Ageof Formation of Kaguyak Caldera, eastern Aleutian arc,
Alaska, Estimated by Tephrochronology
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ABSTRACT

Kaguyak Crater is the only Holocene caldera on the
Alaska Peninsula whose age of formation has not yet been
determined. Datable materialsinadacitic block-and-ash-flow
deposit around the cal derahave been sought without success.
However, tephradepositsat sites north and east of thecaldera
havebeen found that are minera ogicallyand chemical ly simi-
lar to the ash-flow deposits. These depositscan potentialy
providean age by correlation, but acomplication is that some
Holocenepyroclastsof nearby AugustineVolcanoare miner-
aogicaly and chemically smilar to the Kaguyak deposits.
Thus, source assignment of the distal Kaguyak-like tephra
deposits has been uncertain.

We have found that the compositionsof ilmenitegrains
in Kaguyak and Augustinelapilli are uniquely indicative of
thesesources and thereby provideabasi sfor inferring sources
of thedistal deposits. FeO and TiO, contentsof ilmenitegrains
in most of the distal deposits plot in fields characteristic of
either Kaguyak or Augustine. Depositsat two sitesareamix-
ture of Kaguyak-likeand Augustine-like grains; we interpret
these deposits to be a mechanica mixture of ash from both
volcanoes. Two such eruptions need not have been precisely
synchronousbecause succeeding grainfalls even years apart
can become mixed by freeze-thaw cyclesand bioturbation.

Radiocarbon ages limit the mixed deposit to between
3,660£100 and 3,850+100 radiocarbon (RC) yearsat onesite
and 3,360+25 and 3,620+25 RC yearsat thesecond site. The
proximal Kaguyak ash-flow deposit contains neither soils nor
erosional unconformities to indicate that caldera formation
comprised separate eruptive pulses, and the coincidence of
two mixed deposits within centuries of one another seems
unlikely. Consequently, we believe that the mixed deposits
at the two sites are the same geologic age; the radiocarbon
dates within limitsof 1 sigmaanalytical uncertainty can be
interpreted as a single age of about 3,600 years. An age of
3,600 yearsis significant because it adds to the list of major
eruptionsin theeasternAleutian arc between 3,400 and 4,000
RC years ago. The cause of such an apparent pulsein erup-
tive activity is uncertain, but involvement of multiple vents
acrossnearly 1,000km of arc suggestsaregiona processsuch
as glacia rebound or a plate-wide process such as a dight
changein directionor rateof subduction.

INTRODUCTION

Thereareeight Quaternary collapsecalderasin theeast-
ern Aleutian volcanic arc (fig. 1). Two of these are historic
(Katmai and Novarupta), two arePleistocenein age (Emmons
and Ugashik), and threeothers (Veniaminof, Black Peak, and

Aniakchak) have been dated by the radiocarbon method
(Miller and Smith, 1987). Kaguyak Crater, the northernmost
cadera, is the only calderaon the Alaska Peninsula whose
agehasnot yet been determined. Attemptsby ourselvesand
by Swanson and others (1981) to find datable materialsin
pyroclastic-flow deposits that surround the caldera have not
been successful. Thus, while sampling Holocenetephrade-
positson the Alaska Peninsul a, we specifically sought airfall
equivalentsof the Kaguyak pyroclasts. It became apparent
that as many asthreetephradepositsin the region resembled
the near-vent Kaguyak deposits, which raised the possibility
that there had been multipleKaguyak eruptions. But then we
discoveredthat AugustineVVolcano, 100km north of Kaguyak
Crater, had produced tephraduring late Holocenetimethat is
chemically and mineralogically indistinguishable from the
Kaguyak proximal deposits. We have found, however, that
the composition of ilmenitegrainsin these Holocenedepos-
itsuniquely distinguishes an Augustinesourcefrom aK aguyak
source, and weinfer that therewasonly one caldera-forming

eruption of Kaguyak for which an age can be determined.

ROCKSAND DEPOSI TSOF KAGUYAK
CRATER

Kaguyak Crater comprisesthe remains of an andesitic
stratocone that was truncated by collapseof acaldera2.0 km
in diameter (now lake-filled) and intruded by dacitic domes
at leastin part after calderaformation (Swanson, 1990; Riehle
and others, 1993). Adaciticpyroclastic-flowdepositemplaced
during calderaformation—the proximal deposit—surrounds
the vent and is roughly 1 km?3 in volume (J. Riehle, unpub.
data), which indicatesa "moderate to large" eruption (vol-
cano explogivity index, VEI, of 4; Newhall and Self, 1982).
Subtlelayeringin thedeposit isindicated by reversalsin pum-
ice and lithic concentrations, but thereis no evidencefor in-
ternal erosion or soil development (fig. 2). Fossil fumarole
pipesarefound only near the top of thedeposit. Pumicelapilli
throughoutthedeposit are uniformly high-silicadacitein bulk
?omgosition (67-70% Si0,); no banded pumice has been
ound.

