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A3ST2ACT

Calc-alkaline  volcanism and oceanic plate subduction are intimately

linked in the eastern Aleutian arc. The volcanic arc is segmented. Larger

caldera-forming  volcanic centers tend to be located near segment boundaries.

Intraseginent  volcanoes form smaller stratocones. Of the 22 volcanoes

that mak~p the 540 km long volcanic front in the eastern Aleutian arc ten \

have erupted in recorded history and another six show active hydrothermal

activity.

The geometry of the Benioff zone in the eastern Aleutian arc has been

defined by earthquake data from a local, high-gain short-period seismograph

network. The Benioff zone dips at an angle of about 45° beneath the

volcanic arc and reaches a maximum depth of 200 km. Based on the alignment

of volcanoes, the eastern Aleutain arc can be subdivided into two main

segments, the Cook and Katmai segments. A disorientation of 35* of the

two segments reflects a change in strike of the underlying .Benioff zone

and implies a lateral warping of the subducting plate, The Cook segment

volcanoes line up closely on the 100 km isobath of the Benioff zone.

The Katmai segment volcanoes lie on a cross-cutting trend with respect

to the strike of the underlying Benioff zone. Depths to the dipping

seismic zone beneath volcanoes of the Katmai segment vary by 25% from

100 to75 km. In the Katrnai segment there is also good geophysical

evidence that crustal tectonics plays an important role in localizing

volcanism.- Narrowly spaced linear groups of volcanoes appear to be

positioned over crustal faults that extend ?aterally along the volcanic

front. Transverse arc elements localize larger magma reservoirs at

shallow levels in the crust.



Intra,segment volcanoes in both the Cook and Katmai segments erupt.

dndesite and minor dacite .of remarkably uniform composition despite the

difference in their tectonic setting. Segment boundary volcanoes erupt lavas

with a wider range of compositions (basalt to rttyolite) but are still

talc-alkaline in contrast to volcanoes in similar tectonic settings near

segment boundaries in the central Aleutains. Greater crustal thickness

in the eastern Aleutian arc coupled with structural traps in the crust allow

magma pending at shallow crustal  levels and further differentiation to yield

dacite and even rhyolite.



INTRODUCTION
.

The Aleutian arc stretches 2,600 km westward from Hayes Volcano Ij.

(152.5° N) (Miller and Smith, 1976) to a small :sland volcano, Buldir,

in the western Aleutians (176° E). Figure 1 shows the location”of  the
!1

about 80 Quarternary volcanoes that make up the Aleutian arc (Coats,

1962; Smith and Shaw, 1975; Simkin et al., 1981). Forty of the recent
1

volcanoes have erupted in recorded history (which began with the discovery

of Alaska by Vitus Bering in 1741).

The volcanoes of the Aleutian arc are not very well studied and in

fact new Quaternary volcanic centers are still being discovered today.

13ecause  of the remoteness of many of the volcanoes, eruptions still

go unnoticed and most of the volcanoes have not been mapped in any detail.

To date, the Aleutian arc is one of the few volcanic areas in the world

for which no catalogue exists in the series “Active Volcanoes of the i40rld”

published by the International Association of Volcanology and Chemistry

of the Earth’s Interior (IAVCEI). T. P. Miller and J. R. Riehle of the

U.S. Geological Survey are now compiling such a catalogue.

This paper begins with a discussion of the distribution of Late

Quarternary and Holocene volcanic centers in the eastern Aleutian

arc (Katmai and Cook Inlet regions), where the University of Alaska has

concentrated its efforts over the past years.. We will then try to relate

arc volcanlsm  to subduction tectonics and finally discuss petrologic

trends in the eastern Aleutian arc.

.
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‘t’CLC/4NOES  OF THE EASTERN ALEUTIAN ARC

The eastern Aleutian-arc as defined here includes principally the

volcanoes of Katmai and Cook Inlet from Ugashik Caldera (names of volcanic

centers are unofficial and are given in Tables 1 and 2) to Hayes Volcano

(Figure 2). This easternmost section of the Aleutian arc is 540 km long

and contains 22 Late Quaternary and Holocene volcanoes. Young volcanoes

are still being identified in this heavily glaciated region. For example,

Miller and Smith (1976) have recently reported ori two new volcanoes

southwest of Ugashik Caldera (Kialagvik and Yantarni) and another one

(Hayes) north of Mt. Spurr volcano. Ugashik Caldera has also only recently

been recognized as separate volcanic center (T. P. Miller, personal

communication). Kienle et al. (1982) have recently completed a

reconnaissance field study in Katmai National Park and Cook Inlet to

ide’ntify  Late Quaternary and Holocene volcanic “centers and to collect a

first suite of rock samples from many of these remote volcanoes. In the

course of this” work we positively identified 5 new volcanic centers in

Katmai National Park, Fourpeaked Mtn., Devils Desk, Mt. Stellar, Snowy

Mtn. and Kejulik Volcano. Based on their morphology, the first four

peaks were previously thought to be of volcanic origin, but no mapping

or sampling had been done.

Volcanoes of Cook Inlet and Katmai

Little is known about the eruptive history and geologic evolution of

many of the volcanoes of the eastern Aleutian arc. In Cook Inlet,

reconnaissance and photo-geologic maps have been or are being prepared

for Redoubt (A. Till, U.S. Geol. Survey, in prep.), Iliamna (Juh]e,

19S5) and Augustine (Detterman, 1973; Kienle and Swanson, 198~), To
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dcte, Spurr remains unmzpped. A series of gapers have dealt with eruptions

of Spurr (Juhle and Coulter, 1955), Redoubt (Wilson et al., 1966; Wilson

and Forbes, 1969; Riehle et al., 1980) and Augustine (Davidson, 1884;

Getterman, 1968; Kienle and Forbes, 1976; Meinel et al., 1976; Stith et

al., ]977; Johnston, 1978; Kienle and Shaw, 1979; Kienle and Swanson;

1980),

In Katmai National Park much of the previous wrk has concentrated

around Mt. Katmai and specifically on the 1912 eruption that formed the

Valley of Ten Thousand Smokes (VTTS). Griggs (1920, 1922) ar;d Fenner

(1920, 1922, 1923, 1926, 1930, 1950) in their studies of the 1912 eruption

identified several volcanic centers in the area including Mt. Katmai,

Novarupta, Knife Peak (now renamed Mt. Griggs), Mt. Mageik, Mt. Martin,

Trident Volcano and Mt. Peulik, Curtis (1968) also studied the 1912

eruption and made a detailed examination of the tephra deposits. Hildreth

(1982) has recently been working on the petrology of the 1912 ejects.

Few studies of other volcanic centers in this region are available.

Muller and et al. (1954) reported on the volcanic activity in the Katmai

area during the summer of 1953, which included the 1953 eruption of

Trident.’ Muller et al. also noted fumarole activity on six other VO”

steam issued in 1953 from several vents on the side of a crater lake

canoes:

on

Douglas and steam vents were observed at Kukak, Griggs, ~ovarupta, Mage~k

and Martin. Snyder (1954) gave the first detailed report of”the new

activity at Trident. Ray (1967) studied the mineralogy and petrology of

the lavas formed during the 1953-1963 eruptions of Trident. Kosco (198?a,

and b) reported that the Iavas of Griggs, Katmai, Trident and Mageik are

dominately  dacites and andesites  (Si02 = 54 to 68%) and that disequilibrium

phenocryst assemblage (ol ivine + quartz + orthop~oxene)  is suggestive
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o= magma mixing in some of these lavas, Keller and Reiser (1959) presented

a regional geologic map far

Mtrts. and showed the distr

effort was devoted to the M(

the area from Cape Douglas to the Kejulik
.

bution of volcanic rocks, but most of their

sozoic and Tertiary sedimentary rock units.

Keller and Reiser (1959) did comment that Martin, Mageik, Novarupta,

Knife, Kukak and Douglas were steaming with varying intensities and that

Trident was steaming and extruding blocky lava. An important summary of

volcanic activity in Katmai National Monument from 1870 to 1965 was

prepared b:~ Ward and Matumoto (1967). Just outside the Park boundary

Kienle et al. (1980) and Self et ‘al. (1980) described the formation (in

1977) of two maars near Mt. Peulik, which they naned Ukinrek Maars.

Because”no IAVCEI volcano catalogue currently exists for the Aleutian

arc and because much of the previous workon volcanoes in Cook Inlet and

Katrnai is generally only available as abstracts, unpublished theses or

not easily accessible reports. Tables 1 and 2 summarize the principal

facts about the volcanoes of Cook Inlet and Katmai based on the literature

and recent field studies (Swanson et al., 1981; Kienle et al., 1981;

Kienle et al., 1982).

Ten of the 22 volcanic centers of probably Late Quaternary and

Holocene age in the eastern Aleutian arc have erupted in recorded history.

