene (5-7%, 0.3-0.5 mm), orthopyroxene
(0-2%, 0.3-0.3 mm), oxides (3-4%, 0.1-0.3 mm), amphi-
bole (1-2%, 0.3-0.5 mm), and 4463 percent fine-grained
microlitic groundmass (see appendix 7 for photomicrographs).
Plagioclase crystals typically are zoned and have concentric
spongy, inclusion-rich regions. One magmatic inclusion (09KC-
wes024) was also examined. It has 55.5 weight percent SiO, and
consists of sparse phenocrysts of plagioclase and heavily-rimmed
amphibole in a matrix of interlocking 100-pm-wide acicular
plagioclase and pyroxene, abundant void space, and some glass.

Monkey summit

Figure 14. View of the northern shore of Kasatochi, showing The Monkeys Forehead and inaccessible lavas mapped as Monkeys Forehead ba-
saltic andesite (Qmfm). The easternmost outcrop of Whiskey andesite (Qwa) is on the right side of the photograph. The outcrop on the distant
farleft rimis Ogres Brow basalticandesite (Qobm). Nearly vertical bluffs of 2008 deposits (2008) up to 32 m tall and continuous for more than 1.2
km along the shoreline prevented access to outcrops upslope during the course of this study. Photograph by J. Williams, USFWS, June 12, 2009.
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mount Kasatochi

Figure 15. Two views, showing both Tundering basaltic andesite (Qtm) flow lobes and Mount Kasatochi andesite (Qmka). The proximal
end of the left (northern) lobe appears to be high on the outer slope of the mount Kasatochi dome, and to not extend to the crater rim.
Left frame is a portion of the April 9, 2004, pre-eruption QuickBird image that shows the different surface textures of Qtm and Qmka.
The right frame shows 2008 deposits covering and obscuring the flow surfaces. Photograph by R. Clifford, February 14, 2013.

mount Kasatochi

crater rim

crater rim

Tundering cove

Figure 16. View of the northwestern shore of Kasatochi, showing outcrops of Whiskey andesite (Qwa), Tundering basaltic andesite (Qtm),
and Mount Kasatochi andesite (Qmbka), all blanketed by 2008 eruption deposits. Outcrops in the left third of the photograph are also

shown in figure 6. Photograph by C. Nye, June 19, 2012.

Mount Kasatochi andesite (Qmka)

Mount Kasatochi andesite (Qmka) forms a dome of massive,
dense, medium-gray andesite with amphibole phenocrysts that
are conspicuous in hand specimen. The unit is located above
Tundering and Whiskey coves on the northwestern side of the
island and is the island’s most prominent region of high topog-
raphy (fig. 16). It is approximately 550 m long and 450 m wide,
forming a dome-like lava mass elongated radially outward to the
northwest. The surface has a characteristic fracture pattern that
forms a fan-like texture composed of lines of blocks a few tens
of meters wide and several meters higher or lower than adjacent
blocks. These are likely spines and creases that formed during
dome growth. The highest point, also the highest point on the
island, is the summit of mount Kasatochi, which is 315.3 m asl.
‘The outward-facing portion of the exposed cliff above Tundering
cove is 85 m tall. Here, the unit is composed of 3—5-m-wide,
poorly developed, vertical columns that extend from the base
to the top of the cliff without pervasive horizontal disruptions.
Thus the unit appears to be a single lava body rather than a
package of flow units. The base of the unit consists of increas-
ingly friable, sugary blocks grading down to angular cobble- to
sand-sized lava fragments, and forms an uneven surface between

110 and 80 m asl. A steep talus pile between the lower contact
and the beach covers underlying units. Prior to the 2008 erup-
tion this talus, named Tundering talus by USFWS, hosted one
of the largest least and crested auklet nesting colonies in the
north Pacific. The surface of this talus is deeply buried by 2008
deposits, but is morphologically similar to the post-eruption
surface. The unit is also well exposed, but unreachable, in the
crater wall. From the summit of mount Kasatochi inward, the
surface of the unit drops to about 240 m elevation with a surface
slope of 50-60 degrees, then steepens to the near-vertical cliff
that extends to the base of the unit at about 140 m asl, roughly
50 m higher than the base above Tundering cove. In the crater
wall Mount Kasatochi andesite also consists of massive, poorly
formed vertical columns. Mount Kasatochi andesite forms a
single massive unit up to 150 m thick that we interpret to be a
dome emplaced on the moderately dipping outward slopes of
the preexisting volcano.

One sample of Mount Kasatochi andesite was chemi-
cally and petrographically analyzed. It has 59.4% SiO, and
phenocrysts of plagioclase (35%, 0.3—1 mm), clinopyroxene
(3%, 0.3-0.7 mm), orthopyroxene (1%, 0.2-0.3 mm), oxides
(2%, 0.2-0.3 mm), amphibole (3%, 0.3-0.7 mm), and 56
percent fine-grained groundmass (see appendix 7 for pho-
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Figure 17. View of the northeastern shore of Kasatochi, showing The Ogres Brow, the most prominent outcrop of Ogres Brow basaltic
andesite (Qobm). The cliff of Ogres Brow is about 360 m wide and up to 80 m high. A small outcrop of Gregs Mighty basalt underlies the
far lower right corner of The Ogres Brow, separated from it by a red scoriaceous interval. Areas other than cliff faces are blanketed with
2008 eruption deposits. The lateral edges of 2008 pyroclastic fans extend to the beach on the left and right sides of the photograph.
Photograph by J. Williams, USFWS, June 12, 2009.

tomicrographs). Plagioclase crystals typically are zoned and
have concentric spongy, inclusion-rich regions, which suggest
transient disequilibrium during growth. Amphibole crystals
have opacite rims about 40 um wide.

Ogres Brow basaltic andesite (Qobm)

The Ogres Brow is an informal name given here to a promi-
nent cliff on the northeastern flank of Kasatochi (fig. 17). The
name is an extension of “The Ogre’s Toes”, a traditional USFWS
name for the large parallel ridges that descend the southeastern
flank of Kasatochi. The cliff is the most prominent exposure of
Ogres Brow basaltic andesite (Qobm), and is formed of a single
lens-shaped flow unit of massive lava cut by vertical, through-
going cooling fractures defining moderately-well-developed
columns 2-4 m wide. At its center the flow is 80 m thick,
and the thickness tapers to zero across the 440 m width of the
outcrop. The base of the unit is 50-60 m asl, and is exposed in
outcrop and visible in pre-eruption photographs. The surface
of the unit is covered with thin layers of pre-eruption soil and
vegetation and 2008 pyroclastic flows and surges totaling a few
meters in thickness. The surface of the unit climbs 135 m to
the crater rim with a slope of about 25 degrees along a central
spine and 25-35 degrees to each side of the central spine. A
subdued outcrop at 180-185 m elevation, assumed to be Ogres
Brow basaltic andesite, also is visible and recognizably similar
in pre-eruption photography, underscoring the thinness of
2008 deposits here.

Ogres Brow basaltic andesite undetlies the third highest
elevation on the crater rim (274 m asl), referred to here as Ogre
summit. In the crater wall Ogres Brow basaltic andesite forms
a single massive body 120 m thick and 250 m wide that is cut
by through-going, nearly vertical cooling fractures at intervals
of 5-7 m.

Ogres Brow basaltic andesite is similar to other Kasatochi
lavas in being porphyritic. It has 56.6-56.8 weight percent
SiO,, phenocrysts of plagioclase (29-33%, 0.3-0.7 mm),
clinopyroxene (6-8%, 0.3-0.7 mm), orthopyroxene (7%,

0.3-0.7 mm), oxides (1-2%, 0.2-0.3 mm), amphibole (3-5%,
0.4-2.6 mm), and 54% fine-grained aphanitic to cryptocrystal-
line groundmass (see appendix 7 for photomicrographs). The
amphibole is typically dark brown with well-developed opaque
reaction rims about 180 um wide. Plagioclase crystals typically
are zoned and have concentric spongy, inclusion-rich regions.

Amphibole gabbro inclusions are common in at least the
lower part of Ogres Brow basaltic andesite. One of the inclu-
sions (09KCnyel07, see photomicrograph in Appendix 7) was
examined. It contains 47% amphibole, 23% clinopyroxene,
11% plagioclase, 9% void space, 8% interstitial magma, 1%
opaque oxides, and 1% olivine, The amphiboles are brown to
dark reddish brown, euhedral, and 5-7 mm in diameter. Opaque
reaction rims on the amphiboles are about 20 pm wide—a small
fraction of the width of reaction rims on amphibole phenocrysts
in the enclosing lava. Clinopyroxenes are subhedral and as large
as 3 mm when not included in amphibole, but rarely more than
1 mm when surrounded by amphibole. Plagioclase crystals are
anhedral, rarely larger than 1 mm, and in most cases included
in amphibole. Voids are angular, and defined by the euhedral
amphibole crystal faces. About half the voids are filled with
magmatic material consisting of very elongated (up to 0.8 mm
long, aspect ratio >10), hollow quench plagioclase crystals with
small amounts of interstitial brown glass.

Rye basaltic andesite (Qrm)

Rye basaltic andesite (Qrm) lies between Rye point and
the Ogres Brow on the east flank of Kasatochi (fig. 18). At
low elevation it forms East point and an unnamed point 90 m
south. Other exposures are in a 30-m-high cliff starting at 40 m
asl that is 200 m northwest of Rye point and a 20-m-high cliff
starting at 50 m asl that is 150 m west of East point. Scattered
outcrops define a band that increases in elevation northward to
about 150 m asl. We infer that Rye basaltic andesite continues
upslope, although buried below 2008 eruption and perhaps
earlier deposits because there are no major breaks in slope
between the tops of the cliff exposures and the crater rim. It
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Rye point
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Ogre summit

Figure 18. View of the eastern shore of Kasatochi, showing outcrops of Rye basalt (Qrb), Rye basaltic andesite (Qrm), Ogres Brow basaltic
andesite (Qobm), and a 2008 pyroclastic fan (Q8f). Photograph by J. Williams, USFWS, June 12, 2009.

Monkey summit

mount Kasatochi

Whiskey cove

Figure 19. Photograph of the north—northwestern coast of Kasatochi, showing outcrops of Whiskey andesite (Qwa), Monkeys Forehead
basaltic andesite (Qmfm), Mount Kasatochi andesite (Qmka), 2008 pyroclastic deposits (Q8p), and 2008 pyroclastic fans (Q8f). Photograph

by C. Nye, June 12, 2009.

may underlie Rye summit. Thick lavas exist in the crater wall
upslope from Rye basaltic andesite outcrops, and the uppermost
of these may be the same flow as is exposed on the flanks, but
crater wall lavas could not be sampled for verification. Because
Rye basaltic andesite could not be traced unequivocally to any
of the crater wall lavas, none are shown as Rye basaltic andesite.

On its southern margin Rye basaltic andesite appears to
overlie Rye basalt, although the contact itself is not exposed.
We infer that Rye basaltic andesite is younger than Rye basalt
based on this geometry. On its northern margin the strati-
graphic relationship between Rye basaltic andesite and Ogres
Brow basaltic andesite is unclear. It appears that the boundary
between the two units lies in a steep, broad gully system and
overlapping relationships are hidden. If the thick lava mass
below Rye summit is Rye basaltic andesite then stratigraphic
relations exposed in the wall favor the interpretation that Rye
basaltic andesite is older than Ogres Brow basaltic andesite.

Rye basaltic andesite (56.5-56.6 wt.% SiO,) is porphy-
ritic, with phenocrysts of plagioclase (33-37%, 0.3—1.2 mm),
clinopyroxene (8-10%, 0.3—1.2 mm), orthopyroxene (2—4%,
0.3-0.4 mm), oxides (2-3%, 0.2-0.3 mm), amphibole (0—~1%,
0.4-1.3 mm), and 49-53 percent aphanitic groundmass. Pla-
gioclase crystals typically are zoned and have concentric spongy,
inclusion-rich regions. Amphiboles are dark brown, and have
opaque reaction rims up to 90 pum thick.

Rye basaltic andesite is petrographically and geochemically
nearly indistinguishable from Whiskey andesite, described be-
low. Rye basaltic andesite is a very-high-silica basaltic andesite,

and Whiskey andesite is a very-low-silica andesite. We map these
as two separate units because the stratigraphic relationships and
geochronologic data indicate that they are significantly different
in age. If a more thorough dating program were undertaken the
stratigraphic relationships might necessarily be revised.

Rye basalt (Qrb)

Rye basalt (Qrb) is exposed at and near Rye point on the
eastern coast of the island (fig. 18). Here, dense lava forms
sea cliffs 10~12 m high composed of parallel vertical columns
about 2 m wide. The total width of continuous, unbroken,
homogeneous outcrop is 175 m. Upslope from this outcrop the
topography is smooth. The lava appears to underlie Rye basaltic
andesite, but the contact is covered and not observable. It is not
possible to trace Rye basalt to units exposed in the crater wall.

Rye basalt (50.9-51.3 wt.% SiO2) is a fine-grained plagio-
clase basalt with phenocrysts of plagioclase (42-46%, 0.2-0.6
mm), olivine (2-4%, 0.2-0.4 mm), clinopyroxene (8-11%,
0.3-1.2 mm), oxides (2%, 0.1-0.3 mm), and 36-45 percent
coarse (70 pm) nearly holocrystalline groundmass (see appen-
dix 7 for photomicrographs). Its “°Ar/*’Ar age is 4.0 + 2.5 ka
(appendix 4).

Whiskey andesite (Qwa)

Several lobes of lava with similar and distinctive trace-
element geochemistry exist on the north and west flanks of
Kasatochi. These are collectively referred to as Whiskey andesite
(Qwa), because their average composition is andesite, although
asa group they straddle the basaltic andesite—andesite boundary.
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The largest outcrop of Whiskey andesite is on the northernmost
point of the island and in adjacent flow lobes in the bluffs and
cliffs above Whiskey cove, extending to the crater rim north of
mount Kasatochi (fig. 19). The maximum width of this pack-
age of flow lobes is 665 m. The longest lobe extends from the
rim 560 m downslope to the shore. The shortest flow lobe is
about 200 m long, terminating in a 30-m-high cliff midway
between the rim and shoreline. The large flow lobe that forms
the northernmost point on the island has a curved central
spine with a slope of ~17 degrees, which dips northward then
northwestward from the rim. The broad, upper surface of this
flow lobe extends many tens of meters perpendicularly to the
central spine, which drops both seaward and away from the
spine with a composite slope of about 25 degrees. The distal
end consists of three low, relatively flat lobes that extend into
the Bering Sea at Sea Lion spit. These lobes are 50-100 m in
width and length, with upper surfaces as high as 6 m asl, and
are the haul-out of a large sea lion colony. Directly behind these
shoreline platforms, the lava forms near-vertical cliffs 60-80
m tall. Presumably the sea lion platforms are wave-cut, and
the thick flow lobe once extended farther seaward. Within the
60-80 m sea cliffs the lava is dense, and in moderately-well-
developed vertical columns 2-3 m wide, with column sides
composed of multiple successive chisel marks. Subhorizontal
fracture of individual columns is present, but through-going
horizontal structures formed by platy lava or intra-flow breccia
are absent, which indicates that this is a single lava flow.
Immediately to the southwest of the main flow lobe, at mid
slope above Whiskey cove, are two or three smaller low lobes of
andesite similar in hand-specimen appearance, petrography and
geochemistry to the main lobe. These flow lobes end at smaller
cliffs 2030 m high at mid-slope. They are separated from each
other by areas of lower slope, now covered by 2008 deposits,
which are presumably intra-flow breccias, formed when a pulse
of the larger flow unit broke out at the surface and overran the
rubbly surface of earlier parts of the flow. Lava exposed in the
upper crater wall forms relatively thin flows separated by breccia.
Lava that is petrographically and geochemically similar to,

and is correlated with, the northern Whiskey andesite, crops out
on the southwestern upper flank between Peregrine ravine and
Jack peak. This lava forms a broad band of large blocks with an
aggregate thickness of about 20 m. The immediately adjacent
crater wall contains a massive lava 110 m thick, overlain by
about 50 m of Luna pyroclastic deposits, in turn overlain by
2008 deposits. The thick lava is presumably correlative with the
band of lava blocks on the slope, although it was not accessible
for sampling or detailed inspection.

Whiskey andesite (56.0-58.3 wt.% SiO,) is porphyritic,
and contains phenocrysts of plagioclase (34—42%, 0.2-0.9
mm), clinopyroxene (7%, 0.4-1.5 mm), orthopyroxene (3—4%,
0.3-0.6 mm), oxides (2-4%, 0.2-0.4 mm), amphibole (2%,
0.4-0.8 mm), and 4353 percent fine-grained groundmass (see
appendix 7 for photomicrographs). Plagioclase phenocrysts are
zoned and contain extensive sieved regions. Unzoned, unsieved
plagioclase crystals occur in crystal clots in some samples. Reac-
tion rims on amphiboles are about 90 pm thick, and completely
replace smaller amphibole crystals. There are two petrographic
subtypes of Whiskey andesite (see photomicrographs, appendix
7); one is more vesicular and has less groundmass, and the other
has fewer vesicles, more groundmass, and about one weight
percent higher silica. Both subtypes have the same mineralogy
and relative proportions of mineral species.

A Ar/*Ar age of 8.9 + 2.0 ka (appendix 4) was obtained
from a sample on the northernmost point of the island.

Gregs Mighty basalt (Qgmb)

Gregs Mighty rock is a name given by USFWS to a fin of
porphyritic olivine clinopyroxene basalt just north of the north-
ern end of the Ogres Brow. Prior to the eruption, it extended
75 m perpendicularly to the coast, was about 5 m wide and
12 m tall (fig. 20), and is the basis for the unit name Gregs
Mighty basalt (Qgmb).

The base of Gregs Mighty rock comprises unusually straight,
vertical columns about 80 cm wide with well-developed hori-
zontal bands at 10-20 cm intervals. (The horizontal bands, often
called ‘chisel marks’ or ‘stria¢’, form by the episodic advance

Figure 20. Gregs Mighty rock, viewed from the north on August 8, 2011. The 2008 eruption covered Gregs Mighty rock and the adjacent
beach with tens of meters of pyroclastic debris. By late 2011 the beach and sea-level outcrops had been re-exposed, and 10-12 m of
2008 eruption deposits remained capping the rock. By late 2013 the eruption deposits had been eroded from the top of the rock. Photo

by J. Williams, USFWS, June 18, 2010.
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of cooling fractures, forming columns as the lava cools and
contracts in place.) Many, but not all, of the vertical cooling
fractures between columns continue into the upper two-thirds
of the unit. The upper part of Gregs Mighty rock consists of
poorly formed, irregular columns and fracture-bounded blocks
2-4 m in diameter.

Pre-eruption photographs show that Gregs Mighty rock is
part of a package of lava flows that extends 800 m northward
along the coast from stratigraphically beneath the northern part
of the Ogres Brow to just east of The Monkeys Forehead (fig.
21). This package is up to 60 m thick and consists of a lower
~10-m-thick unit of one to two flows characterized by moder-
ately-well-formed vertical columns 1-3 m in diameter and an
upper unit of thin, parallel, laterally extensive monolithologic
flows separated by breccias composed entirely of fragments of
the lava. There are at least 15 dark-gray stacked lavas, each about
1.5 m thick and of constant thickness for more than 200 m.
Individual lavas are separated by about 1.5 m of red scoria and
interflow breccia. It is likely that the individual lava layers are
successive flow lobes formed during a single effusive eruption.

Gregs Mighty basalt was almost completely buried by
the 2008 eruption; in June 2009 only a few meters of Gregs
Mighty rock protruded from the beach bluff cut into the 2008
deposits, and a small exposure of the thin stacked flows was
visible beneath the northern part of the Ogres Brow (sample
09KCwes001). As the beach and beach bluff eroded, more and
more of the unit was exposed, and the extent of exposure of
Gregs Mighty rock became a key visual indicator of the rate of
geomorphic change. By 2010 there were beach exposures of the
lower unit, permitting the collection of samples 10KCnye005
and 10KCnye006 (note that those sample locations plot in
2008 pyroclastic flow fan deposits on the geologic map, sheet
1). With continued erosion and the reappearance of the pre-
eruption boulder beach and cliff shoreline, the beach became
unwalkable and sea conditions did not permit landing for
additional sampling of the newly exposed thin stacked lavas.

A visually similar package of lower, thicker, lavas and upper
thin stacked lavas is exposed low on the north—northeast wall
of the crater, a lateral distance of only 300 m. This is the only
other exposure of thin stacked lavas on the island, thus it is likely
they are the same unit as Gregs Mighty basalt, but because they
could not be sampled and the correlation confirmed, they are
shown on sheet 1 as unit Qwtf.

Gregs Mighty rock is unlike any of the other mapped

Ogre summit

The Ogres Brow

lavas in that hand-specimen appearance is dominated by large
clinopyroxene and olivine phenocrysts. It contains pheno-
crysts of plagioclase (22-28%, 0.3-0.9 mm), olivine (6-9%,
0.7-2.7 mm), clinopyroxene (15-20%, 0.4-3.5 mm), oxides
(0-1%, 0.1 mm), and 50-53 percent groundmass composed
of 5-10-pum-diameter microlites of plagioclase, opaque oxides,
and ferromagnesian minerals (see appendix 7 for photomi-
crographs). Plagioclase phenocrysts are much smaller than
pyroxene or olivine phenocrysts, and are zoned with concentric
sieved regions. Clinopyroxene phenocrysts are euhedral crystals
or crystal fragments. Olivine phenocrysts are euhedral to sub-
hedral and contain opaque spinel inclusions (magnetite) rather
than translucent brown chromite.

Peregrine lava (Qpl)

Peregrine lava (Qpl) consists of two lava masses at the north-
ern end of the southwest-facing cliffs on the southwest flank of
Kasatochi (fig. 22). The northernmost is about 90 m long and
40 m thick and was the source of the now-buried Troll talus
auklet nesting colony. The other is about 180 m long and 80
m thick. Both lava masses overlie and are overlain by diamicts.
They are roughly lens shaped, and broken into massive blocks
and irregular columns meters to several meters in diameter.
Margins of the lava lenses are only observable from a distance,
but are more finely jointed, blocky, and rubbly. These two lava
masses are interpreted to be near-vent flow lobes.

One sample from the northern end of the northern lava mass
was collected and analyzed for this study; another sample was
collected in 2005 from a now-buried location at lower elevation
than our sample and its analysis is included (T. Neal, USGS,
oral commun.). The lava is oxidized, pinkish-gray basaltic
andesite (55.6-57.0 wt.% SiO,), and contains phenocrysts of
plagioclase (30-30%, 0.2-0.9 mm), amphibole (18%, 0.4-1.7
mm), clinopyroxene (2%, 0.2-0.5 mm), oxides (1%, 0.1-0.1
mm), and 49% aphanitic groundmass. Opaque reaction rims on
amphibole crystals are 150 pum thick, thick enough to entirely
replace smaller amphibole fragments. Peregrine lava is the only
unit in this study with substantially more modal amphibole
than pyroxene.

Peregrine glaciovolcanic deposits (Qpg)

The Peregrine glaciovolcanic deposits (Qpg, sheet 1) com-
prise a 1.2-km-long section of volcaniclastic rocks exposed
primarily in outward-facing cliffs on the southwestern part of

Monkey summit

Figure 21. Pre-eruption photograph of the north—northeastern coast of Kasatochi, showing the extent of Gregs Mighty basalt (Qgmb) (thin
lavas in sea cliffs), the Monkeys Forehead (large outcrop in midslope, right-center), and The Ogres Brow (midslope cliff on left skyline).
Eruption deposits initially covered Qgmb outcrops almost entirely, but subsequent erosion during the course of this study exposed por-
tions of the preexisting outcrop. The field of view is approximately 850 m wide. Photograph by Brie Drummond, USFWS, August 23, 2007.



Geology of Kasatochi volcano, Aleutian Islands, Alaska 25

the island (fig. 22). The unit name is adopted from the informal
USFWS names Peregrine ravine and Peregrine peak. The base of
the exposed section was at sea level prior to the 2008 eruption;
the highest exposed outcrops range in elevation from about
190 m in the north to 200 m midway to 100 m in the south.

The base of the section is now covered by 2008 eruption
deposits that decrease in thickness from 45 m in the north to
15 m in the south at crests of pyroclastic fans, and from 20 m
in the north to 8 m in the south between fans. The top of unit
is roughly parallel to the bedding in the upper part of the unit.

Bedding attitudes are consistent to a first order, but there
is crosscutting between major packages of beds as well as local
crosscutting of individual beds. As a whole, the apparent dip
is to the southeast, but true dip is southerly.

There are two principal facies in the unit. The first, domi-
nantly at the unit’s base, is massive, poorly sorted volcanic

Peregrine peak

Shag rock

debris (hyaloclastite). It contains monolithologic angular blocks
of basalt from a few centimeters to many tens of centimeters
in diameter and a small proportion of centimeter-sized, sub-
rounded, variegated lava clasts supported by a gravelly, variously
red, orange, yellow, and brown matrix of lava fragments and
volcanic debris (fig. 23). The presence of pristine clinopyrox-
ene megacrysts floating in the matrix suggests that the matrix
was produced virtually in situ by fragmentation of the lava on
contact with water. An origin by subaqueous autobrecciation is
also supported by the lack of well-defined bedding, high matrix
volume relative to clasts, and faceted, primary lava clasts with
jigsaw fractures characteristic of quenched magma. This unit,
most accessible at Shag rock, has many of the characteristics
of peperite, but the lack of incorporated preexisting sediments
argues against use of the strictly defined term (Skilling and
others, 2002). The basalt (50.9 wt.% SiO,) has phenocrysts

Figure 22. Panorama of the southwestern flank of Kasatochi; view is to the northeast. The field of view is 1.3 km wide, and the maximum
elevation is about 200 m. The strongly layered units on the right are Peregrine glaciovolcanic deposits (Qpg). Shag rock is embedded in
the beach in the left foreground. Massive cliffs near the left skyline are Peregrine lava (Qpl). Fans of 2008 pyroclastic deposits emanate
from small, steep, bedrock basins (Q8f). Alluvium (Qf) has been deposited on top of 2008 deposits. See appendix 1 for high-resolution

coastal panoramas. Photograph by C. Nye, June 12, 2009.