The total of the evidenceindicatesthat the entire de-
posit was emplaced during a single eruptive event, not mul-
tipleeventsof geologically different ages. AVEI of 4 places
the eruption roughly between those of Mount St. Helens and
Pinatubo in size; there may have been precursory activity,
but the main eruption probably occurred over 12 to 24 hours.
Because the deposit is compositionally homogeneous, com-
parison of chemical compositionsof distal ash sampleswith
thoseof lapilli in the proximal deposit should be straightfor-
ward. Theonly reported date for the proximal depositis a
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radiocarbon age of 1,080 years! of soil closely atop the pri-
mary deposit (Swanson and others, 1981).

DISTAL AIRFALL (TEPHRA)DEPOSITS

Our tephra samples were collected during the course of
regional sampling of Holocene tephradeposits on the Alaska
Peninsula, and during a study of theeruptive history of Au-
gustine Volcano. Wecan distinguish asubset of tephrasamples
from our larger set that are chemically and mineralogically
similar to the Kaguyak proximal samples. Only these
Kaguyak-like samples are discussed in this report.
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Kaguyak-like tephrasamples arefrom seven siteson the
northern AlaskaPeninsula, Afognak and Shuyak Islands, and
southern Cook Inlet (numbered sites, fig. 3). Reference
samples are samples from an unambiguous source to which
fine-grained distal samples may be compared. Reference
samples for Kaguyak Crater are two pumice lapilli from the
ash-flow depositsand acomposite sample of finelapilli from
proximd site1 (25 km east of the vent). Reference samples
for Augustine Volcano are three late Holocene lapilli from
Augustine Idand (R.B. Waitt, unpub. data) and composites
of two deposits, one coarse ash and the other fine lapilli, at
proximal site 7 (25 km northwest of the vent). Assignment of

EXPLANATION
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Figurel Quaternary volcanoesin the Alaska Peninsula segment of the Aleutian volcanicarc. Veniaminof, Black Peak, Aniakchak, and
Kaguyak calderas formed during the period from 3.4 to 4.0 ka (uncorrected radiocarbon years), and Hayes, Redoubt, [liamna, Augustine,
Yantarni(?), and Dana hed significant eruptionsduring thesame period. Namesof calderasthat formed at timesother then 3.4-4.0ka arein
parentheses. Radiocarbonages(b.p.) of significant eruptionsduring the period 3.4-4.0 kaare shown; italicsindicate vol canoesthat a so hed
other significant eruptionsduring Holocenetime. Sourcesof ages: Hayes, Riehle (1985) and Riehleand others (1990); Redoubt, Riehleand

others (1980); lliamna, T.P. Miller, USGS, written commun., 1996; Augustineand Kaguyak, this paper; Yantarni, Riehle and others (1987);
Aniakchak, Black Peak, and Veniaminof, Miller and Smith (1987) and Riehle, unpub. data; Dana, Y ount (1990).

'All quantitative agesreported herein arein uncalibrated radiocarbon years.
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Figure2 Compositesection measuredin pyroclastic-flowdeposits
formed during caldera collapse & Kaguyak Crater, Alaska. Bulk-
rock silicacontentsof pumiceouslapilli, normalized to volatile-free
basis, are shown in boxes (J.R. Riehle, unpub. data). Although the
basei s not exposed, nearby outcropsindicatethat most of thedeposit
isexposed.

source for these reference samples is based on their coarse
grain size close to the volcanoes. In contrast, Kaguyak-like
samples of uncertain source at distal sites are mainly fine to
medium ash.

All samples contain glass and minerals in subequal
amounts. Mineral grains (fig. 4) are pyroxene, plagioclase,
and opague oxides; pleochroic brown-green hornblende is
found in most samples as well. Analyses of glass separates
from representative reference samples(table 1) indicateahigh-
silicarhyolitic composition for the glass.

