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Abstract

Oblique subduction results in partitioning of strain into arc-normal and arc-parallel 

components, and a complex pattern of upper plate deformation. Although partitioning of strain is 

observed in areas of oblique subduction around the world, the kinematics of strain 

accommodation are poorly understood. This is particularly true in the Aleutian arc because of a 

paucity of geologic and geophysical data.

In the Aleutian arc, models previously proposed for forearc deformation have been 

characterized by clockwise rotation and westward translation of discrete tectonic blocks. This 

study utilizes two separate datasets to help constrain these mechanisms. The first step utilizes 

new high-resolution multibeam sonar data that provides a first detailed look at deformational 

structures on the seafloor. The second step is to examine the validity of paleomagnetic data 

previously collected from the arc, by re-measuring samples with improved methods.

The multibeam sonar data reveal dense deformational patterns on the seafloor that 

suggest considerable diffuse strain between block boundaries. Remeasured paleomagnetic 

samples produce results that are similar to previous findings, but with reduced error bars and 

improved resolution. Younger rocks indicate little rotation, while samples from Amchtika Island 

indicate greater rotation than expected.
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General Introduction

Nearly all tectonic activity and most geologic hazards are associated with plate 

boundaries, making them a critical area of study both from scientific and societal points of view. 

The Aleutian arc marks the boundary between the subducting Pacific plate and overriding North 

American plate. Present-day motion of the Pacific plate relative to the North American plate 

shifts along the Aleutian trench from nearly normal convergence in the east to transform motion 

in the west. Subduction becomes increasingly oblique as one moves westward along the arc, 

which makes the Aleutian forearc an excellent location to study strain accommodation under 

varying obliquity.

Several models consisting of a combination of block rotation and translation have been 

proposed for upper plate deformation in areas of oblique subduction, but these mechanisms are 

poorly constrained in the Aleutian arc. Most tectonic and structural interpretations from the 

central Aleutian arc rely on regional marine geophysical data and submarine geomorphology. 

These regional data are of low resolution, and compared with data available from modem 

techniques, provide little information on local deformation structures or processes.

To constrain the kinematics of deformation in the Aleutian arc, this study utilizes two 

separate datasets: high-resolution bathymetric data and paleomagnetic data from several 

locations in the central Aleutian arc. New high-resolution multibeam sonar data provide a first 

detailed look at the central Aleutian seafloor. Although these data were originally collected for a 

benthic habitat study, the survey sites were selected to represent the entire scope of habitat 

classifications, and thus represent the range of local geology. These data provide an opportunity 

to study structural features at diverse locations along the arc, and allow an investigation of 

patterns of deformation throughout the central Aleutian arc.

Paleomagnetic measurements can provide estimates of in-place rotation as well as 

translation along the arc boundary. For this study, archived cores collected from the central 

Aleutian arc for previous paleomagnetic studies have been re-measured and reanalyzed using 

modem thermal demagnetization techniques that were not available at the time of collection. 

Improved measurements allow a test of the validity of previous measurements. The methods 

used in this study combine new structural and paleomagnetic data to help provide a reference- 

frame for other detailed studies in the area.
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Chapter 1 Analyses of Lineament Patterns in High-Resolution Multibeam Sonar Data from 
the Central Aleutian Seafloor1 

Abstract

At subduction zones, strain propagates from the plate interface through the upper plate to 

cause brittle deformation of the surface. Oblique subduction of the Pacific plate creates spatially 

complex deformation in the overriding North American plate, as strain is partitioned into an arc- 

normal and an arc-parallel component. Strain partitioning results in tectonic fragmentation of the 

forearc, characterized by a combination of clockwise rotation and westward translation of discrete 

blocks in the central and western Aleutian arc. The arc-parallel component of strain is 

accommodated along shear zones parallel to the Aleutian trench, and the arc-normal component 

creates transcurrent faults that cut across the forearc.

New high-resolution multibeam sonar data from the central Aleutian seafloor reveal 

evidence of deformation often not visible in previously-existing data. Dense, repeating patterns 

of mesoscopic lineaments meters to several hundred meters in length identified in 100-kHz 

multibeam sonar data are found in exposed bedrock at all sites south of the Aleutian islands. 

Statistical analyses of lineament orientations suggest that they are regionally consistent and 

related to Pacific plate convergence direction relative to North America.

1 Krutikov, L., and Reynolds, J. R., Analyses of Lineament Patterns in High-Resolution
Multibeam Sonar Data from the Central Aleutian Seafloor, in Active Tectonics and 
Seismic Potential o f Alaska, edited by J. Freymueller, Haeussler, P., Wesson, R., and G. 
Ekstom, AGU Monograph, Washington, D.C., in prep.
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1.1 BACKGROUND

1.1.1 PLATE BOUNDARY DEFORMATION

Nearly all tectonic activity and most geologic hazards are associated with plate 

boundaries, making them a critical area of study both from scientific and societal points of view. 

However, although plate tectonic theory states that stress and deformation are concentrated at the 

boundaries of rigid plates, diffuse deformation can extend thousands of kilometers into plate 

interiors (e.g., Silver et al., 1999) and complicate attempts to resolve plate boundary dynamics.

At subduction zones, strain propagates from the plate interface through the upper plate to 

cause brittle deformation of the surface. Upper plate deformation is typically the only directly 

measurable deformation at a subduction zone. Observable surface structures give insight into the 

mechanical processes along a plate boundary, and a window into the history of deformation.

Deformation at plate boundaries varies spatially and temporally, and is greatly dependent 

on the earthquake cycle. In order to correctly interpret present-day and short-term observations in 

the context of large-scale plate boundary processes, it is necessary to understand the interseismic 

deformation of a region (Wang et al., 2001). Even though crustal deformation may not be 

directly representative of regional strain patterns, mapped structures provide important 

information about brittle deformation at the surface as well as local stress perturbations.

The Aleutian arc marks the boundary between the Pacific plate and the North American 

plate, and provides an excellent location to study strain accommodation under the varying plate 

boundary forces of oblique subduction. Several models have been proposed for upper plate 

deformation in areas of oblique subduction. These consist of some combination of block rotation 

and forearc translation. While such models for the Aleutian arc are based on available geologic, 

geodetic and earthquake data, the tectonic kinematics of the arc are still somewhat enigmatic. In 

this study, we attempt to constrain deformational patterns in the forearc region based on detailed 

bathymetric data from several locations along the arc. An improved understanding of the 

kinematics of active deformation will help with seismic hazard mitigation efforts and provide a 

reference frame for short-term geodetic observations in the Aleutian arc.

1.1.2 TECTONIC SETTING

Present-day motion of the North American plate relative to the Pacific plate shifts along 

the Aleutian trench from nearly normal convergence in the east to transform motion in the west
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(Figure 1.1) (e.g., Scholl et al. 1987, Geist et al. 1988, Mortera-Gutierrez et al. 2003). 

Subduction-related stresses change with position along the arc, resulting in variable strain 

partitioning and structural deformation (e.g., Harbert et al., 1986; Vallier et al., 1994). Strain 

under oblique subduction is partitioned into an arc-normal component and an arc-parallel 

component (e.g., Ave Lallement, 1996). Strain partitioning causes tectonic segmentation of the 

Aleutian forearc into discrete tectonic blocks. Clockwise rotation and westward translation of 

these blocks (e.g., Scholl et al., 1987; Geist et al., 1988) may resolve the complex strain created 

by arc-normal compression and arc-parallel extension under strain partitioning.

16CTE 165“ 170“ 175“E 180“ 175‘W 170“ 165‘ 160“ 155“W

Figure 1.1. Present-day Pacific Plate motion vectors relative to North American Plate (figure 
from J. Freymueller, pers. comm.)

Tectonic and structural interpretation from the central Aleutian arc relies heavily on 

marine geophysical data and submarine geomorphology. To date, submarine geomorphological 

observations have been largely based on Nichols and Perry navigational charts created in 1966 

(Nichols and Perry, 1966) and side-scan sonar data collected in the 1980s for the GLORIA 

(Global LOng Range Imaging Asdic) EEZ (Exclusive Economic Zone) survey (EEZ-Scan, 1991). 

Although these data provide the best spatial coverage of the Aleutian seafloor, they are of low 

resolution, and compared with data available from modem techniques, provide little information 

on local deformation structures or processes.

New high-resolution multibeam sonar data provide a first detailed look at the Aleutian 

seafloor and an opportunity to study the relationship between relative plate motion (Figure 1.1) 

and forearc deformation in the central and western Aleutian arc. From these data, we are able to 

identify structural features and observe differences in seafloor morphology at diverse locations
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along the arc, which allow an investigation of local deformation and provide constraints on 

regional tectonic processes.

1.1.3 PREVIOUS WORK

1.1.3.1 Tectonic Evolution

Until recently, 55-50 Ma was the accepted date for initiation of the Aleutian Arc. At this 

time, extensive volcanism and magmatic growth may have resulted from the capture of the 

Bering Sea plate (Scholl et al, 1986). This date had been corroborated by a 49-53 Ma change in 

Pacific-Farallon plate motion, associated with the end of Kula-Pacific seafloor spreading (Norton, 

1995) and an Ar/Ar date of 55-50 Ma for a basalt sample from Adak Island. However, the date 

obtained for the basalt sample is unreliable, and recent dating of the oldest known rocks from the 

Aleutian arc (from Murray Canyon) produced a revised date of 46.3 ± 0.9 Ma, which constrains 

the duration of arc magmatism to at least the last 46 My (Jicha et al., 2006).

It was also widely accepted that a shift in Pacific plate motion at 43 Ma caused increased 

obliquity of subduction and reduced magma generation along the Aleutian arc. However, this 

change in plate motion has been challenged by data from deep sea drilling cores (Tarduno et al., 

2003) and insufficient evidence to confirm a shift in Pacific plate motion at 43 Ma (Norton,

1995). Finally, regional subsidence of the Aleutian platform began in the late Cenozoic at ~5 Ma, 

which has been associated with a shift in plate configuration (e.g., Cox and Engebretson, 1985) 

and an acceleration of the block-style deformation in the Aleutian forearc (e.g., Harbert et al., 

1986; Scholl et al., 1987). The 5 Ma change is recorded by a major unconformity between Lower 

Series and Middle series stratigraphic units along the Aleutian arc.

While well-understood at the plate boundary scale, smaller-scale kinematics of Aleutian 

forearc deformation are poorly understood. The aggregate motion of plates is well constrained by 

geodetic data and plate reconstructions, but the details of how this strain is accommodated by 

partitioning and redistributed through the upper plate are not. This is largely because extensive 

deformation and volcanism have obscured much of the geologic history, and because there is 

such a scarcity of both subaenal rock exposure and submarine data.

Existing data from the Aleutian Islands offer some constraints for proposed deformation 

models. The record of seismicity helps identify seismic gaps of low strain accumulation (and 

release) compared with the rest of the arc, which is highly seismically active due to the high 

convergence rate in the Aleutian subduction system. Global Positioning System (GPS)



campaigns have produced precise measurements of the present motion of some of the islands 

(e.g., Ave Lallement and Oldow, 2000; Steblov and Kogan, 2005). However, while GPS data 

provide an accurate displacement vector for the last ten years or less, these short-term 

measurements do not necessarily represent the long-term tectonic history. Structural analysis of 

the deformed rock is needed to compare cumulative deformation over recent geologic time with 

instantaneous deformation measured by GPS.

1.1.3.2 Strain Partitioning

Strain partitioning was first detected from shallow thrust earthquakes that were oriented 

more normal to the trench than predicted from plate motion vectors (e.g. Jarrard, 1986; Beck, 

1983; Ekstrom and Engdahl, 1989; DeMets, 1990). Partitioning is controlled by convergence 

obliquity, basal friction and geometry of the backstop (Martinez et al., 2002). While partitioning 

has been observed in several subduction zones (e.g. Cascadia, Nankai and Sumatra), strain is 

never completely partitioned, since earthquake slip vectors normal to the trench are not observed 

(McCaffrey, 1992). This suggests that the degree of partitioning can vary.

In the Aleutian arc, strain partitioning is less developed to the east, but increases 

westward as subduction becomes more oblique (e.g., Yu et al., 1993). Strain partitioning 

ostensibly results in tectonic segmentation of the forearc region, characterized by rotation and 

translation of discrete blocks in the central and western Aleutian arc (e.g., Garfunkel and Ron, 

1985; Scholl et al., 1987; Geist et al., 1988; Ave Lallement, 1996) (Figure 1.2).

‘wake’ of rotating blocks, arc-normal transcurrent faults form interblock canyons.
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1.1.3.2.1 Block Rotation

An idealized model for block rotation in the Aleutian arc was first introduced by Spence 

(1977). The blocks are described as rigid, coherent fragments of the arc massif. Deformation is 

concentrated at their margins. Geist et al. (1988) divided the Aleutian forearc into five discrete 

tectonic blocks bounded to the north and south by arc-parallel dextral shear zones which 

accommodate much of the arc-parallel component of relative plate motion. These shear zones 

effectively separate the forearc from the North American plate, allowing it to deform 

independently of the rest of the upper plate and with a ‘free boundary’ to the south. Boundaries 

between blocks are marked by north-south trending extensional faults that have formed well- 

defined canyons -  Adak Canyon, Amchitka Pass, Murray Canyon and Heck Canyon (Figure 1.2). 

Further evidence for clockwise-rotating blocks includes triangular summit basins offshore of the 

northeast comer of each block.

Although this model is pervasive in subsequent literature, most researchers recognize that 

it is highly schematic and oversimplified. Numerous studies use the Geist et al. (1988) model as 

a first-order approximation of the tectonic configuration of the Aleutian forearc. All models to 

date suffer from a lack of sufficient data to constrain block geometry and provide a predictive 

tectonic framework for detailed geologic and geophysical observations.

1.1.3.2.2 Block Translation

Active arc-parallel strike-slip faulting occurs in nearly half of today’s subduction zone 

forearcs (Jarrard, 1986), a characteristic originally observed by Fitch (1972). The margin-parallel 

component of strain in an area of oblique subduction can result in detachment of the forearc by 

arc-parallel shear zones along which fragments of crust, known as forearc slivers, are free to 

migrate significant distances along the arc. As convergence obliquity increases, so does the arc- 

parallel component of strain, and strike-slip motion of forearc slivers becomes the principal 

mechanism of strain accommodation (Jarrard, 1986). Although Fitch (1972) maintained that a 

45° angle of convergence was necessary for an arc-parallel strike-slip fault to develop, more 

recent studies have shown that such faults can form under much less obliquity, and are also 

controlled by factors other than the convergence angle, such as subduction dip angle and plate 

coupling (Beck, 1983; Jarrard, 1986).



Geodetic, geologic and paleomagnetic data provide evidence for translation in the 

Aleutian forearc. Estimates of maximum westward displacement of blocks in the Aleutians vary 

considerably, as most conclusions are conjectural and reach such distances as 2500 km (Ave 

Lallement, 1996). A more recent GPS study indicates that Western Aleutian sites have been 

moving parallel to the arc at a rate of 31 ±3 mm/yr (Ave Lallement and Oldow, 2000), which 

would be a maximum of 100 km in the last 5 million years, and 1000 km in the last 46 million 

years. Based on plate reconfiguration at 5 Ma, this date may mark a significant acceleration in 

arc fragmentation, but it is probable that large-scale fragmentation of the arc began much earlier 

(D. Scholl, in prep). It is difficult to constrain how much block rotation or translation occurred 

prior to 5 Ma, and it is unlikely that present-day observations are representative of the arc’s 40+ 

million-year-old history. Both rotation and translation appear to drive deformation in the 

Aleutian arc, and the interplay of the two mechanisms warrants further investigation.

1.1.3.3 Stratigraphy

The Aleutian Arc is divided into three chronostratigraphic units that record major phases 

in the evolution of the Aleutian Ridge -  Lower, Middle and Upper Series -  separated by major 

unconformities identified in seismic profiles (Scholl et al., 1987; Vallier et al., 1994), and dated 

with paleontological and radiometric dating of rocks collected from profiled areas (Ryan and 

Scholl, 1989). However, although these chronostratigraphic divisions help to identify seafloor 

strata, the rock series do not necessarily constitute coeval chronostratigraphic sequences along the 

entire length of the ridge (Scholl et al., 1983).

The Lower Series (LS) rocks are dominantly extrusive igneous rocks, pillow lavas and 

volcaniclastics, and comprise the bulk of the Aleutian arc basement (e.g., Scholl et al., 1987; 

Vallier et al., 1994). LS rocks also exhibit a wide range of metamorphic grades caused by the 

emplacement and crystallization of plutons of the Middle Series (Scholl et al., 1987).