Figure 23. Peregrine glaciovolcanic deposits (Qpg) at Shag rock. Dominantly massive, matrix-supported unit of monolithologic angular to
subangular clasts centimeters to tens of centimeters in diameter in a coarse matrix. Some clasts have poorly developed radial fracture.
Hammer handle is 40 cm long. Inset shows close-up of the matrix (~10 cm wide), showing coarse matrix and free-floating euhedral

clinopyroxene megacrysts up to 5 by 10 mm.
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of plagioclase (33%, 0.2-0.8 mm), relict olivine (3%, 0.2-0.5
mm), clinopyroxene (5%, typically 0.8-2 mm, occasional
larger megacrysts), and oxides (1%, 0.2 mm), and 59 percent
fine-grained (10—50 pm) nearly holocrystalline groundmass
(see appendix 7 for photomicrographs). Plagioclase phenocrysts
typically have spongy cores and clean, euhedral rims, but show
less complicated crystallization histories than plagioclase phe-
nocrysts from most other units. Plagioclase and clinopyroxene
phenocrysts show no evidence of alteration, but the olivines
are mostly to completely replaced by brown to green fibrous
cryptocrystalline material, although original euhedral crystal
forms are preserved.

The other prominent facies, which constitutes the major-
ity of the Peregrine glaciovolcanic deposits (Qpg), consists of
bedded, volcaniclastic, laharic debris flows. Individual beds are
decimeters to meters thick and most can be traced laterally for
many hundreds of meters. They consist of angular, poorly sorted
monolithologic lava fragments with meter- to decimeter-sized
clasts supported by a gravelly matrix (fig. 24). At the southern
end of the unit there is slumping and soft-sediment deforma-
tion of bedding, which is presumably syneruptive, as well as
a small dike, the radially fractured tip of which is apparently
broken off and laterally displaced (fig. 25). The dike (52.0 wt.%
SiO,) is petrographically similar to the basalt in the Shag rock
hyaloclastite, although plagioclase phenocrysts are somewhat
larger, and clinopyroxenes less numerous. Similar to the Shag
rock basalt, plagioclase and pyroxene crystals are unaltered,
while olivine crystals are relict—the euhedral crystal forms
are replaced by cryptocrystalline material. Juvenile fragments
from the lahars are monolithic within individual beds, but

Figure 24. A representative portion of upper
Peregrine glaciovolcanic deposits (Qpg). The
dark gray bed is approximately 2 m thick.
Photograph by C. Nye, August 10, 2009.

heterolithic between beds.

These volcaniclastic deposits are water-laid flows that require
a source higher in elevation than the deposits and imply some
sort of lateral restriction (such as valley walls) to contain the
flows. Neither a higher-elevation source nor a way to confine
the flows such that they stack to an aggregate thickness of at
least 200 m is currently present. Among potential geologic
explanations for the origin of the deposits are: (1) deposition
in a subglacial vault, with ice providing the necessary confine-
ment to hold water well above current sea level and to provide
the lateral confinement necessary for the observed stratigraphic
thickness to accumulate; (2) deposition in a shallow marine
environment, followed by uplift of hundreds of meters and
subsequent erosion; and (3) deposition on the slopes of a larger
ancestral volcano, most of which has since been eroded.

We consider the first explanation—eruption and deposition
in a subglacial vault—to be the most plausible. The Peregrine
glaciovolcanic unit seems to have been deposited during the
time of MIS 6 glaciation (see discussion of the age of Peregrine
lava, below). While the record of Pleistocene glaciation is less
complete in the Aleutian Islands than elsewhere in Alaska it is
known that at least Wisconsin-aged glaciation was widespread;
that ice extended from the islands onto insular shelves; and
that at least at Adak the top of the ice cap might have been
hundreds of meters above topographic high points (Karlstrom,
1964; Thorson and Hamilton, 1986). Thorson and Hamilton
(1986) make the point that “Extensive ice caps covered most
of the Aleutian Islands during late Wisconsin time; hence, it
is not surprising that little evidence of earlier glaciation has
been recognized on land.” However, fragments of older till
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presumed to have been deposited during MIS 6 glaciation have
been described from Amchitka (Gard, 1980) west and south of
Kasatochi and, like Kasatochi, isolated and distant from high,
mountainous areas. The hypothesis that an ice cap existed
over Kasatochi at the time Qpg was deposited is supported
by geologic evidence for widespread ice caps in the Aleutians,
likely grounded on the extensive portions of the summit plat-
form of the Aleutian Ridge that were emergent during low sea
levels during major glaciations. Other examples of potentially
subglacial volcanics are not common in the Aleutians, but they
exist. At Okmok, for instance, fragmental, apparently glacio-
volcanic rocks exist as high as 1,000 m on ridges outside the
caldera rim, and tuyas on the outer southwestern flank suggest
formation in water depths of up to 350 m (note that these are
not the tuyas that formed inside the caldera during the time a
large intracaldera lake existed).

While eruption within a subglacial lake seems entirely
plausible, hypotheses involving submarine eruption and rapid

uplift or erosion of most of an ancestral volcano, leaving behind
only the Peregrine units, require either uplift or erosion at rates
that seem unlikely given the young age of Peregrine deposits.
We interpret the Peregrine glaciovolcanic deposits unit
(Qpg) to have formed during Pleistocene time in a subglacial
lake, the lower unit to have formed by autofragmentation of
lava erupted into water, and the upper unit to have formed by
remobilization of erupted breccia in water-rich flows.
Detailed stratigraphically controlled sampling was not pos-
sible because most exposures are in cliffs. The samples we were
able collect vary from 51 weight percent SiO, basaltic andesite
to 59 weight percent SiO, andesite. All are porphyritic, and
have modes dominated by plagioclase and clinopyroxene; none
have amphibole phenocrysts. Groundmasses vary from micro-
crystalline to fine grained; none are glassy. In all Peregrine lavas
plagioclase and pyroxene show no visible alteration, but analyses
have variably low analytical totals (as low as 94.9%), presum-
ably reflecting the hydration and alteration of the groundmass,

Figure 25. A 35-m-tall outcrop at the southernmost end of the Peregrine glaciovolcanic deposits (Qpg). Note the vertical, gray, meters-
wide dike (center left) with lateral offsets and a truncated, radially-fractured tip (arrow); folding and slumping (lower right); and vegetation
sprouting from pre-eruption root mats. Photograph by C. Nye, June 18, 2012.
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which is visible in thin section.

Variations in diagnostic trace-element ratios (such as Th/
Nb) span the range of all Kasatochi samples, rather than being
restricted to a subset of the compositional space, as are samples
from other units. Our interpretation is that the entire Qpg unit
represents deposits from multiple discrete eruptive episodes,
with hiatuses of hundreds to thousands of years. Our sample
density is not sufficient to subdivide Qpg based on chemical
stratigraphy.

CRATERWALL

The crater wall exposes a variety of volcanic lithologies,
including lava flows, volcaniclastic breccias, pyroclastic flow
deposits, tephra, and dikes. However, outcrops of lithologic
units exposed solely below the crater rim were not accessible
because the steepness of the crater walls ranges from the angle
of repose to vertical (fig. 26). Furthermore, because of safety
concerns it was agreed that attempts to work inside the crater
were strictly prohibited during fieldwork supported by the
M)V Tiglax. Therefore, most crater wall units were defined
morphologically and mapped using panoramic photographs
taken from various positions on the rim during the few clear
days available, satellite images, and oblique aerial photographs
made available to us by pilots. Some units primarily exposed
in the crater wall were also exposed along the rim; those were
sampled wherever accessible and correlated with units exposed
on the flanks on the basis of petrography, geochemistry, and
geomorphology. Lava exposed on the northeastern crater rim
was not visited because of terrain, time, and weather constraints.

Colluvium (Qwc)

Fans and sheets of colluvium (Qwc) on the crater wall overlie
and obscure underlying units. These necessarily postdate the
2008 eruption because the eruption removed most of the pre-
existing wall. The unit consists of poorly sorted boulder debris
derived from farther upslope.

2008 pyroclastic deposits (Qw8)

Relatively thin deposits of undifferentiated 2008 eruption
pyroclastic flow and fall (Qw8) mantle some areas of the crater
wall, typically where slopes are less than about 50 degrees. This
unit is shown where it is thick enough to obscure underlying
units.

Dikes (Qwd)

A fang-shaped remnant of northwest-trending dikes (Qwd)
exists along the northern crater wall (fig. 27). There are about
a dozen tan-weathering gray dikes. Remnants of preexisting
rock are not visible between individual dikes. The total outcrop
is about 75 m wide perpendicular to the dikes and tapers to
a point about 125 m asl, forming a fang that is free standing
on all but the northeastern side. The dikes trend toward the
northern crater wall, about 200 m distant, but are not present
in that wall. Whether this is a function of the original lateral
extent of the dikes or truncation of the dikes by explosion or
erosion is unclear. It is also not known which, if any, of the lava
units were fed by these dikes.

These dikes are the only exposed feeders; dikes generally
are not seen elsewhere in the crater wall or at the surface on
the flanks; thus, the conduits that fed most of the eruptions
must have been confined to the area below the crater lake for
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Figure 26. Aerial view of Kasatochi’s eastern, northern, and lower western crater wall. The greenish color of the crater lake contrasts
with the blue of the Bering Sea beyond, and is likely the result of ongoing fumarolic emissions into the base of the lake. Photograph by

Burke Mees, September 8, 2011.
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mount Kasatochi

the duration of volcanism at Kasatochi. The sole exception is
the small dike seen in the southernmost part of the Peregrine
glaciovolcanic deposits (fig. 25).

Fragmental volcanic deposits (Qwf)

Portions of the crater wall dominated by coarse, fragmental
deposits are mapped as unit “fragmental volcanic deposits”
(Qwf). The unit contains poorly sorted, crudely bedded red to
brown volcanic debris apparently from scoria deposition, as well
as marginal lava-flow breccia and rubble. In general, individual
beds are meters thick. Also included are a few thicker units that
are more uniformly buff colored and appear to be localized
channel-filling pyroclastic flows.

Lava (Qwl)

Portions of the wall dominated by dense lava are mapped
as “wall lava” (Qwl). Areas shown as a single outcrop of Qwl
may contain multiple overlapping lava masses. Individual lava
units are lens shaped, but with varying aspect ratios, and are a
few meters to 65 m thick. Lava masses are apparently all lava
flows, and are shades of gray, with rubbly black to reddish
margins with more massive interiors that have crude, vertical,
meters-thick columns. Importantly, lavas with small-diameter
curved, radiating, or fanning columns suggesting ice-contact
volcanism are absent.

Thin lava flows (Qwtf)

A package of thin, parallel, lava flows is exposed in the north
crater wall (fig. 27). The entire package is 45-65 m thick and
contains more than 20 individual flow units. Individual flow
units are 1-4 m thick, and separated by red scoriaceous layers
that are generally about one-quarter of the thickness of adjacent
flows. Individual low units are laterally continuous for a few to
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Figure 27. Details of the northwestern crater wall; inset shows
an enlarged view of the dikes (Qwd) and thin flows (Qwtf). Also
shown are Mount Kasatochi andesite (Qmka), Whiskey andesite
(Qwa), Monkeys Forehead basaltic andesite (Qmfm), crater
wall lava (Ql) and fragmental deposits (Qf), and the altered
volcanics at the base of the wall (Qwh). Photographs by W.
Scott, August 11, 2010.

several hundred meters, and often pinch out. We interpret this
package to have formed from a single eruptive event of lava with
lower viscosity than other flows at Kasatochi, and the individual
flow units to be successive lobes of that flow.

This package is mapped separately because it is morphologi-
cally unique among crater wall exposures. Similar-appearing,
stacked flows were also known from the island’s outer northern
flank near sea level, about 300 m laterally north of the crater
wall exposure. The outer flank stacked flows were mostly buried
by the 2008 eruption, but were partly re-exposed by erosion
of the 2008 eruption deposits during the timespan of this
study. The north flank exposures are all Gregs Mighty basalt
(Qgmb), and we interpret the inner crater wall unit (Qwtf) to
be the same basalt.

The stacked flow unit (Qwtf) overlies the thin tephra unit
(Qwp), the heterogeneous lower wall deposits unit (Qwh), and
some older, more massive lavas (Qwl). Italso appears to be cut by
the wall dike unit (Qwd), and a fracture in Qwp parallel to, but
tens of meters from, the margin of the dike swarm. The fracture
may be a fault that developed as the dike swarm was intruded.

Lower crater wall deposits (Qwh)

A package of heterogeneous volcanic deposits (unit Qwh)
from tens of meters to about 140 m thick is exposed at the
base of the northwestern crater wall (fig. 28). In part this unit
consists of massive lava that lacks clear flow margins and in-
terior columns. Other parts of this unit include thick beds of
coarse material with up to subvertical dips. Rocks in this unit
commonly have a greenish to tannish cast that is distinct from
the gray and red of upper units, suggesting pervasive low-grade
alteration, perhaps during subaqueous deposition. We interpret
this unit to be the proximal stratigraphic equivalent of Peregrine
glaciovolcanic deposits (Qpg) exposed in outward-facing cliffs
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on the southwestern part of the island. It appears this unit
unconformably overlies a package of thin tephras (wall thin
tephra, unit Qwp) on the southwestern end, terminates against
the wall dikes (Qwd) to the northeast, and is unconformably
overlain by apparently unaltered, recognizably subaerial, lava
flows and fragmental debris.

Thin tephra (Qwp)

Tan to reddish-brown, uniformly thin, parallel-bedded
deposits (Qwp) form the base of the southern crater wall (fig.
28). There is also an isolated outcrop of apparently similar beds
in the western crater wall, presumably the continuation of the
southern wall deposits, and small outcrops that were visible at
the base of the northeastern crater wall in 2009, and that are
now mostly below lake level. There are at least 50 beds, and the
aggregate thickness is about 60 m. Individual beds are laterally
continuous for hundreds of meters and of constant thickness.
Crossbedding, draping, or other depositional variability is not
apparent, at least at the scale that can be seen from the crater
rim. Grain size is unknown, but there appear to be at least some
isolated, matrix-supported clasts decimeters in diameter. We
interpret these beds to be thin tephra or pyroclastic flows that
record an early phase of explosive volcanism at Kasatochi. This
unit may be correlative with distal Peregrine glaciovolcanic de-
posits (Qpg), but without closer access it cannot be determined
if the unit was deposited subaerially or subaqueously.

The eastern end of the unit terminates laterally against lavas

along a near-vertical contact, and is unconformably overlain by
another lava flow at the top. The western end of the unit is bev-
eled, apparently by erosion, and overlain by the heterogeneous
lower wall deposits (Qwh) at the base and lava (Qwl) at the top.

The thin tephra unit (Qwp) is arguably the lowest strati-
graphic unit exposed in the crater wall.

PETROGRAPHY
LAVAS AND SCORIAE

Kasatochi lavas consist of porphyritic basalt, basaltic andes-
ite, and andesite. Most samples have 40—60 percent phenocrysts
(by volume, normalized void-free) with the exception of some
of the mostsilicic samples that have 15-30 percent phenocrysts
(fig. 29); detailed modal data and photomicrographs are in ap-
pendix 6. (The term “phenocryst” is used as a general term for
crystals notably coarser than those in the groundmass, which
may include true phenocrysts precipitated from the host magma
as well as preexisting crystals from prior magmas [antecrysts]
inherited from elsewhere in the larger magmatic system.)
In most samples plagioclase is the volumetrically dominant
phenocryst, comprising 60-80 percent of all phenocrysts; clino-
pyroxene is the next most abundant phase, comprising 10-20
percent of the phenocrysts. Olivine comprises 13—18 percent
of the phenocrysts in Gregs Mighty basalt and 3-8 percent in
other basalts. Occasional olivines exist in many orthopyroxene-
bearing basaltic andesites and andesites. Orthopyroxene forms a

Figure 28. Photographs of the southeastern crater wall taken from the southwestern crater rim (top; photograph by J. Williams, USFWS,
August 10, 2010) and the southwestern crater wall taken from the southeastern crater rim (bottom; photograph by W. Scott, August 11,
2010). Crater wall outcrop units also exposed on the flanks are of Luna pyroclastic deposits (Qlp), Whiskey andesite (Qwa), and Mount
Kasatochi andesite (Qmka). Units only exposed in the crater walls are lava (Qwl), tephra (Qwp), colluvium (Qwc), and heterogeneous lower
wall deposits (Qwh). Qw8 denotes 2008 eruption debris accumulated on less-steep slopes inside the crater. Note the steeply north- (right)
dipping planar surface in lower right third of the bottom panel (dashed white line) that separates Qwp from Qwh.
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Figure 29. Modal analyses of Kasatochi samples. Modes from this study are based on 1,000-point counts using transmitted light micros-
copy (data from appendix 6). Modes for plagioclase-free 2008 inclusions are from Kentner (2013). Dotted diamonds (lower panel) are

whole-rock SiO, contents (appendix 5).

few percent of the mode in most basaltic andesite and andesites.

Amphibole phenocrysts occur in all 2008 scoria, most Luna
scoria, and are variably present in other basaltic andesite and
andesite units. They generally constitute 1-10 volume percent
of phenocrysts when present, but are more abundant in samples
from Peregrine lava, Monkeys Forehead basaltic andesite, and
Mount Kasatochi andesite. Thick reaction rims on amphibole
phenocrysts in basaltic andesite and andesite lavas are typical—
reaction rims on amphibole phenocrysts in scoria from 2008
and Luna deposits are less than 10 pm. Amphibole phenocrysts
are absent from Gregs Mighty basalt, Rye basalt, and basalt
through andesite scoria from Peregrine glaciovolcanic deposits.

Olivine is abundant in Gregs Mighty basalt, common in
Rye basalt, present in trace to several volume percent in about
40 percent of other samples, and absent in those few samples
with more than 60 weight percent SiO,. Olivine crystals in
orthopyroxene-bearing basaltic andesite and andesite are sparse,
corroded or rimmed, and presumably xenocrystic. A few to
several volume percent orthopyroxene is present in all samples
with greater than about 52.5 percent SiO,, and is generally
subordinate to clinopyroxene in volume.

The groundmasses of all lava samples are microcrystalline,
precluding direct measurement of their glass composition by
electron microprobe.

Gregs Mighty basalt is petrographically distinct from all
other mapped units in that only about half the phenocrysts are
plagioclase, with coarse clinopyroxene and olivine constituting
most of the remainder in proportions of about 2:1. The olivine
and clinopyroxene crystals are up to 2-3 mm wide and 5 mm
long, and generally larger than plagioclase crystals.

CUMULATE MAFIC AND
ULTRAMAFIC INCLUSIONS

Cumulate mafic and ultramafic inclusions, rounded to
subrounded and several centimeters to a several tens of cen-
timeters in diameter, are common in the upper portion of
2008 pyroclastic deposits, occurring with basaltic andesite-
dominated scoriae. Gabbroic inclusions similar to those in the
2008 deposits are only rarely found in situ in the lava units,
but gabbroic inclusions encased in dense lava are a common
minor constituent of beach cobbles.

Gabbroic inclusions are far more abundant than ultramafic

(plagioclase-free) inclusions, and are much more common in
2008 deposits than in other units; thus this discussion is primar-
ily about 2008 inclusions, but may be generalizable to other
Kasatochi units. 2008 gabbroic inclusions fine-grained enough
to have meaningful modes determined in a single thin section
have an average of 50 percent plagioclase, 30 percent amphibole,
10 percent clinopyroxene, 3 percent orthopyroxene, 5 percent
opaque oxides, up to 7 percent quenched intergranular basalt,
up to 9 percent void space, and occasional olivine. For brevity,
we use the term “gabbro” for these amphibole gabbros, despite
their having lower modal pyroxene and higher modal amphibole
than typical gabbros. Amphibole-poor or amphibole-absent
pyroxene gabbros or gabbronorites are absent from the inclusion
suite. All crystals are exceptionally fresh and unaltered, indicat-
ing that the gabbros are portions of a high-temperature crystal
“mush”, perhaps directly related to the 2008 scoria. Amphibole
crystals in the gabbros in contact with magma have very thin
reaction rims, which indicates rapid transit from source to
surface. Amphibole crystals in the gabbros without magma
contact are necessarily unrimmed.

During the course of this study we did find a small num-
ber of granitic xenoliths, which are identifiable as such in thin
section because the crystals betray low-temperature crustal
residence by the presence of small amounts of alteration: clays
in plagioclase and chloritic alteration along cracks and margins
of pyroxenes. These samples are not included in this study.

The gabbros have widely variable textures (fig. 30). Many
are equigranular with evenly distributed grains a few millimeters
in diameter. In larger samples mineralogical banding is often
pronounced, with irregular bands of amphibole alternating
with bands of plagioclase. Grain-size banding also occurs—lay-
ers of centimeter-sized grains abruptly transition to bands of
millimeter-sized grains. In coarse-grained samples preferential
parallel alignment of amphibole prisms is common. Extremely
large crystals are not uncommon; in one sample amphibole
prisms up to 12 cm long and 2-3 c¢m wide are set in a matrix
of plagioclase only a few millimeters in diameter. Isolated
amphibole crystals larger than 3 ¢cm in diameter are present in
2008 basaltic andesite scoria, suggesting that at least some of
the inclusions have disaggregated during transport.

Importantly, the gabbros have as much as 16 volume percent
intercrystalline space, some of it filled with quenched basalt.
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Figure 30. Amphibole gabbro in-
clusions from 2008 pyroclastic
deposits. A. An inclusion with
pronounced mineralogical layer-
ing. B, C. Examples of inclusions
with elongate amphibole crystals
(black), which are often aligned
and penetrate a matrix of more
equant and smaller amphibole and
plagioclase (white). Also shown are
small patches of vesicular basalt
(b) filling irregular voids bounded
by crystal margins. D. 20 x 14 mm
plane-polarized photomicrograph
of a gabbro with representative
amphibole (am), plagioclase (pl),
and clinopyroxene (px) in addition
to basalt (b) that fills or partially fills
most, but not all, void spaces (voids
are impregnated with blue epoxy).
Hand specimen photographs are in
full color.

These voids are the highly angular spaces between euhedral
crystal faces. In part because of the voids, gabbroic samples are
very friable and can be reduced to individual euhedral crystals
with light hammer taps. Thus the gabbros are fragile and
easily destroyed by wave action; in 2009 gabbroic inclusions
were common in beach gravels, by 2011 they were rare. Some
of the larger voids are filled or partially filled with dark-gray,
vesicular basalt that is more mafic than the most mafic 2008
scoria analyzed. The same basalt also occurs as a thin rind on
some samples. It is noteworthy that most of the voids are not
filled with magmatic groundmass, despite all the surrounding
crystals presumably having crystallized from a melt. This sug-
gests that interstitial melt in the crystal mush was displaced by
non-silicate fluid or gas, perhaps derived from the advancing
vapor-saturated basalt that entrained fragments of the mush
shortly before eruption.

Amphibole-free and amphibole-poor peridotitic and py-
roxenitic inclusions were also entrained and erupted in 2008
(Kentner, 2013; this study). Some of the inclusions have a
1-2-mm-thick rind of basalt that is compositionally identi-
cal to the basalt that coats and fills voids of some of the 2008
gabbro inclusions.

In some samples amphibole crystals in the gabbros poikiliti-
cally enclose small anhedral pyroxene and plagioclase crystals,
suggesting they grew by late-stage reaction.

MINERAL COMPOSITIONS

Lavas and scoriae

Plagioclase crystals in the lavas and scoriae have a wide
range of compositions in individual samples (fig. 31). Any,
plagioclase crystal cores occur in all studied lavas and scoriae
except for the most silicic sample (a 2008 scoria with ~61.5
percent Si0O,), in which the most anorthitic core was Ang,.
The uniformly anorthitic cores are present despite the linear
decrease in whole-rock Ca# (100 x Ca/[Na+Ca], in moles) from
75 to 45 with increasing SiO,, which would drive plagioclase
precipitated from the magmas to more sodic compositions at

3% .

constant or decreasing total pressure (P, ) or partial pressure of
water (pH,0O). Analyzed crystal cores range from at least Any,
in all but the most silicic sample to as low as Ang, in basalts,
Angg in basaltic andesites, and Any, in andesites. Crystals in
lavas and scoriae typically have large, corroded, optically uni-
form cores with abrupt transitions to thinner, more sodic rims.
Those rims are variable in composition, but the majority are
Any—An, (fig. 32).

Clinopyroxene crystals are ubiquitous, and second to
plagioclase in abundance. They have Mg# ranging from 94 to
74 (Mg# = 100 x Mg/[Mg + Fe’'], molar), but 80 percent of
clinopyroxene cores in most samples lie in the restricted range
of Mg# 86-78, regardless of whole-rock SiO, or Mg#. The
most mafic samples analyzed have clinopyroxenes that are more
magnesian by 5 mol. percent on average. Occasional crystals
with Mg# as high as 94 are found in samples throughout the
compositional range of Kasatochi lavas. 2008 basaltic andesite
scoria have clinopyroxenes that are about 5 mol. percent more
iron-rich than samples from other units with similar silica
contents.

In any closed-system magma the first-formed crystals
of liquidus phases will be the most refractory (for example,
highest An plagioclase; highest Mg# olivine or pyroxene) and
the compositions of those crystals will be determined by the
composition and oxygen fugacity (fO,) of the host magma
and, especially in the case of plagioclase, P and pH20O.
Subsequently nucleated crystals and outer portions of already-
formed crystals will be less refractory, and in equilibrium with
the evolving melt fraction. The last of any phase crystallized,
typically rims on zoned crystals, will be in equilibrium with
the final evolved groundmass. The composition of crystals that
precipitate from melt is determined by the exchange coefficient,
K" (Fe?/Mg), which in pyroxenes and olivine is, at least to
a first order, independent of pressure and temperature. Thus
we can test the hypothesis that crystals in a porphyritic lava
are true phenocrysts that formed by closed-system cooling and
progressive crystallization. If the most refractory cores are in
equilibrium with the whole rock, and the least refractory rims
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are in equilibrium with the residual groundmass liquid, then
the crystals may be, but are not necessarily, true phenocrysts.
If the crystals are too refractory to have precipitated from the
host magma then they must have been added to that magma
by entrainment of preexisting antecrysts or some other open-
system process.

In Kasatochi lavas, an average of about a quarter of the
clinopyroxenes in each sample are too magnesian to have crys-
tallized from their host magmas (fig. 31). In some samples (for
example, 2008 scoria, some Luna pyroclastic deposits samples)
only a tenth of the clinopyroxene cores are too magnesian, but
there are no analyzed samples without excessively magnesian
clinopyroxene cores.

Core-to-rim zoning in Kasatochi clinopyroxenes is minimal,
and both normal and reversed (fig. 32). In 60 percent of the
crystals analyzed, rims have Mg# 2.6 + 2.4 lower than their
cores, and in 40 percent of the crystals the rims have Mg# 1.9
+ 1.6 higher. We did not measure zoning profiles across indi-
vidual crystals, but the fact that cores and rims are the same
composition implies that zoning is minimal.

Orthopyroxene crystals comprise up to 6 percent of the
mode in samples with whole-rock SiO, greater than 52.5 weight
percent. In each sample, regardless of whole-rock Mg# or SiO,,
orthopyroxenes have Mg# 69 + 4. As with the clinopyroxenes,
individual orthopyroxene crystals are only slightly zoned, with
Mg# of rims generally within 2 mol. percent of cores, and
with fewer reversely than normally zoned crystals (fig 32).