Figures 3 and 4 summarize the most important eruptive events in Cook

Inlet and Katmai in historic times. Spurr, Redoubt, Iliamna, Augustine,

Trident, Mageik and Peulik had vulcanian eruptions. A Plinian eruption

of Novarupta in 1912 lead to the

Smokes ash flow and the collapse

20 km3 of air-fall tephra and

formation of the Valley of Ten Thousand ,

of the summit of Mt. Katmai, producing

1-15 km3 of ash-flow tuff within

- 60” hours (’Hildreth,  1982). The Ukinrek eruption was phreatomagmatic/

.
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Stromboli an. Six volcanoes that have not erupted in historic times show

hydrothermal activity (Douglas, Kaguyak, Kukak, Snowy, Griggs, Martin).

Four ot the e~stern Aleutian volcanoes have advanced to caldera stage:

Kaguyak, Katmai, Novarupta (a possibility proposed by Hildreth,  1981),

and Ugashik (Miller, personal communication), Both Kaguyak and Katmai

have well developed summit calderas occupied by deep (- 200 m) lakes.

Most of the volcanoes in Katmai and Cook Inlet are composite cones.

Domes and pyroclastic flows are common at Augustine Volcano, Kaguyak

Crater and Novarupta.

Glaciers are found on all the eastern Aleutian volcanoes except for

the very young centers such as Augustine, Kaguyak, Novarupta a n d  Ukinrek.

Glacial dissection can be used as a means to crudely classify the volcanic

centers with regard to their relative age. Extensive erosion of Kejulik,

Denisen, Devils Desk, Fourpeaked and Hayes, and current lack of hydrothermal I

activity, suggest that these volcanoes have not been active since the

last period of extensive glaciation, ending - 10,000 years ago in this

region (Karlstrom, 1964; P’&w&, 1975). On the other end of the spectrum

Grigy, Kaguyak, Augustine, and of course Novarupta and Ukinrek have not

been affected by glacial erosion and have all been recently active or

show hydrothermal activity. The bulk of these volcanic structures was

most likely built in the past 10,000 years. The remaining volcanoes

are still active, have erupted recently or show surface hydrothermal

activity; but these centers have also been extensively modified by glacial

erosion. Here, construction of the volcanic edifices could not keeptup

with glacial dissection.

.
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Quarternary volcanism.in the Aleutians is the result of plate

convergence between the American and Pacific plates. Figure 5 shows

directions and rates of relative plate motion along the arc calculated

from Minster and Jordants (1978) model RM2 that describes present-day

global plate motions (this model averages global plate motions over

the past 3m.y.), Slip rates increase regularly from east to west along

the Aleutian volcanic arc as the angular distance to the pole of rotation

for the Pacific-American plates increases. However, the component of

convergence normal to the arc dec~eases frcxn east to west as plate motion

becomes more and more oblique to the arc. Also shown in Figure 5 is the

seismici’ty based on worldwide teleseismic data between 1962 and 1969 and

the approximate 150 km isobath to the Benioff zone (after Jacob et al.,

1977) . The Aleutian volcanic front is developed over a distance of 2,600 km

between Hayes and Buldir Volcanoes along that section of the arc which

is underlain by a dipping seismic zone, This illustrates the intimate

relationship between active arc volcanism and the presence of a down-

going oceanic slab in the Aleutian arc. This connection is further

emphasized by the fact that Quaternary volcanism ceases in the Kommanaorsky

section of the arc (between Buildir Volcano and Sheveluch Volcano in

Kamchatka), where the slip vector between the two plates is tangential

the arc. Lack of intermediate depth seismicity and strike slip mechan

for large earthquakes (McKenzie and F’arker, 1967; Stauder, 1968) imply

to

sms

that the Pac:fic plate is currently not subducting beneath the Kommandorsky ,

section of the arc and that this section acts as a transform plate boundary

(Cormier, 1975). Sheveluch  Volcano, the northernmost Quarternary Volcano

in Kamchatk~,  marks the next transition back to near normal plate convergence
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z:ainst the Kamchatka Peninsula with its well developed chain of active

volcanoes, Kamchatka is again underlain by a seismically well defined

down-going oceanic slab (e.g. Fedotov and Tokarev, 1973),

The volcanic front in the Aleutian arc lies generally over the 100

to 150 km depth contour to the Benioff zone (see Figure 2). Marsh and

~armichae?  (1974) presented the interesting hypothesis that th[

spacing of 60 to 70 km between large volcanic centers observed

Aleutian arc could be explained by mantle diapirism of magma r“

regularly spaced plumes from a gravitationally unstable ribbon

regular

along the

sing in

of melt

that has developed at some critical depth (100-150 km) along the strike

of the down-going plate. Bogoslof  and llnak Islands are the only volcanic

centers that have developed behind the primary volcanic front above

greater depths to the dipping seismic zone. These two volcanoes also

erupt more potash-rich lavas (Marsh, 1979). Both Bogoslof and Amak are

very young, probably less than 10,000 years old. Marsh and Leitz (1 979)

and Marsh (1979, 1982) proposed that this embryonic secondary volcanic

front may be the result of mantle diapirism  above a ribbon of melt that

h~s now developed ciowndip  from the main volcanic front along the surface

of the subducting plate.

At the eastern end of the Aleutian arc there are two apparent anomalies

in the relationship of volcanism to plate subduction. (1) No major Late

Quaternary or Recent volcanic center has yet been found north of Hayes

Volcano (Figure 5), even though northwesterly subduction is well defined

by intermediate depth earthquakes into the interior of Alaska, extending

300 km beyond the last Aleutian arc volcano. (2) A group of voluminous

Pleistocene volcanoes, which represent the culmination of past mid-Miocene

andesitic volcanism in the Wrangell Mountains (Nye, 1982) lies some 350 km
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ezs: of the Aleutian trend (Figure 1). This group of volcanoes is

not underlain by a currently active !3enioff zone.
.

SUBDUCTION DEFINED BY SEISMICITY

The geometry of the subducting Pacific plate in the eastern Aleutian

arc is now quite well defined through earthquake studies. A series of

theses (Davies, 1975; Lahr, 1985; Estes, 1978), various reports (Pulpan

and Kienle, 1979; Lahr et al, 1974), and a recent paper by

(1982) have analyzed the configuration of the Benioff zone

Since 1976, the University of Alaska has operated a h

Kienle et al.

in the area.

gh resolution

seismographic network with some 30 short-period stations in the lower

Cook Inlet-Katmai-Kodiak  Island region, where the relationship of volcanism

to a well developed down-going plate is quite clear. All stations have

single component, vertical, short-period (natural period 1 see) seismometers.

Figure 6 shows the current configuration of the seismic network and the

location of an additional 4 stations operated by other agencies, which

are routinely used for our earthquake locations. Data from all stations

are radio-telemetered to 3 data gathering points, located in King Salmon,

Kodiak, and Homer. Details of our

hypocenters have been discussed by

et al. (1982).

Epicenters

routine procedure

Pulpan and I(ienle

for location of

(1979) and Kienle

Figure 7 is a map of epicenters in the eastern Aleutian arc. For

this figure we selected a data file of 1,881 events from the period July

1977 to June 1981. These events were recorded on at least 6 stations, had “

vertical and horizontal location errors of less than 10 km, and had a

root mean square travel time error of less than 0.4 sec. These quality
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factors  describe the relative location uncertainties. The earthquake

detection threshold wit.hin the network is about magnitude 2, but can be
.

as low as magnitude 1 in some portions.

Hypocentral Cross Sections

In Figure 8 earthquake hypocenters within 3 individual blocks shown

on the epicenter map (Figure 5) have been projected on vertical planes

indicated by lines A-A’, B-B’ and C-C’. The orientations of the planes

were chosen by trial and error to minimize the thickness of the Benioff

zone and thus correspond to the best-fit plunge direction of the subducting

plate. Two types of data are plotted on Figure 8: hypocenters for events

with a depth greater than 50 km are closely constrained (crosses). We

required that an event was recorded on at least 6 stations, had a vertical

(ERZ) and horizontal (ERH) location error of less than 10 km, had a root

mean square (RMS) travel time error of less than 0.3 sec and the distance

from the epicenter to the nearest station was within twice the depth to

the hypocenter. The last requirement insures fairly good depth control,

Since these constraints

to 50 km depths), we re’

event be recorded on at

residual of less than O

(triangles).

filtered out too many of the shallow events (O

axed the selection criteria, requiring that the

least 5 stations and had an RMS travel time

5 see, and an ERH and ERZof less than 10 km

The seismicity showri in the cross section defines four

distinct tectonic regions:

(1) A shallow thrust zone dips at an angle of about 10° landward frcxn the ‘

Aleutian trench over a distance of several 100 km. This thrust zone

widens from southwest to northeast (bottom to top in Figure 8).