The LS unit represents the time span from arc inception to the middle Miocene. Previous 

40Ar-39Ar dating had yielded ages as old as 55 Ma for the Lower Series unit (Scholl et al., 1970), 

which were correlated with a postulated increase in Kula-Pacific plate velocity at that time 

(Engebretson et al., 1984). However, these dates are no longer accepted, since recent dating of 

the groundmass associated with the same rocks produces an age of -46 Ma (Jicha et al., 2006). 

The end of the LS in the middle Miocene corresponds with a shutdown in eruptive activity of the 

arc (Scholl et al., 1987).
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In the mid to late Miocene, during restricted magmatic growth, the Aleutian Ridge was 

uplifted and eroded, resulting in high rates of sedimentation in the forearc region. The Middle 

series unit is characterized by thick sediments that form dip-slope blanket sequences between 1 

and 3 km thick (e.g., Dobson et al., 1991). Sedimentation ranges from nonmarine and shallow 

shelf to an extensive forearc apron. Episodes of plutonism between 33-30 Ma and at 5 Ma 

provide age constraints for the MS unit (e.g., Vallier et al., 1994).

A major unconformity observed in seismic profiles marks the end of the Middle Series 

and beginning of the Upper Series, associated with glaciation of continental Alaska that caused 

large amounts of sediment to flood the trench floor at -  5 Ma (e.g., Dobson et al., 1991). These 

turbidite deposits initiated the formation of an accretionary prism where trench fill was thickest, 

particularly between 172° W and 176° W (Scholl et al., 1987). Upper Series sediments consist of 

bioturbated fine sands and silts with ash. These sediments also contain a significant diatom 

percentage and clayey diatomaceous ooze in some layers, which help to constrain their ages.

1.1.4 EXISTING DATA

Numerous investigations have been earned out along the arc, including, but not limited 

to, onshore geologic mapping, bathymetric surveys, seismic profiling, volcanic, paleomagnetic 

and geodetic studies, as well as satellite gravity, bathymetry and magnetic data collection 

(Appendix I). In the 1980s, mapping of newly-claimed U.S. seafloor territory known as the U.S. 

Exclusive Economic Zone (EEZ) with the GLORIA II long-range side scan sonar provided the 

most complete coverage of the Aleutian seafloor to date (Gardner et al., 1996). Source 

parameters determined for both deep and shallow earthquakes in the central Aleutian islands 

reveal the seismicity within the underriding and overriding plates and at the plate interface (e.g. 

Engdahl, 1977; Ekstrom and Engdahl, 1989; Ryan and Scholl, 1989; Gross and Kisslinger, 1994).

Data collected during cruises operated by the USGS (United States Geologic Survey), 

NOAA (National Oceanic and Atmospheric Administration), and other organizations include 

seismic reflection or refraction profiles, magnetic, gravity data and/or submersible data. Quality, 

reliability and relevance of these data to the present study are limited, but they are utilized when 

applicable. The World Stress Map project has attempted to ascertain the relationship of the stress 

field to the tectonics and structure of individual regions (Zoback, 1992), but the lack of in situ 

stress observations (such as borehole breakouts) results in sparse stress data for the central 

Aleutian arc. For this study, a comprehensive investigation of all pertinent data in the context of



a regional-scale deformation model has been carried out, in order to create a reference frame for 

new and existing local-scale data (Appendix I).

1.1.4.1 Seismicity

Due to the rapid rate of Pacific plate subduction -  between 48 mm/yr to the east and 78 

mm/yr to the west from GPS solutions (based on the REVEL plate motion model; Sella et al., 

2000) -  the Aleutian arc is highly seismically active. More than 99% of the historic seismic 

moment release in the Pacific-North America plate boundary zone has occurred along the Alaska- 

Aleutian trench. Seismicity suggests active displacement partitioning (e.g., Taber et al., 1991). It 

appears that seismicity dies out west of the proposed Near block (Figure 1.2), as subduction 

becomes dominated by transform motion. Accurate earthquake source parameters and focal 

mechanisms are essential in developing a better understanding of the seismological processes that 

accompany subduction. However, it has proven difficult to resolve histoncal seismicity in the 

central and western Aleutian arc because of uncertainty in focal mechanisms, source functions 

and earthquake hypocenter locations. This is due to an increasingly sparse seismic network as 

one moves westward along the arc, so that most studies rely on teleseismic observations.

Accurate locations are particularly difficult to obtain since there is little opportunity for latitudinal 

coverage by seismic stations in the central Aleutians.

Nevertheless, several seismic investigations have been undertaken in an attempt to 

answer some of these questions. Most studies of the spatial distribution of seismicity in the 

Aleutian arc, however, have been more concerned with seismicity associated with the plate 

interface rather than seismicity in the upper plate (House and Jacob, 1983; Ekstrom and Engdahl, 

1989; Gross and Kisslinger, 1994). Therefore, conclusions such as “relatively little plate 

convergence is taken up by internal brittle deformation in the forearc region” (House and Jacob, 

1983) do not reflect seismicity associated with the forearc deformation addressed here. Using an 

exceptionally well-constrained set of seismological data from the central Aleutians, Ekstrom and 

Engdahl (1989) found that the data support slip partitioning and deformation of the overriding 

plate. The seismic record indicates that the Pacific Plate itself is segmented (Spence, 1977), 

which suggests that deformation of the upper plate may be related to irregularities in the 

subducting plate.
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1.1.4.2 Geodesy

GPS velocities of the Aleutian Islands with respect to North America increase 

progressively from 12 mm/yr on Kodiak Island on the eastern end to 49 mm/yr on Bering Island 

on the western end (Steblov and Kogan, 2005). GPS velocities measured between 1996 and 2001 

from several islands are deflected westward relative to the direction of Pacific -  North American 

plate convergence (e.g., Ave Lallement and Oldow, 2000). GPS data from Unalaska, where 

convergence is only slightly oblique, suggest minimal slip partitioning, since its displacement 

vector approximates that of relative plate convergence (Apel et al., 2002). GPS sites on Kanaga 

and Adak show vectors that differ only slightly from the PAC-NAM convergence direction (R. 

Cross, pers. comm), which under increased obliquity suggests stronger interplate coupling. 

Western Aleutian GPS sites on Amchitka and Attu indicate a significant component of arc- 

parallel motion, with Attu moving at approximately 95% of Pacific plate velocity (Freymueller, 

unpublished). Contemporary strain measured with GPS is dominated by elastic strain 

accumulation created by a locked fault zone along the subduction interface (Wang et al., 2001). 

This strain is not necessarily representative of long-term deformation, and can only be interpreted 

in the context of an accurate regional-scale structural model.

1.1.4.3 Volcanism

Subduction-related stresses change with time as well as position along the arc, resulting 

in variable structural deformation and episodic volcanism (e.g., Harbert et al., 1986; Vallier et al., 

1994). Jicha et al. (2006) identified three main pulses of volcanism and plutonism in the arc at 

38-29 Ma, 16-11 Ma and 6-0 Ma. Volcanism varies spatially, as well as temporally (Kay and 

Kay, 1994), and it has long been noted that arc volcanism exists as a linear, segmented volcanic 

front (Coats, 1950). Foumelle et al. (1994) found that magma chemistry also varies with along- 

arc position, mainly related to irregularities in the subducting Pacific plate, including fracture 

zones originally associated with spreading centers. Segmentation of the subducting plate may be 

manifested as spatial segmentation of volcanism at the surface.

Nakamura et al. (1977) proposed that orientations of principal tectonic stresses can be 

determined from surface features associated with Aleutian volcanoes. They found that azimuths 

of dikes, correlated to the maximum horizontal compressive stress, were parallel to the vector of 

relative plate convergence at 20 out of 57 volcanoes, and suggested that scatter around expected



values at other volcanoes were the result of local mechanical heterogeneities rather than 

deviations in the regional stress field.

1.1.4.4 Seismic Profiles

Seismic profiles (e.g. McCarthy and Scholl, 1985; Ryan and Scholl, 1989) have led to the 

development of a general cross-section of the central Aleutian arc, exhibiting an accretionary 

complex (or “Aleutian subduction complex”) that extends northward from the trench to the trench 

slope break. North of the trench slope break, the wide and relatively flat Aleutian Terrace 

(-4000m depth) contains the Hawley Ridge shear zone and several forearc basins, including the 

elongated Kanaga Basin south of the putative Delarof block and basins south of Adak, Great 

Sitkin and Atka Islands, respectively (Dobson et al., 1996). The Aleutian Terrace is linked to the 

Aleutian summit platform by a steep upper trench slope that is laterally continuous along most of 

the Andreanof block, although it is not as well defined in the Delarof block.

The Aleutian and Komandorsky Islands are erosional remnants of an elevated, antiformal 

ridge crest (Vallier et al., 1994). Multi-channel seismic (MCS) reflection profiles across several 

of the summit basins north of the proposed forearc blocks yield estimates of basin fill of Upper 

Series age, 0-5.3 Ma (Geist et al., 1987; Ryan and Scholl, 1989). This constrains basin formation 

to the last -5  Ma.

1.1.4.5 Seafloor Mapping

1.1.1.1.1 Sidescan Sonar

Side-scan sonar systems record the relative reflectance of the seafloor surface. Although 

maps of the seafloor backscatter can provide a reliable image of the benthic substrate, analysis of 

landscape features can be difficult since reflectance is largely governed by the angle of the 

seafloor surface with respect to the sonar instrument, and the resolution of the GLORIA system is 

very poor. Images of the Aleutian seafloor from the GLORIA survey have a nominal pixel 

resolution of -  50m. Nevertheless, GLORIA images have been used to identify major seafloor 

features and distinguish regions of sedimentation that reflect different structural regimes along the 

arc (Dobson et al., 1994).

1.1.1.2.1 Multibeam Sonar

Multibeam sonar data is the most precise seafloor mapping available, but very little has 

been completed in the Aleutian arc, owing to cost and difficulty of sea travel in this region, and



the fact that most of the islands are remote and underpopulated, particularly in the central and 

western Aleutian arc.

1.1.4.6 Geologic Mapping

The most extensive structural mapping of the central Aleutian islands was completed for 

the U.S. Geological Survey Bulletin 1028 Series between 1956-1961. Field investigations on 

many of the islands were often reconnaissance in nature because of the short field season and the 

ruggedness and remoteness of the islands. Further geologic investigations have since produced 

additional structural data for the islands, but the original Geological Survey bulletins remain the 

most comprehensive mapping of the islands to date.

Coats (1956) completed an extensive geological investigation of Adak Island, but attests 

that some observations are interpretive and conclusions tentative. Adak Island is comprised of 

the Finger Bay volcanics, intrusive bodies and three volcanoes that have been active during the 

Quaternary. Coats (1956) mapped thousands of faults and lineaments on Adak Island, some of 

which were based on geologic mapping on foot, while others were based on interpretations from 

aerial photographs.

Although mapping on other central and western Aleutian islands is not as extensive as the 

Adak (and Kagalaska) study, geologic and structural mapping completed for the 1028 Series on 

Kanaga, Kiska, Attu and Agattu Islands are still the most detailed structural investigations 

available. Additional work was completed on Amchitka Island because of underground nuclear 

testing carried out in the 1960s and early 1970s (Merritt, 1970; USGS, 1970, 1972). Amchitka 

Island is characterized by four major exposed stratigraphic units, comprised of flow breccias, 

volcanielastics, volcanic and intrusive rocks (Powers et al, 1960; Cameron and Stone, 1970; Bath 

et al, 1972). Most faults mapped on Amchitka Island cut the island approximately east-west, with 

a slight northeast-southwest directional component.

1.1.4.7 Structural Analyses

Ave Lallement and Oldow (2000) combined a geodetic study of the Aleutian arc with 

analyses of structures on Unalaska, Atka, Adak and Attu Islands based on previous studies (Ave 

Lallement, 1996; Ave Lallement et al., 1999a, 1999b; Comstock et al., 1999; Oldow et al., 1999). 

They found the deformation history of all four of these islands to be “very similar,” characterized 

by older arc-parallel folds and thrust faults with younger arc-parallel right-lateral strike-slip 

faults, and a predominant set of conjugate strike-slip faults (Ave Lallement and Oldow, 2000).
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Orientations of these observed structures are consistent with displacement partitioning and arc- 

parallel extension, since thrust faults and folds are associated with arc-normal compression, while 

arc-parallel strike slip faults are associated with along-arc extension. Unfortunately, the structural 

data from this study are unpublished, with the exception of Attu Island.

1.1.5 NEW DATA

High-resolution multibeam sonar bathymetry data were collected for a benthic habitat 

study from 17 sites between Seguam Pass and Amchitka Pass along the central part of the 

Aleutian arc (Figure 1.3).

Figure 1.3. New multibeam sonar data sites. Location of 17 high-resolution multibeam sonar 
data sites, basemap adapted from Nichols and Perry, 1966. Rat, Delarof and Andreanof blocks 
are located in the central Aleutian Arc.

These data were then groundtruthed with observations and samples collected during dives 

by the submersible DELTA  and ROV JA SO N II  (Heifetz et al., 2005). Sonar survey sites were 

selected to represent the entire scope of habitat classifications, which are based on seafloor 

characteristics and thus represent the range of local geology (Reynolds et al., 2004). Sonar data 

collected for the habitat study were initially used to construct a geologic map of the surveyed 

areas since habitat classification is based on seafloor slope, complexity and hardness, which are 

controlled by geology. Larger features -  canyons, gullies, trenches, submarine fans, and 

seamounts -  are easily identified, while other observations, including seafloor slope and rugosity, 

fault traces and fracture sets, provide insight into the lithology and structure of the underlying
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bedrock. These observations may indicate where and how strain and deformation change along 

the seafloor and provide information about the composition of underlying bedrock. Although the 

surveys were designed for habitat investigations, first-order observations of the seafloor from the 

sonar data and ROV/submersible data provide valuable information about the local geology.

1.2 METHODS

1.1.2.1 DATA COLLECTION

This study utilizes high-resolution bathymetry data and data acquired by submersible 

vehicles along the central Aleutian arc. Multibeam sonar data from 17 sites (Figure 1.3) were 

collected during three separate research cruises between 2003 and 2005. Additional sonar data 

were collected during the 2004 cruise using a Simrad EM 120 12-kHz system for a few selected 

areas along the arc. In 2005, a Simrad EM300 30-kHz system was used to map a total of 

approximately 750 km2, primarily north of the islands and west of the present study area.

Photos, continuous video footage and rock samples were collected from the seafloor 

during dives by the submersible DELTA in 2002-2004 and JASON I I ROV in 2004. Both 

vehicles were deployed at locations where sonar data had been collected in 2003. The dive 

transects provided the basis to groundtruth interpretations of seafloor geomorphology made from 

the sonar data (Yogodzinski, pers. comm.).

Sidescan-sonar data acquired by the USGS for the GLORIA-EEZ survey were also 

utilized. Details of data collection and processing are described in Geology o f the United States ’ 

Seafloor: the view from GLORIA, a compilation of derivative studies based on data collected for 

the survey (Gardner et al., 1996).

1.1.3.1 Submersible Vehicles

Both the DELTA  and JA SO N II are designed to collect in situ data from otherwise 

inaccessible submarine locations. The DELTA submersible, operated by Delta Oceanographies, 

is used at depths down to 365 m. It has at least two (front- and side-mounted) video cameras, as 

well as a hydraulic arm that can collect biological and geological samples from the seafloor 

(www.deltaoceanographics.com). The JASO N II  ROV, operated by Woods Hole Oceanographic 

Institution (WHOI), is designed to perform down to a maximum depth of 6500 m. The JASO N  

II  is outfitted with six video cameras, one still camera, and a hydraulic arm which can retrieve up 

to 315 pounds of samples per dive (www.whoi.edu).

http://www.deltaoceanographics.com
http://www.whoi.edu
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1.2.1.2 Reson 8111/8150 Multibeam Sonar Data

Employed in this study were the RESON 8111 100-kHz and RESON 8150 24-kHz 

multibeam sonar systems. The 100-kHz system was used to measure the seafloor accurately to a 

depth of -350 m, after which the signal became too attenuated in the water column. The RESON 

8150 24-kHz system was used in deeper areas, down to 3000 m. The data collected with the 

shallower system were gridded for this study to 2m, 5m or 10m spatial resolution, while the 

deeper data were gridded at 25m or 50m resolution. Bathymetric and backscatter data for the 17 

sites were collected and processed by Thales GeoSolutions (Pacific), Inc©. Seafloor habitats 

were characterized by seafloor attributes based on a deep-water habitat classification scheme 

developed by Greene et al. (1999).