Orthopyroxene cores have Mg# at least 5 mol. percent lower
than expected had they been in equilibrium with their host
magmas, unlike clinopyroxenes, in which the most magnesian
cores are generally too magnesian to be in equilibrium with
the whole-rock values. Orthopyroxenes are also too iron-rich
to have co-precipitated with the clinopyroxenes, but they are
approximately the composition in equilibrium with the dacitic
to rhyolitic 2008 groundmass glass. Alternatively the orthopy-
roxenes could be antecrysts that were mechanically added to the
host magmas, but which formed elsewhere in the larger mag-
matic system and were added recently enough that they didn’t
have time to begin to re-equilibrate. Neill and others (2015)
describe an analogous process for the entrainment of high-An
microlites into the 2008 basaltic andesite; it is likely that a
similar entrainment process is responsible for the addition of
antecrysts into the crystal cargo of Kasatochi eruptive products.

Forty-five olivine crystals were analyzed from a represen-
tative sample of Gregs Mighty basalt—a number likely large
enough to define the actual population of all olivines. The most
magnesian cores (Foy, ;) are in equilibrium with the whole-rock
analysis at the NNO + 1 oxygen fugacity buffer. Individual
crystals are normally zoned with Fog , , rims. Twelve olivine
crystals from a Tundering basaltic andesite sample were also
analyzed. They are minimally zoned Fog, , crystals, but the
relatively small number analyzed may not accurately reflect the
full compositional range in the sample.

Amphibole compositions are roughly normally distributed
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in lava and scoria samples with Mg# mode of cores near 86, and
individual values between 96 and 74 (fig. 31). Most crystals
with cores more magnesian than average are normally zoned,
and most crystals with cores less magnesian than average are
reversely zoned.

Gabbroic inclusions

Crystals of four samples from gabbroic inclusions erupted
in 2008 were analyzed along with a single sample of a gabbroic
inclusion from Ogres Brow basaltic andesite. Mineral composi-
tions are equivalent among all samples, so are discussed together.

Plagioclase crystals’ cores are very calcic (Anyg-,) (fig. 32).
Eighty-five percent of the crystals analyzed have only minimal
zoning, with rims between 3 mol. percent An more calcic and
2 mol. percent less calcic than the cores (fig. 32). However, a
few crystals in three of five gabbro samples analyzed have thin
rims that are variably more sodic than the cores by up to 40

mol. percent An. Together, these comprise 15 percent of all
gabbro plagioclase crystals analyzed.

Gabbro clinopyroxene crystals are relatively homogenous,
with core Mg# 84.6 + 1.9 (fig. 31). Two of the four samples
analyzed have a few out-range cores with Mg# 90-93. The
gabbro clinopyroxenes are also minimally zoned, with average
rim Mg# 84.3 + 1.4. Individual crystals have rims either more
or less magnesian by an average of one Mg# unit (fig. 32).

Seven olivine crystals from a single 2008 gabbro sample
and a single olivine from the Ogres Brow gabbro were analyzed.
They have the same composition among samples and within
the 2008 gabbro sample, and are unzoned, with Fo,,, , cores.
These olivines are dramatically less magnesian than gabbro
clinopyroxenes, so it is unlikely that they precipitated from the
dominant melt that formed the gabbros.

Ninety-five percent of analyzed amphiboles from gabbro
samples range between Mg# 94 to 83; there are a few
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Figure 33. Whole-rock SiO, of Kasatochi samples by unit; data from appendix 5. B = basalt; BA = basaltic andesite; A = andesite. Banded
2008 scoria are denoted by “X”. Analyses from the Peregrine glaciovolcanic deposits are scoria from individual beds.

anomalously magnesian amphiboles with Mg# greater than

95 (fig. 31).

GEOCHEMISTRY
MAJOR ELEMENT CLASSIFICATION

All Kasatochi lava and scoria samples, as a group, com-
prise a roughly uniformly distributed suite of basalts, basaltic
andesites, and andesites (fig. 33. 34). However, field relations
and geochemical data indicate that individual lava units are
compositionally homogeneous within a few percent SiO,;
individual lava units are characterized by small differences
in major-element concentrations, but more importantly by
significant differences in trace-element concentrations (below).

The explosive, fragmental units (2008, Luna pyroclastic
deposits, and Peregrine glaciovolcanic deposits), in contrast,
are compositionally heterogeneous. Magmas erupted during the
day-long 2008 eruption, for instance, have a combined SiO,
range that exceeds that of all other lavas and scoria combined
by more than 20 percent relative, and the 2008 basaltic andesite
and andesite each span over 30 percent of the SiO, range of all
pre-2008 lavas and scoriae (fig. 33). Thirteen juvenile scoriae
from the Luna pyroclastic deposits, the other unit that appears
similar to 2008 deposits in having been formed by a relatively
short-lived explosive eruption, span half the entire SiO, range
of the volcano. Compositionally distinct scoriae were collected
from the same, or nearly adjacent, flow units in the Luna py-
roclastic deposits, which indicates that the erupted magma was
compositionally heterogeneous, rather than that the deposit is
chemically zoned. Juvenile fragments from the Peregrine glacio-
volcanic deposits unit span two-thirds of the total SiO, range of
the volcano but, unlike with 2008 and Luna deposits, we did

not find multiple compositionally distinct scoriae at a single
field location. Thus it appears that Peregrine glaciovolcanic
deposits represent sequential eruption of magmas of varying,
but fairly homogeneous composition over an extended, but
unknown, period of time.

Kasatochi lavas are medium-K (Gill, 1981) and have K,O
contents that increase from about 0.5 weight percent in basalts
to 1.2 weight percent in silicic andesites (fig. 34). At constant
SiO, there is scatter of 0.2-0.3 weight percent K,O, which is
especially noteworthy in basalts because it implies either that
there are multiple parental magmas or that even the most mafic
magmas underwent significant modification by contamination
or combined assimilation and fractional crystallization (AFC)
processes. Figure 34B compares Kasatochi magmas to those
from other volcanoes west of the Amlia Fracture Zone, which
marks a major intra-arc segment boundary. Kasatochi magmas
fall within, but at the lower limit of, the western arc array.

Kasatochi magmas with >51 weight percent SiO, form a
scattered array that crosses from the tholeiitic field to the calc-
alkaline field at about 56 weight percent SiO, (fig. 34C). The
overall trend is of only moderate increase in FeO*/MgO (FeO*
is total Fe as FeO) with increasing SiO,, and the slope of that
trend is less than that of the tholeiitic—calc-alkaline dividing
line. Thus the overall trend of the suite has calc-alkaline affinities
despite individual basalt and basaltic andesite samples plotting
in the tholeiitic field, mimicking the regional trend (fig. 34D).

At Kasatochi, basalts with less than 50 percent SiO, have
dramatically lower FeO*/MgO than basalts with more than
50 percent SiO, and most higher-silica lavas. This is a result
of the low-silica basalts having variably higher MgO (6-10
wt.%) at the same FeO* content (-9 wt.%) as the higher-silica
basalts. The low-silica basalts have lower whole-rock Cr and Ni
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Figure 34. Major element classification diagrams of Kasatochi lava and scoria samples (A, C symbols as in fig. 33), and Kasatochi samples
compared to published lava analyses from the Aleutian Arc (B, D). Gray circles are all published lava analyses from 174°W (Atka) to 189.2°W
(Western Cones [Yogodzinski and others, 2015]). FeO* is total iron as FeO. K,0-SiO, classification from Gill (1981); tholeiitic—calcalkaline
dividing line from Miyashiro (1974). Most samples with FeO*/MgO < 1.5 are from submarine vents west of Buldir (see Yogodzinski and

others, 2015).

concentrations, and lower Cr,O, in pyroxenes than primary
mantle-derived magmas, and thus are products of some prior
fractionation.

TRACE ELEMENTS

Kasatochi magmas have broad intra-suite similarities in
incompatible trace-element concentrations, described first, as
well as significant second-order intra-suite differences, discussed
later. Mantle-normalized concentrations are quintessentially
arc-like in having high concentrations of the large-ion litho-
phile elements (LILE) and Th, U, and Pb, which we refer to as
heavy elements (HE), and lower concentrations of rare-earth
elements (REE), Y, and the high-field-strength elements (HFSE)
Zr and Hf, and very low concentrations of the HFSE Nb and
Ta (fig. 35). Mantle-normalized values of LILE range increase
from 10 in mafic samples to 100 in silicic samples, with Cs and
Ba more enriched than Rb and K. REE enrichments decrease
monotonically from 6-16 times mantle in the light REE to
3—6 times mantle in the heavy REE, and REE patterns change
from straight in mafic samples to slightly concave up in silicic
samples. Europium anomalies are absent in all magma and scoria
samples. The heavy elements (Th, U, and Pb) are, like the LILE,
highly enriched with Th 2040 times, U 30-80 times, and Pb
80-300 times mantle concentrations. The HFSE elements Nb
and Ta are the least enriched of all elements, with 1.3-3 times
mantle concentrations. The HFSE elements Zr and Hf are
enriched 4-10 times mantle.

Mantle-normalized trace-element values are important for
understanding subduction zone processes, but because they span
more than two orders of magnitude—dramatically more than
the variations within any single element—important intra-suite

differences can be obscured in graphical displays of data. For
that reason, in the following discussion we normalize the trace-
element data to a composite of Kasatochi basalts, effectively
reducing the vertical axes of graphs by two orders of magnitude.
The basalt composite is the average of Gregs Mighty basalt, Rye
basalt, Peregrine glaciovolcanic deposit basalt, basalt in and on
2008 cumulate inclusions, a single 2008 basalt scoria sample;
and a single basalt lithic clast recovered from 2008 deposits.
In determining the composite average (comprising 13 basalts),
averages were taken for each unit with multiple analyses, and
then those averages were averaged. Half of these have only a few
tens of parts per million Ni and several tens of parts per million
Cr, similar to silicic basalts and basaltic andesites, suggesting
that even at these low silica contents those magmas were at least
somewhat evolved.

Most of the basalts have lower concentrations of incompat-
ible elements than do basaltic andesites and andesites; however,
the basalts also have a wide range of concentrations (fig. 36).
Compositional variation in the basalts, excluding the single
Qpg sample with anomalously high concentrations of most
elements, encompasses one- to two-thirds of the total variation
in trace elements of the entire Kasatochi suite. We believe this
is primarily due to variations in the composition of primary
magmas; however, a secondary control by fractionation or other
processes of magma evolution cannot be discounted.

For all samples, maximum incompatible trace-element
concentrations normalized to average Kasatochi basalt range
from 3.5 for Cs and 2.8 for Pb to 1.3 for the middle REE. For
major groups of trace elements, basalt-normalized enrichments
are in the order HE > LILE > HFSE > light REE (La—Eu) >
heavy REE (Er-Lu) > middle REE (Gd-Ho). Exceptions are
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Figure 35. Multi-element variation diagram for all Kasatochi lava and scoria samples, normalized to the primordial mantle of Sun and
McDonough (1989). Average East Pacific NMORB (dashed black line; Klein, 2005) is shown for reference.
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Figure 37. Selected silica variation diagrams (additional diagrams in appendix 5). Abbreviations for symbols are Q8pj = unbanded juvenile
2008 scoria; Q8pb = basalt on or in 2008 cumulate inclusions. Other abbreviations are map unit names. Column A shows compatible
major and trace elements; column B shows examples of incompatible trace elements with concentration ranges that are similar for all
units; column C shows examples of incompatible trace elements with concentrations that vary widely between and among units.

Zr, which overlaps LILE, and La, which is enriched more than
the HESE. Basalt-normalized REE patterns become increasingly
concave-up with increasing silica; Gd/Gd* (Gd, /0.5[La, +Lu,])
decreases regularly from 1 to 0.7 in silicic andesites, with the
primary exception of Whiskey andesite, which has more deeply
concave REE patterns than most other lavas of similar silica
content.

In general, the Kasatochi suite is characterized by trace-ele-
ment concentrations that increase linearly with increasing silica
for typically incompatible elements (LILE, REE, HE, HFSE),
and decrease linearly or exponentially for typically compatible
elements (Mg, Cr, Ni), forming tight arrays for many, but not
all, elements on silica variation diagrams (fig. 37). In many, but
not all, variation diagrams samples from all map units fall along
the same compositional trend. Elements for which this is true
include most major elements, Ba, the light REE, Zr, Hf, Sc,
and V (fig. 36, fig. A5a. 1, 2). For other elements, notably Cs
and Pb, there is wide scatter of concentrations as a function of
silica within some units.

2008 and Luna pyroclastic deposits samples form reasonably
coherent subarrays, but samples from other units do not, either
individually or in aggregate. Cs and Pb, both highly incompat-
ible elements, are decoupled from each other and from silica.
Cs/Rb is scattered between 0.06 and 0.29 in Tundering basaltic
andesites and between 0.07 and 0.15 in Whiskey andesites, both
over restricted silica ranges. In contrast, Cs/Rb in 2008 samples

forms a tight linear array increasing from 0.12 in basalts to 0.14
in silicic andesites—a tenth of the scatter over five times the
silica range of Tundering basaltic andesites.

Individual units have distinguishing features in their
trace-element concentrations with respect to silica (fig. 37). As
examples, Luna scoriae have the highest, and 2008 scoriae the
second highest Cs/Si and Pb/Si. Qwa and Qtm both have high
Nb/Si, but of the two units Qtm has higher Ni/Si and lower Y/
Si. Among basalts, Rye basalt has the highest Rb, Nb, and Gd
concentrations, but low Cs and Pb.

Additional distinguishing trace-element characteristics
are illustrated by multi-element variation diagrams that show
both the general conformity of compositions within units and
important differences among units (fig. 38). 2008 and Luna
scoriae have high Cs, Cs/Rb, Pb, and Pb/U over their entire
compositional range, implying control by the composition of
magmas parental to those units rather than fractionation from a
parent in common with other units. Mount Kasatochi andesite
has low concentrations of HE compared to Whiskey andesite,
and Ogres Brow basaltic andesite has higher concentrations of
HE than other basaltic andesites, despite both having concen-
trations of other incompatible trace elements similar to other
andesite and basaltic andesite units, respectively. Again, these
kinds of differences imply successive parent magmas with differ-
ent chemical fingerprints rather than a shared common parent
for all magmas. In contrast to coherent, yet distinct composi-
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Figure 38. Multi-element variation diagrams of lava and scoria samples normalized to average Kasatochi basalt. Labels are map units
except Q8pj, juvenile 2008 scoria, and Q8pb, basalt in and on inclusions in 2008 pyroclastic deposits.
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tional variations between units, Whiskey andesite, Tundering
basaltic andesite, and to a lesser extent juvenile lava and scoria
samples from the Peregrine glaciovolcanic deposits samples
have chaotic variations in Cs, while 2008 and Luna pyroclastic
deposits samples do not. Cs is expected to be one of the most
incompatible elements during fractionation, so the samples with
dramatically depleted Cs and low Cs/Rb are especially note-
worthy. The chaotic, compositionally independent variations
in Cs may arise from processes other than high-temperature
crystal-liquid fractionation. One candidate process is weather-
ing or low-temperature alteration, but because these samples
were visibly pristine and collected from the cores of large blocks,
and because there was no outcrop-scale staining or alteration,
we discount this possibility. Another, more speculative, process
might be Cs partitioning into high-temperature magmatic gas
that exsolved as magmas rose, and that different volumes of
the erupted magma were more or less efficiently degassed. The
units that have erratic Cs concentrations are those with highly
corroded and reacted amphibole phenocrysts, implying slower
rise than 2008 and Luna pyroclastic deposits magmas, which
carried pristine amphibole phenocrysts.

CUMULATE GABBROIC
AND ULTRAMAFIC INCLUSIONS

Cumulate gabbroic and ultramafic inclusions form a notable
minor component of the upper, basaltic andesite scoria-bearing,
2008 pyroclastic deposits. Gabbros are much more common
than ultramafic inclusions. They are texturally diverse, and
consist of unzoned anorthitic plagioclase with subequal amounts
of unrimmed amphibole, lesser amounts of clinopyroxene, and
minor amounts of opaque minerals, olivine, orthopyroxene,
voids, and basalt that fills some voids and coats some inclusions.
Plagioclase and amphibole are commonly euhedral, with well-
developed crystal faces bounding voids. Amphibole commonly
contains subhedral to anhedral pyroxene, and may have been

growing at the expense of those pyroxenes. Similar-appearing
gabbroic inclusions are common minor components of beach
cobbles derived from the lava units, suggesting that crystal
mush, brought to the surface as these inclusions, generally
has been present beneath Kasatochi throughout its eruptive
history. 2008 deposits also include plagioclase-free ultramafic
inclusions dominated by olivine and/or clinopyroxene that are
subordinate to gabbros in volume (ultramafic inclusions are
further discussed by Kentner, 2013).

We discuss major- and trace-element whole-rock chemistry
of five gabbroic and seven ultramafic inclusions from 2008
pyroclastic deposits; hand-picked amphibole and plagioclase
from 2008 gabbros; and a single Ogres Brow gabbroic inclu-
sion. None of these samples represent magma compositions.
The gabbros have <45 weight percent SiO, and >20 weight
percent Al,O;; pyroxenites have 17-28 weight percent MgO
and >15 weight percent CaO; peridotitic inclusions have about
40 weight percent MgQO; all inclusions have LILE and HE
concentrations that are 2—15 percent those of Kasatochi basalts.
These geochemical characteristics are well outside the range of
magmas in general, and Kasatochi magmas specifically. Instead,
these inclusions are probably representative of the crystal mush
left behind by evolving magmas. It’s noteworthy that the mineral
species and proportions in the cumulate inclusions are quite
different than the phenocrysts in the lavas themselves, primar-
ily in the dramatically higher modal abundance of amphibole.
Compositions of magmas that evolve in equilibrium with these
mushes will be quite different than compositions produced by
gravitational separation of their phenocrysts.

Figure 39 shows the cumulate inclusion trace-element data
normalized to Kasatochi basalt in comparison to Kasatochi lavas
and scoriae. The gabbros mirror the lavas and scoriae. The 2008
gabbros are primarily a mix of plagioclase and amphibole; the
average proportion of plagioclase to amphibole to clinopyrox-
ene in the five samples for which there are modal data is 4:3:1,
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Figure 39. A. Multi-element variation diagram, showing incompatible trace-element compositions of all Kasatochi samples (thin gray lines)
compared to 2008 inclusions. 08g, 2008 gabbro; 08g,amph, amphibole separate from 2008 gabbro; 08py, 2008 pyroxenitic inclusion;
08pe, 2008 peridotitic inclusion; 08g,plag, plagioclase separate from 2008 gabbro; an, anorthositic inclusion; OBg, Ogres Brow gabbro
inclusion; 08j, basalt, basalt in and on 2008 inclusions; avg KC bas, Kasatochi basalt composite. The gabbros mirror the lavas in major ways,
such as the REE pattern, and in detail (for example, high normalized K/Ba in the gabbro mirrors low K/Ba in the lavas, and low Zr/Nb and
P/Y in the gabbros mirror high Zr/Nb and P/Y in the lavas). B. Gd concentrations of the cumulate inclusions vs. modal percent amphibole,
showing that amphibole plays a dominant role in determining concentrations of Gd, and at least other REEs, by extension. Red circles are
amphibole gabbros, green circles are plagioclase-free ultramafic inclusions.
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but the data are sparse considering the textural diversity and
coarse grain size of all samples. Nevertheless, visual inspection
of a large number of gabbro samples indicates that they consist
primarily of plagioclase with subequal amounts of amphibole,
lesser amounts of pyroxene, and little to no olivine. Variations
in gabbro trace-element geochemistry are primarily controlled
by amphibole, which has basalt-normalized values from as low
as 0.04 (Th, U) to as high as 1.9 (middle REE). In contrast,
plagioclase in gabbros has uniformly low basalt-normalized
trace-element values between 0.02 and 0.07, with the excep-
tion of Pb (0.1) and Eu (0.2, reflecting a positive Eu anomaly).
Amphibole-poor peridotitic and pyroxenitic inclusions also have
low concentrations of incompatible trace elements, implying
uniformly low trace-element levels in olivine (0.02 to 0.08 times
average Kasatochi basalt) and variable but low concentrations
in clinopyroxene (from 0.02 for LILE, LREE, and HFSE to
0.08 for MREE, HREE, and Y). The cumulate inclusions have
a large range in compositions, particularly in the middle REE.
That range is governed by the modal amount of amphibole in
individual samples: Gd concentrations in the inclusions have
a linear correlation with modal amphibole with a correlation
coefficient of 0.96 (fig. 39B). Additionally, within the inclu-
sions there is a very strong linear correlation between Gd and
the heavy REE and HFSE and a strong correlation between Gd
and the LILE and light REE.

Gabbroic plagioclase has a positive Eu anomaly, and am-
phibole has a negative Eu anomaly of comparable magnitude.
As a result of the combination of these two phases in bulk
samples, gabbros with about 40 volume percent amphibole have
no bulk Eu anomaly; gabbros with about 20 volume percent
amphibole have slight positive Eu anomalies; and the Ogres
Brow gabbro, with 50 volume percent amphibole, has a slight
negative Eu anomaly. Kasatochi lavas and scoriae do not have
Eu anomalies, mirroring the gabbros with about 40 volume
percent amphibole.

GABBRO CONTROL OF MAGMA CHEMISTRY

The principal goals of igneous geochemistry are to under-
stand the potentially diverse processes that produce magmatic
diversity, and to constrain both the nature and temporal vari-
ability of subvolcanic plumbing systems. Volcanism delivers the
end product of myriad petrogenetic processes to the surface,
where the lavas can be collected and analyzed, and the analyses
used to infer constraints on the processes of interest. In the
process of interpreting volcanic geochemistry it is common-
place to assume that the crystals that segregated to produce the
volcanic daughter magma in hand from its immediate parent
are of the same species, and in roughly the same proportions as
the phenocrysts in the sample. The interpretation that dioritic
intrusive rocks represent the residue of fractional crystallization
often follows from the first assumption. The first assumption
is commonplace because having unequivocal samples of the
crystalline residue of magma evolution is quite rare, both in
modern samples and in the rock record. The gabbroic cumu-
late inclusions at Kasatochi likely are samples of the crystalline
residue associated with 2008 erupted magmas, providing an
uncommon opportunity to evaluate their role in magma evolu-
tion, which we consider below.

Mass balance requires that the crystalline residue of magma
evolution is the complement to evolved magmas, and that the
two mirror each other so that when added together they equal
the initial parental magma. The fidelity with which the gabbroic

inclusions mirror the evolved Kasatochi magmas is qualitatively

apparent in a multi-element variation diagram (fig. 39).

There is a concave-up pattern of basalt-normalized REE
in the lavas and scoriae. The concavity of the pattern progres-
sively develops with increasing enrichment of all incompatible
elements and silica, and light REE increase more than heavy
REE that increase more than middle REE. Linear correlation
coeflicients (r?) of REE concentrations in lavas and scoriae as
a function of silica are 0.98 for La, 0.97 for Lu, and 0.86 for
Gd. The patterns of lava and scoriae REE are mirrored by the
gabbros, in which light REE are more depleted than heavy
REE that are more depleted than middle REE. Other more
subtle features of lava and scoriae enrichment are mirrored by
the gabbros as well. In all lavas except Gregs Mighty basalt,
K is less enriched than Rb and Ba, while in the gabbros K is
more enriched than Rb and Ba. In lavas and scoriae Zr is more
enriched than the other HFSE, while in the gabbros it is less
enriched. Thus the multi-element variation diagram (fig. 39)
provides qualitative evidence that the amphibole gabbros are
the complement to the lavas and scoriae, and are the crystalline
residue of magma evolution. The two primary elements for
which lava enrichments are not mirrored in the gabbros are Cs
and Pb. Both these elements have variable and non-systematic
concentrations (often depletions with respect to other LILE and
HE) in lavas, as noted above, but uniformly and consistently
low concentrations in the gabbros with the exception of very
high Pb values in the Ogres Brow gabbro sample.

Silica variation diagrams (fig. 40) confirm that gabbros
with about 40 percent amphibole are the complement to 2008
scoria, and by extension to Kasatochi magmas in general. A
linear regression through 2008 scoria passes directly through,
or very near, amphibole gabbro for major elements and most
LILE, REE, HE, and HFSE.

We have estimated the compositions of the phenocryst
cargos for individual lava and scoria samples by summing the
average compositions of each phenocryst phase multiplied by
its modal proportions as determined by point counting (fig.
40). The calculated phenocryst cargos are not collinear with
the 2008 scoriae, or with Kasatochi lavas and scoriae in gen-
eral, in certain elements. Specifically, the phenocryst cargos are
higher in Al,O,, and lower in FeO* and K, O, than the trend
of Kasatochi samples. Separation of the phenocryst cargos
through fractional crystallization would drive evolved magmas
to lower AL,O;, marginally lower CaO, and higher K,O, FeO*,
and FeO*/MgO than observed.

Amphibole gabbro is a reasonable complement to the lavas
and scoriae, but the phenocryst loads entrained by the lavas and
scoriae are not. The data indicate that Kasatochi magmas evolve
in equilibrium with an amphibole gabbro crystal residue rather
than by fractional crystallization of their observed phenocrysts.
The strongest argument for this comes from REE geochemistry,
but the argument is supported by other trace- and major-
element data, as well as phenocryst modes and compositions.

If the gabbro inclusions are portions of this residue, then
they indicate magma evolution took place in a crystal mush
zone, or solidification front at the margins of the crustal magma
storage system (Marsh, 2006) with mineralogy distinctly un-
like the magma’s phenocrysts. Maximum H,O contents of -8
weight percent in glass inclusions in phenocrysts in 2008 scoria
imply a depth of 12 km or more for the magma storage zone
(PE. Izbekov, unpublished data). The model presented here of
“cryptic” magma evolution driven by crystallization of minerals
and mineral proportions other than those carried as phenocrysts
is less common than the model of fractional crystallization of
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Figure 40. A selection of silica variation diagrams, showing the relation of lavas and scoriae, cumulate inclusions from the 2008 eruption,
and calculated compositions of the major element composition of the total phenocryst load for each sample. Symbols: red circles = 2008
juvenile scoria (basalt scoria crossed red circle; basalt in and on gabbro red circles with crosshairs); red line = linear regression through
2008 scoria with 99 percent confidence envelope; gray plus = other lavas and scoriae; red square = average of two gabbro inclusions
with about 40 percent amphibole with 2o error; green px = pyroxenitic inclusions; green pe = peridotitic inclusions; dark red g = other
amphibole gabbro samples; dark red am = amphibole separate from gabbro; blue pl = plagioclase separate from amphibole gabbro,
anorthosite; purple OBg = Ogres Brow gabbro. In plots of major oxides, dots are the calculated combined phenocryst compositions for
individual samples (red, 2008; grey, other units) based on modal proportions of phenocrysts in each sample and mineral compositions

determined as part of this study.

a dioritic assemblage similar to the phenocryst load, but not
unique to this study. Davidson and others (2007) presenta gen-
eral case based on REE data in lavas, and Davidson and Wilson
(2011) and Kratzmann and others (2010) present specific cases.