.
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i

~~~~: earthquakes  (M > 7.8), such as the 1954 Alaskan earthquake, \

rupture this plane of. generally strong plate coupling. -

(2 ) A Eienioff zone, about 20 tO 30 kin ~hick, reaches a maximum depth of.

200 km, and dips at an angle of 35-40” beneath the Katmai Volcanoes

(9B’ and CC’), steepening to 45to 50° beneath the Cook Inlet Volcanoes
1

(M’). The continental and oceanic lithosphere decouple at depths

of 50 to 100 km.

(3) An aseismic wedge of hot, ductile asthenosphere is located above the

cold subducting slab and below the overridin~ plate.

(4) A brittle top layer of the otierriding  plate is characterized by :

generally diffuse seismicity that does not correlate with mapped ‘

faults. Cross sections BB’ and CC’ show shallow clusters of earth-

quakes beneath certain volcanic centers, e.g. Oouglas-Fourpeaked  ‘

and Ukinrek. The pipe-like cluster of events beneath Ukinrek is

associated with the formation of the 2 maars in the course of the

April, 1977 eruptions (Kienle et al., 1980). The cluster beneath

Douglas-Fourpeaked may be associated with hydrothermal activity

(Pulpan and Kienle, 1979). Had we used data recorded before 1977,

ext~nding  back to 1975, a dense cluster of very shallow (O-5 km)

seismicity wuld have been plotted directly beneath Augustine Volcano,

which erupted explosively in 1976.

Frontal View

Figure 9 is a sectional view of the hypocenter  distribution looking

toward the volcanic arc. All the data shown in Figure 8 were plotted onto

two vertical planes, one oriented parallel to the stike of the volcanic

front in i(atmai (DO’, for location of projection, see Figure 7), the other

.
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o~i~~:~d p~ral]~l  :0 the strike of the volcanic front in Cook Inlet (EE’,

compare Figure 7). As in .Figure 8, the data set is split into shallow

events (0-50 km depth, triangles) and deeper events (depths greater than

50 km, crosses).

Shallow events in the 30 to 50 km depth range give a good picture

of the seismicity  in the thrust zone. Very shallow earthquakes generally

scatter in a diffuse manner but are sometimes concentrated beneath certain

volcanoes as we have just discussed.

Earthquakes in the 50 to about 100 km depth range are fairly uniformly

distributed along the arc. However, earthquakes deeper than about 100 km

appear to cluster near the lower end of the Benioff zone behind certain

volcanoes. Fairly well defined clusters of intermediate depth earthquakes

occur beneath Peulik (100-150 km deep), landward of Kaguyak-Dougl as-Fourpeaked

(100-150 km deep), and slightly south of Augustine (100-150  km deep). A

very intense, persistent cluster of intermediate depth earthquakes occurs

in the vicinity of Iliamna. This 100 km diameter and 70 to 180 km deep

cluster frequently produces earthquakes in the magnitude 3-4 range and

some larger events up to magnitude 5. Me have as yet no explanation why

these deeper clusters of e~ents occur spatially beneath and behind certain

active volcanoes but such clusters have also been observed beneath some

of the volcanoes in the central Aleutians (Engdah?,  1977).

TECTONIC SETTING OF VOLCANISM

Segmentation of the Volcanic Front

The front of Late Quaternary and Holocene volcanoes in the eastern

Aleutian arc is clearly segmented as shown in Figure 10. A similar

segmentation of the volcanic front has been observed elsewhere in the
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Aleutidn arc (4N!arsn, 1979; Kay et al. , 1982), and also in other cirum -

?ecific areas such as for example the Cascades (Hughes et al., 1980) and

the central American arc (Stoiber and Carr, 1973; Carr et al., 1982).

Linear segments of volcanoes are often separated by transverse offsets,

which have been correlated in the Aleutians with fracture zones”or breaks

in the downgoing oceanic plate (Van Wormer et al., 1974; Spence, 1977)

or with apparent transverse arc boundaries mapped out by the boundaries

of aftershock sequences of great thrust earthquakes (Holden and Kienle,

1977) , Intrasegment  volcanoes that form the volcanic fronts are

characterized by talc-alkaline fractionation patterns and commonly erupt

two-pyroxene  andesite (Hughes et al., 1980). Volcanoes near the offsets

often erupt a variety of ?avas that ”range from basalt to rhyolite (Hughes

et al., 1980) and may show tholeitic  fractionation trends (Kay et al.,

1982).

In Figure 10 we distinguish two major arc segments defined on the

basis of volcano alignment, the Cook and Katmai segments. A third segment

formed by Kialagvik, Chiginagak and Yantarni Volcanoes is offset seaward

by 40 km from the Katmai front across a transarc  boundary that also marks

the southern boundary of the 1964 great Alaskan earthquake rupture zone

(compare Figure 5 and 9). That boundary passes through Ugashik, Peulik,

and Ukinrek that have erupted a variety of lavas ranging from basalt to

rhyolite (Table 2).

The Katmai segment consists of several en echelon subsegments, each

one characterized by a very close volcano spacing. Volcanoes with more

fractionated magmas occur near the subsegment boundaries (Novarupta/Katmai,

Kaguyak). On the average , volcanoes of the Katmai segments have a narrow

spacing of 13~ 7 km [11 pairs between Kejulik and Douglas),



‘iolcanoes within in the Cook segment form a single N 20”E trending

front that ~~verges  from the average Katnai trend Of N 55”: b.Y 35°. in

marked contrast to the Katmzi segment, volcano spacing in Cook Inlet is

much wider, 70: 18 km (3 pairs, Spurr to Augustine). The northern end

of the Cook segment arbitrarily has been chosen to pass between Spurr

-and Hdyes, because Hayes is offset to the west from the Cook Inlet trend.

Van Wormer et al. (1974) discussed seismologic evidence for a break in

the down-going slab that coincides with the end of the Aleutian volcanic

front near Hsyes. The location of the southern boundary of the Cook

segment is not clear, Kien’

(dashed line in Figure 10).

of deformation in the overr

eetal. (1982) chose a line south of Augustine

That boundary coincides with a broad zone

ding plate (stippled zone in Figure 10]

proposed by Fisher et al. (1981). Based on volcanic alignment alone,

one,,could equally well group the Douglas/Fourpeaked  pair of volcanoes

with the Cook segment, thus drawing the Cook segment boundary through

Kaguyak (Marsh, 1982), There are petrologic/geochemical  arguments for

this as we will discuss below. If we include the Douglas/Fourpeaked

pair of volcanoes in the Cook segmen”t, volcano spacing becomes 66 t 18

km (4 pairs, Spurr to f20ugias).

Subduction and Volcanism

Based on the epicentral data presented in Figure 7, it is possible tO

contour isobaths to the Benioff zone. Three isobaths (50, 100 and 150 km)

are shown in Figure 10. Comparing volcano positions to the Benioff zone

isobaths we find: (1) the 35* change in volcanic alignment between

the Katmai and Cook segments reflects a gradual lateral warping Of the

down-going oceanic plate to a more northerly strike in Cook Inlet.

.
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(2) We find no evidence for a break or hinge fault in the subducting

plate in the vicinity of Douglas Volcano, a result that corroborates the

findings of Estes (?978) who analyzed an earlier earthquake data set for

the region. The lateral warping of the subducting plate in lower Cook

Inlet appears to occur smoothly without failure of the slab. (3) Volcanoes

of the CooK segment are closely aligned above the 10CI km isobath of the

Benioff zone. Volcanoes of the Katmai segment lie on a trend that is

disoriented by about 20” with respect to the strike of the Benioff zone.

In Katmai the depth to the Benioff zone decreases by 25% from Kejulik to

Douglas Volcanoes, from 100 to 75’km.

Crustal  Tectonics and Volcanism

Tranverse arc boundaries: Fisher et al. (1981) have recently defined

crustal tectonic boundaries at the northeastern and southwestern end of

the Kodiak Islands that extend further inland across the Aleutian volcanic

arc. These boundaries are not single faults but consist of broad zones

of disruption that began to form during the late Miocene or Pliocene

(stippled zones in Figure 10). The southern zone of disruption

coincides with the southern boundary of the Katmai Volcano segment as we