1.2.2 DATA MANAGEMENT

1.1.3.1.1 Spatial Analyses of Multibeam Sonar Data

1.1.3.2.1 Hillshaded Images

Hillshade creates a shaded relief raster from an elevation raster. For most of the original 

maps created by Thales GeoSolutions (Pacific), Inc©, a sun azimuth of 45° (from North) and sun 

altitude of 35° (from horizontal) were used. To eliminate biases from exaggeration of seafloor 

features produced by sun direction, new hillshaded images were created from each grid using the 

Spatial Analyst Tools extension in ArcMap. Using hillshaded images with azimuths from several 

directions minimized ambiguity in picking features based on shadows. In sites with low vertical 

relief, a lower sun altitude allowed identification of smaller features.

1.2.2.1.2 Slope Maps

Slope maps were derived from bathymetry grids using Spatial Analyst in ArcMap. 

Different degrees of slope could then be emphasized to distinguish between features by 

maximizing the contrast between specific gradients. In order to represent areas of steepest slope, 

a slope map was generated from the initial slope map. The derivative of the slope helps enhance 

features that represent the largest change in slope, which can be used to verify observations made 

in both the bathymetry and the initial slope map.
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1.2.2.2 Image Enhancement

Image enhancement techniques used in remote sensing can be applied to GLORIA 

sidescan-sonar images of the seafloor. Although the GLORLA data were collected in the late 

1980s, and many interpretations have since been generated, no image enhancement processing 

results have been published to date. The sidescan sonar images were imported into remote 

sensing software and modified using two simple filters. A high-pass filter selectively operates on 

the high-frequency component of an image, so that no change occurs in regions of uniform grey 

value, whereas fine details are exaggerated and edges are sharpened in regions of greater contrast 

(e.g., Gonzalez and Woods, 1992). In most cases, applying a high-pass filter produced a good 

first-order approximation of lineaments (Figure 1.4).

Figure 1.4. Effect of high-pass convolution filter. Hillshaded image (left) of Site 08, illuminated 
from the SE and gridded image (right) after applying a high-pass convolution filter.

Alternatively, a directional filter was applied when a predominant orientation of linear 

features could be identified in either regional or local-scale seafloor images. A directional filter is 

sensitive to a certain direction and sharpens edges in that direction. Therefore, a directional filter 

was applied when a predominant orientation of lineaments was apparent (Figure 1.5). This 

helped verify linear features identified in the bathymetry and slope maps and to improve 

repeatability of lineament selection.
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Figure 1.5. Effect of right-directional cross edge filter. Hillshaded image (left) of Site 21, 
illuminated from the NE, and gridded image after applying a right-directional cross edge (NE) 
filter (right).

1.2.3 DATA ANALYSIS

1.1.4.1 Incorporating Existing Data into GIS

The variety of existing regional-scale data for this area offers an overview of the gravity, 

magnetic, geodetic and seismic patterns along the arc. Prior to conducting further analysis or 

interpretation, existing geologic and geophysical data were incorporated in ArcGIS. Previously- 

existing data were projected into UTM (Universal Transverse Mercator) Zone IN coordinate 

system in a WGS 84 (World Geodetic System 1984) datum -  since most of the new data were 

collected in this projection -  so that all data could be integrated.

High-resolution sonar maps were overlain over the lower-resolution GLORIA images 

from the EEZ survey (EEZ-SCAN Scientific Staff, 1991) and navigational charts prepared by 

Nichols & Perry in 1966 (see Figure 1.3), as well as the geophysical maps mentioned above, to 

assess whether features observable at high-resolution corresponded with features in the existing 

regional-scale datasets.

Locations of geologic structures onshore (faults, folds, lineaments) were acquired mainly 

from original hardcopy sources. Mapped structural features were obtained in digital form when 

possible; otherwise, they were digitized from scanned and georeferenced hardcopy maps.
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1.2.3.2 Multibeam Sonar Data Analysis

Seafloor classifications were made from multibeam sonar data based on various seafloor 

characteristics, including substrate grain size, slope, complexity and surface roughness, based on 

a deep-water habitat classification scheme developed by Greene et al. (1999). This system 

provides an consistent basis to characterize and distinguish seafloor variation.

Much of the bedrock north of the ridge is obscured by volcanic debris and lava flows 

from the active volcanoes. Therefore, only the eight sites south of the ridge (Sites 01-03, 21, 05- 

OS), were analyzed for this study (Figure 1.6).

multibeam sonar sites 01-08, and 21 used in the present study.

All but Site 05 are oriented approximately North-South, with a 100-kHz survey conducted on the 

Aleutian platform at the northern end of the site, and a 24-kHz survey conducted as the survey 

moves off of the shelf into depths greater than 300 m. Site locations and the area surveyed by 

both multibeam sonar systems (8111 and 8150) are summarized in Table 1.1.
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Table 1.1. Sites located south of the Aleutian ridge or within Amchitka Pass, and the area 
covered by both sonar systems during the 2003 survey.________________ _____________

SITE NAME
AREA (km2) depth range (m) of 

100-kHz data100-kHz 24-kHz TOTAL
1 SE Amlia 40.93 102.31 143.24 80-230
2 SW Amlia 92.75 119.22 211.97 90-360
3 SW Atka 91.23 104.49 195.72 40-240
21 SE Adak 117.42 204.68 322.09 50-175
5 AdakCanyon 63.54 41.69 105.23 75-175
6 S Tanaga 52.53 195.81 248.34 40-220
7 S Delarofs 49.80 79.41 129.21 55-330

8 SAmchitkaPass 17.74 78.92 96.67 90-295

1.2.3.3 Linear Feature Analysis

1.2.3.3.1 Lineament Selection

Linear features observed in any of the available datasets were used to identify both 

regional and local structural patterns. A lineament has been defined as “a mappable, simple or 

composite linear feature of a surface ...[which] presumably reflects a subsurface phenomenon” 

(O’Leary et al., 1976). Previously-mapped faults, fractures and other lineaments both onshore 

and offshore were digitized on-screen from original sources (see Table 1.2 for associated 

references).

For the present study, a total of 80 linear features from the Nichols and Perry navigational 

charts and 147 faults from the GLORIA sidescan sonar images were digitized.

Lineaments identified in the new multibeam sonar data were digitized on-screen based on 

all variations of sonar grids -  hillshaded images, slope maps, slope derivative maps and filtered 

images. Since resolution of the new multibeam sonar data varies from 2m to 50m, linear features 

were selected based on the number of grid cells rather than the measured distance. Only features 

that were linearly continuous over a minimum of six grid cells were selected. This also improved 

repeatability in lineament picking, but introduced the possibility of over-representation of shorter 

lineaments. In some cases, a series of lineaments may actually be the surface exposures of a 

single continuous linear feature with variable sediment cover.

1.1.4.1.1 Statistical Analyses of Multimodal Distributions

Azimuths of onshore and offshore lineaments were weighted by length and plotted as 

traditional sector (rose) diagrams on a stereographic projection using Grapher4 software.



Bidirectional stereoplots were used to represent orientation without direction ambiguity, and 

orientation data were binned at 5° to deal with possible errors in digitizing and to simplify data 

representation. The number of modes and associated range of orientations per mode were 

identified for each site from rose diagrams and histograms of the binned data.

Statistics were calculated based on the total length of lineaments (in meters) in a given 

orientation, rather than the total number (n), to reduce bias skewed toward shorter lineaments. 

Azimuths and lengths of digitized lineaments were imported into SPSS software for statistical 

analysis. A quantile (Q-Q) plot (e.g., Figure 1.7) was generated for each selected mode to test the 

probability that a defined range of orientations was representative of a normal (Gaussian) 

distribution.
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Figure 1.7. Example Q-Q plot. X-axis represents sample data distribution, Y-axis represents 
model Gaussian distribution. A linear relationship represents a normal Gaussian distribution. 
(Example: Set 3 of Site 21, n = 37).

The Q-Q plot helped to determine where to cut off the “tails” of the Gaussian curve.

Once the range of orientations was selected, a nonparametric K-S (Kilmogorov-Smimov) test was 

used to calculate the probability that a sample distribution of each mode represented a normal 

distribution. For a number of samples greater than 40 (n > 40), an approximate critical value of

Normal Q-Q Plot of 0 to 180



1.22/yJa was used to determine a 0.10 level of significance (a). This number is used to test the 

hypothesis that the sample distribution of a selected mode fits a normal distribution. If the 

calculated K-S value for a sample distribution exceeds the 0.10 K-S statistic (e.g., Davis, 1986), 

the normal distribution hypothesis cannot be rejected at the 90% confidence level. All modes 

presented here pass this test, and are thus considered normally-distributed samples. The K-S test 

was also used to determine the mean and variance of each fracture set.

1.3 RESULTS

Lineament orientations are presented for previously-mapped regional and onshore 

structural features and for local structural features identified in the new multibeam sonar 

bathymetry data. Findings from dive samples collected offshore and a review of shallow 

seismicity in the Aleutian arc are also presented here.

Most of the 24-kHz multibeam sonar data from the southern sites are located downslope 

of the summit platform, where active mass wasting is the dominant process shaping seafloor 

physiography. These regions are characterized by well-developed sediment channels, deep 

submarine canyons and occasional landslides or slumps. Location and orientation of these 

features may be structurally controlled, so these were used in investigation of regional 

deformation patterns where appropriate. For local lineament analyses, we focused primarily on 

fractures onshore or in exposed bedrock on the seafloor, which were only visible in the higher- 

resolution 100-kHz data (Figure 1.6).

1.2.1 ONSHORE STRUCTURAL DATA

Structural data from the Aleutian Islands are used to reconstruct the deformation history 

recorded in subaerial rock exposures. Unfortunately, because these islands are small, these data 

are geographically sparse, although structural geology on a few islands has been studied in great 

detail -  in particular, Adak and Kagalaska Islands (Fraser and Snyder, 1959; Vallier et al., 1994). 

The number of mapped lineaments and associated lithologies for each island are summarized in 

Table 1.2.
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Table 1.2. Lineaments mapped in previous onshore studies. Total number of linear features 
digitized from Adak, Kanaga, Amchitka, Kiska, Attu and Agattu Islands, with lithologic 
descriptions and references.____________________ ___________________ _____________

Island Number of 
Lineaments Lineament Data Source Lithologies Lithology Reference

Kagalaska 859

Adak and Kagalaska Islands, 
Structural Interpretation 
Map, Bulletin 1028, Plate 53: 
Fraser and Snyder (1959).

Finger Bay volcanics; 
Granodiorite, quartz 
diorite and gabbro; and 
mixed

Coats (1950, 1956), 
Fraser and Snyder 
(1959), Vallier et al. 
(1994)

Adak 155
Vallier et al. (1994), 
modified from Fraser and 
Snyder(1959)

Finger Bay volcanics; 
Granodiorite, quartz 
diorite and gabbro;
Lower Series and Middle 
Series plutons

Coats (1950, 1956), 
Fraser and Snyder 
(1959), Vallier et al. 
(1994), Rubenstone 
(1984)

Kanaga 22
Geologic map of Northern 
Kanaga Island, Bulletin 
1028, Plate 15: Coats (1956).

Basalt flows and tuff 
beds; basalt and andesite 
flows; andesite tuff

Coats (1956)

Amchitka 68
Merritt et al. (1970), USGS 
(1972), Beck (1980), Johnson 
et al. (2000)

Banjo Point and 
Chitka Point volcanics Beck (1980)

Kiska 62

Geologic Reconnaissance 
Map of Kiska Island, 
Aleutian Islands, Alaska, 
Bulletin 1028, Plate 71: 
Coats et al. (1961).

Kiska Harbor F m -  
volcaniclastics; Vega 
Bay Fm -  basalt breccias, 
tuffs and lava

Coats etal. (1961); 
Panuska(1980)

Agattu 59 Vallier et aL, (1994)

volcanic flow units, 
volcaniclastics; Middle 
Series gabbro, tonalite, 
hornblende diorite and 
porphyries; Lower Series 
mafic plutons and 
amphibolite; fine grained 
sedimentary rocks

Gates et al. (1971); 
Vallier etal. (1994)

Attu 149 Vallier et al. (1994), 
modified from Gates (1971)

volcanic flow units, 
volcaniclastics; Middle 
Series gabbro, tonalite, 
hornblende diorite and 
porphyries; Lower Series 
mafic plutons and 
amphibolite; fine grained 
sedimentary rocks

Gates et al. (1971); 
Vallier et al. (1994)

The nature of linear features mapped on each island depends on the mapping technique 

and purpose of the study. Only a few structures exhibit a sense of motion and most mapping 

likely represents several generations of fracturing. In many cases, linear features identified in 

aerial photographs are treated as lineaments representing a subsurface structure. Lineament 

orientations for the islands are presented as rose diagrams in Figures 1.8-1.14 and summarized in 

Table 1.3.
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Table 1.3. Statistics for onshore lineaments. Mean orientations and associated statistical results 
for lineaments previously mapped on the Aleutian Islands, listed from east to west.

ISLAND total
N SET set N az

range mean std
dev

asymp sig. 
2-tailed

std err 
of mean

Kagalaska 859
1 182 10-40 23.9 8.79 0.000 0.65
2 183 127-149 137.8 6.34 0.000 0.47

Adak 
(LS + MS) 175

1 30 42-71 55.9 7.74 0.993 1.41
IB 27 11-30 18.3 5.44 0.709 1.05
2 35 99-124 111.4 8.50 0.860 1.44

Amchitka 68
1 25 35-59 68.3 5.50 0.552 1.10

IB 19 60-79 46.0 7.19 0.893 1.65

Kiska 62
1 26 21-49 33.5 7.84 0.000 1.54
2 15 102-140 122.1 9.85 0.000 2.54

Agattu 59
1 25 61-90 73.6 8.21 0.000 1.64
2 13 148-179 161.7 8.61 0.000 2.39

Attu 149 1 48 50-74 63.6 6.58 0.000 0.95
2 31 92-119 105.7 8.71 0.000 1.56

1.2.1.1 Kagalaska Island

A total of 859 lineaments on Kagalaska Island (Figure 1.8) (Fraser and Snyder, 1959) 

show a dominant direction with a mean of 137.8°, and a significant mode at 23.9°. The measured 

angle between these fracture sets is 66.1°, which suggests a conjugate shear pair (Table 1.3). 

Pervasive sub-vertical fractures in the Lower Series Finger Bay volcanics (Fraser and Snyder, 

1959) are visible at Ragged Point on Kagalaska Island (Figure 1.9) and provide subaerial 

groundtruthing of seafloor observations.
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Figure 1.8. Lineaments digitized for Kagalaska Island, originally mapped by Fraser and Snyder 
(1959) with resulting rose diagram. Figure modified from Fraser and Snyder (1959).

Figure 1.9. Fractures onshore of Kagalaska Island. Sub-vertical fractures visible in bedrock at 
Ragged Point on Kagalaska Island. View is toward the NE (photo by Jennifer Reynolds).
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1.3.1.2 Adak Island

A total of 175 lineaments were digitized from Adak Island (Figure 1.10) (Vallier et al., 

1994). Twenty lineaments in the Upper Series were omitted from analysis since they are 

associated with the active volcanoes on the northern end of the island and may be influenced by 

local, volcano-related stresses. Lineament orientations in the Middle and Lower Series on Adak 

Island indicate two principal modes, with mean directions of 55.9° and 111.4°, and another 

possible mode oriented at 18.3° (Figure 1.10 and Table 1.3).

Figure 1.10. Lineaments digitized for Adak Island. Lineaments (n = 155) digitized for Adak 
Island, modified by Vallier et al. (1994) from original sources (Coats, 1950, 1956; Fraser and 
Snyder, 1959; Rubenstone, 1984), with resulting rose diagram. Radius of rose diagram 
represents total length (m) of lineaments in 5° orientation bins.

1.3.1.3 Amchitka Island

Amchitka Island lineaments were assembled from a number of sources (Merritt et al., 

1970; USGS, 1972; Beck, 1980). A total of 68 lineaments indicate two possible modes, both 

oriented NE (Figure 1.11). A statistically significant unimodal distribution including both of 

these modes was not possible, so two modes with mean orientations of 68.3° and 46.0° were 

identified (Table 1.3). The apparent NW mode represents only two lineaments, and is statistically 

insignificant.



figure 1.11. Previously-mapped lineaments on Amchitka Island. Lineaments digitized for 
Amchitka Island of the Rat Islands group (Merritt, 1970; USGS, 1970; Beck, 1980) and 
associated rose diagram.

1.3.1.4 Kiska Island

A total of 62 lineaments on Kiska Island were digitized from the original geologic 

reconnaissance mapping done for the USGS 1028 series bulletin (Figure 1.12) (Coats, 1961). 