SUMMARY

Kasatochi is a small, isolated island volcano midway between
Atka and Adak, in the central Aleutian Islands and in the west-
ern quarter of the Aleutian Arc. Itsits on the northernmost edge
of the shallow, flat summit platform of the Aleutian Ridge—a
location that was likely emergent during low Pleistocene sea
levels.

The oldest geologic unit on the island is a package of Pleis-
tocene glaciovolcanic deposits including autobrecciated lava,
lahars, and a few lava masses. Volcanic facies such as these are
typical products of subaqueous eruption in ice-confined vaults,
and we interpret this package to have been emplaced in a lake
beneath a Pleistocene ice cap. A single 131 + 2.5 ka “Ar/*’Ar
age confirms that this package is at least in part of MIS 6 gla-

cial age, but we have no direct evidence for the total timespan
represented by the unit.

The next younger group of units consists of thick, stubby
basalt, basaltic andesite, and andesite lava flows produced by
several, perhaps many, eruptions. A Holocene age for these is
indicated by the lack of any morphologic evidence of eruption
in the presence of Pleistocene ice, as well as Holocene “Ar/*Ar
ages from two of the lower units.

The penultimate eruption deposits consist of a thick package
of pyroclastic deposits that make up about half of the southern
crater wall; are prominent features of the lower southern flanks;
and are locally widespread, although now buried elsewhere on
the island, but always stratigraphically above the lava units. The
age of this unit is not known quantitatively, but the lack of a
well-developed sequence of soils and tephras on top of the unit
suggests an age of hundreds, rather than thousands, of years.
The eruption that produced these deposits likely formed the
large central crater.

In 2008 Kasatochi had a major magmatic eruption for the
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first time in recorded history (about 250 years). The eruption
was brief, entirely explosive, and had a dramatic impact on the
island. The crater was enlarged by 30 percent by the force of
the explosions, and the entire island increased in area by 40
percent through emplacement of pyroclastic deposits into the
sea, reaching up to 500 m beyond the pre-eruption shoreline.
The eruption buried the previously lush vegetation, and impor-
tantly, buried nesting taluses used by hundreds of thousands
of seabirds. Since the 2008 eruption new nesting taluses have
accumulated and are in use.

The island is currently in flux, biologically and geologically.
Seabirds are finding new nesting sites, but passerines have not
returned in number. Vegetation is starting to regrow in places
where the pre-eruption root mat has become exposed and in
areas backed by outward-facing cliffs that were not deeply
buried. The shoreline is adjusting by retreating on all but the
south side, and by probably transient growth on the south.
2008 deposits on the island’s flanks are being transported to
lower alluvial fans on the south or to tidewater on other flanks
by a robust system of gullies.

Two main magmas erupted in 2008: andesite followed by
basaltic andesite (Neill, 2013; Neill and others, 2015). Each
was chemically inhomogeneous, and mechanical mixtures of
the two are present. Basaltic andesite brought a rich variety of
amphibole gabbro inclusions to the surface, with a third 2008
magma, a basalt, present as a coating on the inclusions and oc-
cupying void space in the inclusions. One important lesson is
that despite eruptive quiescence throughout historic time mul-
tiple magmas still existed beneath the volcano. Trace-element
geochemistry indicates that, as a rule, crustal residence time of
Kasatochi basalts, basaltic andesites, and andesites is sufficient

for them to grow and equilibrate with an amphibole-rich, largely
crystalline, chamber rind.

This study is the first to document the geology of the entire
island, and presents a snapshot of the island early in its response
to the 2008 eruption.
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APPENDIX 1. PANORAMIC PHOTOGRAPHS

———— A1.08

A1.07

A1.00. Approximate orientation and viewshed of panoramic coastal photographs. All photographs taken from the M/V Tiglax. The posi-
tion of the Tiglak during photography, represented by label location, was estimated from the photographs. High resolution versions of
the images are in the digital supplement.
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APPENDIX 1A.

Table A1. Full-resolution copies of the panoramic images are in Electronic Supplement E1. The following table lists the full filenames,
size and resolution of each image.

file name size (MB) w (pixels) h (pixels) date photographer
Coastal panoramas
A1.00_PhotoOrientation_coast.jpg 1.87 1,783 1,605
A1.01_WhiskeyCove.tif 63.8 7,858 1,626 June 12, 2009 J. Williams
A1.02_TunderingCove.tif 70.8 10,667 2,266 August 16, 2011 C. Nye
A1.03_WNWoCoast.tif 138.5 16,420 2,879 June 13, 2009 J. Williams
A1.04_WCoast.tif 76.2 12,687 2,050 June 12, 2009 C. Nye
A1.05_PeregrineNorth.tif 48.2 8,543 1,925 June 12, 2009 C. Nye
A1.06_PeregrineSouth.tif 31.6 7,209 1,497 June 12, 2009 C. Nye
A1.07_SCoast.tif 43.3 9,048 1,634 June 12, 2009 C. Nye
A1.08_SECoast.tif 162.2 16,320 3,392 June 12, 2009 J. Williams
A1.09_OgresToes.tif 433 8,438 1,750 June 12, 2009 C. Nye
A1.10_RyePoint.tif 28.3 6,397 1,511 June 12, 2009 C. Nye
A1.11_OgresBrow.tif 125.1 15,069 2,832 June 12, 2009 J. Williams
A1.12_ENECoast.tif 55.2 9,840 1,914 June 12, 2009 J. Williams
A1.13_MonkeysForehead.tif 128.1 14,568 3,001 June 12, 2009 J. Williams
Crater wall panoramas
A1.50_PhotoOrientation_crater.jpg 4.08 1,796 1,796
A1.51_N_E_S_walls_fromW.tif 77.6 10,494 2,523 August 10, 2010 J. Williams
A1.52_E_S_walls_fromW.tif 115.0 11,058 3,548 August 10, 2010 J. Williams
A1.53_W_N_E_walls_fromsS.tif 71.2 10,830 2,244 June 13, 2009 J. Williams
A1.54_W_N_walls_fromSE.tif 198.0 18,474 3,657 June 13, 2009 J. Williams
A1.55_S_W_N_walls_fromE.tif 330.8 21,114 5,347 August 11, 2010 W. Scott
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‘1jeseq 1O XdD "}N1s awes ay3 sem 1 1ey

Aj1uan 01 Auo|02 JO 93pa 01 JOA0 PaY|EM INQ ‘SUOI| BIS WOL) WOOT "1SE3 A0 AXSIYM emp Z09AUZTIO
'sw3 pazixay
*syie| Jojjews swuoy Sejd “(wwg-z 01 dn) xda 981e| %0T-S Sunjiis s|dwes pueH
PIYI W GT-0T HUN “Jeuwn|od J0N ‘W 7 01 AjJeau ‘w g 01 AjjeaidAl s)20|q |epioyduod
Ul BAB| 3SUSP ‘MOJJ AY20|g *SA0D JO pud 15E3 1B AJ3) 00U UOI| BSS PUB BAO0J JO PUS 1S9M
puNOg YdI1yMm Spi1|2 WIO) SBAR| JUDJDIP) 9A0D ASMSIYAM |BIIUDD PUIYS( BAB| 1SOMOT emp T09AUZTOM
9|dwes
Jeuly 4oy paddiyd alf|IM 343ym ‘Ydeaq ayi 01 32eq 1y3noiq Sy20|q PazIS-UuojaW oM}
sem 9jdwes “wiu J33esd uo no Suiddol ‘1o ausapue a8.e| 1suleSe payueq SaUOD
s1iqap jo doi Suoje dn uayy snje] ASySIYM 4O W0110q SUO|e SBM SSIDARI] "JSUIUD)Y|
auualpy Aq yoeaq AsySIyM [e41UDD SAOGE SMOJ) JO SUO Isowuaddn Jo ajdwes emp T00N2eDNZT
‘w03 38pu dn
'99s 0} pJey si 8ejd 1nq ‘sysAidousayd %0€ agAeln sws auljjeishi)y (wwg uay} ‘aMs esawed 03 ‘Usodap gooz oiuo dn ‘yoeaq Suoje S payjeAn “WWE-Z XdI%0T~
-T) 10 < (Wwig-T) xdd < (Suo] ww ¢ 01dn) 3ejd "3sed ajdund 1y3i|s Jjeseq Aeud ‘asuag /M 1jeseq xdo-|0 “(3utod 1sea 1sayliey)) “1d 9AY SpIS YINOS [9A3] Yoeaq wouy eAe Q0 T002AuUDMNOT
204 8Y3 01Ul Y3NOoUa Jej yealq 01 pJey - JJN1S YSad) pul) 01 1NdIIp
sem 11 pue doJd1no ydeaq sem siy|  ‘S9|IISaA pue SPIoA |e1sAud-1a1ul 1ge /m ssew
xdo+|o+3e|d auljjeisAidojoy Jejnuesdinbs (wwgg o) pauless auly AJaA Jo uoisnpul wag
|ensnun sulejuod ojoyd 's'y 1eyl 910N '9SJe0d pue Juepunge Aiiey st sulAllQ (WwT) |0
< (wwz-T) xdd =, (wwz-1) 8ejd yum sysAuoouayd |e103 %02~ "ASojeJauiWw 235 0} JaISed (¥00
1 sayew sws 491ys1| 9y Ing ‘v0 pue go o1 Jejiwis Algewnsaud ‘yjeseq (3%Sz) Aeas 1y3si ‘200) Aepol sajdwes eae| Jap|o 19y1o se awes ay) Ajgeqoud ‘eae| |d xdd |o aiuAydiod Q40 9003AuUDMIE0
*(1d+qy) wog ajdwes uj uoisnjaul 0uqqes XejA| 'SSEWpPUNOJS Ul uoleal|e paJ 'Z00 Sse swes Ajqeqoid “eae|Jep ‘|d
-}21Q aAIseAsad Yiim Ing Z002AUD) 60 01 Jejiwis 1| eseq (3%0t~) Aed3-ysippas wnipa|A ‘xda x1u3ew pay -1uiod 1sea Jo A\ pue S pue auod jo apis dn Aem ued 412 jo dorup wJp £002AUDN60
[191ne pasaysiym Jo [|ed ay1| ||n3/3unjeanbs/3unjieq aiow pue (ay)|
-epedId) s19ne 1ses| JO S||ed Jueisuo) ‘(sded-ayym ou) puim 1y3i| ‘Ays sn|g] ‘moyy
VYV 284e| Jo uIdiew 318q0| 3q ||9M P|NOI pue N 01 SUO Sse swes,, doud1no siyl °(elods
J11|eseq Jay10 pue JowO 1. g 2U0d 01 Je|IWIS ‘PaJ-21iq S| UOIePIXO paJ) uldiew
'SuOISn[oul 2104qges a|eIs-Wd Maj B suleluo) s|x swd 1qe 1nq ‘%0g agAew sisAioousyd MO[} P3ZIPIXO PaJ JaP|N0Q-J31Ul PUE SI19P|NOCQ PA1aJe} J9||ews Suowe weg-S'T 01
1ul][e3sAd Jo asnedaq sws wody ysindunsip oy paey sysAioousayd ‘sws auleisAid  dn syo0|q deJy |eployduod Juenba 98ie| /m (paundasqo woinoq) o1yl W 8. Hun syl 'y
Aj@s4e00 ul (wwg) xdda pue (wwg) Sejd jo sisAioouayd -yeseq (3%09) Aead yieq ‘vg |d ‘xdd ‘jo B Aj2)I7 "BIS 21WSISS JUl0d 1Se] pulyaq a8pu jews Suoje dn eae| Jap|O wJo 2009AuDM60
‘(pau-o)dund “uejnaisan ‘Asse|3) *(moug s,2480 ur wnidas
sw3 < (wwgxT) Seyd < (auenbs wwg) xdd < (uig-a8uelo snoaulA xdd ‘Sejd Jajjews 950U Jeau) "} mojaqg 2do|s Uo 3|qgnJ Ul pa1Id||0D) "BAB| DAISSEW SIY} Ul UOWIWOI
yonw 3uIsopua wag T01) ydwy ‘g0T3AUDNE0 BAB| Ul papn|dul 320|q paulels-asieo) suolsn|aul d101qqesd/a1einwind Jo auo Ajqewnsaid 20|q ysippaJ aulx ad.e| Jo Jed 8qo0 LOT2AUDNGE0
loquAs
sajou uswiads puey Aiojesoqe sajou pjal4 dew a|dwes

‘(p,3u02) suonduosap a|dwes *qey a|qeL



Professional Report 123

70

‘xdd uey} J9||ewS Yonw {WwgXT)

‘uoljeJale ysiuaaus 3ysijs pue uonepixo

3e1d %07~ (swsiud Aggnis wwig) |0 %0T (uenba wwg) xdd %Gz "1eseq aulAljo xd) ysippaJ ‘sanejpua pauless-auly ‘Sulieaq-xdd (e1d3aiq paJd Mojaq Sal| {MO|} BAB| JOMOT qwsp TO0S9MOME0
*[193 Ajjeas 03 y8nouas poo3 jou swi} SIy} 1e ainsodxa 1nq
- YIp € sl S1Y115988Nns uoisoua aj1|-o0p uondnus-aid snjd suwn|o) *Ja3dWEIP WIQZ~
SUWIN|02 |BIUOZIIOY-NS pNJ) *dunf 2duls syd 80, 4O SHI|D JO 1BIIDI JO WGT., Sy
(¢sw8 Jo souayd Sed aue) 4ajjews yonw Sejd ‘ww/ 01 AjaJed ‘pasodxa Ajaueq mou si pue ‘diiy g0 aunf SulinNp paJanod sem ‘uolrdnua-aid yoop e
10 ‘Wwig xdD) "Ydol |X 3J0W pue 135102 ING TOOSIMINE0 O3 Je|IWis 1|eseq SUIAIl0 XdD 31| J91eM 01Ul IN0 }IN1S Yaiym 320y A1ysiiAl s,8949,, wod4 yau-xdd A “1jeseq |0 xdD quwsp 60T2AUDNG0
*1'wi 5,899 03 Jejiwis yeseq xda-|o Jayjouy qwsp 9002AUDMOT
‘sw8 %0y Ade8ns ‘sysAuoouayd ‘w2 0E-0T AJSAD 3PIM WD M3} B S30BINS
JO SW8 aJe 9SaY1 JI 'Sy Ul Je9jdun - uowwod aJe syie| Sejd wwT Ing ‘auel azis 1USWYILeI9P/pUE( [BIUOZIIOY /M SUWIN|OD [BIILISA 9PN BPIM WZ-T 00 JO Y1nos
Jejiwis jo s3sAoouayd Seyd {Jo<xdd ‘s3sAioousyd wwEg-T |BI10) %0E~ "} ESeq dUDXO0IAd douoino s|gejieae 1xaN ‘uawidads-puey ul “J'w s,8949 03 |eanuapl yeseq xda-|0 quwsp S002AUDNOT
'swS JayJep yum 1ng yoeaq siyy Suoje siay3o 01 Jejiwis
1jeseq xdd S| )20y “4a1em/ad] Jeau padejdwa s1sa83ns Aoisiy 3ulj00d palIoIu0d
¢xdd uo Buryieays ydwe swos ‘sejnuesdinba /M Mmo|}/puod eae| 321yl "9[eIS Wd Og-0T Suwn|od jualdidul Jo/pue sainioel)
wuwg., ‘xda+|d Ajjueulwop aJe $30[9 ysnw/oiqqges a|eas-wd [euoisedadn ‘3unep |eluoziioyqgns Ag 125042 U8 "SUWIN|OD J0J BPIM SI913W M3} ‘Saoepins Julof Jo
10} 10201044 13Ale) Jo Suipueisiapun Aw s393|A “aulj|eisAidojoy Ajieau syoo| swo Suiaind 3sapow ‘Jeue|d-03-|epIOYdUOD |BIIMIBA pue saunlded) Suo| Atewiud 1ng apnud
*(éxdo ‘¢ydwe) soljew Jaylo<<<xda<|d ‘wwzxT Sejd pue wwt xdd /m Jejnuesdinbs :dou21no ajoypn 24n3oedy-Ale|d-03-suwin|od [ejuoziioyqgns Jo sauoz Suios-ysnoay
Ajlesausn eae| xdd Sejd you |x paulesS-auly "}2e|q %0y 01 SWS ‘||e J9A0 3oe|q %0E ‘y31y w Op-0€ "159 1|BSeq SIYy3 JO 4412 dAISse|n ‘Auojod uol| eas Jo 98pa ulalse] emp 0TT2AUDN60
*sysodap 80 JO W Z-T Aq PaJaA0d S| Se Wild UO MO|4 01 198 3,ued
!89GTG°S/T-/9TOST TS 18 W U31eJd Y1Jou 01 MO|4 3JeJ] ued ‘Suliayleam Jo usis ou
‘e1223.q a|qewy ‘Apues ajdind jo asow Jo w T Aq £00SIMINCT WoJy palesedas si moj)
SIy] "ww / 03 xdd 9zIS19n0 paJaieds ‘eae| xdd Aeu3-ysippas 01 AeuS-yiep 03 wnipan emD S00S9MDIZT
‘ano) AaysIym apis 1ses uo sisodap g0 4O 44n|q aAoge pasodxa
SMO|J BAB| € JO 3|PPIW JO 3|dWEeS "PazIPIX0 2JOW YONW S| MO[} JO 1SOW ‘SIARIUD
paulesd auly pazis-wd pataneds ‘eae| xdda ‘uonepixo ysijdind Ajpysis ‘Aess-yaeq emp 100SIMOMIZT
‘(xda
‘Be|d Jo suoisnjoul pue swi Xdd /M) WWSTSXQT 01 S|X 3|3uls 3joqiydwe aey "S|X alym
|lews Aqg paul| S8nNA maj ¥ “(uswidads puey ul US3S 10U SSewpunoJs a|qelyiauapl
*3°1) (¢) auijjeasAiooljoy pue sejnuesdinb3 ‘sws as4e0d A 4o sisAidouaydosdiw
954202 ||e 3q Aew 11 1eyl |lews ysSnoua Se|d - saje|d pue syle| Wwg OXg T *3pIs||ly SSOIOE pueq Ul W g 01 SJIap|nog ded) [eployduod Juenbl “yg |d ‘xdd ‘|0 *N 03
8ejd juenbs wwg. xd) -yeseq 3ejd < xdd (1addad 13 1jes ‘||e1aA0 %%SY) AeaS wnipsn pue aAoqe Jun I1Xau -- (£002Au) a119ep qy aAIssew anoge Ajjeslydesdiells yun eaeq emp 0T02AuUDM60
loquAs
sajou uawiads puey Aiojesoqe sajou pjal4 dew a|dwes

‘(p,3u02) suonduosap a|dwes *qey a|qeL



71

Geology of Kasatochi volcano, Aleutian Islands, Alaska

‘aul|esAioojoy Asedns pauies8-auly swo ‘sws ul Sejd uepunqy ‘syie| Suo| wwg

se sysAsoouayd Sejd asieds ‘[saj3ue ajoqiydwe aaeY 03 W3S UOIIS dljewslid SwWos
‘puey Jay30 3y} uo -- 3joqiyduwe j1jun ‘U3IS AAI|0 SNOIIIA 3q 0} WIS AdY1 SU3| puey
Yum Ing ‘uswidads puey ul usais plesawa Jou Hae|q ‘9sayl Inoge AjinSiqwe sawos

['6T690T# 1A Ul %204 UO Al :pa129]|0d
1D3SNI] "Pue|sl ay1 uo sy20. 1S3p|0 Y3} Suowe ag p|noys pue a|geiep sl 320|q
siyy AjingodoH -a8e swes =< sny3 ,,a1uaddad, snoadeliodas ay3 ul sa1yl| Juasedde aue

‘wWwiGXe 03 xdd Jo swsud Aqgnis %G "1sed ysiuaaus uie) yum eae| (3%Ss¢g) Aeds wnipsiy $320|q 984k 959y "Xdd paldde) WWG-1 S| 9pow Jo Hed 3|qISIA “Jap|nog Xew-| WS T. 8dp 10T2AUDN60
'S3|2ISOA (WWT'0>)
Auy se aoeds pIoA |e10} |lews ‘Aes8 ueapd (sws) ssewpunoln *ésjoqiydwe- [esauiw
J1jeW J3Y10 %G> ‘WS 01 ‘|edpayna ‘quenbs - xdd %G ‘WWEXT s1a|qel pue swsud ‘3uIppag apnJd 9(edS J31aW /M SI11SE|DIUBD|OA
Aqgnis - 8ejdySe ((4%0S) Aed8 wnips  "BlI0JS 9sUSp Papuno.gns 2130|0Y1I|OUO|A JO U0I11995 YI1Y3 U] "3jdwes suo ul pagiaw S.1I0IS |BIIAIS - Se| B1I0IS }IIY) WSL0 3do 90T2AuUDM60
}29yd 03 1sn[ ‘AemAue
pazAjeuy “(Jawwey yium 3danais usym pnyi ||np) uolesalje 01 anp si ajdwes Jo ssauyos
SE ||9M Se 40]0d snoadiwnd 3ySi| awnssy *sy204 aulI8alad Jaylo 1sow ayjl| -- Sejd
J9||ews juepunde pue (xdd) suaxoAdoul|d [espayna SNOIAGO /M 1Se|d BAE| Iyeyy/ydesd 1lwelp woudy snjjide| paiejjul Apjeam wo-QT ‘Aed8 01 umouqg-ysippad 9|3uls 3do 0£0S9MIN60
'syoeJd 3uoje wWdT., puld Sulsyieapm
*3ulul| 82158/ YIE|g-3N|q ‘S|e1sAld Sejd 01 88ull ysimo||aA “saseyd dljew ueyl £00®AU 31]48pun S1IWeIp (S9ARD MO||eYS
juepunge ajow (wwexT) Seyd /m ouAyd Ajasieds eae| (30e6) AeaS yuep AJan ‘asusq  mojaq pasodxa aIp ‘30N INOGE puaJ) ‘SIIWeIp Pyl SIND }IIY) W €-Z Inoge a1q 8do TTOSIMDM60
"SWIOP/MOY3 a1y} W
0£-06 10 3seq wouy a1oep/a1sapue |qy aulj|eaxojoy Asedns ‘pazipixo Ajaysis ‘ssuag |do TOOUISHS0
‘Xl11ew auly ul papuadsns (ojoyd) w g 03 dn siapjnoq
Jein8ue /m 19s1eo0d yanw siyl mojag ‘31| Ajjsow eliods *sa1yil| 3ge pue suiessd
wd T 01dn /m sjd 21y1l| 4. /SI MOJ3g "UIIS-X Ul SULIN|OD pUe 3JBLINS 1B S}Ielopnw
SWwJ0) Ydiym pnw snoyinbign si (ajqeriea) wd 0g-0T doy “Ajing ojul Suiysnols
40 559204d 9AI1308 15938NS - SH0BID UOISUD] - SHIeJD |9]|esed-28pT 'S||eMm |BIIJIDA
Jeau /m dasp w gT-8~ S! N 01 As|jeA ul £00 01 1uadelpe oAoly ['pasaysiym pue
15e9| 959Y1 10U ‘S19]3NE |BUINIO0U JO) SWOY 3¢ 0} Pasn aJay paling snjel 1eyl aw ||91
M SWEel|[IM 43 "3Jay Sulpuels puesnoyl maj e 01 papuny Auew 23s pue oeq 00|
|I!m 92e|d SIY1 9AB3| | SY "9ABS| USY] ‘OM] 4O d1nulw e 1o} (doy uo adins/pnwi a1yl
- 511S0dap 80 UO S pUB Ul 3WO0D 00Z-T~ JO SANOID S} 3S3Y] JO 3SBQ WO.) BWO0D
01 Sulwaas 19118y JO S10| pJeay 3204 3y3, 1e Sulpuels usypn ‘240ysyo Ajleipawwl
sdnoJ8 wouJy paeay Ja11eyd JULISUOD ‘SI9PNY] “1UN SIYL JO BSS pUB pue| WoJj Said
*doJ21no 1€ 3|ge|ieAe 10U S|dWEeS JaUe3|) “WW [BIIAIS JO 3|edS ‘seAe| Sul||1} JUSA 4O SDWOP dgAeW 210213Y) pue (sa1poq aleledas g sdeysad) seae|
uo Aeu3 pue ysippaJ aJe 1eyl sauoz Suljeulale sey swo ‘%0¢. sisAioouayd |e103 ‘xd DAISSE|Al "9U0J U0 $3dO|s pue s}i|2 Sulde)-m JO Jey Jamo| dn axew Ydoiym |elsalew
<< 8ejd =< ydwy ‘wwz-T. 8e|d 'SU3| puey /m 3JBLINS UMEBS UO SNOIAGO W uoideal 954202 PIPPIQ SJOW B1|49N0 SBAR| dAISSEW 3SaY] "direwsud ‘wd G0~ Ajpsow ‘wd
ydwy ‘s|x J984e| |euoiseado - uo| WwWQT-G pue ssoJde wwt. swsid jeapayna AjjeaidAy g7 o3 dn gH "auoep qy Sulieag-xd ‘puelsi jo ued A\S U0 (2319 ‘sieye| ‘S4d) x4 pappaq
st 9joqydwy eae| 3ejd (ydwe) ajoqiydwe Aead pue Aea3-yspyuid 381 psjnon 4O UOI129s 98.e| B JO puUd YlJou ul eAe| Suliayieam-yuld SAISSEW JO pUd Ylou 1y 1do £009AuDM60
loquAs
s910u uswiads puey Aiojesoqer sajou pjal4 den a|dwes

‘(p,3u02) suonduosap a|dwes *qey a|qeL



Professional Report 123

72

(N9% ) Se paieliAa4qge SI pue ‘Sjuswiaaoul usdJad ua) ul yoe|q 01 91lym wod) parenpedd ajeds Aedd e yum uosiiedwod Ag pa1ewnss sem J0j0),