defined it based on the 40 km offset of the volcanic front across a line

drawn through Ugashik, Peulik and Ukinrek. According to Fisher et al. the

northern zone of crustal  disruption is less clearly defined than the

southern one and passes between the Kenai Peninsula and the Kodiak Islands

into lower Cook Inlet. This zone coincides with the Cook-Katmai segment

boundary proposed by Kienle et al. (1982) but passes about 50 km north

of Kaguyak, In this paper we consider Kaguyak to be the segment boundary

volcano based on its evolved composition and mineralogy.
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Evidence cited by Fisher et al. to define the transverse arc boundaries

includes regional chenges  .in geology, terminations of structural trends,

cross-arc trends of young tectonic elements on the continental shelf at

the two boundaries, changes in sign of long-wave length gravity anomalies

representing regional changes of crustal structure, and the discrete

nature of the southern boundary of the aftershock zone of the 1964 great

Alaskan earthquake (compare Figure 5). Fisher et al. also regard offsets

in the volcanic front as strong indicators of transverse tectonic boundaries,

The question arises whether or not the transverse tectonic boundaries

in the overriding plate can be correlated with tectonic features on the

down-going plate such as seamount  chains and fracture zones. In the

central Aleutians Marsh (1979) correlated offsets in the volcanic front

with subducting fracture zones. However, since subduction is oblique

in the eastern Aleutian arc tectonic elements on the down-going plate

would sweep along the continental margin with time and hence could not

give rise to any stationary zones of disruption in the overriding plate.

Specifically, Fisher et al. calculated that the intersection of the

Kodiak seamount chain with the continental margin near the southern

transverse arc boundary must have swept - 180 km northward in the past 3

my. (based on Jordan and Minster’s 1978 model RM2. Similarly oceanic

fracture zones near the northern boundary would have swept - 160 km

northward for the sane time period.

Crustal control of volcanic alignment in the Katmai seg’~n}: There ‘i

is geologic and geophysical evidence that the northeasterly alignment of .

the volcanic front between Mageik and Kaguyak may be structurally controlled.

TWO anticlines mapped by Keller and Reiser (1959) on or near the crest

of the volcanic arc between Martin and Katmai and between Kaguyak

.
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and Devils Desk clearly trend toward each other. Ke71er and 12eiser

prcpose that these anticlines may be the manifestation of a deep-sested

fault that provides a zone of crustal weakness for magma migration.

There is geophysical evidence for such a fault. Kubota and Berg

(1967) and Berg et al. (1 967) found that the active volcanic front is

located along a steep 35 regal gravity gradient. K;enle {1969) showed

that this gravity gradient extends from about Martin to Kaguyak along

90 km of the volcanic front (Figure 11, top). Figure 11 (bottom) shows

a two-dimensional crustal density model derived from the gravity data

for section A-A’ which crosses the volcanic range between Snowy Mtn. and

Mt. Denisen. The steep gravity gradient can, at least in part, be

attributed to a deep-seated

Based on seismic data, Berg

average crustal thicknesses

crustal  fracture beneath the volcanic front.

et al. (1 967) also found distinctly different

on either side of the volcanic front. This

implies the existence of a crustal boundary or fault that may extend

at least to the base of the crust. Northeast of the Katmai volcanoes

the crust has an average thickness of 38 km, southeast of the chain of

volcanoes average crustal thickness decreases to 32 km.

In addition to these regional trends there is also good evidence

from gravity and seismic data that major magma accumulations may exist

in the crust beneath several volcanoes of the Katmai segment. Matumoto

(1971) was able to show based on body wave attenuation patterns from local

earthquake that large magma bodies may underlie Martin-hlageik, Griggs-

Katmai-Trident-Novarupta-Gri ggs, and Snowy at depths of less than 10 km.

Two magma reservoirs have been identified by Matumoto beneath the Katmai

group of volcanoes. A shallow chamber lies at a depth of less than 10 km

and has a dimension of, about 10 x 30 km. A deeper magma chamber beneath
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tne shallow one has a similar size and lies near the base of the crust

e: a depth of 20-30 km. A local negative gravity anomaly, about 7-8 km

Wide, with an amplitude of nearly 20 regal has been mapped by Decker

(1963), Berg and Kienle (1966) and Kienle (1969). It is centered in the

volcanic triangle defined by Mageik-Tr iaent-Novarupta (Figure 11,

top) . The anomaly

Kienle (1969) as a

(Table 2). It may

has been interpreted by Kubota and Berg (1967) and

shallow magma body beneath the recent Trident cone

be part of the Katmai body defined by Matumoto

(1971). The crustal density model and qravity profile shown in Figure

11 (bottom) also shows a small gr’avity low beneath the volcanic axis

near Snowy; model led as a shallow low density magma body with a density

of 2.46 g/cc. That body also coincides with a shallow region of anomalous

body wave attenuation identified by Matumoto (1971) near Snowy.

Another piece of evidence that suggests that fairly large magma bodies

and associated hydrothermal systems may be present in the shallow crust

beneath the Katmai volcanic front is microearthquake activity. Micro-

earthquake studies carried out in Katmai National Park at various times

during the past 15 years consistently showed a fairly intense clustering of

microearthquakes in the Martin-Snowy section of the Katmai volcanic front

(Kubota and Berg, 1967; Berg et al., 1967; Matumoto and Ward, 1967;

Matumoto,  1971). Continuous earthquake data acquired by the University

of Alaska over the past few years clearly showed the episodic nature of

the shallow seismicity beneath the Katmai volcanic front. Earthquakes

typically occur in swarms of short duration. Pulpan and Kienle (1979)

and Kienle et al. (1982) proposed that this seismicity may be associated

with volcanic and hydrothermal activity beneath several Katmai segment
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volczinoes. In recent yezrs Sriowy !4tri. has been the most consistent

source region for sha.llow .earthquake swarms.

PETROLOGY OF THE EASTERN ALEUTIAN LAVAS

Petrologic studies of volcanic centers in the eastern Aleutian arc

range from none or only the shortest reconnaissance survey to detailed

studies that utilize major and minor element analyses, electron microprobe

analyses, and isotropic studies. Tables 1 and 2 include a summary of

petrology in the eastern Aleutian arc and also identify the data source

for each volcanic center. Obviously conclusions based on a few samples

from a volcanic center (such as Denisen or Martin, Table 2) may change

as more samples are collected and the discussion that follows is based

on a somewhat limited and uneven distribution of data in the eastern

Aleutian arc. However, the data base used here is the largest and most

complete for volcanic centers in this region and should be useful in

identifying regional patterns of variation, although the story for

individual volcanic centers may change with the accumulation of more

data.

Prophyr itic andesite containing abundant phenocrysts  of plagioclase

and lesser amounts of hypersthene and augite is the most common rock type

in the eastern Aleutian arc. Dacite, often containing hornblende, is

found as a minor constituent at several of the volcanic centers and a

quartz-bearing dacite is the dominant lava type at Kaguyak Crater (Swanson

etal,, 1981). Dacite is also an important component of the 1912 VTTS

deposits (Hildreth,  1982). Quartz-bearing rhyolite is present in the

basal portions of the VTTS deposits and at Novarupta (Fenner, 1950;

Curtis, 1968; Hildreth, 1982), Basalt has been analyzed from Katmai
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(Fenner, ?926; KOSCCI, 1981b) and olivine-bearing  basalt has been found

on Iliamna, Augustine (Johnston, 1979) and at Ukinrek (Kienle e! ?1.,