The orientation data indicate two dominant modes, one at 33.5°, and the other at 122.1°. Scatter 

around set 1 (-33.5°) may actually indicate two separate fracture sets, but because the statistical 

analyses suggest that a normal distribution exists around a mean of 33.5°, the other spike (-40°) 

in the orientation data is not classified as a separate lineament set.



igure 1.12. Previously-mapped lineaments on Kiska Island. Lineaments digitized for Kiska 
Island of the Rat Islands group, originally mapped by Coats et al., 1961.

1.3.1.5 Agattu Island

A total of 59 lineaments were mapped on Agattu Island -  8 lineaments in Middle Series 

rocks, and 51 in Lower Series rocks. Because of the small number of total lineaments, 

particularly those found in the MS rocks, all 59 lineaments were used for statistical analysis for 

Agattu Island. Lineaments indicate two possible modes with mean directions at 73.6° and 161.7° 

(Table 1.3, Figure 1.13).

Figure 13. Geologic map and previously-mapped lineaments on Agattu Island. Generalized 
geologic and lineament map of Agattu Island of the Near Islands group (Vallier et al, 1994; 
modified from Gates et al., 1971), with rose diagram of lineaments (n = 59).
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1.3.1.6 Attu Island

A total of 149 lineaments were mapped on Attu Island, all from Lower Series rocks. 

Lineament orientation data indicate two dominant directions at 63.6° and 105.7° (Table 1.3, 

Figure 1.14).

Figure 1.14. Geologic map and previously-mapped lineaments on Attu Island. Generalized 
geologic and lineament map of Attu Island of the Near Islands group (Vallier et al, 1994; 
modified from Gates et al., 1971), with rose diagram of lineaments (n=149).

1.3.2 MULTIBEAM SONAR SITES

Based on the 100-kHz multibeam sonar data, habitat classification codes were assigned to 

categorize seafloor characteristics, and where available, dive samples from the DELTA and 

JASON dives were used to ground-truth rock types inferred in the multibeam sonar data 

(Appendix II).

Lineament orientations for 100-kHz multibeam sonar data sites are presented as rose 

diagrams in Figure 1.15 and summarized in Table 1.4. All sites contain repeating, planar, sub

parallel fracture sets, and a pair of orthogonal fracture sets is found in all but Site 21. Several 

orientations are pervasive throughout Sites 1-8, so they are assigned set numbers: Set 1 has a NE- 

SW orientation, Set 2 is NW-SE, Set 3 is North-South and Set 4 is East-West (Figure 1.15). For 

Set 3 (N-S), 180° was used instead of 0° to simplify statistical analyses. Seafloor characterization 

and lineaments digitized at each site are described in detail following Table 1.4.



Figure 1.1. Rose diagrams for offshore lineaments. Lineaments mapped from high-resolution 100-kHz multibeam sonar survey sites. 
Radius scale is total length (m), azimuths are measured in degrees from north, and orientations are represented as bidirectional. Basemap 
adapted from Nichols and Perry, 1966.

o
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Table 1.4. Statistics for offshore lineaments. Mean orientations and associated statistical results 
for lineament modes identified in new multibeam sonar data sites. Sites are listed in order from 
east to west.

SITE Total
N

SET
N

(set)
azimuth

range
mean std dev

asymp. 
sig. (2- 
tailed)

K-S test 
critical 
value

K-S 
Z stat

abs
diff

std error 
o f mean

01 493
1 184 33-62 47.2 7.751 0.632 0.090 0.747 0.068 0.5714

2 202 110-155 128.9 12.362 0.559 0.086 0.791 0.056 0.8698

02 628

1 98 33-63 50.2 8.002 0.392 0.123 0.901 0.092 0.8083

2 229 105-155 127.9 14.11 0.356 0.081 0.927 0.066 0.9324

3 69 168-189 179.4 5.831 0.897 0.147 0.574 0.082 0.7020

4 94 81-99 89.4 5.218 0.299 0.126 0.974 0.084 0.5382

5? 67 15-35? 25.5 5.056 0.283 0.149 0.988 0.086 0.6177

03 491

1 132 30-65 46.4 9.688 0.383 0.106 0.907 0.383 0.8432

2 210 120-153 137.4 9.004 0.488 0.084 0.836 0.488 0.6213

3 35 165-190 177.1 7.376 0.674 .205? 0.722 0.103 1.2468

21 879

1 660 9-55 31.8 9.537 0.081 0.047 1.266 0.081 0.3712

2 79 122-149 134.1 7.365 0.546 0.137 0.799 0.084 0.8286

3 37 175-192 184.9 5.382 0.625 .205? 0.751 0.123 5.3820

05E 550

1 260 25-62 41.0 9.114 0.408 0.076 0.889 0.409 0.5652

2 120 136-166 152.1 8.418 0.246 0.111 1.023 0.246 0.7685

3 58 175-185 180.7 2.345 0.298 0.160 0.974 0.162 0.3079

06 368

1 42 32-49 40.7 4.805 0.355 0.188 0.928 0.156 0.7414

2 97 110-133 122.4 7.038 0.329 0.124 0.949 0.133 0.7146

3 53 172-199 186.1 7.134 0.799 0.168 0.645 0.090 0.9799

4 32 84-99 91.7 4.268 0.911 0.211 0.561 0.105 0.7545

5 63 140-162 150.0 6.863 0.258 0.154 1.012 0.112 0.8647

6? 15 62-74 66.1 3.831 0.521 0.304 0.815 0.250 0.9892

07 871

1 160 26-58 41.6 8.954 0.137 0.096 1.158 0.093 0.7079

2 268 121-149 135.1 8.186 0.325 0.075 0.952 0.065 0.5000

3 93 170-190 179.5 4.674 0.326 0.127 0.951 0.083 0.4847

4 99 71-103 88.8 8.535 0.416 0.123 0.884 0.071 0.8578

07N 76 1 45 21-55 39.1 7.917 0.852 0.182 0.609 0.092 1.1802

08 405

1 138 15-49 34.9 7.793 0.095 0.104 1.234 0.103 1.3201

2 110 120-150 135.3 7.414 0.797 0.116 0.647 0.080 0.6375

3 55 175-190 181.4 3.914 0.248 0.165 0.850 0.121 0.528
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1.3.1.1 Site 01, SE Amlia

Site 01 contains differentially-eroded massive bedrock on a flat to gently-sloping island 

arc shelf, with cliffs, gullies and scarps that have up to 5 meters of vertical relief. Most of the 

bedrock is heavily fractured and faulted (Figure 1.16A).

B
Figure 1.16. Lineaments at Site 01. A. Hillshaded image of 100-kHz bathymetry from Site 01, 
Sun azimuth = 270° (illuminated from the W), altitude = 35°. B. Lineaments digitized at Site 01 
(n = 347).
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Site 01 lineament orientations demonstrate a bimodal distribution of two principal and 

orthogonal fracture sets, with mean directions of 47.2° and 128.9° (Figure 1.16B)

1.3.1.2 Site 02, SW Amlia

Site 02 is characterized by a flat to sloping terrace on the seafloor shelf, consisting of 

massive bedrock, some of which exhibits irregular, fractured and eroded morphology, and cliffs 

or scarps 3-5 m high. The 100-kHz multibeam sonar data (Figure 1.17) are located on the shelf, 

where unconsolidated, reworked sediments dominate. Differentially-eroded outcrop exposure on 

the northeastern edge of Site 02 is likely the same volcanic sandstone, siltstone and massive 

conglomerate that has been mapped on the SW edge of Amlia Island (McLean et al, 1983) (see 

Figure 1.3). Roughly east-west oriented contourites are found in the southern portion of 

multibeam sonar data. A canyon is visible in the SE comer of the map.

Figure 1.17. Lineaments at Site 02. A. Hillshaded image of 100-kHz multibeam sonar data from 
Site 02. Sun azimuth = 315° (illuminated from the NW), altitude = 25°. B. Lineaments digitized 
at Site02 (n = 652).



34

Site 02 lineament orientations suggest five possible modes (Figure 1.14). The lithology 

at Site 02 is distinct from bedrock in most other sites, and is dominated by a SE-trending (Set 2) 

and an E/W-trending (Set 4) set of lineaments (Figure 1.17B). Set 2 (127.9°) is the dominant 

mode (n=229) found at Site 02, while Set 1 (50.1°, n=98), Set 3 (179.4°, n=69) and Set 4 (89.4°, 

n=94) fractures are less numerous (Table 1.3). Set 4 appears prominent because it is represented 

by longer lineaments. Another possible mode has a mean direction of 25.5°.

1.3.1.3 Site 03, SW Atka

Site 03 is located south of the western tip of Atka Island. At Site 03, 100-kHz sonar data 

were collected from the shelf, which slopes gently to the south. Relatively smooth sediments 

cover the shallow shelf and contain sediment waves of various amplitudes and directions (Figure 

1.18A). Current indicators are oriented WNW (similar to contourite orientation in Site 02), 

consistent with a predominantly east to west flow direction of the Alaskan Stream (Hunt and 

Stabeno, 2005).
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Figure 1.18. Lineaments digitized at Site 03. A. Hillshaded image of 100-kHz multibeam sonar 
data from Site 03. Sun azimuth = 315° (illuminated from the NW), altitude = 25°. B.
Lineaments digitized at Site03 (n = 491).

Site 03 lineament orientations indicate two principal fracture sets, one with a mean 

direction of 46.4° and another at 137.4° (Figure 1.18B). There is an apparent mode oriented -90°, 

but it is not statistically significant.

1.3.1.4 Site 21, SE Adak

Located just offshore of Ragged Point (Figure 1.9) on Kagalaska Island, east of Adak 

Island, Site 21 contains continuous bedrock outcrops that are clearly fractured and differentially- 

eroded, with a thin covering of sediment visible in the multibeam sonar data (Figure 1.19A). The 

NE comer of the 100-kHz multibeam sonar data comes within 800m of the southern tip of 

Kagalaska Island (see Figure 1.6). The survey area on the shelf slopes gently to the south, and a 

zone of mass wasting begins at depth of about 1200 m.
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Figure 1.19. Lineaments at Site 21. Hillshaded image of 100-kHz multibeam sonar data from 
Site 21. Sun azimuth = 315° (illuminated from the NW), altitude = 25°. Lineaments digitized at 
Site 21 (n = 859).
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Site 21 lineament data show a clear mode of lineaments with a mean orientation of 31.8° 

NE (Figures 1.14, 1.19B). Two less apparent, but statistically significant sets are oriented 134.1° 

(Set 2) and 179.1° (Set 3). Although several east-west structures are visible in the multibeam 

sonar data, they are not statistically significant (n = 11).

1.3.1.5 Site 05, Adak Canyon

Site 05 straddles the narrow northern portion of Adak Canyon (Figure 1.4). Adak 

Canyon widens to the south. The shallow west end of Site 05, surveyed with the 100-kHz 

system, is characterized by a thick blanket of sediment with only a few depressions and mounds. 

Moving east, Site 05 deepens to the canyon floor, which was measured with the 24-kHz and 12- 

kHz systems. The eastern wall of Adak Canyon is a steep, heavily-gullied area, which originates 

at a north-trending fault that marks the eastern edge of the canyon and the western edge of the 

terrace. The east end of Site 05 (05E), located on the Aleutian terrace, was surveyed with the 

100-kHz shallow water system. The bedrock at Site 05E is planed-off, revealing bedrock with a 

pattern of distinct fractures (Figure 1.20). Where the terrace is less planed-off, the fractures 

exhibit higher relief. Sediment streaks and comet marks on the terrace indicate a westward 

current direction.
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Figure 1.20. Lineaments at Site 05E. A. Hillshaded image of 100-kHz multibeam sonar data 
from Site 05E. Sun azimuth = 135° (illuminated from the SE), altitude = 25°. Western edge of 
image shows eastern wall of Adak Canyon. B. Lineaments digitized at Site 05E (n = 550).

Site 05E lineaments show three dominant modes at 41.0°, 152.1° and 180.7° (Figure 

1.14). Site 05W is heavily sedimented and contains very few lineaments.

1.3.1.6 Site 06, S Tanaga

The northern portion of Site 06, located just offshore of Tanaga Island, is heavily 

blanketed in sediments. Slightly to the south, an extensive area of exposed and fractured bedrock 

that has been scoured by currents is visible (Figure 1.21). Some of the bedrock appears to have 

been planed off or scoured by glaciers as well.



39

Figure 1.21. Lineaments at Site 06. A. Hillshaded image of 100-kHz multibeam sonar data from 
Site 05E. Sun azimuth = 135° (illuminated from the SE), altitude = 25°. Canyon head slump 
dominates the southcentral portion of this map. B. Lineaments digitized at Site 06 (n = 360).

Site 06 lineaments indicate a dominant mode 122.4° with considerable scatter. This 

mode can instead be split into two different, but indistinct modes at 122.4° and 150.0°. Another 

four possible modes exist at 40.7°, 186.1°, 91.7° and 66.1° (Figure 1.14).

1.3.1.7 Site 07, S Delarof

Site 07 100-kHz data are characterized by two regions separated by ~3 km gap (Figure 

1.6). This gap is a result of locally deep seafloor as the survey crosses an east-west fault. The 

northern part of Site 07 displays variations in sediment waves likely caused by a combination of 

changes in current patterns and differences in sediment grain size (Figure 1.22A). The 

southeastern half of the 100-kHz data contains a pluton, identified by its relatively flat, solid 

bedrock and characteristic style of fracturing (Figure 1.22A; Greene, pers. comm..), The sediment 

layer covering the bedrock varies laterally in thickness, and results in areas of high and low relief 

(Figure 1.22A).



40

Figure 1.22. Lineaments at Site 07. The southern part of Site 07 is on the left, Site 07N on the 
right. A. Hillshaded image of 100-kHz multibeam sonar data from Site 07. Sun azimuth = 270° 
(illuminated from the W), altitude = 25°. B. Lineaments digitized at Site 07 (n -  871), and 
enlarged bedrock portion of Site 07N with digitized lineaments (n = 76).
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Site 07 lineaments indicate two dominant orthogonal modes with means at 41.6° and 

135.1° (Figure 1.22). Another minor mode exists at 179.5°. The northern arm of Site07 (“Site 

07N”) located north of the major fault (Figure 1.6) has a mean orientation of 39.1° for Set 1, 

which differs only slightly (-2.5°) from the mean calculated for the southern part of Site 07 (Table 

1.4).

1.3.1.8 Site 08, S Amchitka Pass

Site 08 is dominated by a wave-cut hypabyssal pluton, identified by differentially-eroded 

and fractured bedrock characteristic of a pluton (Figure 1.23 A), and by rock samples collected by 

the JASO N  II. The pluton is also observable in both Nichols and Perry bathymetry and GLORIA 

data. The exposed rock is characterized by an outcrop with fractures of moderate to high relief 

(up to 15 m), sediment channels and pockets.

Figure 1.23. Lineaments at Site 08. A. Hillshaded image of 100-kHz multibeam sonar data of 
wave-cut pluton located at Site 08. Sun azimuth = 315° (illuminated from the NW), altitude = 
25°. B. Lineaments digitized at Site 08 (n = 405).

Linear features are visible in the sonar data south of the terrace, but it is difficult to 

distinguish between lineaments in bedrock and differential erosion of consolidated sediment. 

Thus, fractures in the wave-cut pluton are analyzed since they are the most distinct. Site 08 

lineament data show a distinct tri-modal distribution with means at 34.9°, 135.3° and 181.4°

(Figure 1.23B).
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1.4 STRUCTURAL ANALYSES

In 1912, Hobbs described lineaments as “significant lines of landscapes... [which] in 

every case is some surface expression of a buried fracture”. Surface exposure of structural 

features in the central Aleutian forearc is largely obscured by sedimentation, but nearly all of the 

bedrock that is exposed reveals fracture patterns at every scale. Measured orientations of 

regional- and local-scale lineaments are examined with respect to major forearc structural, 

tectonic and seismicity trends, as well as local geologic features observed at each site. Once 

regional stress regimes are identified, it is possible to recognize local stress perturbations.

1.4.1 REGIONAL-SCALE STRAIN INDICATORS

1.4.1.1 World Stress Map Project

The World Stress Map (WSM) Project represents an effort to compile a global database 

of stress data in order to characterize regional stress fields in the lithosphere (Zoback, 1992). 

Compilations of in situ stress observations and earthquake focal mechanisms indicate regional 

consistency of stress orientations in the interior of many plates (Zoback et al., 1989) and suggest a 

strong correlation between the orientation of the intraplate stress field and the geometry of plate 

boundaries (Zoback, 1992).