CORRELATIONSAMONG THESAMPLE
SET

Because of the large differences among the densities of
glass, mafic minerals, and plagioclase, the abundancesof pla-
gioclase and glass are not useful for comparison of tephra
samples of different mean grainsize. The densities of am-
phibole and pyroxene are, however, more similar to one an-
other, so unless one phase differssignificantly from the oth-
ersin mean grain size, the proportions among these phases

T

Kodiak Is

Figure3 Samplesitesin theregion of Kaguyak Crater, northern
AlaskaPeninsula. Coarse-grainedsamplesadf unambiguous origin
(referencesamples) for Kaguyak Crater and AugustineVolcanoare
from proximal sites. Augustinesamplesare included becausesome
arechemically and minera ogically indi stingui shablefrom K aguyak
reference samples.  Sites 2-6 are finer grained tephra deposits at
distant sites that are chemically and mineralogically similar to
Kaguyak referencesamples. Becausethecoarsestand thickest airfall
depositsthat are attributed to Kaguyak Crater occur a sites1 and 2,
the main Kaguyak ash cloud isinferred to have dispersed to theeast
of the volcano (area shown by heavy lines, dashed where
extrapolated).
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Table 1. Major-element analyses of glass separates from representative
reference samples of Kaguyak Crater (Site 1) and Augustine VVolcano (33D).

[Oxidesreportedas wel ght percent; va uesin parenthesesafter each oxidearethe standard
deviationas a percent of the reported value. The number of shards that make up the
averagefor each sampleis in parenthesesafter the total. Totals are less than 100%
largely because some elements are not included (chiefly magmatic volatiles and
secondarywater of hydration)and becauseof analytical uncertainty and the presenceof
microvesicles. Analysesby JEOL electron microprobe: 15 kev, 0.01 microampssample
current, defocussed beamand 15-secondcount times to minimizel ossof alkalis. Basaltic
and rhyolitic glassstandardsfor all e ementsexcept Ti-homblende and Mn,0;. A rhyolitic
glasswasused asan internal standard (RLS132). Analysts: JR. Riehleand C.E. Meyer]

Sample No.— Site 1 33D
Na,O 4.04 (3.0) 3.80(3.5)
MgO 0.32 (7.6) 0.34 (18)
ALO: 11.9(3.6) 12.2(4.0)
SiO, 76.0 (0.7) 73.2(0.9)
K., O 1.85(1.7) 1.78 2.0)
Ca0 1.74 (3.0) 1.77(3.3)
TiO, 0.26 0.24
MnO 0.05 0.04
FeOr 1.47 (3.8) 1.59 (4.1)
Tota 97.6 (14) 95.0 (10)

can be areliablebasisfor correlating proximal and distal de-
posits (fig. 4).

Themgjor-element composition of glasshas been widely
used asaquantitativebasi sto correl atetephrasamples(Smith
and Okazaki, 1977; Sarna-Wojcicki and others, 1983), in part
becausethe method aff ordsadegreeof precision that isdiffi-
cult to attain by petrographicobservations. In addition, mi-
croprobe analysesof glassseparatesarereadily obtained,and
(for homogeneouseruptions) the glasscomposition does not
vary becauseof mechanical fractionationduring transport in
theash cloud. Thedegreeof similarity between two samples
can be quantitatively expressed by the similarity coefficient
(sc), which is the average of the ratios of the mgjor oxides
where the numerator is the lesser of the two values (for ex-
ample, Mg0Q,/MgQ,; Borcherdt and others, 1972). A perfect
match hasan sc of 1.00, but dueto analytical uncertainty and
the inherent variability that typifies most glasses, perfect
matchesof even thesamegrainfall arerare. On thebasisof a
combinationof empirical observationand replicateanayses
of sample splits, an sc of 0.96 or greater is considered to be
permissive, if not conclusive, evidence of correlation as the
samegrainfall (Riehle, 1985; Riehle and others, 1992).

The Kaguyak-like samples can be distinguished from
other Alaska Peninsulatephrasampleson the basis of their
glass compositions. The high sc’s of the Kaguyak refer-
ence samples with the Augustine reference samples (table
2) and, in some cases, the similarity in mafic-phenocryst
contents as well (fig. 4), illustrate the difficulty in identi-
fying the sources of these pyroclasts. Most Holocene te-
phras of Augustine Volcano have moderate to high ratios
of amphiboleto pyroxene (J. Riehle, unpub. data), but some
of these Kaguyak-like Augustine tephras have low ratios.
Thus, a moderate or high ratio of amphiboleto pyroxene
in adistal sample precludes a Kaguyak origin, but a low
ratio does not unambiguously indicate a Kaguyak origin.