‘WWT~ ‘3e|d pue qy 23.e| 40 $10|2 ‘susodap | e}
Jejnuesdinby ‘ydwe y%x ‘xdy0z ‘ejdy0ge=<) Yyou |x AIsA "asuap ‘§ae|q 01 Aeu3 yieq pauleJ3-851e02 SNONJIASUOD 7 JO JaMO| WoJ 3diwnd umouq asuap Ajaaiejal a|3uls 180 STOSIMON60
's|eax Sejd pue qy 28.1e| paaneds ‘susodap
‘ene| )%0€ ‘Yol [X ‘@suaq |18} paulea3-9s4e0d snondidsuod g Jo Joddn wouy quiog snoadelods ‘Aesg-yiep aj8uls 180 /T0S9MDM 60
‘WWT. S|X ‘xdo=.3e|d "xi3ew Asse|3
3oe|q ul s3sAuoouaydoudiw pue sysAioouayd %0p. “SPUld [BUIDIUL 1| - SPUBQ IIYL 'Sy pue
-wd ul ya04 y3noyy Suiweays pue s3na Suieod uonesale usaln ‘yg/g }Ie|q-ysiusain sy uo paseq 21yl Ajgeqoud jd wouy 3204 9|3ulS -- 9US SO W04 ,44N|q Ul 3204 yde|q,, 180 €009AuDOT
'SPIOA
auly Suoje uonediw Ja1em anlseasad 1091494 Aew 1sed 9110 317 dul||e1sAid041w
1ng Ase3ns - ssewpunous Aead yieq ‘sisAioouaydosdiw aq Aew yaiym (ww z x €°0) (¢)smoys eae| pue s1o1WERIP P|O JO SHID MS WOy (134 Al Y
syie| (Sed) asejpoide|d yuepunqy ‘uenba ‘Wwy 01 Xdd %0T< “eAe| (,)(1%08) Aels yieq 2J0W 40 Jo Jed si yaiym o0y Seys swaoy 18yl 301Welp paliyil| ul 320|q 1saysal4 Seys'3dp 8T0SIMIN60
‘9)dwes ajqerep poos Joj 1sanb
8ul08uo Jo 1ed se pa129(|0) ‘SulBYIEIM UO UMOIG-YSIPpaJ YaLIq pue ‘Aes3-paw
A¥Jlw JudIN|SURLY S| SSBWIPUNOID *S|X %0G-0t "(Suldeag-qy st yaiym ‘snje |joJL ueyy
%0t S! sws AseSns paulesd-auly AJop ‘|Jo<<xdd.8ejd ‘W Z-T ‘SIX %0P~  IudJayIp) y204 |d-xdd paulesS-auly 03 WNIP3A| ‘Shje] ||0J] JO YInos i1sn[ eAe| aAISSEW
‘Jejnues8inb3 ‘saoeyuns pasayieam uo Ajjeidadsa ‘1sed pas-ysiidind ‘yg Aeus wnipa|n wouy st ajdwes "ayd ul Ja1eayuydwe wouy sansst Yyaiym mojy sligap go,-1sod uj 8do q£009AuDOT
‘sutesd oiyew Suipunoduns sws ojul Suipuaixa Suluiels usaud ysimoj|aA 24nsodxa 3yIp Jeau WoJy ||94 18yl 1DIWelp palesnpul o 320|q
yum ‘Anjods -3ejd Jsjjews juepunge pue xdd SNOIAQO /M (N%SE) eAe| Aea3 winipsin 934e| wouy wu pajulof Ajjeannewsiud uiyl yum isepd palejjul Apjeam ‘Aesd 1y3i| 9|8uis 3dp TE0SOMI60
|oquiAs
s9j0u udwiads puey Aiojesoqe] sajou p|ald4 9|dwes

‘(p,3u02) suonduosap a|dwes *qey a|qeL

dein



Geology of Kasatochi volcano, Aleutian Islands, Alaska 73

APPENDIX 4. “°AR/*’AR AGE DATA

“*AR/*’AR ANALYTICAL TECHNIQUES

Gray, crystalline portions of lava flows were selected for
dating. Samples were crushed, ultrasonicated and sized to 250-
350 pm. Dense, clean groundmass was concentrated using a
Frantz magnetic separator and careful handpicking under a
binocular microscope. For irradiation, 95-189 mg groundmass
samples were packaged in Cu foil and placed in a cylindrical
quartz vial, together with fluence monitors of known age and
K-glass and fluorite to measure interfering isotopes from K and
Ca. The quartz vials were wrapped in 0.5 mm-thick Cd foil to
shield samples from thermal neutrons during irradiation. The
samples were irradiated for one hour in the central thimble of
the U.S. Geological Survey TRIGA reactor in Denver, Colo-
rado (Dalrymple et al., 1981). The reactor vessel was rotated
continuously during irradiation to avoid lateral neutron flux
gradients and oscillated vertically to minimize vertical gradi-
ents. Reactor constants determined for these irradiations were
indistinguishable from recent irradiations, and a weighted mean
of constants obtained over the past five years yields ““Ar/*ArK
=0.001002+0.000379, *Ar/*’ ArCa = 0.00071+0.00005, and
%Ar/*’ ArCa = 0.000281+0.000006. TCR-2 sanidine from the
Taylor Creek Rhyolite (Dalrymple and Dufhield, 1988) was used
as a fluence monitor with an age of 27.87 Ma. This monitor is a
secondary standard calibrated against the primary intralaborato-
ry standard, SB-3, that has an age 0of 162.9 + 0.9 Ma (Lanphere
and Dalrymple, 2000). Fluence monitors were analyzed using a
continuous CO, laser system and mass spectrometer described
by Dalrymple (1989). Argon was extracted from groundmass
and mica separates using a Mo crucible in a custom resistance
furnace modified from the design of Staudacher et al. (1978)
attached to the above mass spectrometer. Heating temperatures
were monitored with an optical fiber thermometer, a PhotriX
sensor and controlled with custom LabView software. Gas was
purified continuously during extraction using two SAES ST-172
getters operated at 4A and 0A.

Mass spectrometer discrimination and system blanks are
important factors in the precision and accuracy of “Ar/*Ar
age determinations of Pleistocene lavas because of low radio-
genic yields. Discrimination is monitored by analyzing splits
of atmospheric Ar from a reservoir attached to the extraction
line and for these samples D, = 1.00597 + 0.00018. All iso-
topic ratios are mass discrimination corrected using “’Ar/**Ar
= 295.5 (Steiger and Jager, 1977). A recent determination of
atmospheric argon (“’Ar/**Ar = 298.56 + 0.31; Lee et al., 2006)
is more precise, but acceptance is controversial and that ratio
has no impact on this study because normalizing to a different
value does not change the isotopic ratios. Typical system blanks
including mass spectrometer backgrounds were 1.5x10™"* mol
of m/z 36, 9x10™" mol of m/z 37, 3x10"® mol of m/z 39 and
1.5x107'¢ mol of m/z 40, where m/z is mass/charge ratio.

In the incremental-heating experiments, the extraction line
is isolated from pumping systems and the sample is heated to a
specified temperature for 10 minutes, cooled for 3-5 minutes,
and transferred to an isolated mass spectrometer. The gas is
exposed to getters during the entire extraction. Isotopic ratios
are measured and corrected for instrumental blanks, mass dis-
crimination and interfering isotopes generated in the reactor. In
these experiments we separated and loaded enough material to
do 10-14 steps on each unknown in order to carefully character-
ize the argon release. The incremental heating data are plotted

both as an age spectrum diagram and as an isotope correlation
(isochron) diagram. For the age spectrum, apparent ages are
calculated assuming that non-radiogenic Ar is atmospheric
(“Ar/**Ar = 295.5) in composition and are plotted against the
cumulative »’Ar released during the experiment. In cases with
several contiguous steps yielding ages within analytical error, we
calculate and report plateau ages by weighing individual ages
by the inverse of their analytical error. Most groundmass age
experiments do not yield identical ages across the entire spec-
trum due to minor alteration, recoil of *?Ar during irradiation
(Huneke and Smith, 1976) or modest excess “’Ar. Generally
accepted criteria for a meaningful incremental heating age are:
(1) well-defined plateau (apparent ages within 26 error) for at
least 50% of the *°Ar released; (2) well-defined isochron for
the plateau gas fractions; (3) concordant plateau and isochron
ages; and (4) “’Ar/*°Ar isochron intercept not significantly dif-
ferent from 295.5.

For isochron plots, data are not corrected using an at-
mospheric ratio. Isochron ages include plateau steps on
well-behaved samples or a subset of data that yield a reasonable
goodness of fit. We show normal isochron plots for these low-
radiogenic rocks because the data are easier to visualize. Inverse
isochron results are indistinguishable. The most reliable results
generally include gas from the middle of the release spectrum
with consistent K/Ca ratios and concordant isochron data with
“Ar/**Ar intercepts within error of air. Ages and isotopic ratios
are reported at 26.

“*AR/**AR INTERPRETATION

09KCnye002

This sample of Rye basaltic andesite yielded a disturbed
age spectrum and complicated isochron diagram. Apparent
ages are negative at low temperatures, and climb monotoni-
cally at higher temperatures. A statistically reasonable isochron
fits the 550-850°C steps with a 148+113 ka age; however, its
subatmospheric OAr/*Ar ratio is difficult to interpret and we
consider the age unreliable.

09KCnye006

This Rye basalt sample yielded a strong 4.0+2.5 ka plateau
age that agrees with the total gas and isochron ages. We interpret
the plateau age as a reliable eruption age.

09KCnye007

This Peregrine lava sample yielded a 1313 ka plateau age
that agrees with total gas and isochron results. We interpret the
plateau age as a reliable eruption age.

09KCnye010

This sample of the Whiskey andesite yields a disturbed age
spectrum and isochron. Apparent ages are negative at low and
high temperature and positive, but discordant, at moderate
temperatures. Gas yields were high at low temperature, a result
commonly seen when lavas have interacted with water or ice
during emplacement. Interestingly, two well-defined linear
arrays are apparent in the isochron diagram. Low temperature
(550-685°C) steps define a line with an extremely low “Ar/**Ar
ratio (27524) and old age (974279 ka). High temperature
(785-1150°C) steps define a line with a slightly low “Ar/**Ar
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ratio (293+1) and younger, but still unlikely, age (391£57 ka).
Our interpretation is that the arrays represent three or more
components of argon and neither isochron age is reliable.

09KCnye110

This sample of the Whiskey andesite yields apparent ages
near zero, but a well-determined isochron age of 8.9+2.0 ka.
As with samples 09KCnye002 and 09KCnye010 the isochron
yields a slightly subatmospheric intercept; however, steps in-
cluding 79% of the *’Ar define the isochron line. We interpret
the isochron age as a reliable eruption age.
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APPENDIX 4B. AGE SPECTRA
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Geology of Kasatochi volcano, Aleutian Islands, Alaska
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Figure A5a.2. Silica variation diagrams of
all rare-earth elements (REE, ppm). 08pj,
juvenile 2008 scoria; 08pb, basalt in and
on inclusions in 2008 deposits; all other
symbols are map units.
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APPENDIX 5B. ENRICHMENT SPECTROGRAM
Unit SiO, Cs Rb K Ba Na P La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Th U Pb Nb Ta Zr Hf Y Sr SID
61.86 11KCONO7B-1
6062 11KCONO7B-3 SCALE
60.57 10KCONO7-1 3.5
60.44 09KCnyeOF1 3.0
60.37 11KCONO78B-4
60.22 10KCON11-1 20
60.21 10KCwes001
60.17 11KCON17-1 1.0
59.77 11KCON14B-1 -
59.73 10KCONO6-1 0.2
59.49 11KCONO7B-2
59.30 10KCONO09-1
59.23 11KCONO7B-6
59.12 08CW002-1b
58.83 11KCONO78-5
58.28 08CW002-1¢
56.45 09KCwes012
Qsp 56.28 11KCONO18-2
55.57 09KCnye00s
55.38 11KCON20B-1
54.72 11KCON02B-1
54.50 11KCONO1B-3
53.85 10KCON18-1
53.76 10KCON18-3
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5453 09KCwes008.
54.36 10KCwes004
53.43 05KSCNOO2A
53.08 12KcwEsooL
52.77 09KCwes009
Qmfm 5487 10KCnye00s
55.69 KCI2NYEO3
55.63 09KCwes025.
55.48 09KCwes024.
th 53.96 10KCnye002
s3.80 [ 09KCwes023
53.75 09KCwes019
Qmka 5037 KCtinyeos
56.83 09KCnye108
QObm 56.64 09KCwes003
56.57 09KCnye004
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5134 10Kcnye001
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Qobg 62 - o9Kcnye1o7
43.02 1 | - 09KCnye01263 SCALE
42.99 09KCnye01222 20
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4141 - 09Kcnyeo12a1 02
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Q8p.g.am o 09KCnye100am
Q8p.gpl s I N ..
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Figure A5b. Enrichment spectrogram. The enrichment spectrogram is made by normalizing all trace element concentrations to average
Kasatochi basalt, then coloring the normalized values from highest to lowest. The spectrogram is similar to more familiar multi-element
variation diagrams (“spider diagrams”) in showing all data for all samples in a single figure, but different in that each sample is shown as
a separate line, whereas in multi-element variation diagrams many crossing lines make tracking individual samples difficult. Two color
scales are applied, blue to red for lava and scoria samples and purple to gray for cumulate inclusions. The diagram emphasizes that Cs
and Pb behave most incompatibly, that trace element enrichment as a function of silica is consistent for Qlp and 2008 samples; that Cs
and Pb are decoupled from each other and from silica in lava units; and that Qgmb has lower concentrations of all trace elements other
than K, Th, and U than average Kasatochi basalt.
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APPENDIX 5C. PRECISION

During analysis duplicate pellets (XRF) or solutions (ICP/
MS) are made from a single powder from one sample in each
batch, or one sample in every twenty from batches with more
than twenty unknowns. Comparison of elemental concentra-
tions measured from each of the duplicates provides an estimate
of analytical uncertainty which includes both machine precision
and pellet or solution preparation uncertainty. Uncertainties as-
sociated with producing powder from a rock sample, or taking a
small sample from an outcrop are not included. Here we discuss
the distribution of intra-analysis variations for all duplicates
from AVO samples analyzed at the GeoAnalytic Laboratory
(Washington State University) between 2004 and 2016 (105
XRF duplicates and 131 ICP/MS duplicates).

Between-duplicate variations are calculated as absolute
difference between duplicates divided by the mean of the
two values, in percent (100*(Ja-b|/0.5(a+b))). An alternative
method, not used here, would be to use the coefficient of vari-
ance between duplicates (CV; 100%(1 std/mean), which yields
results that are about 30% lower.

Comparing duplicates using the differences between

analyses rather than the absolute differences yields a range of
values for each element which are roughly normally distributed
about a value near zero. Because, it’s irrelevant if one analysis
or the other has the larger value, the mean of values based on
arithmetic differences has no significance in terms of analyti-
cal precision. Calculating differences between duplicates using
absolute variation (or, alternatively, CV) yields populations
that are no-longer normally distributed because values that
were negative are reflected to the positive side of distributions.
Thus the range of inter-duplicate values cannot be summarized
using its mean and standard deviation. Instead we summarize
variations by percentiles, which can be asymmetric about the
median value (Table A5c.1). The 50th percentile (median) is
the value where half the values are smaller and half larger. The
68th percentile is the value where the portion of the popula-
tion with smaller intra-pellet variations is roughly equivalent
to +10 of a normally distributed population, and the 95th
percentile is roughly equivalent to +20. Table A5c.1 also gives
the compositional range of the samples.

Table A5c.1. Summary of intra-duplicate variation and compositional range of AVO samples analyzed by the Washington State University
GeoAnalytical Laboratory between 2004 and 2016. Intra-duplicate variation is calculated as absolute difference divided by the average
of the two values, in percent, and provides a measure of analytical precision. Average values are given for the central 50, 68, and 95
percent, as well as the maximum value of the duplicate variation for each element. Microsoft Excel spreadsheet and Adobe PDF versions

of this table are in Electronic Supplement ES.

Concentration range
element

Relative percent variation between duplicates

min max n 50% 68% 95% max
Major oxides (wt. %) and trace elements (ppm) by XRF
SiO2 39.5 74.6 105 0.09 0.11 0.29 0.72
TiO2 0.138 2.21 105 0.23 0.32 0.90 1.4
Al,03 12.2 22.3 105 0.15 0.23 0.52 0.94
FeO* 1.45 18.9 105 0.70 1.2 2.7 6.0
MnO 0.052 0.245 105 0.33 0.54 1.1 1.4
MgO 0.553 13.5 105 0.37 0.46 1.4 2.9
Cao 0.903 15.7 105 0.20 0.27 0.52 0.79
Na,O 1.09 4.85 105 0.29 0.47 1.3 2.2
K20 0.084 3.85 105 0.27 0.40 1.0 2.2
P20s 0.023 0.529 105 0.35 0.51 2.0 4.5
Ni 1.2 114 102 6.1 11 55 88
Ni<10 ppm 50 13 38 67 88
Ni>10 ppm 52 4.2 7.0 25 38
Cr 0.54 300 101 4.7 11 69 100
Cr<10 ppm 41 13 30 96 100
Cr>10 ppm 60 2.5 4.2 25 30
Sc 4.4 81 105 2.3 3.5 7.5 30
\ 12 732 105 1.0 1.5 3.0 8.7
Ba 63 1699 105 0.72 1.2 2.3 3.7
Rb 1.1 80 105 2.0 2.8 8.7 33
Sr 143 1082 105 0.39 0.62 1.7 2.7
Zr 11 267 105 0.66 0.91 2.8 6.1
Y 9.0 49 104 1.6 2.8 8.2 19
Nb 0.35 13 104 10 13 54 100
Nb<4 ppm 54 16 24 81 100
Nb>4 ppm 50 5.4 8.6 14 27
Ga 16 23 105 3.7 5.4 14 27
Cu 1.9 256 104 1.7 2.7 14 52
Zn 42 118 105 1.2 2.2 4.9 6.0
Pb 0.90 18 104 8.2 15 50 136
La 1.5 30 105 16 22 83 144
Ce 5.7 71 105 9.9 15 38 90
Th 0.20 8.4 100 20 32 105 179
Nd 4.2 40 85 9.8 13 29 37
U 0.35 3.9 41 48 72 140 141
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Table A5c.1. (cont’d).

Concentration range

Relative percent variation between duplicates

element min max n 50% 68% 95% max
Trace elements (ppm) by ICP/MS
La 1.2 30 131 0.80 1.2 2.6 8.4
Ce 3.2 67 131 0.76 1.1 3.2 7.8
Pr 0.54 9.2 131 0.78 1.2 3.8 12
Nd 3.0 40 131 0.86 1.3 3.9 8.5
Sm 1.1 9.8 131 1.3 1.9 3.3 4.2
Eu 0.49 2.5 131 1.4 2.1 3.6 5.4
Gd 1.4 9.8 131 1.4 1.8 3.2 4.0
Tb 0.25 1.6 131 1.0 1.6 3.3 4.7
Dy 1.5 10.0 131 1.1 1.6 3.7 5.3
Ho 0.29 2.1 131 1.0 1.5 2.9 6.1
Er 0.75 5.9 131 0.94 1.3 3.2 4.8
m 0.10 0.90 131 1.3 1.7 3.7 7.0
Yb 0.61 5.8 131 1.3 1.8 3.5 5.5
Lu 0.092 0.94 131 1.2 1.8 3.5 6.8
Ba 57 1767 131 0.72 1.0 2.0 13
Th 0.13 9.2 131 1.4 2.2 6.3 35
Nb 0.28 12 131 1.3 1.9 5.8 53
Y 7.2 55 131 1.0 1.6 3.4 19
Hf 0.26 9.8 131 1.2 1.5 3.1 6.5
Ta 0.023 1.1 131 1.7 3.0 8.4 92
U 0.078 4.1 131 1.4 2.1 8.5 47
Pb 0.96 29 131 1.1 2.1 5.3 75
Rb 1.0 97 131 1.4 1.8 3.4 7.0
Cs 0.084 6.6 131 1.5 2.4 7.9 77
Sr 149 1060 131 0.87 1.3 3.5 5.3
Sc 3.6 44 131 2.4 3.9 11 16

It is also important to know if analytical precision is compo-
sitionally dependent (i. e. if lower concentrations of any element
have systematically poorer precision). Figures A5c.1-5 are plots
of duplicate variation vs. concentration for all elements by both
XRF and ICP/MS. Principle observations are:

* Major element precision (Figure A5c.1) is independent of
composition and generally better than 0.5 rel. % at the
68" percentile except for iron, which is about 1.2 rel. %.

* XRF analyses of Ni, Cr and Nb (Figure A5c.2) are generally
better than 10 rel. %, but increase systematically at con-
centrations below 10 ppm (Ni and Cr) and 4ppm (Nb).
Variations approach 100% (the detection limit) at about
2 ppm (Niand Cr) and 1 ppm (Nb). Rb and Y precision
also decrease and disperses at low concentrations, but not
as severely as Ni, Cr, and Nb.

* REE analyses by ICP/MS (Figure A5c.4 have precisions of
better than 2 rel.% at the 68™ percentile; better than 4 rel.
% at the 95" percentile and are independent of concentra-
tion—as low about 5 times chondritic concentrations in
the data summarized here.

* Analyses of trace elements other than REE by ICP/MS (Figure
A5c.3) have precisions similar to the REE, and are also
independent of concentration with the exception of Ta, Cs,
and Pb which have modest increased dispersion of varia-
tion below 0.2 ppm (Ta), 1.5 ppm (Cs), and 8 ppm (Pb).

¢ Concentrations of a dozen trace elements are measured by
both XRF and ICP/MS (Figure 5Ac.5). Ba, Rb, Sr, and
Zr have similar analytical precision by both techniques.
Y precision by XRF and ICP/MS is similar at concentra-

tions greater than 25ppm, but at concentrations less than
25 ppm the XRF data are somewhat less precise. For Nb,
Pb, Th, La, Ce, Nd, and U XRF precision is substantially
poorer over most or all of the concentration range of AVO
samples. XRF analyes of Pb, Th, La, Ce, Nd, and U for
Kasatochi samples are not reported here.

* In a small number of cases there are abnormally large variations
between duplicates. About 1.3% of the data lie outside 30
of intra-duplicate variations calculated as the arithmetic
difference divided by the mean of the two analyses. In most
cases these outliers are widely separated from neighboring
points when the data for each element are ranked by inter-
duplicate variation. In the ranked data most neighboring
points are less than 5% different, but in the tails of the
distribution the difference between neighbors can increase
to several hundreds of percent. In some cases the outliers
are associated with the lowest-concentration of a particular
element in the data set, but in many cases the outliers span
the full concentration range of the data. For instance, Pr
variation (Figure A5c.4) is mostly less than 2%, but in four
cases the variation between duplicates is 9—13%. Outliers
generally exist only for one element in a given duplicate
pair. There are no duplicate pairs where one analysis is
systematically and uniformly different across many or all
elements. The implication of the existence of the outliers
is that for any large data set a few of the values for a few
of the elements may be aberrant for reasons unrelated to
geology, petrology, or geochemistry.
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Duplicate comparison, major elements (XRF)
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Figure A5c.1. Variation between duplicate pellets vs. concentration for major elements (normalized to 100%) measured by XRF. Varia-

tion is 100*|a-b|/((a+b)/2).
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Duplicate comparison, trace elements (XRF)
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Duplicate comparison, trace elements (ICP/MS)
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Figure A5c.4. Variation between duplicate pellets vs. concentration for rare-earth elements (REE) measured by ICP/MS.
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Duplicate comparison, elements analyzed by both XRF and ICP/MS
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Figure A5c.5. Variation between duplicate pellets vs. concentration for trace elements measured by both XRF and ICP/MS.



96  Professional Report 123

APPENDIX 5D. DATA

Table A5d. Whole-rock and mineral separate analyses by XRF and ICP. All analyses by the Peter Hooper GeoAnalytical Lab at Washington
State University, Pullman, WA. Electronic Supplement E5 contains these data as a Microsoft Excel spreadsheet (.xIsx) and a comma-
separated value file (.csv).