In the Aleutian arc, there are no in situ stress data, and most maximum horizontal 

compressive stress (5//max) orientations included in the WSM database are derived from focal 

mechanisms. In the central and western Aleutian forearc, the majority of principal stress 

orientations are based on thrust faults occurring at 15-35 km depth. *S//max estimates are 

consistently oriented NW along the length of the arc, ranging from 120° and 170° orientation 

(Figure 1.24; www-wsm.physik.uni-karlsruhe.de). A major assumption applied to the World 

Stress Map is that both minimum and maximum compressive stresses are horizontal (Zoback et 

al., 1989). To simplify analyses here, the regional stress field is also characterized in the context 

of horizontal and vertical planes.
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Figure 1.24. Stress directions from the World Stress Map Project in the study area. Arrows 
indicate direction of maximum horizontal compressive stress, obtained from the World Stress 
Map Project (www-wsm.physik.uni-karlsruhe.de). Basemap adapted from Nichols and Perry, 
1966.

1.4.1.2 Seismicity

Great interplate earthquakes along the Aleutian subduction zone are linked to variations 

in the upper plate structural strength, which is related to upper plate forearc deformation. 

Coherent tectonic blocks accumulate significant elastic strain which is released in a great 

earthquake, whereas areas between blocks or within fragmented blocks are able to diffuse strain 

in smaller, more frequent events (Ryan and Scholl, 1993). No comprehensive study of shallow 

(upper plate) earthquakes in the Aleutian forearc has been published.

A review of seismic records from the Harvard Centroid Moment Tensor (CMT) catalog, 

an inventory of moderate to large earthquake events from 1976 to present, and the Alaska 

Earthquake Information Center (AEIC), which has a limited database of relocated seismic events, 

yields a small collection of shallow events in the Aleutian arc. Moment tensor solutions from 

seismic events located between 0-35 km depths in the Aleutian forearc region were selected for 

analysis. Both catalogs classify earthquake events as normal, strike-slip, reverse and “other.”

The normal, strike-slip and other events are sparse and do not indicate any apparent clustering in 

areas of concentrated seismicity (Figures 1.25-1.27). Thrust events are very numerous, as 

expected, and it is difficult to distinguish individual events if they are all plotted at once (Figure 

1.28).
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A comprehensive study of shallow forearc seismicity from these datasets is not feasible, 

mainly because historical earthquakes were observed with a sparse seismic network and are thus 

poorly located. Even for relocated events, depths are poorly constrained because of the restricted 

latitudinal range of seismic stations in the Aleutian Islands. The events do not appear to cluster 

along any definitive boundaries, which might help identify deformation concentrated along 

discontinuities between rigid blocks. Unfortunately, the numerous thrust events (Figure 1.28) are 

unusable for an investigation of upper plate deformation, since most of these events occur along 

the plate interface or within the accretionary prism.

Figure 1.25. Shallow normal earthquake events in the central Aleutians. Shallow (0-35 km 
depth) normal fault earthquake events recorded in the central Aleutian islands from 1876-2006 
(data from Harvard CMT catalog).

Figure 1.26. Shallow strike-slip earthquake events in the central Aleutians. Shallow (0-35 km 
depth) strike-slip earthquake events recorded in the central Aleutian islands from 1876-2006 (data 
from Harvard CMT catalog).
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Figure 1.27. Shallow “other” earthquake events in the central Aleutians. Shallow (0-35 km 
depth) earthquake events labeled as “other” recorded in the central Aleutian islands from 1876- 
2006 (data from Harvard CMT catalog).

Figure 1.28. Shallow thrust earthquake events in the central Aleutians. Shallow (0-35 km depth) 
thrust fault earthquake events recorded in the central Aleutian islands from 1876-2006 (data from 
Harvard CMT catalog).

An improved seismic network in the Aleutians provides more reliable locations for recent 

(2003-2006) earthquakes, some of which are described in AEIC’s “previous notable earthquakes” 

database. Again, most of these events are interplate events, which rupture the boundary between 

the subducting Pacific and the overriding North American plates. One notable exception is the 

June 2006 Rat Islands earthquake swarm which likely occurred within the crust of overriding 

North American plate. The focal mechanisms associated with these events indicate a strike-slip 

fault occurring along either a NE-striking or NW-striking focal plane. The June 2006 earthquake 

swarm, located along the proposed boundary between the Buldir and Near blocks (Figure 1.29), is 

consistent with left-lateral transform motion along a NE-striking fault plane in the upper plate.
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Figure 1.29. June 2006 earthquake swarm along proposed block boundary. Focal mechanisms 
determined for June 2006 earthquake swarm located between Buldir and Near blocks, west of 
Kiska Island. Figure from www.aeic.alaska.edu.

1.4.1.3 Block Boundaries

While most researchers recognize that block boundaries are more diffuse than a single 

bounding fault, transverse canyons are interpreted as areas of unusually high stress accumulation 

(Ryan and Scholl, 1989). The boundaries proposed by Geist et al. (1988) are schematic and 

based on features observed in the original Nichols and Perry charts (1966) and the USGS 

bathymetric map (Schumacher, 1976). However, the boundaries between blocks are appropriate 

within the context of the following simple model, which is based on present-day Pacific plate 

motion and plate boundary geometry.

The Pacific plate convergence vector relative to a stable North American plate is well- 

constrained by plate motion models (see Figure 1.3). Estimates of Pacific plate motion (relative 

to the North American plate with no net rotation) at any point along the arc are obtained using the 

REVEL 2000 plate model (Sella et al., 2000). If one assumes complete strain partitioning, the 

plate convergence vector is divided into an arc-parallel component and an arc-normal component. 

Maximum horizontal compressive stress (5//max or dj) can be assigned to the arc-normal 

component, and minimum horizontal compressive stress (£//min or a3) to the arc-parallel 

component. Intermediate stress (a2) is assumed to be vertical.

http://www.aeic.alaska.edu
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Applying this simple principle to the proposed blocks in the Aleutian arc reveals that the 

NE-trending strike-slip fault of a conjugate shear pair that would result from this arrangement of 

horizontal stresses aligns with the eastern boundary of all five proposed blocks (Figure 1.30). 

The eastern-bounding faults may have formed in a different orientation and have since rotated to 

the present orientation because it is stable under the present stress regime. Another possible 

explanation is that a diffuse boundary of deformation existed between blocks until accumulated

strain ruptured along a weak zone in the preferred orientation.

(PAC) at block boundaries. A. Boundaries of five blocks proposed by Geist et al. (1988) with 
study sites and left-lateral strike-slip fault at the eastern boundary of each block. B. Pacific plate 
convergence vector (PAC) partitioned into arc-normal and arc-parallel components. C. Principal 
stress directions a \ and a3 under complete partitioning at each boundary and resulting ideal 
conjugate shear pair. D. NE fault of conjugate shear pair superimposed on blocks proposed by 
Geist et al. (1988).
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1.4.1.4 Regional Lineaments

Linear structural trends that affect rocks throughout the Aleutian forearc region are 

indicated by the alignment of a variety of large-scale bathymetric and geologic features. “Arc- 

parallel” is defined here as the plate boundary, parallel to the azimuth of the Aleutian Trench 

floor at any given longitude along the arc. Trench azimuth was determined for this study by on

screen digitizing of the Nichols and Perry charts (1966) and checked with azimuths used by 

Mortera-Gutierrez et al. (2003) in their study of structures seaward of the trench.

Some of the large-scale lineaments identified in the new 24-kHz multibeam sonar data 

are not apparent in any previous datasets, which demonstrates that existing regional data are 

insufficient to develop a complete picture of regional geology. Nevertheless, specific geologic or 

tectonic features observable in the regional data are used here to infer the regional stress regime.

Large-scale structures that cut through new high-resolution (100-kHz) sonar data from 

the forearc confirm that most lineaments observed in the GLORIA sidescan sonar images and/or 

regional bathymetry data correspond with major faults. Many of these lineaments have been 

identified in the Nichols and Perry bathymetric charts (1966) and in studies derived from the 

GLORIA surveys in the 1980s (e.g., Dobson et al., 1996; Karl et al., 1996), but have not been 

examined in the context of the tectonic fragmentation model for the Aleutian forearc.

1.4.1.4.1 Andreanof Block

Regional structural data for the proposed Andreanof block are scarce. The northern block 

boundary proposed by Geist et al. (1988) is confirmed by a 200-km long arc-parallel neotectonic 

fault that is mostly mapped, partly inferred (Plafker et al., 1994). Aside from this fault, few large- 

scale linear structural features have been identified in the region. Bathymetric charts (Nichols 

and Perry, 1966) indicate a distinct southern block boundary, where an arc-parallel linear trend 

marks an abrupt change in seafloor slope. The western block boundary at Adak Canyon (Figure 

1.3) is well established. New 24-kHz sonar data indicate linear gullies and ridges associated with 

mass wasting south of the Aleutian platform, but it is not certain that these represent subsurface 

tectonic features.

Based on geologic and geophysical observations, the eastern and western halves of the 

Andreanof block are dynamically dissimilar (e.g., Ryan and Scholl, 1989). Amukta and Amlia 

basins to the northeast comer of the eastern Andreanof block imply a significant amount of



rotation (~ 15°), while the western Andreanof block shows no evidence for rotation (e.g., Ryan 

and Scholl, 1989; Vallier et al., 1994).

Ten focal mechanism solutions in the WSM database indicate an average *S//max of 

163.2°. Pacific Plate relative motion for the same area ranges between 140° and 141.8°, 

suggesting that slip vectors are deflected -23° more normal to the arc, as is expected under the 

model for strain partitioning.

1.4.1.4.2 Delarof Block or Delarof Sector

Regional-scale features for the proposed Delarof block are more abundant since the block 

exhibits significant internal deformation. Large deformational features, originally observed by 

Fraser and Barnett (1959), appear to cut the Delarof block into a series of crustal segments. The 

block boundaries are poorly-defined, with the exception of Adak Canyon to the east. For these 

reasons, the term Delarof ‘sector’ is more appropriate than Delarof block, which implies a 

coherent and rigid body.

Numerous lineaments within the Delarof sector are observable in the GLORIA images 

and Nichols and Perry (1966) bathymetric charts. Fifteen NE-striking lineaments (5-40 km in 

length) identified in the GLORIA data have an average orientation of ~ 31°, and twenty-four 

lineaments identified in the bathymetric charts have an average orientation of -  29°. These could 

be attributed to wrench faulting associated with shearing of the forearc between the arc-parallel 

dextral strike-slip fault zones to the north and south. Another possible interpretation is that these 

large faults originally formed normal to the trench as a result of arc-parallel extension, but were 

then rotated clockwise by the shear stresses mentioned above.

Nine focal mechanism solutions used in the WSM database suggest an average iS//max of 

165.6° throughout the Delarof sector, compared with a PAC-NAM vector oriented at ~ 138°. 

Compared with the 5//max estimate from the WSM, slip vectors here are deflected ~ 28° toward 

arc-normal, which suggests greater displacement partitioning than that observed along the 

Andreanof Block.
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1.4.2 LOCAL-SCALE DEFORMATION

1.4.2.1 Lineament Analyses

Mesoscopic lineaments meters to several hundred meters in length identified in the 100- 

kHz multibeam sonar data are evidence of deformation often not visible in previously-existing 

data. Multibeam sonar images of exposed bedrock gridded at 2m to 25m reveal dense fracture 

patterns in every study site. These fractures are typically linear, with no evidence of curvature or 

divergence within the extent of the data. Lineaments are assumed to represent vertical to sub

vertical structures since they cut straight across topographic features.

In order to accurately interpret a bulk lineament population, lineaments must be spatially 

and temporally distinguished. In a typical lineament study, fractures with similar orientations are 

combined to identify individual structural domains. For this investigation, fractured bedrock 

exposures are localized, and study sites are distant enough from each other to consider each site a 

separate structural domain.

A potential risk in analyzing a lineament population with unknown ages is that kinematic 

data can represent more than one phase of deformation. Very little of the Aleutian seafloor has 

been dated aside from the chronostratigraphic distinctions of the Lower, Middle and Upper Series 

rocks discussed previously. Lineaments analyzed for this study are located within sites that 

represent the Lower and Middle Series units of the Aleutian forearc. It is not possible to 

determine relative timing of structures since no conclusive and consistent sense of cross-cutting 

relationships between lineaments is observed. Furthermore, fracture orientations may be 

unrelated to the orientations of present-day stresses if the fractures formed under the influence of 

paleostresses that no longer prevail (Engelder, 1993).

It is also difficult to ascertain fracture type since identified lineaments exhibit no 

observable sense of motion. In light of these challenges, a number of possible interpretations are 

presented for the kinematic origin of fracture sets found in both onshore and offshore lineament 

datasets.

1.4.2.2 Onshore Fractures

Since the Aleutian islands are part of an elevated ridge crest that was formed sometime 

since -50 Ma, lineaments mapped on the Aleutian islands may represent any stage of tectonic 

evolution of the arc. Another fundamental problem in interpreting lineaments previously mapped
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on the Aleutian Islands is that they were identified by different investigators with a variety of data 

sources, research objectives and protocols. It is important to keep these in mind when comparing 

lineament data from different islands.

In their structural analysis of four Aleutian Islands (Unalaska, Atka, Adak and Attu), Ave

Lallement and Oldow (2000) found that the islands demonstrate similar deformational histories,

characterized by arc-parallel and arc-normal structures. The data used for the present study do

not indicate such obvious alignment with the present arc geometry (Table 1.5). However, the

island lineament data used here may be less reliable overall than the unpublished data of Ave

Lallement and Oldow (2000), because many structures are interpreted from aerial photographs

rather than onshore geologic mapping, and do not include dip information. However, the onshore

data used for this study are based on lineaments, and are thus consistent with the offshore data.

Table 1.5. Onshore fracture modes compared with Aleutian arc geometry. Onshore fracture 
modes etermined from previously-mapped lineaments on several Aleutian Islands, presented west 
to east.

ISLAND Attu Agattu Kiska Amchitka Adak Kagalaska

LAT 52.90 52.40 52.00 51.50 51.80 51.80

LONG 172.90 173.50 177.50 179.00 -176.70 -176.30

SET 1A 68.5 73.6 33.5 68.3 55.9 23.9

SET IB 46.0 18.3

SET 2 161.7 122.1 111.4 137.8

SET 3 105.7

PAC-NAM vector 135.2 135.3 137.4 138.0 140.5 140.7

-L to convergence 45.2 45.3 47.4 48.0 50.5 50.7

Trench Azimuth 116 115 107 89 82 82

converg. angle 19.2 20.8 30.4 49.0 58.5 58.7

PAC vs. setl 71.6 61.7 103.9 69.7 84.6 116.8

PAC vs. set IB 92.0 122.2

PAC vs. set2 135.2 15.3 138.0 2.9

1.4.2.3 Western Aleutian Are

The structural analyses presented here for the arc west of Amchitka Pass is limited by 

very little regional data and only four islands interpreted for this study. Lineament data for
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Amchitka, Kiska, Agattu and Attu Islands (Table 1.5) are investigated for comparison with the 

lineament data analyzed for islands east of Amchitka Pass.

1.4.2.3.1 Rat Block

Mapped lineaments on Amchitka Island have a dominant NE trend, which is split into 

two modes at 46.0° and 68.3°. As per Whitaker and Engelder’s (2005) study of statistical 

distribution of joint orientation, this suggests that the same strain field has been deforming these 

rocks while they have rotated 22°. This degree of rotation is further supported by Oglala Valley 

and Sunday Basm off the northeast comer of the Rat Block, just offshore of Amchitka Island (see 

Figures 1.2 and 1.11).

Set 1 lineaments on Kiska Island (33.5°) have approximately the same trend as the 

western edge of the Rat block, and Set 2 lineaments (122.1°) approximate the trend of the 

northern boundary. Set 1 and 2 fracture sets on Kiska Island are nearly orthogonal (88.6°).

1.4.2.3.2 Near Block

Lineaments digitized from previous mapping efforts indicate two predominant sets on 

Attu Island, one set at 63.6° and another at 105.7°. The first set (63.6°) is parallel to the eastern 

block boundary, marked by Heck Canyon. The latter set is subparallel to the major dextral fault 

(~ 110°) that marks the northern block boundary, which extends from about 176°E to 170°E, 

recognized in multi-channel seismic profiles (Dobson et al., 1996). Fractures on Attu Island are 

not consistent with the findings of Ave Lallement (1996) who found the most pervasive structures 

to be conjugate strike-slip faults and arc-perpendicular faults resulting from arc-parallel 

extension. However, Set 3 (105.7°; Table 1.5) could represent one of the conjugate pairs.