1980) . ,.

Mineralogy I

Plagioclase forms most of the phenocrysts in the eastern Aleutian
8

arc, The phenocrysts are complexly twinned and zoned. Normal compositional

zoning from Cd-rich cores to Na-rich rims is commonly observed, )but

reversed zoning is also widespread, especially in grains with abundant

glass inclusions that form a sieve texture. Plagiociase commonly shows

a wide range in compositions with’in a particular volcanic center, often

almost the entire compositional range is found in a single thin’ section,

Hildre}h  (1982) found the plagioclase in the VTTS deposits ranged from

Ar125 to Ang4. A less extreme, but probably more typical range of

plagioclase  compositions (An37 to An~6) is shown in the dacites and

andesites  of i(aguyak.

Hypersthene is more abundant than augite in most of the lavas from the

eastern Aleutian arc. The orthopyroxene  forms slightly pleochroic phenocrysts

that range in composition from W03 en45 fs52 (VTTS; Hildreth, 1982) to W03 en81

fs17 (Kaguyak). Some hypersthene grains are rimmed by clinopyroxene.

Augite is present in moderate to trace amounts in most lavas of the eastern

Aleutian arc. Clinopyroxene  shows a more resticted compositional range

than the coexisting hypersthene. Kosco (1981b) reports a range of augite

compositions from the volcanic centers around the VTTS t

W044 en36 fo20.

Olivine is an accessory phase in some of the andes

Aleutian arc. Reaction rims of pyroxene often surround “

f W045 en51 fs6 to

tes of the eastern

the olivine

grains. Kos’co (1981b) reports a range of olivine compositions in the

.

21



volc2n5es around VTTS cf F06~ tO F08(3. 01 ivine phenocrysts are a major

ccxponent in the basalts from Augustine (Johnston, 1979) and Ili-amna.
.

A~pnibole, either edenite or edenitic hornblende according to the

cl~ssification  of Leake (1978), is a minor accessory phase in some

zndesites and dacites and is a major phase in some dacites from “KaGuyak.

The amphibole shows the common green to brown pleochroic color scheme.

Oxidation of some hornblende grains has resulted in opaque pseudomorphs

after amphibole. Other amphiboles are surrounded by reaction coronas of

pyroxene and plagioclase, apparently formed by dehydration of the amphibole

at low pressure.

Quartz is found as phenocrysts in the rhyolite and dacite of the

VTTS deposits (Fenner, 1920; Hildreth, 1982) and in the dacites of Kaguyak

(Swanson et al., 1981). Reaction coronas of pyroxene and plagioclase

are found around some quartz grains and the rounded and embayed form of

some quartz crystals also suggests the quartz may be unstable.

Fe-Ti oxides are common accessory phases in the lavas of the eastern

Aleutian arc, Titanomagnetite is generally more abundant than members

of the ilmenite-hematite  solid solution series. Kosco (1981b) used Fe-Ti

oxide compositions to estimate temperature (780-940°C)  and oxygen fugacity

(log foz = -10.7 to -14,8) in lavas from the region around the VTTS.

Similar results are reported by Hildreth (1982) for the VTTS deposits

and reconnaissance studies we have done at Kaguyak are also consistent

with this estimate.

Chemistry

Lavas of the eastern Aleutian arc are talc-alkaline and their pattern

of chemical variability is similar to other talc-alkaline volcanic provinces.

FeO*, 14g0 and CaO decrease with increasing Si02, while Na20 and K2(J

.
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increaes (Figure 12). A1203 s“hows Ilttle chmge ~fith incr.eesing  Si02 until

bulk compositions reach basaltic .andesite (about 57% Si02) then there is

a progressive decrease in A1203 with increasing Si02. Scatter in the

variation patterns of some basalts indicates fractionation of olivine and

plagioclase, but generally crystal fractionation does not appear to be

important in producing the variation patterns. Most of the volcanic

centers show similar patterns of variation and are grouped together in

Figure 12. Augustine is slightly higher in MgO and CaO than other Cook Inlet

volcanoes, Kaguyak is higher in FeO* than most of the volcanoes, lower in

MgO and CaO than the Cook Inlet volcanoes and lower in K20 than the Katmai

volcanoes. &iggs is higher in Na20 and K20 than other Katmai volcanoes

and this is consistent with its position behind the main volcanic front.

The alkaline basalts (nepheline = 1.2 in the norm) of Ukinrek do not seem

to follow the same compositional trend as the other Katmai volcanoes

(Figure 12) and this is consistent with the anomalous character of the

Ukinrek relative to the ca?deras and composite volcanoes of Katmai.

Kat’nai shows a large range of lava compositions, but other volcanoes

show a much more restricted range of compositions (Figure 12). Figure 13

further illustrates the restricted compositional range for lavas of the

eastern Aleutian arc. The diveflstiy  of the Katmai lavas and the 1912

pumices from the VTTS suggests some common source for both sites. Fenner

(1930), Curtis (1968) and Hildreth (1982) all suggest a magmatic  connection

between Novarupta (the supposed source of the 1912 pmices) and Mt. Katmai.

The 1912 trends in Figure 13 are consistent with this argument. Other

volcanoes in the eastern Aleutian show a much more restricted compositional

range. It might be argued that the restricted compositional ranges

shown on Figure 13 are an artifice of the limited number of available

.
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ana!yses and this may be true for centers such as Martin (n = 2) or

5evils Desk (n = 4). tiowe. ver, volcanoes such as Augustine (n = .21) and

Trident (n = 36) also show restricted compositional ranges and the restriction

here is clearly not related to a limited number of samples.

Igneous fractionation in the Aleutian arc follows either a calc-

alkaline or tholeiitic  trend. Kay et al. (1982} have successfully used

FeO*/MgO vs. Si02 plots to distinguish between these differentiation

trends and Figure 14 shows the results for the eastern Aleutian Iavas.

Increases in Fe@/MgO with increasing Si02 are characteristic of tholeiitic

lavas while talc-alkaline differentiation shows little, if any, increase

in FeO*/MgO with increasing Si02. A number of volcanic centers in the

eastern “Aleutian arc show similar overlapping trends on Figure ?4 and

thesec enters have been combined, none of these centers show FeCF/MgO

increases with increasing Si02. In fact, only Kejulik could be characterized

as tholei itic based on Figure 14. Other volcanic centers (such as Kaguyak

or Katmai) have individual analyses that plot in the tholeiitic field,

but lack the pattern of iron-enrichment with increasing Si02. Volcanoes

of the Katmai

the exception

PETROLOGY AND

and Cook segments appear to be uniformly talc-alkaline with

of Kejulik.

VOLCANIC ARC GEOMETRY

Magmas of the eastern Aleutain arc show little compositional variation

along the trace of the arc. The two major segments, Katmai and Cook

(Figure 10), are quite similar in their patterns of variation (Figures

12, 13and 14). Both arc segments are dominated by andesites that show

a rather restricted range of variation (Figure 14). Cook lavas are slightly

higher in CaO and MgO, but lower in Na20 and K20 relative to the Kat.mai
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sa.~ples (Figure 12). The variation of K20 (at a particular Si02 velue)

along the ezstern Aleutian. arc is shown on Figure 15. Generally volcanic

centers in the Katmai segment are richer in K20 than the Cook Inlet

volcanic centers. Kaguyak, located at the segment boundary has the

lowest K20 content in the eastern Aleutian arc, while Mt. Katmai, another

volcano that may lie on a arc segment boundary, is not abnormally low in

K20.

Volcanic centers in the Katmai segment are aligned at an oblique

angle to contours on the Benioff zone seismicity (Figure 10), Attempts to

relate the chemical variation to the depth to Benioff zone have not been

successful. Kienle et al. (1982) present data on the relation”of K20

to depth to Benioff zone. In other volcanic arcs a good correlation is

often found between K20 content (at a particular Si02 value) and depth to

the, seismic zone (Dickinson, 1975). However, only a poor correlation

between seismicity and variation in lava chemistry could be found for the

eastern Aleutian arc. No correlation between depth to Benioff zone and