Table A5d. Whole rock and mineral separate analyses.

samplelD 09KCnye008a 11KCon10B-1 11KCon13-1  09KCnye008c  09KCnye008b 10KCon03-1 10KCon03-3 11KCon10B-2 10KCon18-3
Map sym bol* Q8p.j,ba Q8p.j,ba Q8p.j,ba Q8p.j,ba Q8p.j,ba Q8p.j,ba Q8p.j,ba Q8p.j,ba Q8p.j,ba
Latitude” 52.16247 52.17271 52.16773 52.16247 52.16247 52.16703 52.16703 52.17271 52.16884
Longitudez -175.52338 -175.53027 -175.52985 -175.52338 -175.52338 -175.49226 -175.49226 -175.53027 -175.53114
XRF®
Sio, 52.00 52.15 52.64 52.82 52.84 52.97 52.97 53.27 53.76
Tio, 0.757 0.742 0.732 0.741 0.740 0.729 0.717 0.726 0.693
Al,03 19.46 19.56 19.31 19.15 18.99 19.15 19.23 19.10 18.99
FeOt 8.58 8.47 8.67 8.50 8.36 8.69 8.39 8.56 8.46
MnO 0.192 0.192 0.199 0.195 0.193 0.199 0.190 0.201 0.207
MgOo 4.78 4.73 4.50 4.66 4.79 4.40 4.45 4.39 4.07
Cao 10.45 10.44 10.10 9.93 10.05 9.81 10.07 9.72 9.50
Na,0 2.99 2.93 3.03 3.13 3.15 3.19 3.13 3.14 3.40
K,0 0.636 0.637 0.666 0.702 0.719 0.705 0.696 0.721 0.748
P,05 0.154 0.149 0.156 0.164 0.157 0.166 0.157 0.172 0.175
Total 100.03 100.02 100.23 100.11 99.97 100.01 99.45 99.91 99.30
H,0"/L0I - - - - - - - - -
SO; (2) - - - - - - - - -
Cl(2) 0.06 0.05 0.04 0.06 0.10 0.07 0.05 0.05 0.20
Ni 19.4 18.3 16.9 17.3 21.2 16.5 18.7 15.1 13.2
Cr 24.8 26.3 19.8 29.1 32.0 20.1 31.8 18.7 10.7
Sc 23.8 23.7 21.4 23.0 25.1 21.4 21.0 21.0 18.4
\ 259.9 242.6 234.8 246.5 250.7 235.6 2243 228.3 218.0
Ba 267.8 266.1 278.6 293.2 296.7 294.6 294.4 300.9 308.1
Rb 13.6 12.3 135 15.3 15.2 15.6 143 14.6 15.5
Sr 467.6 474.5 477.1 468.5 460.1 475.8 473.3 471.3 477.4
Zr 60.0 55.5 59.2 66.2 68.9 65.2 62.9 63.8 67.0
Y 19.7 19.3 20.0 20.3 21.8 20.1 19.6 20.8 215
Nb 2.6 1.6 1.6 2.6 3.0 2.8 2.4 2.3 19
Ga 18.7 18.0 19.2 19.0 17.3 18.4 19.1 18.5 18.8
Cu 105.3 114.9 105.8 103.9 109.2 106.0 106.7 104.6 106.7
Zn 84.4 834 88.4 88.5 86.8 89.0 86.6 90.4 94.0
IcP/Ms*
La 5.625 5.734 6.117 6.210 6.137 6.610 6.461 6.529 6.931
Ce 12.939 13.201 13.852 14.093 13.969 14.908 14.591 14.857 15.740
Pr 1.9108 1.9208 2.0178 2.0635 2.0087 2.1692 2.1173 2.1653 2.2924
Nd 9.165 9.159 9.537 9.554 9.560 10.153 9.806 10.032 10.674
Sm 2.703 2.618 2.737 2.867 2.753 2.896 2.873 2.901 2.974
Eu 0.9611 1.0075 0.9907 1.0151 0.9863 0.9958 1.0104 1.0122 1.0571
Gd 3.093 3.093 3.100 3.164 3.111 3.242 3.207 3.184 3.385
Th 0.5439 0.5348 0.5326 0.5489 0.5359 0.5537 0.5541 0.5585 0.5904
Dy 3.507 3.461 3.534 3.581 3.592 3.553 3.576 3.701 3.771
Ho 0.7429 0.7347 0.7443 0.7558 0.7543 0.7682 0.7601 0.7832 0.8170
Er 2.0778 2.0753 2.0802 2.1094 2.1020 2.1571 2.1454 2.2130 2.2715
Tm 0.3066 0.3094 0.3119 0.3148 0.3152 0.3185 0.3186 0.3285 0.3370
Yb 1.9586 1.9397 2.0174 2.0025 1.9779 2.0367 2.0014 2.0916 2.1813
Lu 0.3169 0.3074 0.3218 0.3190 0.3192 0.3365 0.3301 0.3467 0.3578
Ba 258.81 261.80 279.38 286.23 285.99 299.17 294.53 296.71 313.38
Th 1.5533 1.5962 1.7500 1.7869 1.7969 1.8301 1.8143 1.9081 1.8817
Nb 1.1614 1.2387 1.2462 1.2718 1.2526 1.3290 1.2974 1.3106 1.4402
Y 19.129 18.962 19.288 19.528 19.503 19.595 19.556 19.945 20.684
Hf 1.7037 1.6533 1.7449 1.8079 1.8103 1.8118 1.8170 1.8378 1.9402
Ta 0.08557 0.08259 0.08302 0.09310 0.09256 0.09590 0.09237 0.09272 0.10796
U 0.8952 0.9140 1.0042 1.0247 1.0372 1.0618 1.0456 1.0710 1.0946
Pb 12.407 13.094 13.624 13.328 13.866 14.667 14.349 14.625 16.064
Rb 12.034 12.078 12.832 13.423 13.222 13.844 13.462 13.828 14.781
Cs 1.5543 1.6327 1.7380 1.7225 1.7635 1.8226 1.8422 1.8935 1.9078
Sr 467.3 459.3 459.4 466.4 459.7 477.1 473.4 453.6 484.2
Sc 23.57 23.17 21.50 22.39 23.86 20.22 21.62 20.48 18.31
Zr 57.07 57.07 60.04 61.92 61.61 63.24 62.06 63.77 67.51
Mode®
gms 55 - - 53 47 57 - - -
pl 28 - - 30 34 26 - - -
ol 0.2 - - 0.0 0.7 0.0 - - -
cpx 6.9 - - 5.9 6.5 83 - - -
opx 0.0 - - 5.4 2.5 3.4 - - -
am 8.0 - - 1.8 4.7 3.4 - - -

ox 1.8 - - 3.0 4.0 21 - - -
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Table A5d. Whole-rock and mineral separate analyses (cont’d).

Table A5d. Cont'd.

samplelD 10KCon18-1 11KCon01B-3 11KCon20B-1 11KCon07B-5 08cw002-1b 11KCon07B-6 10KCon09-1 11KCon07B-2 10KCon06-1
Map symbol Q8p.j,ba Q8p.j,ba Q8p.j,ba Q8p.j,a Q8p.j,a Q8p.j,a Q8p.j,a Q8p.j,a Q8p.j,a
Latitude 52.16884 52.17271 52.16922 52.17487 52.17477 52.17487 52.18046 52.17487 52.18046
Longitude -175.53114 -175.53027 -175.53043 -175.52933 -175.53152 -175.52933 -175.49873 -175.52933 -175.49873
XRF
Sio, 53.85 54.50 55.38 58.83 59.12 59.23 59.30 59.49 59.73
TiO, 0.689 0.679 0.656 0.521 0.549 0.530 0.523 0.509 0.534
Al,03 18.92 18.90 18.55 18.78 17.99 18.43 18.27 18.29 17.73
FeOt 8.56 8.18 8.06 6.46 6.74 6.39 6.55 6.43 6.74
MnO 0.211 0.209 0.218 0.197 0.216 0.200 0.201 0.203 0.213
Mgo 4.14 4.00 3.85 2,51 2.82 2.58 2.57 2.54 2.62
Ca0 9.38 9.17 8.69 7.44 7.10 7.22 7.16 7.09 6.83
Na,O 3.33 3.40 3.56 4.04 4.19 413 4.15 4.16 4.26
K,O 0.737 0.777 0.835 1.018 1.059 1.081 1.062 1.075 1.134
P,05 0.178 0.181 0.197 0.202 0.222 0.209 0.205 0.199 0.221
Total 99.45 99.60 99.72 99.36 100.02 99.03 99.59 99.11 99.69
H,0"/LOI - - - - - - - - -
S0; (2) - 0.02 - - - - - - -
Cl(2) 0.10 0.07 0.11 0.09 -- 0.14 0.13 0.12 0.16
Ni 12.9 12,5 11.5 5.7 1.4 6.5 6.8 6.9 6.2
Cr 11.0 11.8 13.9 6.5 6.0 6.6 6.4 3.7 5.9
Sc 17.5 17.2 15.6 111 11.2 9.9 10.5 111 10.2
v 209.0 204.1 181.4 118.5 126.4 118.2 118.1 113.0 115.9
Ba 304.5 322.7 343.2 424.6 441.2 433.1 442.4 440.6 468.4
Rb 14.6 15.7 17.3 214 21.8 225 223 23.1 24.0
Sr 475.5 475.4 468.1 487.7 455.0 469.3 467.8 464.3 448.6
Zr 68.2 68.8 74.5 91.4 94.6 93.6 95.3 94.9 102.0
Y 21.0 21.4 22,6 22.7 21.8 231 23.2 229 24.7
Nb 2.5 2.0 2.4 2.7 1.4 2.1 2.6 2.8 2.9
Ga 17.3 17.7 18.4 19.1 16.8 19.8 19.0 19.5 18.1
Cu 112.8 102.4 90.2 69.6 60.2 60.0 68.2 66.7 59.9
Zn 92.7 92.3 97.1 91.2 96.9 92.9 90.8 92.6 97.1
ICP/MS
La 6.911 7.038 7.478 9.124 9.618 9.432 9.679 9.384 10.252
Ce 15.785 15.900 17.078 20.119 21.253 20.743 21.332 20.734 22.630
Pr 2.2934 2.2987 2.4549 2.8054 3.0067 2.8963 2.9689 2.8646 3.1799
Nd 10.634 10.832 11.413 12.573 13.347 12.826 13.181 12.775 14.082
Sm 3.038 3.003 3.131 3.240 3.459 3.339 3.422 3.389 3.651
Eu 1.0599 1.0501 1.0844 1.1610 1.1810 1.1471 1.1514 1.1125 1.1939
Gd 3.330 3.260 3.513 3.502 3.707 3.586 3.641 3.527 3.881
Th 0.5772 0.5755 0.6088 0.6017 0.6409 0.6153 0.6193 0.6193 0.6640
Dy 3.692 3.685 3.921 3.899 4.093 4.009 3.980 4.001 4.321
Ho 0.7880 0.8030 0.8455 0.8219 0.8874 0.8711 0.8616 0.8426 0.9251
Er 2.2477 2.3112 2.3952 2.4003 2.5375 2.4527 2.4767 2.4939 2.6804
Tm 0.3391 0.3352 0.3526 0.3658 0.3938 0.3751 0.3854 0.3806 0.4064
Yb 2.1923 2.2042 2.3213 2.4036 2.5979 2.4788 2.5239 2.5454 2.6737
Lu 0.3509 0.3512 0.3863 0.4060 0.4240 0.4187 0.4251 0.4208 0.4397
Ba 310.00 320.71 338.93 426.47 443.76 439.59 447.60 440.59 471.55
Th 1.8643 1.9944 2.1678 2.7580 2.9002 2.9128 2.8823 2.8264 3.1145
Nb 1.4319 1.4393 1.5583 1.8202 1.8966 1.9087 1.9315 1.9123 2.0480
Y 20.477 20.968 21.807 21.841 23.167 22.789 22.580 22.974 24.135
Hf 1.9016 1.9379 2.0953 2.5035 2.6728 2.6035 2.6344 2.6126 2.7848
Ta 0.10769 0.10339 0.10248 0.12813 0.12974 0.12948 0.14086 0.14027 0.14999
u 1.0733 1.1474 1.2300 1.5582 1.6226 1.6359 1.6220 1.6030 1.7791
Pb 16.451 15.941 16.441 20.318 20.287 20.781 20.613 20.290 22.063
Rb 14.593 15.495 16.296 20.774 21.660 22.088 21.763 22.181 23.612
Cs 1.9527 2.0208 2.1868 2.7285 2.8810 2.9240 2.8797 2.9149 3.0980
Sr 476.1 477.2 450.3 481.5 465.1 451.7 468.6 460.7 449.9
Sc 17.99 18.09 16.02 9.95 9.49 10.32 10.51 10.08 10.67
Zr 67.04 69.79 74.99 91.58 91.59 94.51 95.33 96.68 100.94
Mode
gms 70 - - - 70 - 74 - -
pl 22 - - - 24 - 18 - -
ol 0.0 - - - 0.2 - 0.0 - -
cpx 3.7 - - - 15 - 1.7 - -
opx 1.6 - - - 34 - 1.0 - -
am 0.7 - - - 0.6 - 4.1 - -

ox 21 - - - 0.8 - 0.9 - -
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Table A5d. Whole-rock and mineral separate analyses (cont’d).

Table A5d. Cont'd.

samplelD 11KCon14B-1 11KCon17-1 10KCwes001 10KCon11-1 11KCon07B-4 09KCnyeOF1 10KCon07-1 11KCon07B-3 11KCon07B-1
Map symbol Q8p.j,a Q8p.j,a Q8p.j,a Q8p.j,a Q8p.j,a Q8p.j,a Q8p.j,a Q8p.j,a Q8p.j,a
Latitude 52.17487 52.16724 52.18077 52.16884 52.17487 52.17931 52.18046 52.17487 52.17487
Longitude -175.52933 -175.52937 -175.49892 -175.53114 -175.52933 -175.52646 -175.49873 -175.52933 -175.52933
XRF
Sio, 59.77 60.17 60.21 60.22 60.37 60.44 60.57 60.62 61.86
TiO, 0.507 0.494 0.483 0.498 0.491 0.509 0.495 0.483 0.429
Al,0; 18.35 18.10 18.03 17.81 18.29 17.91 17.90 17.97 18.44
FeOt 6.23 6.03 6.12 6.20 5.98 6.14 6.19 6.18 5.04
MnO 0.198 0.198 0.203 0.208 0.193 0.203 0.203 0.208 0.175
MgO 243 2.38 2.36 2.47 2.28 2.43 2.34 241 1.65
Ca0 7.05 6.74 6.70 6.84 6.83 6.48 6.65 6.55 6.28
Na,O 4.17 4.49 4.57 4.39 4.24 4.49 4.28 4.25 4.68
K;0 1.095 1.184 1.124 1.172 1.127 1.184 1.156 1.136 1.258
P,05 0.195 0.210 0.212 0.206 0.198 0.222 0.212 0.209 0.190
Total 98.97 98.07 98.91 98.30 99.12 99.21 99.33 99.35 98.25
H,0*/L0I - - - - - - - - -
S0; (2) - 0.10 - - - - - - -
Cl(2) 0.11 0.18 0.27 0.27 0.10 0.23 0.11 0.11 0.26
Ni 4.2 5.2 5.6 8.8 4.4 5.9 5.4 5.7 4.2
Cr 6.7 5.0 4.6 6.2 4.9 4.5 4.6 4.0 3.5
Sc 10.1 9.6 9.3 11.0 9.0 10.2 10.6 10.0 7.2
\' 110.0 99.4 99.6 107.2 102.7 104.2 100.2 95.3 75.2
Ba 445.9 471.3 461.5 462.4 455.5 483.3 471.8 466.5 494.5
Rb 22.5 24.5 23.9 239 23.3 25.1 25.2 24.0 26.4
Sr 465.6 452.6 466.8 451.0 461.6 450.7 456.8 458.7 462.6
Zr 96.0 100.6 100.4 101.0 100.9 107.7 105.2 100.5 107.7
Y 239 23.7 23.4 235 24.2 23.8 24.4 23.4 239
Nb 21 21 2.9 3.1 3.0 3.2 3.2 29 2.5
Ga 19.8 18.2 18.5 16.8 19.0 17.4 17.4 18.1 18.3
Cu 65.3 55.2 45.7 68.4 63.6 54.8 65.5 47.8 60.6
Zn 90.0 90.0 92.8 92.8 90.2 95.3 93.0 93.3 82.3
ICP/MS
La 9.393 9.952 9.773 10.257 9.770 10.189 10.423 10.040 10.507
Ce 20.595 21.868 20.657 22.606 21.361 22.364 22.848 21.896 22.722
Pr 2.8901 3.0293 2.9862 3.1525 2.9787 3.1156 3.2050 3.0206 3.1410
Nd 12.709 13.415 13.119 13.779 13.187 13.755 13.960 13.227 13.582
Sm 3.400 3.468 3.316 3.594 3.355 3.586 3.568 3.477 3.518
Eu 1.1250 1.1181 1.1201 1.1535 1.1608 1.1640 1.1656 1.1565 1.1558
Gd 3.564 3.657 3.527 3.746 3.589 3.735 3.778 3.531 3.564
Th 0.6118 0.6339 0.6129 0.6394 0.6268 0.6453 0.6538 0.6222 0.6234
Dy 3.996 4.079 3.905 4.096 4.052 4.197 4.157 3.971 3.989
Ho 0.8536 0.8772 0.8512 0.8997 0.8815 0.9049 0.8968 0.8505 0.8793
Er 2.4859 2.5393 2.4484 2.5386 2.4984 2.5492 2.6312 2.5010 2.5371
Tm 0.3773 0.3943 0.3807 0.3866 0.3972 0.3972 0.4092 0.3889 0.3950
Yb 2.5219 2.5829 2.4897 2.6209 2.5934 2.6263 2.6740 2.5807 2.6278
Lu 0.4187 0.4304 0.4222 0.4323 0.4288 0.4350 0.4433 0.4255 0.4460
Ba 444.29 471.88 458.68 476.34 457.68 482.38 483.82 470.59 508.23
Th 2.8885 3.1880 3.0549 3.1057 3.0413 3.2577 3.1837 3.0995 3.3763
Nb 1.9251 2.0040 1.9899 2.0734 2.0255 2.0336 2.0909 2.0331 2.1295
Y 22.686 23.202 22.718 23.603 23.298 24.136 23.831 23.091 23.464
Hf 2.6566 2.8084 2.7410 2.8132 2.7564 2.8633 2.8555 2.7870 2.9186
Ta 0.13608 0.13912 0.14965 0.15277 0.14320 0.14492 0.15610 0.14986 0.16159
U 1.6475 1.8158 1.7384 1.7654 1.6990 1.8767 1.8206 1.7300 1.8891
Pb 21.012 22.034 20.923 21.602 20.983 22.490 22.933 22.042 23.315
Rb 22.047 23.643 22,977 24.449 23.235 24.166 24.313 23.982 26.094
Cs 2.9051 3.1975 2.9832 3.1905 3.0578 3.1677 3.1821 3.0992 3.3892
Sr 448.3 438.0 459.1 456.8 456.0 452.2 455.0 458.7 469.2
Sc 9.62 9.23 8.69 10.21 9.12 9.09 9.54 8.60 7.12
Zr 96.92 101.55 100.18 101.94 100.59 104.46 104.53 102.37 109.20
Mode
gms - - 78 - - 86 73 - -
pl - - 21 - - 12 16 - -
ol -- - 0.0 - - 0.0 0.0 - -
cpx - - 0.3 -- - 0.8 6.9 -- -
opx - - 0.0 - - 1.5 23 - -
am -- - 0.3 - - 0.0 0.3 - -

ox - - 0.7 - - 0.0 12 - -
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Table A5d. Whole-rock and mineral separate analyses (cont’d).

Table A5d. Cont'd.

samplelD 11KCon02B-1 09KCnye005 11KCon01B-2 09KCwes012 08cw002-1c  09KCnyel199m  09KCnye003m KC12ak34m 09KCnye001c
Map symbol Q8p.j,bnd Q8p.j,bnd Q8p.j,bnd Q8p.j,bnd Q8p.j,bnd Q8p.gg Q8p.gg Q8p.umg Q8p.gab
Latitude 52.17271 52.18003 52.17271 52.17349 52.17477 52.16105 52.17463 52.18111 52.17568
Longitude -175.53027 -175.49742 -175.53027 -175.53140 -175.53152 -175.51552 -175.49533 -175.51923 -175.49370
XRF
Sio, 54.72 55.57 56.28 56.45 58.28 49.94 51.18 49.43 40.98
TiO, 0.660 0.636 0.594 0.612 0.568 0.832 0.601 0.833 1.157
Al,0; 18.47 18.96 18.79 18.60 18.09 19.11 20.96 18.16 22.62
FeOt 832 7.48 7.45 7.50 6.81 8.71 8.08 9.17 12.14
MnO 0.215 0.202 0.209 0.218 0.216 0.170 0.203 0.175 0.153
MgO 3.63 3.64 3.27 3.46 3.02 6.35 4.02 7.43 6.62
Ca0 8.73 8.80 8.34 8.24 7.36 11.55 11.79 11.64 14.87
Na,O 4.16 3.69 3.95 3.83 4.41 2.69 2.55 2.55 1.32
K;0 0.900 0.832 0.922 0.877 1.034 0.523 0.491 0.512 0.102
P,05 0.196 0.193 0.200 0.220 0.216 0.115 0.132 0.108 0.027
Total 97.26 98.97 97.46 99.07 99.58 99.85 98.73 100.14 99.41
H,0*/L0I - - - - - - - - -
SO; (2) - - - - - - - - -
Cl(2) 0.66 0.12 0.32 0.13 -- 0.07 0.07 -- 0.01
Ni 10.4 13.2 85 9.7 0.0 43.2 10.6 59.5 27.5
Cr 12.0 14.2 11.2 8.7 11.2 99.2 4.5 212.4 31.8
Sc 14.8 17.8 13.2 13.1 11.7 35.7 17.2 39.9 34.9
\" 196.1 183.4 156.9 162.4 138.3 312.0 193.1 304.5 474.7
Ba 344.4 351.1 366.3 369.3 424.8 203.6 211.6 195.9 36.1
Rb 17.7 16.7 18.4 18.1 21.2 8.8 9.6 10.1 0.4
Sr 476.5 485.7 482.1 485.4 454.6 428.4 499.6 406.2 506.2
Zr 73.0 76.1 76.5 81.3 90.2 48.5 50.2 44.7 12.6
Y 20.9 211 20.9 21.3 21.0 17.5 18.0 18.2 17.5
Nb 2.2 2.2 2.2 2.8 1.1 1.6 2.1 1.7 2.4
Ga 19.1 18.1 20.2 19.4 16.2 17.7 16.6 16.7 22.3
Cu 116.5 109.3 76.9 88.4 74.0 95.5 134.2 123.8 90.2
Zn 100.2 90.0 94.7 97.1 98.2 74.1 82.0 74.5 70.5
ICP/MS
La 7.529 7.457 7.947 8.053 9.125 4.242 4.718 4.036 0.843
Ce 16.777 16.614 17.652 17.914 20.187 10.086 11.330 9.681 3.415
Pr 2.3969 2.3821 2.4879 2.5565 2.8505 1.5256 1.7519 1.5132 0.8107
Nd 10.994 10.892 11.334 11.667 12.874 7.581 8.540 7.292 5.215
Sm 3.036 3.011 3.049 3.159 3.391 2.367 2.543 2.344 2.231
Eu 1.0334 1.0592 1.0560 1.0865 1.1161 0.8819 0.9423 0.8460 0.8413
Gd 3.261 3.352 3.287 3.447 3.629 2.877 2.892 2.835 2.910
Th 0.5598 0.5683 0.5614 0.5909 0.6251 0.5035 0.5142 0.5044 0.5178
Dy 3.643 3.700 3.650 3.810 4.053 3.298 3.260 3.300 3.405
Ho 0.7852 0.7804 0.7854 0.8182 0.8871 0.6970 0.7054 0.7150 0.7067
Er 2.2579 2.2097 2.2805 2.3003 2.4833 1.9461 2.0014 1.9343 1.8234
Tm 0.3262 0.3372 0.3391 0.3539 0.3805 0.2847 0.2972 0.2794 0.2522
Yb 2.2184 2.1687 2.2012 2.2699 2.5120 1.7777 1.8806 1.7800 1.4644
Lu 0.3664 0.3443 0.3796 0.3698 0.4129 0.2796 0.3067 0.2772 0.2154
Ba 340.79 346.32 366.60 363.88 419.73 200.92 210.22 190.77 33.04
Th 2.1999 2.1992 2.3368 2.3660 2.7172 1.0791 1.1597 1.0080 0.0323
Nb 1.4942 1.4622 1.5868 1.5543 1.8037 0.9602 1.0604 0.9514 0.5507
Y 20.524 20.805 20.737 21.316 22.503 18.318 19.071 17.579 16.941
Hf 2.0478 2.0470 2.1525 2.2089 2.5678 1.4106 1.4776 1.3640 0.5709
Ta 0.11051 0.10711 0.11485 0.11446 0.12627 0.06928 0.10728 0.08949 0.03373
U 1.2460 1.2781 1.3310 1.3451 1.5533 0.6327 0.6795 0.5688 0.0146
Pb 14.781 18.065 18.990 17.240 18.893 9.802 11.140 9.052 1.127
Rb 17.265 16.117 18.487 17.213 20.508 8.906 9.332 8.574 0.508
Cs 2.1678 2.1293 2.3279 2.2712 2.7309 1.1528 1.3323 1.1581 0.0273
Sr 476.5 486.0 486.5 476.3 464.4 431.0 531.6 406.0 530.5
Sc 14.51 15.99 13.04 13.37 10.95 34.91 15.42 39.68 34.83
Zr 73.99 73.32 78.93 76.94 87.19 46.27 49.20 44.15 10.62
Mode
gms - 56 - 54 68 - - - 0
pl - 32 - 29 21 - - - 51
ol - 0.0 - 0.0 0.0 - - - 0.0
cpx - 5.0 - 2.7 2.4 - - - 5.6
opx - 3.2 - 5.6 3.0 - - - 0.0
am - 1.0 -- 6.3 1.6 - - - 36.6

ox - 2.8 - 2.1 3.8 - - - 7.0
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Table A5d. Whole-rock and mineral separate analyses (cont’d).