The two fracture sets found on Agattu Island are approximately arc-normal and arc- 

parallel, as reported previously by Ave Lallement and Oldow (2000). In the Near block, where 

the plate convergence angle is ~ 45°, complete strain partitioning that would result in partitioned 

deformational features is probable.

1.4.2.4 Offshore Fractures

Bedrock in each multibeam sonar site exhibits repeating, planar, approximately parallel 

fracture sets. Most of these lineaments are interpreted as joints, since they show no evidence of 

displacement within the resolution of the data. While displacement is possible on a smaller scale



than is detectable in the present data, the systematic, repeating patterns and orthogonal 

relationship of fracture sets in the multibeam sonar data indicate jointing.

If there had been significant vertical displacement along the observed lineaments, a series 

of such repetitive normal or reverse faults would likely result in a regular pattern of blocks (Tiren 

and Beckholmen, 1989). Since sonar backscatter data are most sensitive to seafloor slope, a 

series of tilted, uplifted or downdropped blocks should be visible in the backscatter data, and this 

is not the case for the central Aleutian survey sites. It is possible that the look angle of the sonar 

system could have missed such a pattern, but it is unlikely that it would have been missed in all 

eight sites. Extensive erosional processes could have concealed horst and graben structures, 

particularly with little offset, but the density and extent of the repeating lineament patterns are 

uncharacteristic of both normal and reverse faults.

A lack of observable vertical offset suggests either zero displacement or transcurrent 

motion along the lineaments. Significant horizontal displacement would result in offset of 

fractures or other features, and this is not observed in the new multibeam sonar data, even at the 

highest resolution (2m). As there is no indication that these lineaments are anything other than 

joints, most of the mesoscale fractures observed here are interpreted as fractures.

1.4.2.5 Cooling joints

Pluton joints imtally form in response to cooling, and later, in response to tectonic stress. 

Intrusive rocks contain microscopic fabrics which can include microcracks that show a preferred 

orientation over large regions (Engelder, 1985). As plutons cool, their mineral grains align with 

the regional stress field, and when plutons are exhumed, or unloaded, they crack along these 

preferred orientations. Neotectonic joints, on the other hand, represented by vertical joints at a 

pluton surface and defined as the most recently formed systematic joint set, can be used to 

determine the contemporary stress field at the time of exhumation (Hancock and Engelder, 1989). 

This poses a complication in determining the origin of pluton joints. Although the present 

configuration of relative plate motion appears to have changed little since the late Eocene (D. 

Scholl, in prep.), the relative orientation of the stress field to the plutomc rocks seems to have 

remained steady.

Plutonism in the Aleutian arc is episodic (36 to 28 Ma and 20 to 9 Ma) and likely related 

to tectonic events (Vallier et al., 1994). Fracture sets observed at Sites 06, 07 and 08 appear to be 

consistent with the pattern of vertical cross and longitudinal joints characteristic of plutons
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(Figure 1.32) (e.g., Marre, 1986; Davis and Reynolds, 1996). Bedrock at Sites 03, 05E and 06 is 

ostensibly plutonic, although it is not visible as bnght backscatter in the GLORIA sidescan sonar 

images as are the plutons at Sites 07 and 08. Site 03, 05E and 06 are, however, located in areas of 

extension -  Atka Pass, Adak Canyon and Kanaga Canyon, respectively -  which are preferred 

locations for pluton emplacement. The plutons have nearly identical orientations of fracture sets 

at these five sites, which suggest that they all represent a single episode of plutonism and similar 

subsequent strain histories.

Figure 1.31. Typical pluton fracture pattern. Orientations of joints, veins, dikes and faults 
(Davis & Reynolds, 1996).

1.4.2.6 Tension Joints vs. Shear Fractures

Fractures can be characterized as either joints or shear fractures. Most lineaments in the 

multibeam sonar data are interpreted as joints since there is no discemable motion at the map 

scale and no indication of offset along fractures in any of the study sites. The joints exhibit no 

curved or irregular geometry, so they are identified as systematic joints (e.g., Ramsay and Huber, 

1987).

Another possibility is that the observed lineaments are “shear joints”, which are defined 

as shear fractures along which there is no displacement visible at the scale of observation (Mandl, 

2002). Although the concept of “shear joints” has been rejected by much of the geologic 

community because the term may confuse long-established distinctions between faults and joints 

(e.g., Pollard and Aydin, 1988), the term illustrates that it is possible that the observed fractures 

are of sheanng origin.
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Joints indicate the directions of regional tectonic stress at the time of their formation 

(e.g., Engelder and Geiser, 1980; Dyer, 1988). A multimodal distribution of joints represents 

more than one generation of fracturing and/or more than one paleostress regime. The dominant 

mode of fractures by jointing results in joints oriented perpendicular to the direction of least 

principal stress (a3), which are termed extension fractures or Mode I joints (e.g., Rehrig & 

Heidnck, 1972). Shear fractures form at an acute angle (± 30°) to the axis of the stress field (e.g., 

Mandl, 2002). Therefore, a bimodal distribution of lineaments represents either shear fractures of 

a single origin or bimodal tension joints that formed under two stress regimes.

In most cases, we reject the possibility of shearing origin, as shear fractures are

characteristically conjugate pairs of equally well-developed fractures separated by 60°. The

measured angles for potential conjugate pairs (28.6°-46.2°; Table 1.6) are smaller than predicted

by Mohr-Coulomb failure theory (60°). Possible conjugate shear fracture pairs are found at Site

06 for Sets 1 and 4 (50.9°) and Sets 2 and 3 (63.7°), as well as Sets 1 and 2 at Site 05E (68.9°).

Table 1.6. Offshore fracture mode relationships. Calculated angles between fracture sets are 
presented for potential orthogonal and shear pairs. Latitude and longitude are taken from the 
center of each site. Sites are listed in order from west to east.

SITE 08 07 06 05E 21 03 02 01

LAT 51.35 51.4 51.57 51.6 51.7 51.88 51.97 51.93

LONG -179.50 -178.57 -178.00 -177.00 -176.30 -175.25 -173.95 -173.20

SET 1 34.9 41.6 40.7 41.0 31.9 46.4 50.2 47.2

SET 2 135.3 135.1 122.4 152.1 134.1 137.4 127.9 128.9

SET 3 181.4 179.5 186.1 180.7 184.9 179.4

SET 4 88.8 91.7 89.4

SET 5 150.0 25.5

SET 6 66.1

orthogonal 
set 1+2 100.4 93.5 81.6 68.9 102.3 91.0 77.7 81.6

orthogonal 
set 3+4 90.7 94.4 89.9

conjugate 
shear 1+4 50.9 39.3

conjugate 
shear 2+3

46.2 44.4 63.7 28.6 50.8 51.5

Sites 02, 06 and 07 contain four fracture modes (Sets 1-4) that can either be interpreted as 

two overlapping pairs of orthogonal tension joints (Sets 1+2 and 3+4) or two conjugate pairs of 

shear fractures (Sets 1+4 and 2+3) (Figure 1.32). A shear fracture model would pair sets 1+4 and 

sets 2+3. However, where they are found, Set 3 and 4 fracture sets are generally less developed
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than the dominant modes of Sets 1 and 2 (with the notable exceptions of Sites 02 and 05E), based 

on the total number of lineaments that comprise the sets (Table 1.6). It is therefore unlikely that 

these pairs represent conjugate shear fractures, and a system of two orthogonal pairs is the more 

likely explanation. Two orthogonal pairs results in a pattern consisting of four sub-vertical 

directions at ~45° to each other, which is commonly observed in fracture zones (Tiren and 

Beckholmen, 1989). Tiren and Beckholmen (1989) attribute this pervasive fracture system to the 

ability of such a pattern to “absorb a wide variety of tectonic stresses.”

Figure 1.32. Predominant fracture sets identified in multibeam sonar data sites, based on 
calculated mean orientations. NE fractures are Set 1, SE fractures Set 2, N-S fractures Set 3, and 
E-W fractures labeled Set 4. Orientation of Site 05E Set 2 fractures falls between Set 2 and Set 3.

1.4.2.7 Fracture Sets 1 and 2

All eight sites contain Set 1 and 2 fractures (Figure 1.32; Table 1.6). At each site, Sets 1 

and 2 are approximately orthogonal (77.7° to 93.5°), with the exception of Site 05E (68.8°).

1.4.2.7.1 Set 1: NE Fractures

A principal set of lineaments (Set 1), oriented NE (31.8°-50.1°), is found in all eight sites. 

The regional distribution of Set 1 fractures suggests that they likely formed under a single 

regional stress regime.

Set 1 fractures at Site 01 show greater dispersion about the mean (Table 1.4), 

characteristic of a Kent-like statistical distribution that can result from a rotated stress field 

(Whitaker and Engelder, 2005). Another way to achieve a Kent-like distribution is by rotating 

the rocks through a consistent stress field. Based on this idea, it is possible that the rocks on Site 

01 were rotated while those at Site 03 were not, which would support the model for a rotating



eastern Andreanof block and a relatively stable western Andreanof block (e.g., Ryan and Scholl, 

1989). The same argument can be made for Site 02, except a less steady rate of rotation resulted 

in two NE-trending sets, Sets 1 and 5 (50.2° and 25.5°, Table 1.6), instead of an even distribution. 

However, this argument is not consistent with Set 1 fractures found at Site 21, as a large number 

of fractures (n=660) exhibit a tight cluster around the mean (standard error of mean = 0.37).

1.4.2.7.2 Set 2: SE Fractures

Set 2 lineaments, oriented SE (127.9° to 152.1°) are found in all eight sites. At each site, 

Set 2 fractures are approximately orthogonal to Set 1, and have approximately the same trend as 

the relative Pacific Plate motion vector. With the exception of Site 05E, Set 2 orientations are 

very consistent along the arc, ranging from 122.4° to 137.4°. At Site 02, Set 2 fractures indicate 

greater dispersion about the mean, which again may indicate rotation through a steady stress field.

1.4.2.7.3 Ground-truthing of fractures

Set 1 fractures are found on Adak Island, with a mean orientation of 55.9°. This 

orientation differs only slightly from those found at Sites 01, 02 and 03 (46.4° to 50.2°), but does 

differ significantly from Site 21 (31.8°).

Site 21 is characterized by a well-defined set of fractures whose mean direction is 31.8° 

(Table 1.6). Joints with a similar orientation (23.9°) are visible in the Lower Series Finger Bay 

volcanics (Fraser and Snyder, 1959) at Ragged Point on Kagalaska Island (Figure 1.9). These 

fractures are most likely representive of the same fracture set, since the 8° discrepancy can be 

attributed to errors in orthorectification of original aerial photographs on which the Kagalaska 

Island lineaments are based (Coats, 1956). Set 2 can also be correlated from Site 21 (134.1°) to 

fractures onshore of Kagalaska Island (137.8°). These links are significant since onshore 

observations confirm our interpretations of the seafloor sonar data here, and add credibility to 

interpretations made elsewhere along the arc.

1.4.3.1 Origin of Fracture Sets 1 and 2

1.4.3.1.1 Kinematic origin of orthogonal joints

In rocks with more than one set of joints, an orthogonal joint pattern is so common that it 

is referred to as the “fundamental joint system” (Mandl, 2002). Typically, these joint systems are 

comprised of two sets of fractures -  systematic master joints (hundreds to thousands of meters in 

length) with an approximately orthogonal set of non-systematic joints (Bai et al., 2002) that abut
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the first set. Systematic joints form parallel to maximum horizontal compressive stress (ai), and 

the orthogonal set of non-systematic joints later form between the systematic set. Fundamental 

joint systems are primarily found in bedded sedimentary rocks. Although the present study deals 

with fractures in igneous rocks and volcanicastic rocks that are not strongly bedded, the same 

mechanism for their formation applies.

Orthogonal joints form by a rotation of regional principal stresses by 90° after formation 

of the first set of joints (e.g., Bai et al., 2002; Mandl, 2002). Rather than a “rotation” of principal 

stresses, this can also be considered a switch of principal stress directions: the release of stored 

stress in the direction of maximum horizontal compressive stress (dj) shifts the maximum stress 

to the direction of former minimum compressive stress (a3). In effect, the maximum stress 

switches to the orthogonal direction after strain is released by the formation of tensional joints.

1.4.3.1.2 Tectonic origin of orthogonal joint sets 1 and 2

On a tectonic scale, extension in orthogonal directions, or biaxial tectonic extension, is 

accomplished by rotation of principal stress directions when o , and a3 are both horizontal (Mandl, 

2002). This explanation seems appropriate for Set 1 and Set 2 fractures, since they are regionally 

consistent, orthogonal and apparently vertical.

At a convergent margin, trench rollback can account for across-arc extension, and arc- 

parallel extension in a transpressional setting is well-documented. However, extension in the 

directions necessary to form tensional joints oriented along the same strike as Set 1 and Set 2 

fractures (NE and SE, respectively) is neither parallel nor normal to the plate boundary.

Instead, the orientations of Set 1 and Set 2 fractures appear to be controlled by the 

relative convergence direction of the Pacific plate (Table 1.7) rather than by convergence angle 

and degree of strain partitioning. Under partitioned strain, stress vectors would rotate clockwise 

westward along the arc, yet the Set 1 and 2 fracture data suggest a slight counterclockwise 

rotation from east to west (Table 1.7). The relative Pacific -  North American plate motion (PAC- 

NAM) vector also rotates counterclockwise as one moves westward along the arc, which provides 

further evidence for a causal relationship between Set 1 and Set 2 fracture pairs and plate 

convergence direction.
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Table 1.7. Set 1 and Set 2 fractures compared with relative Pacific Plate convergence direction, 
based on the REVEL 2000 plate model (Sella et al., 2000)._____

SITE Set 1 (NE) 
Fractures

Set 2 (NW) 
Fractures

PAC-NAM 
(REVEL 2000)

01 47.2 128.9 137.5

02 50.2 127.9 137.2

03 46.4 137.4 136.3

21 31.8 134.1 135.8

05 41.0 152.1 135.4

06 40.7 122.4 134.9

07 41.6 134.5 134.5

08 34.9 135.3 133.9

The regional distribution of Set 1 and 2 fractures and their consistent relationship to 

Pacific plate convergence direction suggest that they are related to regional stresses. However, 

maximum horizontal compressive stress (jj)  onented parallel to relative Pacific plate motion 

requires far-field stresses to propagate from the plate interface to the Aleutian summit platform 

without being partitioned. In their study of preferred orientations of dike swarms and volcanic 

cone alignment in the Aleutian arc, Nakamura et al. (1977) also concluded that maximum 

horizontal compressive stress is parallel to the direction of plate convergence.

1.4.3.2 Fracture Sets 3 and 4

1.4.3.2.1 Set 3: North-South Fractures

The regional distribution (all but Site 01) and consistent orientation of Set 3 fractures 

(176.8° to 186.1°) is somewhat perplexing. This north-south system of fractures may be simple 

Mode I dilatational joints resulting from along-arc extension. However, one would again expect 

the azimuth to rotate clockwise from east to west simply based on arc curvature (-13°), even 

without considering the possibility of block rotation. It is possible that local stresses or 

differences in rheology may have influenced the formation of N-S lineaments. However, Set 3 

fractures are found in seven of the eight sites, and therefore suggest a regional origin rather than a 

local perturbation.

In Site 05E, north-south lineaments (180.7°) are roughly parallel to the western edge of 

Adak Canyon, where deformation is persistent enough to create fractures in the adjacent 

Andreanof block. The absence of Set 3 fractures at Site 01 implies that arc-parallel extension at 

this site is neglibible.



Set 3 fractures found at Site 02 (179.4°) and Site 03 (196.0° or 16.0°) could be associated 

with interblock compression between the eastern and western ends of the Andreanof block. The 

only documented geologic evidence for compression between the eastern and western segments 

of the Andreanof block is based on a single seismic reflection profile (Ryan and Scholl, 1989), 

and regional bathymetry which indicates possible folding along the slope between Sites 02 and 03 

(see Figure 1.3).

1.4.3.2.2 Set 4: East-West Fractures

Set 4 fractures are found at Sites 02, 06 and 07. At Site 02, Set 4 fractures are pervasive 

and traceable up to 900m in length. The adjacent Amlia Island does not exhibit a distinct set of 

east-west striking fractures, partly owing to a lack of onshore structural mapping, but may be 

because existing fractures are covered by lava flows. A neotectonic dextral fault has been 

mapped to the eastern edge of Atka Island (Plafker et al., 1994), just west of Amlia Island. This 

fault is oriented approximately east-west and may mark the northern boundary of the Andreanof 

block. Thus, the prevalence of east-west fractures at Site 02 may be a result of recent shear 

associated with this boundary which likely overprints previous fracture generations.