On the basisof amphibole-to-pyroxeneratios, twoof three
Kaguyak-likedepositsat distal site5 (fig. 5, depositsl, J, and
G) could correlate with Kaguyak (5-G and 5-1). However,
we know of only onelow-amphiboledeposit at site6 (6-C), a

sitewhich iscloser to Kaguyak Crater than site 5. Thisisa
complicationthat we cannot resol ve based only on glasscom-
position and mineral contents.

ILMENITE COMPOS TIONSAS SOURCE
INDICATORSOF THETEPHRA SAMPLES

Magnetiteand il menitecompositionswere used success-
fully by Downes (1985) to distinguish otherwise identical
lobesof the White River ash deposit, Canada. We separated
and analyzed a number of magnetiteand ilmenitegrainsfrom
our referencesamples. Although the magnetitecompositions
are not separabl eby source, theilmenitecompositionsunam-
biguoudy indicatethe sourcesof theseparticular samples(fig.
6A). Toinvestigatethereason for the successaof thisminer-
alogic source indicator, we converted the mineral composi-
tionsto temperatureand oxygen fugacity. Thelate Holocene
Augustinemagmashad about 1 [og unit higher oxygen fugac-
ity (fig. 7) than the Kaguyak caldera-forming magma, are-
sult that is consistentwith the higher averageamphibol econ-
tent of the Augustinetephras.

Two Kaguyak-like deposits were sampled at distal site
6. lImenitein sample6-C plotsin theAugustinefield of FeO-
TiO,, whereas that in sample 6-F plots in fields of both
Kaguyak and Augustine(fig. 6B). Weinfer that 6-Fisame-
chanica mixtureof ash from both sources. Mixing does not
require that the two eruptionshave occurred at precisely the
sameinstant because two grainfallseven several years apart
can become mixed over the succeeding milleniaby freeze-

/
Reference samples amphibole

A Augustine
K Kaguyak

Distal samples

[ Augustine
Kaguyak
ambiguous

mixed depostts
at stes 4 and 6
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Figure4. Mafic-phenocryst proportions of Kaguyak-like tephra deposits
from the northern Alaska Peninsulaand southern Cook Inlet region, Alaska.
Reference samples are coarse, near-vent lapilli. Each distal sample has a
glasscompositionthatishighly similar toglassin Kaguyak referencesamples.
Assignment of distal samples to asource at Kaguyak or Augustine is based
on the composition of ilmenite grains in the sample (discussed in the text).
Phenocryst proportions determined by point counting of grain mounts, using
apolarizing microscope; thetypical uncertainty of measurement (£ 2 sigma)
isshown for one sample (150 points).
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Table 2. Values of similarity coefficientssc for the glass composition of each Kaguyak-like sample compared with that of every other sample. [Perfectly
identical compositionswould havean sc of 1.00. Only valuesz 0.95arelisted becausesmaller valuesdo not support correlation asthesame deposit. The high
valueshereserveto (1) distinguishthe samplesin the dataset from other Holocenesamplesin theregion(J. R Riehle, unpub. data), and (2) permit correlation of
each samplein thedataset with nearly every other sample. Mafic-phenocryst proportions (fig. 4) provide an additional basisfor comparingthese highly similar
samples, underlinedvaluesare sample pairsthat have similar phenocryst proportions. Note that Kaguyak referencesamplesareindistinguishablein both glass
compositionand phenocryst content from some Augustinereferencesamples. Iimenite compositionshave been used to distinguish between these sources.]

Sample No.
5-J 7-C 7-DI 2-C2 3B 4B 4D 75-A 33B33-D 6-C 6-F

1 37D 37-H 5G 5-1

Augustine 2-C2
reference  3-B

0.96

0.96 097 091
097 097

Underline, Smilar mafic-phenocryst contents

thaw cyclesand bioturbation. Sample4-D also containsgrains
that plotin FeO-TiO, fieldsof both sources (fig. 6C). Of the
other samplesfrom whichilmenitegrainswereanalyzed, each

plotschiefly in onefield or the other (fig. 6C).