Table A5d. Cont'd.

samplelD 09KCnye012a1l 09KCnye003 09KCnye012a2 09KCnye012b3 09KCnyel00am 09KCnye012bl KC12ak22 KC12ak34 KC12ak11
Map symbol Q8p.gab Q8p.gab Q8p.gab Q8p.gab Q8p.g.am Q8p.g.pl Q8p.um Q8p.um Q8p.um
Latitude 52.17983 52.17463 52.17983 52.17983 52.16436 52.17983 52.18111 52.18111 52.17139
Longitude -175.52556 -175.49533 -175.52556 -175.52556 -175.51952 -175.52556 -175.51923 -175.51923 -175.52795
XRF
Sio, 41.41 42.46 42.99 43.02 39.34 44.54 40.96 41.61 46.44
TiO, 1.346 0.882 0.880 0.955 2.198 0.062 0.082 0.120 0.247
Al,03 20.48 22.24 21.97 24.50 12.13 33.94 1.34 1.72 2.81
FeOt 12.15 12.18 10.50 6.53 19.20 1.08 13.83 13.88 9.41
MnO 0.129 0.130 0.128 0.074 0.233 0.016 0.230 0.231 0.175
MgO 8.57 517 6.24 7.44 13.45 0.72 40.72 38.11 27.66
Ca0 13.97 15.70 16.00 15.79 10.99 18.95 2.65 4.06 12.96
Na,O 1.70 1.08 116 1.47 211 0.65 0.16 0.22 0.27
K;0 0.231 0.125 0.112 0.214 0.311 0.022 0.023 0.032 0.025
P,05 0.019 0.032 0.022 0.012 0.023 0.010 0.009 0.009 0.006
Total 99.09 99.87 99.94 99.14 98.38 99.70 99.63 99.52 100.00
H,0"/LOI - - - - - - -0.98 -0.87 -0.26
SO; (2) - - - - - - - - -
Cl(2) 0.02 0.02 0.03 0.01 0.01 0.01 -- - -
Ni 34.6 24.8 31.4 47.4 74.8 6.1 944.3 869.2 437.5
Cr 6.9 4.9 44.0 333 149.4 5.4 1967.0 2052.8 1943.0
Sc 47.2 26.4 34.8 51.9 83.4 5.0 17.2 20.8 64.6
\' 552.0 512.0 434.4 339.1 739.3 30.4 55.7 67.7 137.2
Ba 68.9 61.8 48.0 56.8 84.3 27.8 18.0 16.0 12.1
Rb 1.9 2.4 2.0 1.1 1.3 0.0 0.1 0.0 0.4
Sr 387.0 457.1 471.1 460.3 183.8 667.0 14.8 215 27.3
Zr 17.3 16.5 14.9 11.4 29.9 4.6 2.4 3.4 7.1
Y 15.7 9.8 10.9 11.5 329 1.5 2.2 33 6.0
Nb 1.9 13 2.8 14 3.2 0.6 0.7 0.0 1.6
Ga 18.7 20.0 19.0 16.3 18.2 18.1 2.6 1.4 4.7
Cu 23.2 64.9 19.4 6.3 13.0 6.3 14.8 31.9 10.2
Zn 53.7 62.8 51.3 23.4 103.5 45 80.3 80.7 47.9
ICP/MS
La 0.921 1.213 0.932 0.563 1.330 0.365 0.133 0.236 0.316
Ce 3.043 3.138 2.717 1.973 5.755 0.800 0.381 0.647 1.020
Pr 0.6501 0.5347 0.5308 0.4302 1.3526 0.1153 0.0717 0.1060 0.2094
Nd 4.109 2.947 3.168 2.773 9.165 0.564 0.385 0.631 1.297
Sm 1.787 1.062 1.331 1.248 4.047 0.180 0.160 0.253 0.580
Eu 0.7414 0.4934 0.5679 0.5746 1.3809 0.1895 0.0642 0.0914 0.2123
Gd 2.563 1.419 1.769 1.799 5.618 0.220 0.220 0.338 0.772
Th 0.4624 0.2510 0.3081 0.3211 0.9840 0.0343 0.0416 0.0606 0.1435
Dy 2.912 1.641 2.054 2.051 6.278 0.217 0.258 0.394 0.884
Ho 0.6203 0.3433 0.4280 0.4279 1.3002 0.0422 0.0561 0.0810 0.1795
Er 1.6098 0.9122 1.1267 1.0922 3.4259 0.1120 0.1487 0.2084 0.4945
Tm 0.2120 0.1328 0.1548 0.1450 0.4513 0.0156 0.0220 0.0298 0.0669
Yb 1.2448 0.7891 0.9224 0.8284 2.6375 0.0895 0.1282 0.1859 0.3910
Lu 0.1845 0.1238 0.1397 0.1158 0.3857 0.0137 0.0210 0.0287 0.0554
Ba 62.71 57.68 45.27 55.11 77.17 22.24 7.20 9.05 6.88
Th 0.1061 0.2493 0.1188 0.0431 0.0663 0.0381 0.0281 0.0699 0.0624
Nb 0.4656 0.2861 0.2538 0.3124 1.1566 0.0362 0.0380 0.0671 0.0605
Y 15.393 10.444 10.996 10.698 31.874 1.524 1.308 1.891 4.382
Hf 0.6954 0.5174 0.4798 0.4948 1.2870 0.0688 0.1018 0.1326 0.2665
Ta 0.03491 0.02405 0.02040 0.02648 0.07028 0.00970 0.00210 0.00502 0.00567
U 0.0601 0.1418 0.0669 0.0224 0.0358 0.0169 0.0129 0.0193 0.0140
Pb 1.734 2.820 1.833 1.014 1.065 1.003 0.169 0.265 0.174
Rb 1.414 2.101 1.062 0.909 1.156 0.348 0.243 0.472 0.441
Cs 0.1097 0.2668 0.1209 0.0421 0.0507 0.0586 0.0164 0.0258 0.0109
Sr 399.2 470.6 472.9 458.2 186.3 690.1 15.2 20.9 28.2
Sc 47.06 25.78 34.30 55.86 84.92 4.75 17.70 21.97 65.89
Zr 15.25 14.16 11.61 10.03 27.34 1.92 2.80 3.53 6.08
Mode
gms 7 3 4 - - - - - -
pl 51 58 47 - - - - - -
ol 0.0 0.0 1.9 - - - - - -
cpx 3.0 20.5 19.3 - - - - - -
opx 0.0 0.0 0.0 - - - - - --
am 37.8 13.8 233 - - - - - -
ox 1.2 3.9 4.8 - - - - - -
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Table A5d. Whole-rock and mineral separate analyses (cont’d).
Table A5d. Cont'd.
samplelD KC12ak33 KC12ak13 KC12ak12 KC12aka2 KC12ak19  09KCwes009 ~ 12KCwes001  05KScn002A  10KCwes004
Map symbol Q8p.um Q8p.um Q8p.um Q8p.um Q8p.an Qlp Qlp Qlp Qlp
Latitude 52.18111 52.17139 52.17139 52.18111 52.17139 52.16234 52.16134 52.16059 52.17082
Longitude -175.51923 -175.52795 -175.52795 -175.51923 -175.52795 -175.50018 -175.51204 -175.50418 -175.49565
XRF
Sio, 47.90 48.55 49.89 51.05 44.43 52.77 53.04 53.43 54.36
TiO, 0.172 0.515 0.438 0.263 0.045 0.762 0.749 0.714 0.714
AlL,O, 2.13 5.95 4.70 2.97 34.43 19.15 19.17 19.25 18.58
FeOt 7.99 7.60 6.44 5.29 0.90 8.88 8.79 8.27 8.40
MnO 0.151 0.144 0.131 0.112 0.013 0.199 0.196 0.201 0.202
Mgo 27.08 17.15 16.88 19.51 0.56 4.30 4.15 4.28 4.18
ca0 14.32 19.44 21.08 20.54 18.92 9.77 9.70 9.62 9.11
Na,0 0.23 0.57 0.40 0.24 0.69 3.21 3.23 3.32 3.46
K,0 0.015 0.063 0.027 0.010 0.026 0.780 0.798 0.716 0.825
P,0s 0.007 0.007 0.006 0.008 0.008 0.179 0.181 0.192 0.182
Total 99.86 100.15 99.83 99.70 99.78 99.63 100.07 99.65 99.15
H,0"/LOI -0.15 0.27 0.50 0.29 - - - - -
SO; (2) - - - - - - - - -
@) - - - - - 0.06 - - 0.06
Ni 408.2 177.8 158.2 192.9 7.0 13.7 111 17.3 14.0
cr 2500.3 1114.3 1844.7 1455.2 6.6 112 234 311 234
Sc 65.3 1112 117.0 95.9 3.4 205 19.6 206 19.5
v 107.8 268.3 240.4 152.9 17.1 246.8 238.3 214.5 215.2
Ba 11.8 19.7 13.7 12.1 21.0 355.8 357.0 319.4 359.8
Rb 0.7 1.0 03 0.1 12 16.3 16.7 15.3 17.8
sr 26.1 59.5 417 34.1 616.3 512.7 510.7 491.8 479.0
r 45 106 9.1 5.3 1.0 70.6 70.5 69.5 73.6
Y 43 9.6 9.5 5.1 17 2.4 220 213 214
Nb 0.5 0.3 1.0 0.6 13 25 2.3 23 2.1
Ga 33 6.2 5.5 47 16.1 20.1 18.1 19.0 18.1
Cu 14.8 38.7 287 8.6 9.2 64.9 85.2 60.6 73.5
Zn 424 315 23.9 21.8 3.2 91.0 89.4 86.8 89.8
ICP/MS
La 0.258 0.503 0.332 0.310 0.397 7.416 7.699 6.872 7.817
Ce 0.768 1.699 1334 1.129 0.808 16.277 16.868 15.998 16.448
Pr 0.1497 0.3672 0.2998 0.2464 0.1131 2.3578 2.4098 2.3315 2.4154
Nd 0.869 2381 1.988 1.477 0.527 10.787 11.138 10.900 11.002
sm 0.381 1.034 0.943 0.656 0.149 3.109 3.143 3.136 2,971
Eu 0.1463 0.4051 0.3631 0.2385 0.1766 1.0714 1.0779 1.0512 1.0375
Gd 0.538 1.500 1319 0.830 0.163 3.443 3.403 3.455 3.305
Th 0.1015 0.2766 0.2487 0.1505 0.0267 0.5908 0.6095 0.5921 0.5785
Dy 0.650 1.825 1.538 0.931 0.164 3.855 3.854 3.852 3.747
Ho 0.1338 0.3737 0.3208 0.1987 0.0337 0.8217 0.8268 0.8174 0.7942
Er 0.3418 0.9857 0.8444 0.5109 0.0919 2.3242 2.3028 2.3512 2.2468
m 0.0487 0.1354 0.1163 0.0709 0.0123 0.3381 0.3446 0.3479 0.3360
Yb 0.2823 0.7716 0.6868 0.3998 0.0725 2.1705 2.1706 2.2236 2.1242
Lu 0.0391 0.1107 0.0949 0.0592 0.0115 0.3558 0.3444 0.3564 0.3518
Ba 6.57 14.57 7.91 5.82 22.39 346.65 349.46 313.16 357.12
Th 0.0456 0.0792 0.0245 0.0529 0.0497 2.3286 2.3948 1.7390 2.4682
Nb 0.0515 0.1101 0.0453 0.0364 0.0545 1.4038 1.4173 1.4454 15123
Y 3.094 8.658 7.482 4.574 0.842 20.943 20.975 21.168 20.491
Hf 0.1652 0.4694 0.4291 0.2480 0.0798 1.9537 1.9398 1.9538 2.0590
Ta 0.00316 0.00949 0.00379 0.00325 0.00341 0.09683 0.09582 0.09524 0.11931
u 0.0180 0.0184 0.0105 0.0226 0.0222 1.4382 1.4670 1.1255 1.4330
Pb 0311 0.335 0.346 0.294 0.810 18.398 18.743 17.811 17.865
Rb 0.311 0.689 0.204 0.310 0.328 15.325 15.416 14.686 16.706
Cs 0.0197 0.0160 0.0154 0.0299 0.0293 2.4385 2.4267 2.2528 23584
sr 27.0 60.9 414 34.8 624.1 518.5 512.8 487.3 4737
sc 63.95 113.01 118.99 99.36 238 20.05 19.23 18.16 18.71
zr 4.46 10.22 8.84 5.90 2.68 66.79 69.41 64.59 72.44
Mode

gms - - - - - 47 - - -
pl - - - - - 39 - - -
ol -- - - - - 0.3 - - -
cpx - - - - - 7.6 - - -
opx - - - - - 3.0 - - -
am -- - - - - 0.0 - -- -
ox - - - - - 3.0 - - -
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Table A5d. Whole-rock and mineral separate analyses (cont’d).

Table A5d. Cont'd.

samplelD 09KCwes008  09KCnye009a 09KCnye009b 09KCwes006 09KCwes007 09KCwes022 09KCnyeOl11la 09KCnye011b 09KCwes005
Map symbol Qlp Qlp Qlp Qlp Qlp Qlp Qlp Qlp Qlp
Latitude 52.16365 52.16072 52.16072 52.16639 52.16365 52.17543 52.17437 52.17437 52.16907
Longitude -175.49897 -175.50848 -175.50848 -175.49782 -175.49897 -175.52648 -175.52680 -175.52680 -175.49893
XRF
Sio, 54.53 55.15 55.20 56.59 57.56 58.43 58.92 59.12 59.38
TiO, 0.678 0.676 0.671 0.606 0.587 0.575 0.559 0.553 0.525
Al,04 18.96 18.82 18.55 18.76 18.57 18.06 18.07 18.04 18.20
FeOt 8.14 7.96 8.07 7.37 7.16 7.13 6.87 6.80 6.64
MnO 0.193 0.196 0.200 0.189 0.199 0.216 0.213 0.212 0.205
MgO 3.90 3.79 3.99 3.40 3.08 3.00 2.87 2.78 2.61
Ca0 9.19 8.80 8.85 8.31 7.78 7.33 7.21 7.09 7.01
Na,O 3.40 3.53 3.41 3.66 3.87 3.99 4.03 4.11 4.14
K;0 0.812 0.886 0.876 0.915 0.967 1.036 1.038 1.075 1.078
P,05 0.192 0.189 0.189 0.206 0.227 0.223 0.218 0.224 0.215
Total 100.03 99.29 99.19 98.99 99.45 99.04 99.58 98.83 99.34
H,0*/L0I - - - - - - - - -
SO; (2) - - - - - - - - -
Cl(2) 0.08 0.13 0.08 0.10 0.08 0.11 0.09 0.10 0.10
Ni 12.6 11.6 12.7 11.9 8.7 7.0 6.1 5.0 5.4
Cr 16.2 16.7 18.0 15.1 11.4 6.2 7.4 6.6 4.9
Sc 18.4 18.5 18.1 16.2 13.9 12.6 12.6 113 11.0
\" 212.0 202.3 200.7 173.8 152.9 136.4 131.7 123.2 122.7
Ba 370.8 389.7 384.0 398.8 431.2 437.9 440.1 445.1 452.7
Rb 18.2 19.5 19.5 20.0 21.4 219 225 22.6 239
Sr 507.2 485.7 478.2 480.9 488.0 463.5 463.8 462.3 472.1
Zr 78.7 81.0 80.8 88.4 95.8 96.2 96.9 99.2 101.7
Y 21.6 22.0 216 20.9 221 239 24.0 24.4 22.8
Nb 29 2.7 23 3.1 33 2.4 2.7 2.6 31
Ga 19.3 19.3 19.5 18.5 19.3 20.0 18.2 19.9 18.7
Cu 90.8 62.1 78.4 27.0 42.4 67.5 60.8 64.1 61.7
Zn 87.9 91.0 87.4 86.8 93.8 99.4 96.3 97.1 93.0
ICP/MS
La 7.973 8.256 8.212 8.768 9.332 9.360 9.174 9.502 9.555
Ce 17.513 17.888 17.739 19.090 20.323 20.703 20.243 20.742 21.048
Pr 2.4747 2.5299 2.5278 2.6494 2.8503 2.9277 2.8534 2.9400 2.9221
Nd 11.240 11.476 11.319 11.858 12.715 13.160 12.835 13.165 12.967
Sm 3.131 3.145 3.130 3.172 3.387 3.516 3.385 3.500 3.421
Eu 1.0520 1.0740 1.0640 1.0675 1.1214 1.1554 1.1301 1.1385 1.1293
Gd 3.409 3.401 3.444 3.391 3.632 3.781 3.629 3.681 3.633
Th 0.5848 0.5959 0.6013 0.5877 0.6080 0.6499 0.6138 0.6280 0.6246
Dy 3.802 3.818 3.859 3.760 3.876 4.170 3.972 4.060 4.125
Ho 0.8059 0.8202 0.8167 0.8075 0.8418 0.8996 0.8696 0.8871 0.8714
Er 2.3045 2.3150 2.3406 2.2868 2.4152 2.6107 2.5088 2.5425 2.5319
Tm 0.3416 0.3529 0.3504 0.3438 0.3683 0.3929 0.3842 0.3812 0.3857
Yb 2.1859 2.2470 2.2268 2.2510 24131 2.5819 2.4695 2.5322 2.5510
Lu 0.3588 0.3636 0.3629 0.3670 0.4023 0.4278 0.4082 0.4203 0.4220
Ba 363.53 382.50 380.30 395.93 421.46 436.19 431.59 444.30 451.54
Th 2.3259 2.6597 2.6447 2.5735 2.6069 2.9329 2.8434 2.9517 3.0045
Nb 1.5446 1.6003 1.5465 1.7285 1.8887 1.8696 1.8270 1.9149 1.8571
Y 20.812 21.155 21.043 20.989 22.227 23.612 22.907 23.297 23.074
Hf 2.1017 2.1919 2.1846 2.3647 2.5163 2.6205 2.5799 2.6327 2.6781
Ta 0.10552 0.10994 0.10985 0.12781 0.13004 0.13303 0.12976 0.13578 0.13744
U 1.4424 1.5617 1.5444 1.5512 1.6157 1.6762 1.6239 1.7056 1.7373
Pb 18.856 18.795 19.457 21.233 22.270 20.938 20.564 21.233 21.427
Rb 17.040 18.260 17.795 19.095 20.768 21.425 21.597 22.276 22.236
Cs 2.5778 2.5264 2.5134 2.6901 3.0238 2.8730 2.8332 2.9756 2.9531
Sr 512.1 492.3 482.0 482.0 493.1 471.0 472.5 464.5 474.5
Sc 17.89 16.66 18.10 15.21 13.33 12.20 11.13 10.78 10.53
Zr 74.62 77.53 76.77 84.89 91.24 94.04 92.90 95.59 97.28
Mode
gms 51 62 - 61 63 66 67 82 64
pl 35 28 - 24 28 28 25 14 27
ol 0.0 0.1 - 0.0 0.0 0.0 0.1 0.0 0.0
cpx 9.5 5.9 - 8.7 6.5 2.0 4.5 23 4.0
opx 2.6 2.2 - 2.4 0.6 2.6 13 0.4 1.9
am 0.2 0.0 - 0.9 0.0 1.2 0.1 11 1.2
ox 2.1 2.2 - 2.6 1.7 0.6 2.0 0.2 1.8
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Table A5d. Whole-rock and mineral separate analyses (cont’d).
Table A5d. Cont'd.
samplelD 10KCnye004 09KCwes019 09KCwes023 10KCnye002 09KCwes024 09KCwes025 KC12nye03 KC11lnye05 09KCwes003
Map symbol Qmfm Qtm Qtm Qtm Qtm Qtm Qtm Qmka Qobm
Latitude 52.18361 52.17735 52.17843 52.18187 52.18012 52.18012 52.18170 52.17959 52.17863
Longitude -175.50811 -175.52911 -175.52871 -175.52307 -175.52525 -175.52525 -175.52376 -175.52595 -175.49761
XRF
Sio, 54.87 53.75 53.89 53.96 55.48 55.63 55.69 59.37 56.64
TiO, 0.681 0.736 0.731 0.717 0.645 0.662 0.651 0.541 0.588
AlL,O; 18.84 18.95 18.83 19.00 18.77 18.75 18.74 18.17 18.58
FeOt 7.86 8.52 8.52 8.17 8.16 7.74 7.72 6.24 6.99
MnO 0.193 0.201 0.204 0.193 0.217 0.190 0.195 0.195 0.193
MgO 3.87 4.05 4.00 4.16 3.58 3.72 3.66 2.88 3.67
Ca0 9.07 9.17 9.11 9.40 8.63 8.76 8.77 7.42 8.57
Na,0 3.63 3.49 3.55 3.44 3.50 3.50 3.56 3.97 3.61
K,0 0.813 0.926 0.963 0.779 0.836 0.837 0.846 1.021 0.974
P,05 0.179 0.200 0.203 0.169 0.181 0.195 0.182 0.189 0.190
Total 99.54 99.40 99.91 99.74 99.22 100.00 99.74 99.79 100.02
H,0*/L0I - - - - - - - - -
S0; (2) - - - - - - - - -
cl(2) 0.11 0.05 0.02 0.05 0.04 0.02 -- - 0.02
Ni 10.8 12.7 12.0 13.2 7.5 11.0 9.3 5.5 14.7
cr 9.9 12.1 16.4 7.9 3.6 8.4 6.8 6.4 33.0
Sc 18.5 19.3 19.9 21.6 13.8 19.3 17.5 121 17.4
\' 207.2 242.1 240.5 191.1 112.2 201.9 192.6 149.1 185.7
Ba 309.7 327.6 332.4 296.9 313.2 326.9 320.5 385.0 359.3
Rb 16.8 19.3 19.1 16.9 21.0 17.3 18.2 20.8 18.6
Sr 445.5 443.7 444.8 444.5 453.5 453.3 443.6 431.0 481.6
zr 76.6 76.7 77.6 70.9 83.3 81.3 80.1 91.7 81.8
Y 20.1 21.7 22.0 20.8 22.0 213 20.5 20.9 20.0
Nb 2.7 2.1 3.2 2.3 3.1 2.8 2.6 3.1 3.0
Ga 19.4 18.5 19.6 19.4 18.3 18.5 18.0 17.6 18.7
Cu 82.4 52.4 78.0 91.8 76.4 46.5 50.3 39.4 63.5
Zn 84.5 90.1 87.2 83.5 94.2 84.4 85.0 84.1 81.2
ICP/MS
La 7.075 6.884 7.210 6.640 7.039 7.240 7.267 8.515 8.173
Ce 15.636 16.173 16.811 14.834 16.639 16.430 16.631 19.072 18.098
Pr 2.3302 2.3862 2.4648 2.2542 2.4493 23679 2.3997 2.6508 2.5621
Nd 10.704 10.927 11.539 10.398 11.324 10.994 11.020 11.922 11.514
Sm 2.978 3.146 3.227 2.890 3.223 2.996 3.055 3.109 3.124
Eu 1.0264 1.0548 1.1113 1.0074 1.0962 1.0266 1.0435 1.0431 1.0579
Gd 3.210 3.418 3.512 3.290 3.520 3.297 3.256 3.270 3.267
Tb 0.5536 0.5893 0.6073 0.5567 0.6126 0.5680 0.5633 0.5579 0.5586
Dy 3.543 3.786 3.936 3.620 3.969 3.647 3.572 3.536 3.537
Ho 0.7572 0.8140 0.8303 0.7709 0.8460 0.7726 0.7722 0.7764 0.7676
Er 2.1378 2.2660 2.3622 2.1620 2.4076 2.1854 2.1726 2.2311 2.1791
Tm 0.3195 0.3415 0.3495 0.3263 0.3586 0.3292 0.3330 0.3328 0.3273
Yb 2.0480 2.1928 2.2797 2.0642 2.3468 2.1606 2.0948 2.2295 2.1046
Lu 0.3319 0.3484 0.3601 0.3289 0.3830 0.3560 0.3461 0.3697 0.3501
Ba 308.79 318.45 324.73 290.02 306.33 317.88 318.20 384.68 352.68
Th 1.7402 1.7523 1.7761 1.6224 1.6975 1.7816 1.7988 2.3133 2.5237
Nb 1.6740 1.7159 1.7551 1.5832 1.6924 1.6365 1.6214 1.8241 1.7150
Y 19.781 20.517 21.463 19.798 21.908 20.196 19.871 20.067 20.195
Hf 2.0950 2.0624 2.0945 1.9982 2.2740 2.1596 2.1642 2.5056 2.1852
Ta 0.11954 0.11361 0.12104 0.11357 0.12044 0.11116 0.11089 0.13816 0.12965
U 0.8814 0.8417 0.8525 0.8227 0.8147 0.9137 0.9135 1.1706 1.3253
Pb 8.076 6.443 8.121 8.662 7.454 10.585 10.093 9.913 12.720
Rb 16.383 18.312 18.122 15.294 20.019 16.077 17.012 20.670 17.553
Cs 1.0266 1.4428 0.5018 1.2204 2.1324 0.6317 1.6700 1.6002 0.9508
Sr 438.1 443.3 445.9 431.5 457.2 449.0 441.3 435.4 483.2
Sc 18.34 19.34 18.18 20.32 12.85 17.38 16.41 12.02 15.16
Zr 75.00 72.73 74.76 69.84 79.48 76.84 77.75 91.53 78.89
Mode

gms 59 63 55 - 21 45 - 56 55
pl 28 26 34 - 54 41 - 35 34
ol 0.1 21 2.8 - 0.0 0.7 -- 0.0 0.0
cpx 5.0 5.1 5.4 - 14.4 7.5 - 3.2 6.2
opx 1.9 0.3 0.0 - 31 1.6 - 1.2 2.1
am 3.9 0.0 0.0 - 1.7 0.5 - 33 13
ox 21 3.7 3.2 - 6.0 3.6 - 1.9 13



104  Professional Report 123

Table A5d. Whole-rock and mineral separate analyses (cont’d).

Table A5d. Cont'd.

samplelD 09KCnye108 09KCnye107 09KCnye002 09KCnye004 09KCnye006 10KCnye001 12KCaek001 KC12nyeO1 KC12nye02
Map symbol Qobm Qobg Qrm Qrm Qrb Qrb Qwa Qwa Qwa
Latitude 52.17866 52.17866 52.17523 52.17387 52.17337 52.17191 52.17975 52.18182 52.18350
Longitude -175.49797 -175.49797 -175.49533 -175.49500 -175.49237 -175.49239 -175.51788 -175.51815 -175.51811
XRF
Sio, 56.83 45.62 56.53 56.57 50.89 51.34 56.04 56.26 56.30
TiO, 0.573 1.504 0.565 0.568 0.809 0.821 0.602 0.590 0.577
Al,04 18.62 13.54 18.80 18.67 19.21 19.16 18.57 18.81 18.77
FeOt 7.01 10.89 6.91 6.87 8.75 9.01 7.39 7.14 7.20
MnO 0.192 0.193 0.175 0.179 0.184 0.185 0.183 0.181 0.175
MgO 3.48 12.50 3.62 3.72 5.36 4.85 3.78 3.59 3.60
Ca0 8.53 13.48 8.40 8.46 10.72 10.41 8.57 8.49 8.42
Na,O 3.56 1.90 3.64 3.62 3.06 3.14 3.57 3.63 3.63
K;0 1.013 0.341 1.134 1.130 0.853 0.902 1.090 1.111 1.115
P,05 0.193 0.032 0.219 0.213 0.163 0.181 0.203 0.204 0.209
Total 99.59 98.88 100.06 99.30 100.48 100.08 100.22 99.60 99.18
H,0%/L0I - - - - - - - - -
SO; (2) - - - - - - - - -
Cl(2) 0.01 0.02 0.06 0.05 0.04 0.01 -- - -
Ni 13.5 108.1 16.1 16.9 31.7 20.7 15.9 14.3 15.6
Cr 26.4 328.2 33.2 30.5 65.9 33.9 28.1 21.6 29.0
Sc 14.7 78.1 16.1 15.5 28.1 24.8 16.5 16.2 15.3
\" 175.2 509.3 179.5 179.6 301.6 295.2 190.0 180.4 178.7
Ba 360.7 98.2 405.7 394.3 297.8 313.5 387.9 396.4 395.5
Rb 18.7 2.2 21.8 21.2 16.9 18.6 225 222 214
Sr 483.4 276.5 495.2 487.8 440.6 447.1 476.0 484.1 484.6
Zr 82.9 30.7 90.1 89.4 62.2 64.2 89.4 87.0 87.2
Y 21.3 26.7 19.6 19.1 19.0 21.4 20.6 19.9 18.9
Nb 2.5 2.6 2.8 3.0 2.4 2.2 2.5 2.3 2.7
Ga 18.6 15.0 19.3 18.3 18.3 19.4 18.1 17.1 17.6
Cu 37.7 176.7 38.5 53.0 110.7 47.6 46.4 331 45.9
Zn 81.5 64.9 82.5 82.7 76.5 75.1 83.8 81.1 76.8
ICP/MS
La 7.988 2.071 9.787 9.585 5.848 6.464 9.099 9.363 9.590
Ce 17.536 7.076 20.765 20.322 14.033 14.690 19.281 19.901 20.285
Pr 2.4914 1.4453 2.8096 2.7495 2.0802 2.2697 2.6522 2.7602 2.7452
Nd 11.172 8.791 12.074 11.870 9.838 10.585 11.669 11.874 11.851
Sm 2.939 3.375 2,971 2.923 2.875 3.027 2.987 2.986 2.961
Eu 1.0217 1.1693 0.9946 0.9753 1.0121 1.0275 1.0023 1.0541 0.9971
Gd 3.161 4.427 3.039 3.022 3.193 3.326 3.090 3.227 3.033
Th 0.5414 0.7748 0.5111 0.5185 0.5412 0.5801 0.5398 0.5631 0.5151
Dy 3.482 4.945 3.315 3.338 3.542 3.639 3.369 3.463 3.280
Ho 0.7466 1.0259 0.6999 0.7025 0.7386 0.7779 0.7200 0.7500 0.7030
Er 2.1125 2.7429 2.0071 2.0103 2.0645 2.1526 2.0913 2.1466 2.0073
Tm 0.3161 0.3720 0.3092 0.3028 0.3106 0.3140 0.3162 0.3182 0.3051
Yb 2.0681 2.2034 1.9714 1.9594 1.8902 2.0002 2.0042 2.0404 1.9550
Lu 0.3360 0.3328 0.3261 0.3133 0.2990 0.3137 0.3274 0.3360 0.3194
Ba 343.41 90.87 402.21 385.06 288.13 306.67 377.09 388.97 392.36
Th 2.4515 0.2846 3.2539 3.1655 1.5776 1.7395 2.9284 3.0714 3.1324
Nb 1.7333 0.9929 1.9470 1.8817 1.4618 1.6231 1.8261 1.8922 1.9105
Y 19.294 25.169 18.765 18.369 18.774 19.755 19.163 19.641 18.509
Hf 2.1355 1.2103 2.3633 2.3027 1.7502 1.8527 2.2042 2.3052 2.2955
Ta 0.12203 0.06095 0.14192 0.13623 0.09981 0.10610 0.12179 0.12845 0.13093
U 1.3241 0.1853 1.7174 1.6566 0.7409 0.8133 1.5467 1.6268 1.6668
Pb 10.493 17.232 14.562 13.838 5.382 5.685 15.176 14.964 11.404
Rb 16.942 2.442 21.398 20.810 15.834 17.202 19.823 20.469 20.074
Cs 0.7138 0.1881 2.1628 2.0867 0.3600 0.3941 2.0200 1.7956 0.8176
Sr 470.2 274.1 498.8 478.7 439.8 435.1 471.4 481.3 490.8
Sc 14.71 79.76 15.53 16.19 26.83 24.62 17.12 16.08 15.71
Zr 77.59 28.49 87.71 85.11 59.28 63.55 81.37 83.64 85.42
Mode
gms 56 9 49 53 36 45 - - -
pl 30 12 37 33 46 42 - - -
ol 0.0 11 0.1 0.0 4.1 2.2 - - -
cpx 8.3 25.1 10.3 7.6 11.0 8.3 - - -
opx 2.3 0.0 1.6 3.5 0.0 0.0 - - -
am 1.9 51.3 0.1 0.6 0.0 0.0 - - -
ox 1.7 1.6 2.8 1.5 2.4 2.3 - - -
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Table A5d. Whole-rock and mineral separate analyses (cont’d).