Sites 06 and 07 are located near the northern shear zone that separates the Aleutian 

forearc from the rest of the upper plate, where this boundary is oriented more east-west than at 

other site locations. The proximity of these sites to the northern boundary may represent local 

stress perturbations associated with a broadly-deforming shear zone, and thus reflect complete 

strain partitioning.

1.4.3.3 Shear Fractures at Site 05E

An alternative explanation exists for fractures at Site 05E. Site 05E, located along the 

eastern edge of Adak Canyon, lies directly on the western boundary of the Andreanof block. 

Although shear fractures do not usually develop as part of a regional pattern, local stress 

magnification around major structures can result in high differential stress and shear fracturing 

(Engelder, 1987).

Sets 1 and 2 at Site 05E can be interpreted as shear fractures resulting from arc-normal 

compression oriented at 186.6°, which is approximately parallel to the western block edge. In this 

case, the north-south fracture set (Set 3) approximately bisects the acute angle between the shear 

fractures (68.8°; Table 1.6), and would represent 0\. A possible evolution of these fractures is 

that the north-trending set formed as Mode I tension joints as a result of arc-parallel extension
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(a3). As the Delarof sector was sheared away from the Andreanof block, shear fracturing began 

to dominate, and resulted in the formation of shear fractures on either side of the tension joints, in 

response to the arc-normal compressional component of subduction. This interpretation suggests 

complete partitioning of strain at block boundaries.

1.5 DISCUSSION

Closer examination of the tectonic blocks in the Aleutian forearc indicates that while 

most deformation is concentrated along block boundaries, considerable internal deformation is 

likely. Thus, the Aleutian forearc is a good example of a “broad deforming zone consisting of a 

few discrete high-strain shear zones separated by regions of low strain” (Thatcher et al., 1999).

1.5.1 Varying Degrees of Strain Partitioning

Brittle deformation in upper plates depends on the geometry of the subducting plate and 

pre-existing thermomechanical properties of the crust (Cross and Pilger, 1982). In oblique 

subduction zones, the style of upper plate deformation may also be affected by the degree of 

strain partitioning. It is well documented that onentations determined from focal mechanisms 

are consistently more normal to the arc than relative Pacific plate motion (e.g., Jarrard, 1986; 

McCaffrey, 1992, 1993; Yu et al., 1993; Lu et al., 1997) and reflect incomplete partitioning.

Major structural features in the central Aleutian arc result from complete strain 

partitioning, manifested as arc-parallel shear zones that accommodate the arc-parallel component 

of strain and arc-normal transcurrent canyons that accommodate the arc-normal component of 

strain. Previous structural analyses from several Aleutian Islands were consistent with complete 

displacement partitioning and arc-parallel extension (Ave Lallement and Oldow, 2000). Ave 

Lallement (1996) concluded that deformational structures in the western Aleutian arc are not 

directly related to the plate convergence vector. The data presented here from the central 

Aleutian arc suggest otherwise. The regional distribution and consistent nature of two dominant 

sets of fractures (Sets 1 and 2) observed in the new data suggests persistent regional stresses 

caused by plate boundary forces, and these features also indicate no strain partitioning.

1.5.2 Neotectonic or Paleotectonic Origin?

A systematic orientation of joint sets clearly implies the presence of a systematically 

oriented stress system (Ramsay and Huber, 1987). The consistent orientations of fractures 

observed in the new data do not appear to rotate along the arc from SiteOl to Site08. This
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suggests that the fractures either formed in place after block rotation, or implies that the fractured 

rocks were not rotated.

The relationship of the deformational features observed in the new data with present-day 

relative Pacific plate motion strongly suggests a neotectonic origin. However, Bevis and Martel 

(2001) modeled crustal velocities associated with oblique convergence at varying distances from 

the trench, and found that surface velocity fields are rarely parallel to either the convergence 

direction or the direction of seismic slip. This would suggest that strain represented by the 

present-day velocity field was not responsible for the fractures observed in the present study.

The question of the timing is further complicated by the fact that most tectonic joints 

form with the release of stored elastic strain when the rock is uplifted (Ramsay and Huber, 1987), 

which means that the observed fractures may be representative of a paleostress regime. If the 

present-day stress configuration in the Aleutian arc has been stable for the last 14 m.y. (D. Scholl, 

in prep.), the joints can represent either a neotectonic or a paleostress regime. Several studies in 

other locations have found that present-day deformation observed with GPS is consistent with 

long-term stress regimes (e.g., Armijo et al., 2003; Engelder and Whitaker, 2006). Thus, the 

observed deformation patterns in the Aleutian forearc may reflect a relatively steady-state stress 

regime, even within the context of rapid plate convergence and complex upper plate deformation 

under the forces of oblique subduction.

1.5.3 Seismogenic Coupling

Although it is not possible to reconcile the age of the pervasive orthogonal system of 

fracture sets 1 and 2 in our data, it is clear that they are not related to the large-scale 

deformational features caused by strain partitioning, and may represent regions of diffuse strain 

between areas of high strain concentrated along larger features.

At depth, slip along the plate interface equals the plate convergence rate, but at shallower 

depths the plate interface can be locked along the seismogenic zone (Figure 1.33), resulting in 

cycles of strain accumulation and release. The degree of strain transmitted through the crust of 

the upper plate is related to the area of interface and the degree of coupling between the upper and 

lower plates (Figure 1.33) (e.g., Pacheco et al., 1993). The degree of seismic coupling is based on 

the fraction of motion accommodated by seismic release in trench earthquakes (e.g., Stem and 

Sella, 2002).
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Figure 1.33. Seismogenic coupling. Schematic cross section of a subduction zone, 
layer is bounded by upper and lower transition zones (ds and dd) and by the downdip 
Figure from Pacheco et al., 1993.

seismogenic 
width (W).

Not all strain is released in great earthquakes. The lineaments observed in the new data 

represent finite strain of an inelastic nature, which may behave quite differently from the elastic 

strain released in the seismic cycle. Interseismic strain is associated with faults and fractures in 

the brittle crust and represents long-term deformation (Mazzotti et al., 2000). Temporal and 

spatial variations in seismic coupling can result in spatially-variable interseismic strain, some of 

which may be transmitted instead of accumulated along locked fault zones.

Propagation of inelastic strain is not well understood. The residual strain may be 

transmitted from the plate interface in areas of reduced plate coupling in the central Aleutian arc, 

allowing strain to propagate great distances from the trench without being deflected. An 

alternative explanation is that strain may be transmitted from the plate interface beneath the 

seismogenic zone, where the plates move relative to each other by ductile creep (Figure 1.33; 

Pacheco et al., 1993). This strain may propagate through the upper plate to result in horizontal 

strain related to the plate boundary conditions. Thus, smaller-scale deformation at the surface 

may represent un-partitioned strain transmitted directly from the plate interface and regionally 

distributed.
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1.6 CONCLUSIONS

Fracture patterns observed in new high-resolution sonar data from the central Aleutian 

arc reveal an unexpected regional distribution of joint sets. A system of NE- and NW-trending 

orthogonal joints is found at all eight sites, regardless of lithology or their location with respect to 

plate convergence obliquity and forearc block boundaries. Additional fracture sets can be 

attributed to local stress perturbations or adjacent macroscopic structures. Most onshore sites and 

offshore sites located near proposed block boundaries contain fracture sets that are approximately 

parallel to these boundaries. This suggests that strain at block boundaries is diffuse and is 

accommodated in a zone of deformation rather than along a single structure. Strain partitioning 

may be more effective between forearc blocks than within the more rigid rotating blocks, where 

un-partitioned regional strain is accommodated. Un-partitioned strain may propagate from the 

ductile plate interface beneath the seismogenic zone to deform the brittle upper plate.

1.6.1 SUGGESTIONS FOR FUTURE WORK

1.6.1.1 Structural Data

In order to make inferences about the state of stress in a fracture study, it is necessary to 

accurately determine the mode of fracturing. Here we have made many assumptions based on the 

surface trace of the fracture alone. Dip measurements, age constraints, relative timing, and, of 

course, more extensive data coverage would greatly improve this study. As high-resolution 

multibeam sonar mapping of the entire Aleutian forearc seafloor is not presently practical, 

continuous coverage at several selected locations along the arc would help to constrain some 

aspects of this effort. Age dating of the plutons studied here would also help to constrain the age 

of the fractures. Timing of fractures would allow determination of whether they are paleotectonic 

or neotectonic in origin.

1.6.1.2 Seismicity

A proposed network of permanent undersea seismographs stretching from Shemya Island 

to mainland Alaska would provide precise, real-time seismic information from the Aleutian 

forearc region, enabling analyses of more reliable data from upper crust events. Estimates of 

regional neotectonic stress directions will improve as seismic data improves and more geodetic 

measurements are obtained.
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Appendix I. New and existing data available for the Aleutian forearc.

Data Type Data Source Author Citation Comments

REGIONAL

Global Seafloor 
Topography

Scripps Institution of 
Oceanography Smith and Sandwell, 1997

Magnetic Map for 
North America USGS Blakely et al., 2000

Earthquake focal 
mechanisms

Harvard Centroid 
Moment Tensor 
Catalog

http ://www. seismology. 
harvard.edu

Alaska Earthquake 
Information Center http://www.aeic.alaska.edu/

GLORIA sidescan 
sonar data USGS EEZ-SCAN, 1991 50m nominal spatial 

resolution
Coast and Geodetic 
Survey NOAA Nichols & Perry, 1966 1:400,000 Bathymetry

LOCAL

Offshore

RESON 8111 100- 
kHz multibeam sonar

R/V Davidson survey 
2003 Reynolds et al., 2004

Bathymetry & 
backscatter gridded at 
2m, 5m or 10m 
resolution

RESON 8150 24-kHz 
multibeam sonar

R/V Davidson survey 
2003 Reynolds et al., 2004

Bathymetry & 
backscatter gridded at 
25m or 50m resolution

EM 120 12-kHz 
multibeam sonar

R/V Revelle research 
cruise July-Aug 2004

Heifetz et al., 2005 
and this study

Seismic profiles USGS, Deep Sea 
Drilling Program numerous

ROV JASON II dive 
observations

R/V Revelle research 
cruise July-Aug 2004

Heifetz et al., 2005 
and this study

video, samples and field 
notes

DELTA submersible 
dive observations

National Marine 
Fisheries Service, 
Auke Bay Lab

Heifetz et al., 2005 video, samples and field 
notes

Onshore

Aleutian Island 
topographic maps 
and structural data

Army Map Series U.S. Army Map Service 
AMS Series Q501, 1968 1:250,000

Reconniassance
studies

U.S. Geological Survey 
Bulletin 1028 Series Published 1945-1954

Fault data Neotectonic Map of 
Alaska Plafker et al., 1994 limited observations

Paleomagnetic data Oriented cores 
collected in 1976

Stone et al., 1976 
and this study

Remeasured for 2006 
study

http://www.aeic.alaska.edu/
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Appendix II. Seafloor classification codes and descriptions. Descriptions of rock samples 
collected during DELTA and JASON dives.

SITE HABITAT
CODE DESCRIPTION DIVE SAMPLES

SiteOl
She_f/d differentially-eroded, fractured, 

massive hard bedrock exposures 
on shelf

N/A

Site02

She_i/s
Sme_u

She

ice-scoured, planed-off bedrock 
exposed rock with medium relief, 

covered with unconsolidated 
seds

exposed outcrop with high relief

■ bioturbated siltstones (4)
■ subangular, vesicular lava (1)
■ several dropstones

Site03

She_f/d

Sh_d/h

Fmm_f/d/h/u

differentially-eroded, fractured, 
hard exposures on shelf 

differentially-eroded, hummocky 
hard rock on shelf 

differentially-eroded, hummocky, 
fractured, mixed rock on flank

N/A

Site21

She
She_f

Sme_f/d?/u

Fm_f/d?/u

hard rock exposures on shelf 
fractured hard rock exposures on 

shelf
fractured, differentially-eroded (?), 

unconsolidated mixed rock on 
Shelf

fractured, differentially-eroded (?), 
mixed rock on flank

■ breccia/conglomerate, ash-rich
■ igneous rock, coarse-grained, 

possibly plutonic

Site05
Sm(s?)_f/c?/u fractured, unconsolidated & 

consolidated (?), mixed rock on 
Shelf

N/A

Site06

Sme/t_f/s/g/u
Sme/t/i_f/s/g/u

Sme/t_f/s/g/u
Sme/t/i_f/s/g/u

■ subangular, possible lava 
fragment

■ siltstone
■ fresh angular lava, with pyrite 

and feldspar phenocrysts
■ metamorphic rock

Site07
Sh_d/f

Sm(m/e?)_d/f/u

differentially-eroded, fractured 
hard rock on shelf 

Sm(m/e?)_d/f/u

■ altered to badly-altered volcanic 
rocks with crystals

Site08

She/t_f/g 

Sm(m/s?)d d/f/u 

Sme/t_g/u

fractured, glaciated exposures of 
hard rock on terrace 

Sm(m/s?)d_d/f/u 
mixed, exposed rock on terrace 

covered with unconsolidated 
sediments

■ Subangular siltstone with 
slickenlines

■ Siltstone (4)
■ Coarse-grained plutonic or 

andesitic
■ Igneous with large hornblende 

crystals
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Chapter 2 New Paleomagnetic data from the Central Aleutian Island Arc: Implications for 
Block Rotations and Translations2 

Abstract

Early paleomagnetic measurements (late 1960s and early 1970s) from the central 

Aleutian arc produced mixed results. Archived cores collected for previous paleomagnetic 

studies are remeasured and reanalyzed for this study using modem thermal demagnetization 

techniques that were not available at the time of collection. These new measurements indicate 

counterclockwise rotation or less significant clockwise rotations than those predicted by the 

proposed model for block rotation within the Aleutian forearc. Paleomagnetic results are 

presented for Tertiary and Quaternary volcanic rocks from Adak and Amchitka Islands in the 

central Aleutians. Results range from no statistically significant rotation in young intrusives, to 

55 ± 9 degrees of clockwise rotation of the 14 Ma Chitka Point Formation on Amchitka Island. 

East of the study area, Quaternary volcanic sequences show no rotation, and to the west, middle 

to late Miocene intrusives on Shemya Island show significant clockwise rotation.

2 Krutikov, L. and Stone, D.B., New Paleomagnetic data from the Central Aleutian Island Arc: 
Implications for Block Rotations and Translations, in Active Tectonics and Seismic 
Potential o f Alaska, edited by J. Freymueller, Haeussler, P., Wesson, R., and G. Ekstom, 
AGU Monograph, Washington, D.C., in prep.
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2.1 INTRODUCTION

2.1.1 BACKGROUND

2.1.1.1 Tectonic Setting

Present-day motion of the Pacific plate relative to the North American plate changes 

along the Aleutian arc from normal convergence in the east to transform motion in the west. It 

was postulated by Geist et al. (1988) that strain partitioning could result in tectonic segmentation 

of the lithosphere, caused by increasing obliquity of plate convergence and characterized by 

clockwise rotation and westward translation of discrete blocks in the Aleutian forearc (Figure 

2.1). Analysis of the present day morphology and tectonic location of the arc suggests the 

presence of rotated blocks, and implies that the rotation is ongoing (e.g., Geist et al., 1988). 

Subsequent geologic and geophysical investigations have yielded some data that support this 

model, but the paucity of such data makes it difficult to constrain the dynamics and kinematics of 

forearc deformation.

In the interest of examining the length of the entire arc and the full extent of the block 

rotation model, we consider the Komandorsky Islands as part of the Aleutian arc system and 

henceforward refer to the Aleutian-Komandorsky Arc as the Aleutian Arc.

Figure 2.1. Block rotation model proposed by Geist et al. (1988). 

2.1.1.2 Tectonic Evolution

It is widely believed that the Aleutian arc originated in early Tertiary time, although the 

precise date has come under considerable debate. It had been assumed that the Aleutian Arc 

initiated 55-50 Ma (Scholl et al., 1987). This was based on a poorly constrained 40Ar/39Ar date of
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55-50 Ma for a basalt sample from Adak Island (Jicha, et al., 2006) and was thought to be 

associated with extensive volcanism and magmatic growth possibly associated with a change in 

Pacific-Farallon plate motion -49-53 Ma (Norton, 1995). However, recent dating of the oldest- 

known material sampled from the Aleutian Arc, from Murray Canyon, yielded an isochron age of

46.3 ± 0.9 Ma (Jicha et al., 2006), which constrains arc magmatism to at least the last 47 Ma.