other chemical components could be demonstrated for the eastern Aleutian

Iavas.

Volcanic centers that lie along segment boundaries in the eastern

Aleutian arc seem to be characterized by a higher degree of fractionation

within the lava suite resulting in a diversity of rock types or more

evolved mineral assemblage. Kaguyak is characterized by dacites

that contain phenocrysts of quartz and relatively abundant hornblende,

The prevalence of this mineral assemblage is unique in the eastern Aleutian

arc. Katmai and Ugashik, volcanic centers that seem to mark segment

boundary volcanoes along the arc, are characterized by a diverse suite of

lavas (Table’s 1 and 2, Figure 13).
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DISCUSSION

~~g~~nt~~iofl ~rI

(Figure 10), but the

is a problem. Based

al . (1982) drew the

al. (1981) propose a

the eastern Aleutian arc is generally well-defined

exact position of the Cook Inlet-Katmai segment boundary

upon th~’ alignment of the volcanic front Kienle et

boundary between Augustine and Douglas. Fisher et

segment boundary in the same region based on anoiialies

in crustal  geology and tectonics, Based solely on volcanic alignment

Marsh (1982) proposed the segment boundary is through Kaguyak Crater, a

model which explains the anomalous character of the dacites of Kaguyak.

A third possibility is that both models are correct. Then segment boundaries

are located between Augustine and Douglas and also through Kaguyak resulting

in a subsegment that contains Fourpeaked and Douglas (Figure 10). In any

case, if a segment boundary is located between Augustine and Douglas, it

is not associated with any known segment-boundary volcano with anomalous

lava.s.

The boundary volcanoes, Kaguyak, Novarupta/Katmai  and Ugashik appear

to be characterized by talc-alkaline fractionation that has taken place

at shallow levels in the crust. Kaguyak lavas are dominated by quartz-

and hornblende-bearing dacite prior to the caldera-forming  eruption.

Dacitic punices erupted during the caldera-forming  event contain quartz

and hornblende in a glassy groundmass. Post-caldera  andesites at Kaguyak

contain neither quartz nor hornblende. Swanson et al. (1981) interpret

this eruptive sequence as the draining of a zoned magma chamber under

Kaguyak, The quartz- and hornblende-bearing dacites represent the top

of the chamber while the post-caldera andesites represent a lower level

of the magma cha~ber. Hildreth (1981) notes a similar eruptive sequence

from many zoned magma chambers. Fractionation within the Kaguyak lavas
. .
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apparently tcok place at shallow levels because the phenocrysts tnd

groundmass minerals have similar compositions (Figure 16).
.

Hilareth (1982) studied the stratigraphy  and petrology of the 1912

vTTS deposits and concluded that the 1912 Novarupta eruption partially

drained a shallow zoned magma chamber. The VTTS deposits have a rhyolite

~t the base and become dacitic and andesitic toward the top. Magma mixing,

as evidenced by extensive banded pumices, is common in the upper portions

of the deposits. Hildreth (1982) reports distinct compositional breaks

between the rhyolite, dacite and andesite  in the VTTS deposits, suggesting

the presence of 3 distinct lavas in the magma chamber prior to eruption.

Temperatures calculated from Fe-Ti oxides in the VTTS deposits show a

continuum from rhyolite through dacites to andesites suggesting that

the 1912 Iavas were comagmatic. Therefore, the mixing evidenced in the

191.2 products are probably the result of internal mixing of more and

less-fractionated magmas prior to eruption. Results of seismic and

gravity studies (Kubota and Berg, 1967; Berg et al., 1967; Matumoto and

Xard, 1967; Kienle, 1969; Matumoto,  1971) are consistent with the presence

of a large shallow-level (< 10 km deep) magma chamber under the entire

Griggs-Novarupta-Trident-Katmai  area.

Ugashik (Table 2) is another segment boundary volcano (Figure 10)

that has erupted a suite of lavas that range from rhyolite to andesite.

However, little is known about the petrology of this volcanic center.

Only the abundance of dacite and rhyolite  suggests a similarity to the

KaGuyak and Novarupta/Katmai systms.

Segment-boundary volcanoes ~n the eastern Aleutian arc (Kaguyak  and

Katmai) are characterized by talc-alkaline differentiation in contrast to

the iholeiit’ic segment-boundary volcanoes in western Aleutian arc (Kay et

-
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51. , I 9~2) Based upcn the results oic trace -elerlent  analyses, parental

magmas for the talc-alakal.ine and tho;eiitic appear to be the same (Kay et

al., 19S2), but the fractionation mechanisms are different. Kay et al.

(1982) suggest that tholei itic lavas fractionate at shallower levels than

ca”lc-alkaline Iavas. Perhaps the ascent of tholeiitic lavas to shallower

levels is aided by zones of crustal weakness at transverse arc boundaries.

As discussed previously, transverse arc boundaries in the eastern Aleutian

arc appear to be related to changes in crustal geology, but here these

zones of weakness do not promote tholei itic volcanism.

Volcanic centers of the Cascade Range are segmented (Hughes et al., 1980)

and the segment boundary volcanoes are not associated with tholeiitic

differentiation. Instead, the segment-boundary volcanoes of the Cascades

show talc-alkaline fractionation as do the intrasegment volcanoes.

However, the intrasegment volcanoes are typically andesitic while the

boundary volcanoes range from rhyolite to basa’

al., 1980). This same pattern of chemical var

t (McBirney,. 1968; Hughes et

ation is found in the eastern

Aleutian arc.

A rather thick section of continental crust uderlies both the Cascade

Range and the eastern Aleutian arc, while the central Aleutian arc is

underlain by either oceanic crust or relatively thin continental crust.

The presence of thick continental crust seems to control whether the

segment boundary volcanoes are talc-alkaline or tholeiitic.  Marsh (1982)

related the presence of rhyolite on the Alaska Peninsula to the presence

of continental crust and suggested the rhyolite formed by the melting

of the continental crust. However, Sr-isotope studies cited by Hildreth

(1982) on the rhyolite of the VTTS deposits show no evidence for crustal

contamination in the VTTS rhyolites, Thus, whatever the role of the
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continental crust is in controlling fractionation in the segment-boundary

volcanoes, it apparently does

interaction of the crust with

Kosco (1981b) recognized

not involve partial melting or chemical

the rising magmas.

that the continental crust was not involved in

magma generation in the Katmai area. Instead he felt the density similarity

between the continental crust and the rising magma would stagnate the

magma near the base of the crust (about 30-35 km under Katmai) and fraction-

ation would begin. Fractionation at such moderate pressure would produce

hornblende and Kay et al, (1982) believe this fractionation would follow

a talc-alkaline trend. Structural traps higher in the crust beneath the

Katmai volcanoes may result in fractionation at still shallower levels

thus accounting for the textural disequilibrium observed for some

phenocryts [decompositions of amphibole, reaction coronas on some quartz

and,, hypersthene).

Geophysical evidence indicates a discontinuity in the crust that

extends along the strike of the volcanic arc from the VTTS region to

about Kaguyak. This discontinuity may provide a structural trap for the

accumulation of magma at shallow depths in the crust. Since the discontinuity

extends ?aterally along the volcanic arc, magma may accumulate to form

elongate bodies that feed several closely-spaced volcanic vents. This may

account for some of the close spacing of volcanic vents in the Katmai segment

(such as Devils Desk-Kukak-Denisen/Stellar and the line of 3 peaks forming

Snowy). Intersection of this lateral structural discontinuity with a

subsegment boundary near the VTTS may explain the abnormally large magma

chanber that exists at shallow depths in this region. The differences

between the eruptive products at Katmai (greater diversity, more K~O)

and Kaguyak ‘(less diversity and K20) shown on Figure 13 and 15 may be