CORRELATIONSAMONG DISTAL SITES
FOLLOWING PROVISIONAL SOURCE
ASSIGNMENTS

Provisional source assignmentsbased on ilmenitecom-
positionscan be tested for stratigraphicconsistency (fig. 5).
Atdistal sites4, 5, and 6, thereisonly asingledepositthat is
either assigned to Kaguyak (5-G) or that isa postul ated mixed
deposit (4-D and 6-F). All other Kaguyak-like deposits at
sites4, 5, and 6 are assigned to Augustine. |Imenite has not
been analyzedfrom samplesat sites2 and 3. However, based
on itscoarse%;rai nsizeand low amphibole-to-pyroxeneratio,
2-Cis probably a Kaguyak deposit (although one which may
include a fine-grained Augustinecomponent). Deposit 3-B,
which is presently classified as " uncertain," aso has a low
ratio of amphiboleto pyroxeneand so may consist chiefly of
Kaguyak ash. Our mixed deposits have intermediateratios
of amphiboleto pyroxene, which meansthat they cannot be
exclusively Kaguyak ash (fig. 4). Examples of Augustine
depositsthat could be mixed with the Kaguyak ashinclude7-
C and 7-D, both of which have a high ratio of amphiboleto
pyroxene(fig. 4). Mixingof such ahigh-amphiboleash with
Kaguyak ash would yield the observed intermediateratios.

Grain-size differencesamong sites 1, 2, and 5 (fig. 5)
indicatethat the main Kaguyak ash cloud was dispersed ap-
proximately eastward (fig. 3). Mixed deposit 6-F is found
near the center of this east-directed lobe; the pure Kaguyak

deposit at site 5 must have been beyond the limit of signifi-
cant Augustine falout. Another mixed deposit (4-D) is lo-
cated north of Kaguyak Crater, which because of the 90-de-
greedifferencein azimuth raisesthe possibility of two sepa-
rate Kaguyak eruptions. It is not uncommon, however, for
surface windsin lower Cook Inlet to flow northward while
winds aoft flow eastward under influence of the jetstream
(L. Kelly, National Weather Service, Anchorage, written
commun., 1996). Thus, the occurrence of Kaguyak tephra
both to the east and to the north of the vent does not require

separateeruptionsduring different wind patterns.

AGE OF THE DISTAL KAGUYAK
DEPOSIT

Peat depositsimmediately above and bel ow the ash de-
posits were dated by radiocarbon methods and limit the age
of the mixed depositsat sites4 and 6. The values that are
midway between each pair of limiting peat ages are 3,750
yearsat site4 and 3,500 yearsat site6 (fig. 8). This250-year
difference suggests that the mixed deposit at site 4 may be
older than that at site 6. However, the results can aso be
interpreted as asingleage for both sites; 3.6 kais within£1
sigmaanalytical uncertainty of al four samples.

Closely succeeding eruptions of chemically similar
pyroclasts from adjacent volcanoes may be unusual, but a
second occurrenceof such an event within 250 years of the
first iseven moreimprobable. Thus, we prefer theinterpre-
tation that the mixed depositsare the same geol ogic age and
consist of a single Kaguyak ashfall, an interpretationthat is
consistent with the evidence for a single eruptive episode
during emplacement of the Kaguyak ash flow. The August-
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inecomponent of the mixed depositscould representtwodif-  dence of this possibility is the presence of two closely suc-
ferentashfalls; for example, oneseveral yearsbeforeandone  ceeding Kaguyak-likedepositsat site 7 (fig. 5, 7-C and 7-D).

several years after the Kaguyak eruption. Permissive evi- Kaguyak tephra at site 5 (5-G) is found near the middle
ﬁ e Stel Site 2
0
B)
B) A 30cm
0.5+
] D]
MO l (C)
1.0-
base not
exposed
beach overbank
deposit? slit
Grain size of tephra deposits
BAL tapi
@ coarse ash
] ineto mediumash 50 cm Inferred sources of Kaguyak-
lke tephra deposits
Non-tephra deposits A Augusiine
K Kaguyok
: M mixed
Sample labels in parentheses
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til