Table A5d. Cont'd.

samplelD 09KCnye010 12KCwes004 12KCwes005 09KCnyel110 10KCnye005 10KCnye006 09KCnye109 09KCwes001 09KCnye007
Map symbol Qwa Qwa Qwa Qwa Qgmb Qgmb Qgmb Qgmb Qpl
Latitude 52.17050 52.18254 52.18118 52.18468 52.18238 52.18198 52.18088 52.17988 52.16898
Longitude -175.52315 -175.51719 -175.51780 -175.51384 -175.50211 -175.50101 -175.49828 -175.49895 -175.52399
XRF
Sio, 57.08 57.88 58.27 58.30 49.33 49.39 49.43 49.49 55.57
TiO, 0.563 0.568 0.551 0.546 0.678 0.685 0.718 0.704 0.655
Al,03 18.67 18.40 18.48 18.53 15.80 15.65 16.36 16.25 18.70
FeOt 6.88 6.77 6.43 6.46 8.76 8.87 8.93 8.99 7.69
MnO 0.194 0.193 0.192 0.187 0.169 0.170 0.174 0.167 0.178
MgO 3.38 3.21 3.09 3.09 9.83 9.61 8.85 8.59 3.73
Ca0 8.22 7.92 7.84 7.77 12.28 12.45 12.37 12.64 8.75
Na,O 3.69 3.76 3.83 3.81 2.24 2.25 2.24 2.24 3.48
K;0 1.103 1.097 1.110 1.098 0.794 0.789 0.806 0.800 1.073
P,05 0.217 0.203 0.203 0.205 0.128 0.128 0.133 0.132 0.168
Total 99.46 99.51 99.43 99.94 100.02 99.69 100.29 100.37 98.54
H,0*/L0I - - - - - - - - -
SO; (2) - - - - - - - - -
Cl(2) 0.04 -- - 0.02 0.04 0.06 0.01 0.02 0.02
Ni 14.0 9.9 83 111 116.4 105.1 87.6 69.5 15.8
Cr 23.1 16.3 15.0 19.9 391.0 373.0 300.0 293.2 17.6
Sc 15.0 15.1 12.7 14.6 41.4 43.2 43.7 45.1 213
\' 165.1 154.9 147.0 154.8 271.4 277.3 293.8 297.3 207.9
Ba 404.8 397.6 398.3 406.4 228.0 223.7 241.3 223.5 368.1
Rb 22.0 20.5 20.8 19.6 11.5 11.8 11.5 10.9 234
Sr 498.9 473.9 472.3 474.0 493.4 485.7 507.9 501.3 418.4
Zr 87.4 87.3 88.9 90.9 41.9 41.4 45.2 44.9 85.9
Y 20.7 21.8 20.4 22.0 14.4 15.2 14.4 16.2 18.8
Nb 25 22 31 2.6 1.2 19 23 2.2 2.9
Ga 18.8 18.7 16.9 18.1 16.8 15.8 16.5 16.3 18.4
Cu 335 35.1 48.8 19.2 127.5 98.6 147.3 108.7 74.1
Zn 87.4 81.7 81.3 82.0 68.3 68.7 70.9 64.8 80.6
ICP/MS
La 9.427 9.179 9.100 9.158 5.346 5.208 5.312 5.106 7.883
Ce 20.110 20.053 20.064 19.779 11.678 11.409 12.042 11.604 17.296
Pr 2.7895 2.8403 2.7842 2.7436 1.7823 1.7556 1.7641 1.7656 2.4424
Nd 12.136 12.512 12.217 12.233 8.384 8.297 8.507 8.390 10.764
Sm 3.043 3.255 3.203 3.143 2.370 2.419 2.463 2.417 2.843
Eu 1.0352 1.0723 1.0655 1.0542 0.8085 0.8142 0.8493 0.8280 0.9329
Gd 3.174 3.385 3.369 3.321 2.529 2.582 2.649 2.605 3.031
Th 0.5480 0.5938 0.5807 0.5725 0.4253 0.4359 0.4529 0.4361 0.5165
Dy 3.504 3.770 3.661 3.656 2.651 2.733 2.794 2.757 3.271
Ho 0.7523 0.8183 0.7881 0.7877 0.5566 0.5678 0.5828 0.5846 0.7069
Er 2.1419 2.2994 2.2446 2.2536 1.5579 1.5686 1.5922 1.5758 2.0121
Tm 0.3233 0.3489 0.3403 0.3356 0.2220 0.2191 0.2299 0.2291 0.2986
Yb 2.0844 2.2556 2.1857 2.2045 1.3807 1.3531 1.4279 1.4024 1.9535
Lu 0.3345 0.3794 0.3578 0.3707 0.2095 0.2140 0.2251 0.2168 0.3208
Ba 398.81 393.79 399.11 394.80 224.51 223.61 234.06 216.94 356.03
Th 3.0663 2.9399 2.9922 2.9381 1.7030 1.6537 1.7737 1.5341 2.0817
Nb 1.9036 1.9106 1.9096 1.9114 1.0203 1.0287 1.0935 1.0039 1.6131
Y 19.483 21.003 20.330 20.377 13.864 14.111 14.487 14.511 18.263
Hf 2.3001 2.3982 2.4271 2.3953 1.2767 1.2854 1.3522 1.2862 2.1876
Ta 0.13585 0.13643 0.13416 0.13326 0.07408 0.07650 0.07371 0.07001 0.11478
U 1.6198 1.5298 1.5380 1.5224 0.8955 0.8716 0.9608 0.8204 0.9047
Pb 13.922 11.096 12.424 12.174 7.152 7.313 7.189 6.157 7.802
Rb 20.973 19.986 20.266 19.511 10.693 10.877 10.365 10.518 22.177
Cs 2.1380 0.8507 1.4511 0.8551 0.5770 0.7742 0.3614 0.6452 0.8233
Sr 500.6 483.5 480.8 484.3 479.0 473.9 515.4 498.7 421.4
Sc 14.55 13.88 13.26 13.29 40.72 42.13 44.09 41.69 21.18
Zr 84.85 87.66 88.17 86.82 41.54 41.74 42.82 41.83 79.15
Mode
gms 43 - - 53 51 53 50 51 49
pl 42 -- - 35 23 23 28 22 30
ol 0.1 - - 0.1 9.0 7.9 6.5 7.0 0.1
cpx 6.8 - - 6.9 16.4 16.5 14.6 20.2 1.7
opx 2.9 - - 3.7 0.0 0.0 0.0 0.0 0.0
am 15 - - 0.0 0.0 0.0 0.0 0.0 18.3

ox 3.7 - - 17 0.5 0.2 0.2 0.1 1.0
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Table A5d. Whole-rock and mineral separate analyses (cont’d).

Table A5d. Cont'd.

samplelD 05KScn001 09KCwes011 09KCwes030 09KCnye106 09KCnye104 09KCwes031 10KCnye003b 09KCwes018 10KCnye003
Map symbol Qpl Qpg Qpg Qpg Qpg Qpg Qpg  Qpg.Shag rock o8l
Latitude 52.16906 52.16121 52.16129 52.16121 52.16536 52.16106 52.16229 52.16242 52.18199
Longitude -175.52442 -175.51354 -175.51522 -175.51354 -175.52060 -175.51361 -175.51830 -175.52339 -175.52208
XRF
Sio, 57.04 51.97 52.48 55.07 55.15 55.93 59.30 50.87 49.16
TiO, 0.573 0.909 0.629 0.513 0.608 0.665 0.508 0.890 0.698
Al,03 18.68 20.83 19.66 21.53 18.96 17.85 18.38 19.10 16.48
FeOt 6.87 7.97 8.32 6.35 7.30 7.28 6.21 9.82 8.76
MnO 0.193 0.171 0.158 0.120 0.174 0.156 0.186 0.198 0.204
MgO 3.41 3.21 5.68 2.66 4.14 5.06 2.68 4.54 8.85
Ca0 8.18 10.26 10.10 9.54 9.18 8.26 7.18 10.68 13.28
Na,O 3.68 3.48 2.54 3.28 3.32 3.52 4.02 3.07 2.06
K;0 1.158 1.021 0.298 0.767 0.980 1.061 1.296 0.684 0.375
P,05 0.215 0.188 0.129 0.176 0.186 0.217 0.239 0.140 0.137
Total 98.74 95.90 94.90 96.27 98.54 97.58 100.25 98.34 95.39
H,0*/L0I - - - - - - - - -
SO; (2) - - - - - - - - -
Cl(2) -- 0.01 0.00 0.07 0.01 0.04 0.00 0.02 0.04
Ni 15.2 11.9 29.6 9.6 19.3 36.8 10.0 18.3 123.9
Cr 21.0 7.8 50.6 15.5 39.4 99.7 10.9 28.0 415.5
Sc 15.4 19.6 23.1 13.9 19.5 215 11.7 335 383
\' 162.1 242.1 205.3 162.8 202.7 279.7 125.2 324.0 262.8
Ba 389.4 286.2 185.9 264.8 348.1 409.0 457.2 238.3 258.0
Rb 24.1 16.6 6.1 15.0 19.2 19.8 25.2 10.6 6.3
Sr 484.3 470.2 399.9 441.0 482.5 456.4 493.7 438.2 540.4
Zr 85.0 75.0 62.3 76.7 78.2 91.9 99.5 62.3 42.4
Y 19.4 22.0 14.5 18.2 18.2 20.2 21.7 20.1 14.1
Nb 25 2.6 2.4 25 2.4 31 2.5 1.9 19
Ga 18.1 19.1 17.4 17.9 17.4 17.3 17.7 17.9 14.4
Cu 42.6 150.4 133.6 19.6 61.4 91.8 32.8 142.0 127.2
Zn 82.4 83.7 81.6 70.7 76.4 79.4 87.2 85.0 69.9
ICP/MS
La 9.139 7.928 5.051 6.573 8.343 9.545 10.956 5.626 5.873
Ce 19.839 18.571 11.885 14.923 17.646 20.620 22.458 13.515 12.448
Pr 2.7225 2.7949 1.7354 2.1411 2.4300 2.8761 3.1608 2.0586 1.8762
Nd 11.987 13.197 7.895 9.641 10.663 12.606 13.530 9.865 8.742
Sm 3.055 3.668 2.259 2.596 2.710 3.263 3.296 3.005 2.390
Eu 1.0224 1.2315 0.8300 0.9335 0.9236 1.0225 1.0873 1.0279 0.8169
Gd 3.125 3.953 2.521 2.895 2.842 3.376 3.403 3.429 2.546
Th 0.5352 0.6757 0.4317 0.4947 0.4866 0.5688 0.5709 0.5846 0.4240
Dy 3.446 4.249 2.827 3.240 3.151 3.577 3.609 3.776 2.710
Ho 0.7244 0.8998 0.6034 0.6887 0.6748 0.7641 0.7744 0.8066 0.5606
Er 2.1129 2.4651 1.7134 1.9525 1.9005 2.1684 2.2532 2.2310 1.5573
Tm 0.3181 0.3593 0.2541 0.2961 0.2858 0.3184 0.3395 0.3287 0.2234
Yb 2.0577 2.2298 1.6335 1.9356 1.8505 2.0797 2.2525 2.0400 1.3690
Lu 0.3439 0.3513 0.2603 0.3089 0.2974 0.3351 0.3684 0.3124 0.2144
Ba 384.16 288.48 180.90 267.75 345.18 404.96 459.95 234.54 261.19
Th 2.9517 1.6201 1.2601 1.5525 2.7213 2.5802 3.7413 1.1814 2.0334
Nb 1.8663 1.5667 1.1629 1.5257 1.6618 1.9167 2.1882 1.1858 1.1105
Y 19.024 22.634 15.214 17.890 17.394 19.691 20.354 20.276 14.012
Hf 2.2528 2.1601 1.7263 2.0288 2.0803 2.3820 2.6754 1.8239 1.3087
Ta 0.13194 0.10563 0.09116 0.11100 0.11605 0.13239 0.15704 0.08204 0.07109
U 1.5053 0.7212 0.4552 0.8307 1.4146 1.0846 1.9525 0.5606 1.1162
Pb 13.135 5.793 8.954 10.432 8.993 13.479 18.862 6.849 9.247
Rb 22.561 15.464 5.128 14.547 17.328 18.271 23.087 9.801 6.043
Cs 2.1392 0.1487 0.5722 1.3821 0.6571 1.7338 0.7997 0.5488 1.7088
Sr 481.3 484.0 408.9 449.2 488.1 457.3 474.7 449.7 538.7
Sc 15.44 19.43 23.30 13.13 18.95 20.49 11.32 31.95 38.64
Zr 79.41 73.09 60.76 74.72 75.34 87.48 98.04 60.36 43.25
Mode
gms - 61 57 67 47 37 62 59 53
pl -- 34 30 30 40 42 28 33 25
ol -- 0.1 0.1 0.0 0.0 3.2 0.0 3.4 111
cpx - 3.1 10.6 1.8 7.9 11.0 6.2 33 11.1
opx - 0.0 0.0 1.0 3.6 4.1 1.5 0.0 0.0
am - 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0
ox - 2.0 1.9 0.5 1.8 2.6 2.0 1.2 0.1
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Table A5d. Whole-rock and mineral separate analyses (cont’d).

Table A5d. Cont'd.

samplelD 09KCwes017 09KCwes015
Map symbol 08l 08l
Latitude 52.17253 52.17338
Longitude -175.53177 -175.53146
XRF
Sio, 53.26 56.74
TiO, 0.698 0.602
Al,03 19.29 18.76
FeOt 8.07 7.38
MnO 0.247 0.212
MgOo 4.19 3.26
Ca0 10.11 8.19
Na,O 3.28 3.76
K;0 0.679 0.879
P,05 0.170 0.219
Total 99.33 99.24
H,0"/LOI - -
SO; (2) - -
cl(2) 0.08 0.07
Ni 17.7 8.0
Cr 22.7 9.0
Sc 22.0 14.0
\" 2333 157.8
Ba 272.4 372.7
Rb 14.6 19.0
Sr 460.8 492.1
Zr 66.6 81.7
Y 19.5 22.0
Nb 3.0 2.4
Ga 20.9 19.4
Cu 95.6 41.2
Zn 83.2 95.2
ICP/MS
La 6.149 8.137
Ce 14.174 18.253
Pr 2.0819 2.6166
Nd 9.672 11.925
Sm 2.712 3.170
Eu 0.9932 1.1110
Gd 3.040 3.444
Th 0.5291 0.5974
Dy 3.399 3.848
Ho 0.7241 0.8159
Er 1.9762 2.3222
Tm 0.2984 0.3518
Yb 1.9148 2.2715
Lu 0.3048 0.3791
Ba 262.56 372.21
Th 1.4713 2.3818
Nb 1.4053 1.5893
Y 18.751 21.544
Hf 1.8502 2.2186
Ta 0.09955 0.11308
U 0.7488 1.3831
Pb 7.188 18.084
Rb 12.920 17.632
Cs 1.3379 2.3105
Sr 457.9 492.2
Sc 20.47 13.48
Zr 64.27 79.49
Mode
gms 56 50
pl 31 32
ol 0.0 0.2
cpx 3.5 6.6
opx 1.4 5.1
am 3.7 2.6
ox 3.9 33

'Subdivisions of Q8p samples are Q8p.j,a, andesite scoria; Q8p.j,ba, basaltic andesite
scoria; Q8p.j,bnd, banded scoria; Q8p.gg, gabbro groundmass; Q8p.umg, ultramafic
inclusion rind; Q8p.gab, gabbro; Q8p.g.am, amphibole from gabbro; Q8p.g.pl, plagioclase
from gabbro; Q8p.um, ultramafic inclusion; Q8p.an, anorthosite inclusion.

“Datum is WGS84, longitude values are degrees east.

3Major oxides are normalized to 100%; total is original analytical total; SO3 and Cl are
minimum values, and not normalized. Oxides in weight percent, trace elements in
parts per million.

“Data in parts per million. The number of decimal places is set so the lowest concen-
tration value for each element is reported with sufficient precision. Values which
exceed the lowest value by a factor of ten or more are reported with excess preci-
sion. See Appendix 5C for precision values.

*Summary of modes. Detailed information is in Appendix 6.
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APPENDIX 6. MODAL DATA
APPENDIX 6A. METHODS AND DISCUSSION

Modal data was obtained by identifying 1,000 random statistics (e.g. Neilson and Brockman, 1977) there is unknown
points in one thin section from each sample using transmitted  error in the highly inflated scoria samples derived from the
light microscopy with a standard automated point-counting car-  observed facts that some points were on surfaces or edges less
riage attached to the microscope stage. Errors on the modes have  than 30 microns thick.
not been determined. In addition to normal point counting

APPENDIX 6B. MODE SUMMARY BY UNIT

Table A6.1. Average modal data by unit based on petrographic determination of 1,000 points per thin section. Detailed modal analyses
are in Electronic Supplement Table_A6c_modes.xlsx or Table_A6c_modes.csv.

Volume percent, normalized void-free*
) SiO2

Unit! 3 Groundmass Pl ol Cpx Opx Ox Am
(avg)
Min Max

Q8p.j,ba 5 53.3 47 70 28.1 0.2 6.2 2.6 2.6 3.7
Q8p.j,a 5 60.0 70 86 18.1 0.0 2.2 1.6 0.7 1.1
Q8p.j,bnd 3 56.3 54 68 27.3 0.0 3.4 3.9 2.9 3.0
Q8p.na 5 48 70 27.5 0.0 4.2 2.8 1.6 2.1
Q8p.gab 4 42.2 0 7 51.8 0.5 9.3 2.8 4.2 27.9
Qlp 9 56.0 47 82 27.6 0.1 5.7 1.9 1.8 0.5
Qmfm 1 54.9 59 59 28.1 0.1 5.0 1.9 2.1 3.9
Qtm 4 54.7 21 63 38.7 1.4 8.1 1.3 4.2 0.6
Qmka 1 59.4 56 56 34.8 0.0 3.2 1.2 1.9 3.3
Qobm 2 56.7 55 56 31.9 0.0 7.3 2.2 1.5 1.6
Qobg 1 45.6 9 9 11.7 1.1 219 3.2 1.6 51.3
Qrm 2 56.6 49 53 34.9 0.1 9.0 2.5 2.2 0.3
Qrb 2 51.1 36 45 44.2 3.1 9.6 0.0 2.3 0.0
Qwa 2 57.2 43 53 38.2 0.1 6.8 33 2.7 0.8
Qgmb 4 49.4 50 53 23.9 7.6 16.9 0.0 0.3 0.0
Qpl 1 56.3 49 49 29.6 0.1 1.7 0.0 1.0 18.3
Qpg 6 55.0 37 67 34.2 0.6 6.8 1.7 1.8 0.0
Qpg.Shag Rk 1 50.9 59 59 33.0 3.4 3.3 0.0 1.2 0.0
08l 3 53.1 50 56 29.4 3.8 7.0 2.2 2.4 2.1
total 61

Subdivisions of Q8p samples are Q8p.j,a, andesite scoria; Q8p.j,ba, basaltic andesite scoria; Q8p.j,bnd, banded scoria; Q8p.na, unanalyzed
scoria; and Q8p.gab, gabbro.

“Number of thin sections analyzed.

*Average silica content for each unit.

“Mineral abbreviations are PI, plagioclase; Ol, olivine, Cpx, clinopyroxene; Opx, orthopyroxene; Ox, opaque oxides; Am, amphibole.
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APPENDIX 7. PHOTOMICROGRAPHS

Figures A7.1-8 are plane-polarized transmitted light photo-  about seven times actual size and about 2,800 pixels per inch
micrographs of samples grouped by map unit. Whole-rock SiO,  of thin section. All samples were impregnated with blue epoxy
concentrations (wt. %) are in black text with yellow borders.  prior to cutting the thin sections. Tiff versions of each figure
SiO, concentrations are not given for gabbroic samples because  are in the electronic supplement.
meaningful values at thin section scale do not exist. Images are

Representative Scoria -- 2008 pyroclastic deposits (Q8p, 08j)
basaltic asite ) gndesite

2008 scoria 4k

51828

8

v
; 60

Figure A7.1. Plane-polarized photomicrographs of representative samples of 2008 scoria (Q8p).
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Fine-grained gabbro -- 2008 pyroclastic deposits (Q8p, 08g)

ey e
2008 gabbro -

Figure A7.2. Plane-polarized photomicrographs of representative samples of amphibole gabbro inclusions
in 2008 pyroclastic deposits (08g) .
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Figure A7.3. Plane-polarized photomicrographs of representative samples of Luna pyroclastic deposits (Qlp).
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Tundering basaltic andesite (Qtm)

s T YR B T 3
09KCwes023 Tunderihg basaliic ardesiie rl

Monkeys Forehead
basaltic andesite (Qmfm)

Monkeys Forehead desi e A \ 10KCn)
. - s

Figure A7.4. Plane-polarized photomicrographs of samples of Tundering basaltic andesite (Qtm) and Monkeys
Forehead basaltic andesite (Qmfm).
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Mt. Kasatochi andesite (Qmka)

% e

o TR = . R [
> KC11nye04 1 mt. Kasaohl andesite

iy <
23

Ogres Brow basaltic andesite (Qobm, obg,

N i

Figure A7.5. Plane-polarized photomicrographs of samples of Mount Kasatochi andesite (Qmka), Ogres Brow basaltic andesite
(Qobm), and a gabbroic inclusion in Ogres Brow basaltic andesite (Qobg).
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Rye basaltic andesite (Qrm)

09KCnye00:  Rye basaltic andesite '9

Rye basalt (Qrb)

SRR T
Rye basalt
I

g8 SHETEN TV i\éj% ."—‘
Gregs Mighty basalt (Qgmb)
B 1oK;-yona . 'eroﬁékﬁia '\ i ATy '.

Figure A7.6. Plane-polarized photomicrographs of samples of Rye basaltic andesite (Qrm), Rye basalt
(Qrb), and Gregs Mighty basalt (Qgmb).
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i P TV
o) Whiskey andesite

Figure A7.7. Plane-polarized photomicrographs of samples of Whiskey andesite (Qwa).
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Juvenile Lava and Scoria --
Peregrine glaciovolcanic deposits (Qpg)
- -

AT N v B
e glaciovolcanic depositsh. = 2 09KCwes018

WG AR 5
eregrine glaciovolcanic deposits g

55K07M8

Figure A7.8. Plane-polarized photomicrographs of juvenile clasts in Peregrine glaciovolcanic deposits
(Qpg) and Peregrine lava (Qpl) samples.
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Lithic fragments in 2008 pyroclastic deposits (Q8p)

Figure A7.9. Plane-polarized photomicrographs of lithic clasts in 2008
pyroclastic deposits derived from pre-existing portions of the volcanic
edifice.
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APPENDIX 8B. PLOT OF COMPOSITIONS

37
Key# 7 11 17 26 35,43 46 47 51 60 68 72 74 80 83 835 8 91 94 95 99 102 108
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Figure A8. Mineral analyses by sample and rank. “Key#” cross references with table A8a, providing a key to sample identification numbers
and map units. Symbols: circles = phenocryst cores; X’s = phenocryst rims; triangles = plagioclase microlites in basalt in and on 2008 and
Ogres Brow gabbros. Colors: red = 2008 pyroclastic deposits; dark red = gabbros; orange = Luna pyroclastic deposits; blue = lava units;
green = Peregrine units; and gray = a lithic fragment entrained in 2008 deposits. Whole-rock SiO, for each sample is in the top panel, and
the letters A, BA, and B indicate andesite, basaltic andesite, and basalt.
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APPENDIX 8D. MICROPROBE DATA

Microprobe data are in the electronic supplement as a cur-
rent Microsoft Excel spreadsheet (A8d_microprobe_analyses.
xlsx) and as comma-separated value file (Table_A8d_micro-

probe_analyses_v3.csv). All data are given as analyzed oxides,
calculated atomic proportions, and derived mineral parameter
values in a single sheet 67 columns wide and 3,484 rows long,.

APPENDIX 9. COMPONENTRY OF 2008 PYROCLASTIC DEPOSITS

Lithology, size and density componentry data were collected
from two composite stratigraphic sections through 2008 Unit
2 and Unit 3 pyroclastic deposits. In the section collected in
2010 about a hundred clasts were counted of both juvenile
scoria and lithic clasts. These data provide a robust estimate of
the lithic content, which comprises about 70% of the deposit,
but a much less robust estimate of the proportions of the dif-
ferent juvenile lithologies because of their lower abundance. In

the section collected in 2011 between 35 and 90 juvenile clasts
were counted, but lithics were cavalierly tossed aside. This results
in much more precise estimates of the relative proportions of
juvenile lithologies.

Electronic copies of componentry data are in electronic
supplement E9 as current Microsoft Excel (.xIsx) and comma
separated value (.csv) files.
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Geology of Kasatochi volcano, Aleutian Islands, Alaska
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