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at Katmai as opposed to fractionation of Kaguyak Iavas deeper in the

crust. ,,

CONCLUSIONS

Subduction jn the eastern Aleutain arc is marked b~ a smooth, continuous

Benioff zone and a segmented volcanic arc. Transverse it-c boundaries offset

the volcanic front and correspond to some change in crustal topography and

regional geology. Back-arc volcanic centers (Ukinrek and Griggs) are

sometimes found behind the main volcanic front along the transverse

boundaries. The strike of the Benioff zone and trend of the volcanic arc

cross-cut in the Katmai segment, but are generally parallel in the Cook

Inlet segment.

Despite the difference in the tectonic setting between the Katmai and

Cook segments, the chemistry of the eruptive products between the two

areas is remarkably uniform andesites. Only the segment boundary volcanoes

Ugashik, Katmai/Novarupta, and Kaguyak are significantly different and

contain a wider range of compositions from rhyoiite to basalt. Mineralogic

and petrologic trends suggest initial fractionation of the magmas near

the base of the crust. Intrasegment  volcanoes tap this lower crust

magma body and erupt the magma with little further fractionation. Segment

boundary volcanoes tap the same magma source but discontinuities higher

in the crust allow pending of the magma promoting further fractionation,

resulting in a wider diversity of lava types.
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1 9 0 2  ( a s h  2 0 0  k m  t o
t h e  E ,  t o  N o p e ,  Knik
S u n r i s e ) ;  smoke
r e p o r t e d  I n  1 9 3 3  a n d
1 8 1 9 :  a c t i v e  in 1 7 7 0 .

e x t e n s i v e  lahar
d e p o s i t s  i n  C r e s c e n t
R i v e r  V a l l e y  (Rlehle
e t  a l . , 1 9 0 0 ) ;  beavlly
glacl ated

two-pyroxcne  andcslte,
w i d e s p r e a d  h o r n b l e n d e ;
S102 - 55 to 60X (n . 9)
( F o r b e s  e t  a l . ,  1 9 6 5 ;
Klenle at *I. , 1902)

1 9 6 6 / 6 7 / 6 8 ,  maJor
e r u p t i o n s  (kfllson et
a l .  ,  1966;  Mll$on a n d
F o r b e s ,  1 9 6 9 )  pro-
ducin9  2  f l a s h  f l o o d s
i n  Orlft R i v e r  V a l l e y
b e c a u s e  o f  excec.slve
I c e  mlt In sumnlt
c r a t e r  (Post  a n d  M a y o ,
1971)

h e a l e d  g r o u n d ;  w e a k  s t e a m
v e n t s  I n  ice c a l v e s  a t
n o r t h e r n  r i m  o f  sumn!t
crater

R e d o u b t  V o l c a n o
-60”79T——————
1 5 2 ” 4 5 . 5 ’

stratocone

I

maJor e r u p t i o n s  i n
1916. 1 9 6 3 / 6 4 .  1 9 3 5 ,
1 8 8 3 ,  1812,  producln
h i g h  e r u p t i o n  CIJIUMCIS
and  pyroclastic
f l o w s ;  e r u p t i o n s
o f t e n  e n d  w i t h  d o m e
I n t r u s i o n s .  t h e  1 0 0 3

two-pyroxcne  andcslte a n d
d.scltc, m\nor h o r n b l e n d e
a n d  ollv!ne. S10  .  5 7  t o
6 9 X  ( n  - {21~  (Oe  tcrman.
1 9 7 3 ;  Klenlc and  F o r b e s ,
1 9 7 6 ;  Ktenle e t  a l . ,  1 9 0 2 )

1 9 7 6 ,  mdJor erupt loct,
e r u p t i o n  c o l u m n s  t o
14 k m  (Klenle a n d
Shau, 1 9 7 9 ) ;  emplace-
ment  o f  pyroclastlc
f l o w s ;  a s h  d i s p e r s a l
3 0 0  k m  t o  t h e  NNE
(Talkeetna) a n d
IIW k m  t o  t h e
[SE (Sltka).

=coollng  l a v a  d o m e ,  e x t r u d e d
i n  19?6, v i g o r o u s  sunni\t
fomaroles, J 5 4 ° C  I n  1 9 7 9
( O .  J o h n s t o n ,  pers. COMII.  ),
4 6 4 - C  to 1 9 0 2  ( R .  Motyka,
pers. connr.  )

n o t  giacl ated%:!? ‘“’can”
1 5 3 ” 2 5 . 9 ’
(higheSl p e a k )
4 . 1 0 0

I s l a n d ,  str.stocone
a n d  d o m e  c o m p l e x  w!tb
pyrciclastlc f l o w  a p r o n

e r u p t i o n  w a s  t s u n a m i  -
gentc  (Oorosh!n.
1 0 7 0 ;  Oavldson, 1804;
Detterman, 1 9 6 8 ,
1 9 7 3 ;  J o h n s t o n ,  1978;
Klenle and  Swanson ,
7 9 0 0 ) ;  a s h  t o  Ski I&k
L a k e ,  20U  k m  t o  t h e
N C ,  1 9 6 3 / 6 4 ,  1 9 3 5 ,
HHgl(flycer  a n d  S i m s ,
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V O L C A N I C  CINlfRS IN KAINAI N A T I O N A L  P A R K  AMk  ON 111[  U?P[R  A L A S K A  PIMINSULA

N.)me
Cil_tlmlc ( N )
Looqllude (M)
( o f  I n d i c a t e d  f e a t u r e )  T y p e  o f

Petrol ogy/S102  r.snqc

ISlghcst Point (ft) f e a t u r e L.sst  frwption C u r r e n t  Acllvlty
( n :  N o .  o f  s a m p l e s

Nlstortc  E r u p t i o n s Comncnls .snalyzml)

.  . .  - — .  .  .  .  . ————— .,. .  .  .  .  .  .  -  — _ _ _ _ _ _ _ _ _  . _ . .  _ _ _  . .  _ . .  _ —- -———.  ---—

I ’ S t .  t-loll  I d s stratoconese-s+-
1 5 3 ” 3 2 . 4 ”
(cr.ster  l a k e )
1,020

fourpeaked  Mln. stratocone

n o  hlstorlc  .sctlvlty 2 0 0  m dlameler  crater  l a k e
at 2 5 - C .  pIf < d, fumarrsles
a t  bollln p o i n t  I n  1 9 8 2
(93.4”C) !R. Hotyka, pers.
cm.)

none

none

none

h e a v i l y  g l a c i a t e d lwn-pyroxene  Andctltc,
some OIIVIW; SI02 .
59 10 Fi?f  (n . ))
(Klenle et al., 1982)

ttm-pyroxcne andcsltc,
m i n o r  h o r n b l e n d e ;  S102 =
57 tn 58X (II “ 5)
(Klenle e t  a l . ,  1 9 8 2 )

n o  hlstorlc  activtty n o t  a c t i v e h y d r o t h e r m a l  Iy a l t e r e d
sumnl  t ,  b u t  n o  apparenl
s o l  fatarlc  actlvlty,
h e a v i l y  glaciaLed
dad d i s s e c t e d

( c e n t e r  o f  f o u r  p e ’ s k i )
6 , 9 0 3

(isrand 1$S
c r a t e r  l a k e )
2 , 9 5 6

caldera,  2 . 4  k m
dlanieter, contdlns
189 m deep 1 ake

n o  hlstorlc  actlvlty we~k  s o l  fatarlc  actlvlty  o n
C e n t r a l  island, n o  etevated
t e m p e r a t u r e  In l a k e

pyroclasltc  f  low
a p r o n ,  s e v e r a l  l a v a
demes  wlthln a n d
o u t s i d e  caldera;
n o t  glacl ated

two-pyroxwe  dt)c  I (C, and
minor  andeslte, snnw
hornb  Iende and  q u a r t z ;
Sioz = 59 to 66% (n . 14)
( S w a n s o n  e t  a l . ,  1 9 0 1 ;
Klenle e t  a l . ,  1 9 0 2 )

two-pyroxene  andcslte,
m i n o r  ollvlne a n d
h o r n b l e n d e ;  S 1 0 2  = 55  to
61X ( n  .  4 )  (Klenle ct
al, , 1982)

n o  hlstorlc a c t i v i t yOevils Oesk

( h i g h e s t  peak)
6 , 4 1 0

n o t  a c t  Ive deepIy  d i s s e c t e d ,
f e w  small gl.sclers

c e n t r a l  v e n t  a n d
dtke c o m p l e x

none

none

v i g o r o u s  ftsmrole f i e l d ,
w i t h  steam  e-scaplng  t h r o u g h
h o l e s  I n  I c e

n o  hlstorlc actlvltyKukak V o l c a n o

(fumarole  f i e l d
on  northernssost

stratocone h e a v i l y  glacl ated tuo-pyrox.ene  andeslte, a n d
dacite; S102 =  5 9  t o  6 6 x
(n .  6 )  (Klenle e t  a l .  ~9flZ)

p e a k )
6,710

two-py-oxene  ande51te  ;  S10
(● 5? to 63X ( n = 2) (Klen e

e t  a l . ,  1 9 0 2 )

I
M t .  Oenlson

5 8 . 2 5 . 1 ’
1 5 4 ” 2 6 . 9 ’

stratocone,  I n c l u d e s
M t .  S t e l l a r ,  a n
e r o s i o n a l  r e m n a n t

n o  hlstorlc actlvlly n o t  a c t  Ive h e a v i l y  glacl ated
a n d  d i s s e c t e d

heavtly  glacl~ted

( h i g h e s t  p e a k )
7,520

~~
(hlghcst peak)
1,090
Nt.  Katm~l
w-Trl~
1 5 4 . 5 8 . 5 ’
( c e n t e r  o f
c r a t e r  lake)
6,T15

c o m p l e x  v o l c a n o .
cotsslstlng o f  3  peaks
allgned In a  N[. SH
dlrectfon

n o  hlstorlc ,sctlvlty h e a t e d  g r o u n d  and  w e a k  steam
vents  o n  peak  6 , 8 7 5 ,  8 9 °  C  I n  19U?
( R .  ~tyka. pers. ccimm.  )

OIlvlne, Lwn-pyrnxrne
.snde$lte, h o r n b l e n d e  dacl le;
S102 . 56 to 64X (n = 4)
(Klenle e t  al., }982)

caldera,  Z  k m  x.
2 . 5  k m , -  6 0 0  m
d e e p ,  c o n t a i n s
200  m deep  l ake

1 9 1 2 ,  caldera
format ton

lake h a s  e l e v a t e d  t e m p e r a t u r e ,
[here I s  a  z o n e  o f  upwelllng gas,
Indlcatlng  funarollc actlvlty  a t
I.ske b o t t o m ;  !dke l e v e l  rlslng a t
-  J m/y ( a v e r a g e  r975-t917,
mtyka. 1 9 7 8 )

1912 andeslte  d o m i n a n t ,  m i n o r
b a s a l t ,  daclte and  rhyollte
(Fenner,  1 9 2 6 ,
1 9 5 0 ;  KO<CO,  1981b)

glacl ated

!!\&Jyl
1 5 5 . 0 6 . 2 ”
(sunmlt c r a t e r )
1.650

stratocone n o  hlstorlc  actlvlty smnlt c r a t e r  w i t h  h e a t e d
ground  a n d  w e a k  stem v e n t s ,
h i g h  p r e s s u r e  funarole o n
W - f  I ank

h e a v i l y  m a n t l e d  w i t h
1 9 1 2  lephra f r o m
fksvarupta;  f e w  s m a l l
glaclers

a!sdeslte, mtnor  dacltc
(Fenner, 1 9 2 6 ;  Kosco,  1 9  fIlb)

rhyollte and  d.sclte
(Hlldreth,  1902)~si%%+

155”09  .4 ’
(dcmw)
?,760

dcrne,  -  2 5 0  m
dlaneter, l o c a t e d
wlthln b u r l e d .
-  2 . 8  k m  dlancter,
caldera (Nlldreth,
1981)

1 9 1 2 ,  p a r o x y s m a l
e x p l  0s  Ion ,  source
v e n t  o f  Valley o f