Figure5 Geologic columns showing the stratigraphic setting of sampled Kaguyak-like tephra deposits from the northern Alaska
Peninsula, Afognak and Shuyak |sland, and southern Cook Inlet (fig. 3). Reference samplesof Kaguyak Crater includethelapilli deposit
at site 1 (25 km east of the vent). Reference samples of Augustine Volcano include coarse-grained deposits C and D at site 7 (25 km
northwest of the vent). Distal deposits of Kaguyak-like tephraat sites 2 through 6 are labelled according to inferred sourceson the basis
of ilmenitecompositions(discussed in thetext). Only onedeposit isinferred to bethe airfall equival ent of the Kaguyak caldera-forming
eruption; that deposit isindicated by linesthat correlatefrom sites 1 through 6. Augustine reference deposits at site 7 (queried lines)
represent ashfalls that are postulated to have mixed with Kaguyak deposits at sites 4 and 6.
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Figure6. FeO and TiO? contentsaf magnetiteand ilmenitegrainsin
Kaguyak-liketephradeposits, northern AlaskaPeninsula Seefigures
3 and 5 for sample sources. Andyseshy JEOL eectron microprobe,
15kev and 0.3 microampssamplecurrent, focussed beam, 20-second
counttimes. Standards: synthetic MgALO, (Mg, Al), dinopyroxene
(S), Tiebaghi chromite (Cr), and synthetic oxides for Fe, Mn, Ti, Ni,
andV. AndyssJR. Riehle, C.E. Meyer,and L.C. Cdlk. (A) Magnetite
and ilmenitegrainsin three referencesamplesof Kaguyak pyroclasts
and four reference samples of Augustine pyroclasts. lImenite
compositions uniquely indicatt the sources of these late Holocene
pyroclagts. Shaded areas outline the compositiond fields for eech
volcano and arereproduced on partsB and C. (B) Didd deposit 6-C
heschiefly Augustine-likeilmenite grains, but 6-F hes both Kaguyak-
likeand Augustine-like ilmenitegransandisr etobeam i x
of Kaguyak and Augudtinegrainfals. (C) Other distal deposits plot
mainly in the field of either Kaguyak or Augustine ilmenite
compositions, except that 4-D a so gopearsto be amixed deposit.

of a section that apparently represents the entire Holocene
(fig. 8; sectionrestson glacia till). Assuming slightly greater
compaction of the non-tephra deposits in the lower part of
thesection than intheupper part, thestratigraphic position of
5-G isbroadly consistent with an age of 3.6 ka.

IMPLICATIONSOF THE NEWLY
ESTIMATED AGE OF CALDERA
FORMATION

Anageof about 3.6 kafor formation of Kaguyak caldera
isnotable because it meansthat four of six Holocene calderas
on the Alaska Peninsulaformed within a few hundred years
of one another, between about 3.4 and 4.0 ka (see ages in
Miller and Smith, 1987). Moreover, a number of other vol-
canoes in the eastern Aleutian arc also had major eruptions
duringthisperiod (fig. 1). These 3.4 to4.0-kaeruptionswere
theonly significant Holoceneactivity at some vol canoes, but
other ventshad many Holoceneeruptionsin addition to those
during this period.

We have no evidence for the cause of such aremarkable
pulse of eruptive activity in the eastern Aleutian arc at this
time, nor do we know if the pulse involved the western part
of thearc. But such widespread vol canic activity must some-
how involvethetectonic plates, either by postglacial rebound
of the upper plate or by aslight changein thedirection, rate
of convergence, or thedip of thedowngoing plate. We sug-
gest that vertical tectonism in the upper plate may have ac-
companied theeruptive pulseand that field evidencefor such
tectonism may till be preserved in uplifted marine terraces,
riverincisions, or tsunami depositsformed asaresult of large

earthquakes.

# — Augustine reference samples

9RO0ID M 75A
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Kaguyak reference samples ,,,/"”fé\de
_ D4r152 D37D i
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Figure 7. Temperature and oxygen fugacity calculated using the
modd of Andersenand Linddey (1988) for magnetiteand ilmenite
parsin Kaguyak and Augustine referencesamples. Only pairsthat
satisfy the Mg/Mn equilibrium criteria of Bacon and Hirschmann
(1988) are plotted. Fields for pyroxene (basdltic) andesites ad
hornblendeandesites(Carmichael, 1991) show thet the higher oxygen
fugacity for the Augustine pyroclasts than that for the Kaguyak
pyroclastsis consistent with the higher average amphibolecontent
of the Augustine samples. Shaded areas emphasize the separation
of thetwo sources.
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Figure8. Peat samplesdated by radiocarbonmethod limittheage
of the mixed depositsat sites4 and 6. The stratigraphicpositionof
correlativedeposit 5-G (approximatel ymiddle Holocene) is broadly
consistent with the radiocarbon ages of deposits 4-D and 6-F.
[Laboratory numbers. site4, | sotopesl -16,120 (above) and 1-16,121;
site 6, University of Washington Quaternary 1sotope Laboratory
QL4813 (above) and QL4814.]
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