1 0 , 0 0 0  $nnkes  ash
f l o w

h e a t e d  9round, wak stean  v e n t s 1912



rr{(lent  v o l c a n o c i n d e r  c o n e  w i t h  l a v a 1 9 6 8 ,  n o r m a l  e~ploslon
-5n--TYT?.l— flows a n d  b l o c k
1 5 5 ” 0 7 . 2 ’ a v a l a n c h e s .  fornwd  In

fumwoles a t  bolllng p o i n t
wlthln and  o u t s i d e  summit
c r a t e r

v e n t  plugs  e m p l a c e d  I n
1 9 6 1 ,  6 6 ,  74  ( 7 4
p l u g  s u b s i d e d
a g a i n  b y  1 9 7 5 ) ;
normal e x p l o s i o n s
i n  1953, 6 0 ,  6 1 ,
6 2 ,  6 3 ,  6 4 ,  6 7 .  6 8
wllh p l u m e s  t o  6-
14 k m ,  f o r m e r  v e n t
p l u g s  d e s t r o y e d
d u r i n g  6 2 ,  61
erupl{ons  n o  v e n t
p l u g  in 1 9 8 2 .

two-pyroxrne  and,, sttr;
m i n o r  diclle (RJY, 1967;
K05C0,  1981b)

(sumnlt o f  new 1 9 5 3 / 5 4 ,  5 1 ,  58, 5 9 / 6 0 ,
{lank c o n e ) 63  ( S n y d e r  1954;
3,0fx3 D e c k e r .  1 9 6 3 ) ,  l o c a t e d

o n  SU f l a n k  o f  a n c e s t r a l
g r o u p  o f  3  v o l c a n o e s .  t h e
T r i d e n t s

s m a l l  c r a t e r  lake at 7LYC,ttt . ?Lsyel  k
-5u-Tf. r
155”14.6”
(stmwnit c r a t e r
l a k e )
?,140

stratocone 1 9 3 6 ;  que$tlonable heavl Iy glacl ated

e v e n t  I n  1 9 4 6 ;  1 9 2 9 ,
sm.sll e x p l o s i o n ;  1 9 2 7 ,
smal  1 exploston
(Jaggar, 1 9 2 7 )

daclte and  andeslte
(Fenner, 1 9 2 6 ;  Kosco,
1901b)

1 9 3 6 ,  exploslon
P,, - I (I l l  Idreth,  p e r s o n a l
comnunlc.stlors, 1 9 8 1 ) ,  w e a k
steam p l u m e  can b e  s e e n
f r e q u e n t  Iy

glacl ated trm-pyrornene  andbslte
and  daclte, sow
ollvlne; SIO s 6 1  to

t64% (n .  2 )  fenncr,
1926)

Ht. M a r t i n
TJ-TT77
155”21  .0 ’
SUIMIit Crater

str.stocone 1 9 5 1 ,  q u e s t i o n a b l e
ash  e r u p t i o n

almast  c o n t i n u o u s  steam
plume f e d  f r o m  V I  gorous
$olfatara  field I n  c r a t e r
f l o o r ,  s m a l l  a c i d  l a k e

none

sol fotara  f i e l d
6,110

none d e e p l y  d i s s e c t e d ,  f e w t~-p~oxene andeslte;  Si02
s m a l l  glaclers 5 6  t o  6 0 X  ( n  =  6 )  (Klenlc

e t  a l .  ,  1902)

c e n t r a l  v e n t  a n d n o  hlstorlc acttvity n o t  .sctlve
dike c o m p l e x

KeJullk V o l c a n o
-5 E-(.11 7’
155” 40:0’
[ c e n t e r  o f
c o m p l e x )
5,510

t
Mt.  Peullk slratocone

- - 5 8 7 S 7 3 ”
1 5 6 ” 2 2 . 2 ”
( h i g h e s t  p e a k )
5 , 0 3 0

1 0 I 4 ; “smoke” summit crater  occup{ed andeslte ( T .  M i l l e r ,  pcrs,
r e p o r t e d  I n b y  l a r g e  d~cltlc d o m e , Corn. )

1052 n o t  g l a c i a t e d

1814, n o r m a l  exploslon n o t  a c t i v e

alkall-ollvlne  b a s a l t
( n o r m a t i v e  W .  1 . 2 % ) :
SI02 . 4 0 %  ( n  .  2 ]  Kienle
e t  a l . ,  1 9 0 0 )

Uklnrek  Maars
51”5U i’

156”23:2’
( e a s t e r n  maar)
250

2  maars.  1 7 0  and fornwd  M a r c h  3 0  to h o t  s p r i n g s  i n  d r y  w e s t  maar,
6 0 0  m  {n d i a m e t e r s A p r i l  9 ,  1977 e a s t  niaar o c c u p i e d  b y  -  7 0  m

d e e p  l a k e

n o t  glacldted dacltc to rhyolite
( T .  M i l l e r ,  peri. como. )

calder.s, 4  k m n o  hlslorlc a c t i v i t y n o t  act Ive
dlameler, c o n t a i n i n g
n e s t e d  d o m e  c o m p l e x
(T. M i l l e r .  ~rs.
Collcn.  )

( d o m e  In cenler
o f  caldera)
2,6CX3

.,
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Figure Captions:

Figure 1:

Ficjure 2:

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Quarternary volcanic centers in the Aleutian  arc.

Location of Late Quarternary and Holocene volcanoes in the
eastern Aleutian arc. Relative  motion vectors between
Pacific and North A_nerican..plates after Minster and Jordan
(1978, mode! RM2). Line AA’, BB’ and CC’ indicate locations
of seismic cross sections shown in Figure 8.

Types of volcanic edifices, major historic eruptions and
generalized volcanic hazards in Cook Inlet. Numbers within
plume symbols refer to the Volcanic Explosivity Index (VEI),
described by Simkin et al. (1981).

Types of volcanic edifices, major historic eruptions and
generalized volcanic hazards in Katmai National Monument
and on the gpper Alaskan Peninsula. Numbers within plume
symbols refer to the Volcanic Exposivity  Index (VEI), de-
scribed by Simkin et al. (1981),

Relative motion vectors between Pacific and North American
plates after Plinster  and Jordan (1978, model RM2), and
seismicity  of the Aleutian arc (WWSSN teleseismic locations
1962-69). Pacific-North Funerican plate boundary and 150 km
depth contour to Benioff zone shown by solid lines (Figure
modified from Jacob et al., 1977).

Cook Inlet-Alaska Peninsula-Bristol Bay-Kodiak seismic network,
of the University of Alaska, 1981 configuration (from Kienle
et al., 1982).

Epicenters, volcanoes, isobaths  of Benioff zone (50, 100,
150 km) and location of projection volumes for cross sections
and frontal views shown in Figures 8 and 9. Epicenters
from local network data, July 1977 to June 1981; selection
criteria: Recorded on at least 6 stations, RMS travel time
residual s 0.4 see, relative vertical and horizontal location
error (ERZ and ERH) < 10 km. Epicenters are coded according
to magnitude and depth range, A: O-25 km, B: 26-50 km, C:
51-100 km, etc. (from Kienle et al., 1982).

Cross sectional views of Benioff zone along lines A-A’,
B-B’, C-C’ shown in Figures 2 and 7. No vertical exaggeration.
Landmasses (solid. black), the position of the trench and
location of-volcanoes are also-shown. Shallow thrust zone is
added schematically. Selection criteria for events at 0-50
km depth (triangles): Recorded on at least 5 stations (STA> 5),
relative horizontal and vertical location error (ERZ and
ERH) < 10 km, RMS travel time residual < 0.5 sec. Selection
criteria for events > 50 km depth (crosses): STA> 6, ERH ‘
and ERZ c 10 km, RMS < 0.3 see, and distance from epicenter
to nearest station < 2 x depth. (modified from Kienle et
al., 1982)

.



Figure 9. Same data as in Figure 8 projected on two vertical planes
oriented along the strike of the Benioff zone (along lines
D-D’  and E-E’., Figure 7). Position of volcanoes also shown.
Deep clusters of seismicity  cross-hatched. Vertical line
in section O-D’ marks rupture zone boundary of 1964 (Mw 9.2)
and 1938 (Mw 98.2) shallow thrust earthquakes.

Figure 10. Segmentation of the eastern Aleutain arc. 50, 100 and 150 km
isobaths to the Benioff zone are also shown. Arc-tansverse
tectonic boundaries shown as stippled zones (after Fisher
et al. (1981).

Figure 11. Top: Simple Bouguer (2.67) gravity map of Katmai National
Monument, showing gravity stations (solid dots) and
volcanoes (modified from Kienle,  1969).

Bottom: Two-dimensional crustal density section (Q/cc) alona
profile AA’ (see top of figurej. Terrane”cor~ected”and
geologically corrected gravity data and computed anomalies
are also shown. Jnch + Jn: Upper Jurassic sandstone arid
shales’ (Naknek Form.); QTu: Tertiary/Quaternary igneous rocks
undifferentiated; Tv: Ecocene volcanic rocks (all units
after Keller and Reiser, 1959). Upper crustal layer:
2.67 g/cc; lower crustal layer: 2.9? g/cc (modified
from Kienle, 1969).

Figure 12.

Figure 13.

Figure 14.

Figure 15.

F gure 16.

Harker variation diagrams for the Cook Inlet volcanoes (Iliamna,
?edoubt, etc.) and the Katmai volcanoes (Kaguy.ak,  Katmai, etc.).
Note that Kaguyak is given on both diagrams for comparison.
Data from Becker (1898), Fenner (1926, 1950), Juhle (1955),
Forbes et al. (1965), Ray (1967), Detterman (1973), Kienle
and Forbes (1976), Kosco (1981b) and Klenle et al. (1982).

A (Na20 + K20) , F (FeO + 0.899 Fe203), M (MgO) diagrams for
volcanic centers in the eastern Aleutian arc. Data sources
listed in the caption for Figure 12.

FeO*/MgO vs. SiO variation diagram, where FeO* = FeO +
0.899 Fe203. ?CA TH is the talc-alkaline/tholeiitic trend for
island arcs from Miyashiro (1974). Data from Cook Inlet
( Kaguyak, Augustine, etc.) and Katmai (Kaguyak, Katmai, etc.)
are on separate diagrams with Kaguyak being repeated for
comparison.

Variation of K60 (K20 content at 60% Si02) along the strike
of the eastern Aleutian arc. The stippled bar marks a transverse
arc break at Kaguyak, KE = Kejulik, M = Maqeik, T = Trident,
KA = Katmai, S ~ Snowy, DE = Devils” Desk,
DO - Douglas, A = Augustine, R = Redoubt,

Comparison of phenocryst and groundmass p“
from Kaguyak Crater,

F“ = Fourpeaked, ‘
and I = Iliamna.

agioclase  compositions
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