Increased obliquity of subduction and decreased magma generation have been linked to a 

shift in Pacific plate motion at 43 Ma, although this too has been challenged by data from deep 

sea drilling cores (Tarduno et al., 2003) and insufficient evidence to confirm a shift in Pacific 

plate motion at that time (Norton, 1995). Regional subsidence and extensional deformation of the 

Aleutian platform, as well as an acceleration in block-style deformation of the Aleutian forearc, 

have been attributed to another shift in Pacific plate motion in the late Cenozoic at ~5 Ma (e.g., 

Harbert et al., 1986; Scholl et al., 1987)

Structural evolution of the Aleutian forearc is poorly understood, since it is difficult to 

constrain rates and geometry of slip, because extensive deformation and erosion have obscured 

much of the geologic history, and because there is such a scarcity of both subaerial rock exposure 

and submarine data. An important aspect of the tectonic evolution of the Aleutian arc, 

particularly in the context of a model for rotating blocks, is rotation about a vertical axis, which 

can be revealed by paleomagnetic data. Previous attempts to constrain the kinematic history with 

paleomagnetic data have been largely unsuccessful because of thermal and metamorphic 

overprinting of the rocks sampled from the Aleutian arc complex.

2.1.2 PREVIOUS WORK

Early paleomagnetic studies in the Aleutian Arc yielded somewhat ambiguous results. In 

general, paleomagnetic data from the Aleutian Islands have been considered too sparse to 

contribute significantly to a model for the tectonic history of the arc. However, most earlier 

paleomagnetic data from the Aleutian Islands indicated “no displacement or a slight southward 

displacement of the Aleutian Arc with respect to North America” (Stone, 1975). Subsequent 

paleomagnetic data from the islands suggest significant clockwise rotation, but the data quality is 

often questionable because the analyses were done in the 1960s and 1970s with less reliable 

laboratory methods. More recent studies also yielded measurable clockwise rotations for samples 

from the Aleutian and Komandorsky Islands. Harbert (1987) reported significant clockwise 

rotations in Eocene and Lower Oligocene sedimentary rocks on Umnak and Amlia islands,
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Bazhenov et al. (1992) found evidence of large clockwise rotations in Middle and Upper Eocene 

rocks on Medny Island and Mmyuk (2004) found similar rotations on Bering Island.

A review of all existing paleomagnetic data from the arc indicates that only a few high- 

quality paleomagnetic determinations exist for the Aleutian Islands (Appendix I). For this study 

we selected samples from earlier studies for re-measurement with improved methods.

Samples were selected from paleomagnetic cores which were measured at the University 

of Alaska at Fairbanks (UAF) paleomagnetic laboratory and collected from the following 

Aleutian Islands (Figure 2.2): Unalaska (Bingham and Stone, 1972; Stone and Layer, 2006); 

Umnak (Bingham and Stone, 1972); Adak (Cameron, 1970; Cameron and Stone, 1970); Kanaga 

(Bingham and Stone, 1972); Amchitka (Stone, 1972); Kiska (Panuska, 1980) and Shemya 

(Cameron, 1970; Cameron and Stone, 1970). Paleomagnetic data acquired for Attu Island are 

unpublished.

Figure 2.2. Aleutian Islands for which paleomagnetic data exist.

Paleomagnetic measurements from these previous studies can be divided into those 

representing lava flows from the presently active volcanic arc (<2 Ma) and those representing 

older rock formations. All of the data from the modem volcanic arc are of high quality, 

especially since the majority of the samples have been re-measured (Appendix I; Unalaska, DFB; 

Umnak, CCR, NJC, ASH; Kanaga, RDH, KAN; Adak, AND, ADG) (Stone and Layer, 2006; and 

this study). Several of the early studies on older formations proved unsuccessful because the



79

rocks were thermally or chemically overprinted with a magnetization that was impossible to 

remove with the alternating field (AF) demagnetization methods used.

In this study, we present results from samples from Adak and Amchitka islands re

measured with modem equipment and protocols. Other high quality paleomagnetic data are 

available from Medny Island (Bazhenov et al., 1992) and Bering Island (Minyuk, 2004) in the 

western arc, and from Amlia and Umnak islands (Harbert, 1987) in the eastern arc. While a few 

comprehensive paleomagnetic data analyses have been attempted in the past (Harbert, 1987;

Beck 1980), these new data necessitate a reevaluation of previous results (Appendix I) and a more 

comprehensive look at paleomagnetic trends along the entire arc. Although paleomagnetic data 

from the arc are sparse, data pertaining to rotation and/or translation in the Aleutian arc can 

provide important constraints on the mechanics of forearc deformation and insight into the 

tectonic processes at work there.

2.2 NEW PALEOMAGNETIC DATA

2.2.1 SAMPLE SELECTION

Samples for re-measurement for this study were selected from cores that were collected 

on Adak and Amchitka Islands (Figure 2.3) in 1967 and 1968 (Cameron and Stone, 1970) and 

archived following the original measurements that used only AF demagnetization. Samples 

chosen from Adak Island were from the Adagdak volcanics (<500 kA), which form part of the 

active volcanic arc, and from the Finger Bay volcanics (-40 Ma) which are the oldest well-dated 

rocks of the arc. The Finger Bay volcanics were selected for re-measurement because of their age 

and relevance in the reconstruction of arc history.

Amchitka Island samples were chosen from the Chitka Point Formation, also based on 

their age of 14 Ma (Carr et al., 1970, Layer, pers. comm., 2006), and the fact that original 

measurements showed a reasonable grouping of the magnetic vector directions. Amchitka Island 

was an obvious choice for the current study as well, since it is located within the proposed 

boundaries of the Rat Island block (Geist et al., 1988).
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Figure 2.34. Location of sites of re-measured samples from Adak and Amchitka Islands 
(basemap: Nichols and Perry, 1966).

2.2.1.1 Adak Island

Centrally located along the Aleutian Island Arc, Adak Island (~ 177° W) is a prime 

location to investigate the deformation history of the arc because much of the island is within the 

proposed boundaries of the Andreanof block. The north end of Adak Island, which is ostensibly 

outside the Andreanof block boundary (Figure 2.3), is dominated by three young (< 500 kA) 

volcanic centers, namely Mt. Moffett, Mt. Adagdak and a subsidiary vent complex known as Mt. 

Andrew. Selected samples from Mt. Adagdak, referred to as Adagdak volcanics, were re

measured for this study.

The rest of the island is mostly mapped as “Finger Bay Volcanics” (Coats, 1956) which 

are part of the Eocene Lower Series seen throughout the arc (e.g., Vallier et a l, 1994). A precise 

age of 37.4 +/- 0.6 Ma for the Finger Bay volcanics on the southern end of the island (Figure 2.4) 

was recently obtained using 40Ar/39Ar dating (Jicha et al., 2006). Rocks from the Finger Bay 

volcanics had also been sampled for paleomagnetic studies in 1967 and 1968 from the northern 

edge of the block.
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Figure 2.4. Geologic map of Adak Island, modified from Vallier et al. (1994). (Original mapping 
by Coats, 1956; Fraser and Snyder, 1959; Rubenstone, 1984). Sample locations are noted with 
triangles: the Adagdak volcanics sampled from the more northern site in the USV unit; Finger 
Bay volcanics sampled from the southern site, in the LSV unit.

2.2.1.1.1 Adagdak volcanics

Adagdak specimens were sampled from horizontal flows of olivine basalt and 

homblende-bearmg basaltic andesite on the north end of Adak Island (Figure 2.4) (Cameron and 

Stone, 1970). The Adagdak volcanics are younger than 0.5 Ma, although the exact date has not 

been determined because they are younger than the limits of resolution of the K-Ar dating 

technique in use when the samples were first analyzed (Stone, 1975).

Previous paleomagnetic measurements showed no significant rotation or latitudinal 

translation (Cameron and Stone, 1970). As the original measurement protocols called for single 

level “blanket” alternating field demagnetization, the Adagdak duplicate samples were re

measured using complete thermal and alternating field protocols as part of this study. The 

Adagdak samples were chosen because the early measurements exhibit very stable original 

magnetization and good grouping of measurements, and thus acted as a control group to compare 

new results with original results obtained with previous protocols.
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2.2.1.1.2 Finger Bay volcanics

The Finger Bay volcanics consisting of metabasalts, lithic tuff breccia, palagonitic tuff 

breccia, as well as rhyodacite, andesite and andesitic basalt flows were sampled at three sites on 

Adak Island (Cameron and Stone, 1970). Original paleomagnetic results for the Finger Bay 

volcanics were very scattered (Cameron, 1970; Cameron and Stone, 1970). This was attributed to 

a seriously-decayed primary magnetization that could not be measured with the equipment 

available at the time of the original study. Thus, for this study, duplicate samples of the Fmger 

Bay volcanics were re-measured with updated instrumentation and new protocols to obtain an 

improved paleomagnetic measurement.

2.2.1.2 Amchitka Island

Amchitka Island lies on the southern margin of the Aleutian Island arc, just west of the 

180° meridian. Three main rock units are identified on Amchitka Island. The oldest is the 

Amchitka Formation, consisting mainly of pillow lavas and breccias, which are older than 35 

m.y. (Carr et al., 1969). It is overlain by the Banjo Point Formation which is dominated by 

basaltic breccias and minor pillow basalts and sedimentary rocks (Bath et al., 1972). This is 

overlain by the youngest of the extrusive rocks, the Chitka Point Formation, which is dominated 

by hornblende and pyroxene andesite lava flows and breccias with subsidiary sedimentary beds. 

Three K-Ar measurements give a best-guess age of 14.1 ± 1.1 Ma (Carr et al., 1969) which is 

consistent with the mid-Miocene age estimate based on pollen and spores from a coal sample 

(Carr et al., 1969) and is backed up by a new 40Ar/39Ar age of 13.8 +/- 0.2 (Layer, pers. comm. 

2006).

All three of these units were sampled for paleomagnetic studies in 1967 and 1968. 

Paleomagnetic results commonly exhibited unacceptable scatter of the magnetic vectors, with the 

possible exception of the Chitka Point Formation which showed signs of good grouping (Stone, 

1972). However, the groupings were not distinct enough to draw any significant conclusions in 

the original study, so these samples were selected for re-measurement. Samples re-measured for 

this study were all from the Chitka Point Formation at four locations on Amchitka Island (Figure

2.5). These samples were collected from slightly porphyritic altered andesites near the Atomic 

Energy drill site Uae3 (samples 24.3-32.3), and from andesite lava flow units at Bird Cape (800- 

805), Windy Island (829-836) and NW road, Amchitka (821-823).



Figure 2.5. Map of sample sites on Amchitka Island (modified from Nichols and Perry, 1966). 
Four locations are Uae-3 (24.3-31.3), Bird Cape (800-805), NW Road (821-823) and Windy 
Island (829-834).

2.2.1.3 Sample collection & selection

Samples were collected with non-magnetic core barrels tipped with diamond impregnated 

phosphor-bronze cutting edges. Orientations in the field were determined using a combination of 

map bearings, a sun compass and a magnetic compass. The 2.4 cm diameter cores were sliced 

into 2-cm-tall right cylinders. Each cylindrical core sample was originally sliced into three 

specimens -  a, b, c -  from the surface down, respectively. Specimen 6b’ had been used for most 

of the original measurements. For this study, we used specimen Cc’ whenever possible to 

minimize the effects of surface weathering. In a few cases, specimen V  was unavailable, so 

specimen ca’ was measured. For complete details of sampling procedures, refer to cited papers of 

previous studies.

2.2.2 PALEOMAGNETIC MEASUREMENTS

2.2.2.1 Demagnetization techniques

Original magnetization of rock samples, acquired at the time of cooling in igneous rocks 

or dewatering or cementing in sediments, is often overprinted by later magnetizations. To erase 

overprinted magnetizations and isolate the original magnetization, samples must be
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demagnetized, or “cleaned”. The two most common methods for cleaning a sample are 

alternating field (AF) and thermal demagnetization.

AF demagnetization destroys the alignment of less stable magnetic material by placing it 

in successively stronger alternating fields that are then slowly reduced to zero while the sample 

remains in a zero DC field environment. This randomizes the magnetization of the magnetic 

material susceptible to the peak field level applied. Demagnetizing the samples by applying 

successively higher peak alternating fields allows the magnetization carried by minerals with 

various magnetic stabilities to be determined. This is intended to demagnetize the sample until 

only the characteristic, or most stable, component of magnetization remains.

Thermal demagnetization involves heating the rock to a given temperature and cooling it 

in a zero magnetic field environment. By heating, then cooling the samples from successively 

higher temperatures, the effects of low temperature magnetizations can be selectively removed, 

leaving the characteristic magnetization. Samples from the Aleutian Islands have likely been 

heated after formation, since proximal pluton emplacement and other volcanic activity are 

probable. Provided the heating was insufficient to completely re-magnetize the sample, thermal 

demagnetization will commonly remove less stable magnetic overprints and reveal the 

magnetization acquired at the time of origin in igneous rocks. Demagnetization behavior can be 

tracked between heating steps so that the temperature increment can be adjusted accordingly. 

Early paleomagnetic studies were done using AF demagnetization alone; thus, re-measuring 

available samples with thermal demagnetization steps can produce significantly better estimates 

of the original magnetization.

2.2.2.2 Instrumentation

Instruments and equipment used for this study are located in the Paleomagnetic 

Laboratory at the University of Alaska in Fairbanks. A 2-G Enterprises superconducting 

cryogenic magnetometer, Schondstedt thermal demagnetizer (Model TSD-1) and Schondstedt AF 

demagnetizer (Model GSD-1) are housed in a Lodestar Magnetics shielded room, which blocks 

about 99% of the ambient field and reduces the internal field to between 200-800nT. Nested 

magnetic shields around the thermal and AF demagnetizes reduce the field within the 

instruments to near zero.
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2.2.23  Measurement protocols

A total of 105 new specimens from oriented core samples were re-measured. Each 

sample was first demagnetized in a 400 Hz alternating field (AF) of 2 Am'1 at a decay rate of 4 

mAm'1 /cycle to remove any magnetization acquired during storage. Complete thermal 

demagnetization protocols were then applied to the samples, which were incrementally heated 

beginning at 150°-200°C through 575°-600°C. Heating steps were conducted at 50°C increments 

for temperatures up to 300°-350°C, and at 25°C increments at higher temperatures. Magnetic 

susceptibility of a specimen was measured before and after each heating step to monitor whether 

the most recent heating step had altered the magnetic minerals present.

2.2.3 PALEOMAGNETIC DATA ANALYSIS

Demagnetization results from each specimen were plotted on an orthogonal vector 

diagram (Zijderveld plot) to determine the characteristic magnetization direction (e.g., Figure

2.6). Applying principal component analysis (Kirschvmk, 1980) to the demagnetization results, a 

least-squares line was fit to straight segments of the demagnetization curve. Line fits which trend 

to the origin give the characteristic magnetization of the specimen, which can then be tested with 

fold and reversal tests to see if it represents the original magnetization. In determining a best fit 

line to the demagnetization curve, secondary components of magnetization (usually lower 

temperature components) were recorded separately.
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Figure 2.6. Example Zijderveld plot (WmMag2 software) of Adagdak volcanics sample 145.3 
(145c) from Adak Island.

Obviously erroneous measurements and measurements showing seriously anomalous 

magnetic intensities and susceptibilities at higher temperatures were not included in the analysis. 

Error limits for the line fits were represented by the Mean Angular Deviation (MAD). Strike and 

dip measurements and other archived field observations were used to convert the paleomagnetic 

vector from specimen coordinates to a geographic reference frame of present north and horizontal 

(Dg, Ig), and then to a stratigraphic reference frame using north and ancient horizontal (Ds, Is). 

Following statistical analysis methods developed by Fisher (1953), we calculated the precision 

parameter (k) and the radius, in degrees, of a circle for 95% level of confidence (o95) for the 

means of the paleomagnetic vectors. From these vector directions the equivalent Virtual 

Geomagnetic Poles (VGP) are easily calculated.
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2.3 RESULTS

2.3.1 ADAK ISLAND

Declinations and inclinations from the best fit lines obtained during this study for the 

Adagdak volcanics are listed in Table 2.1a. Since no regional or local tilting was observed for the 

Adagdak flows, the measured paleomagnetic vectors do not require a tectonic correction.

2.3.1.1 Adagdak volcanics

Ten of the Adagdak samples were collected from a sill, which were grouped into a single 

“time unit” and combined with the other ten samples that were collected from individual flows. 

Paleomagnetic vector directions determined from the 11 Adagdak volcanic time units generate a 

small circle of confidence (Figure 2.7), which suggests a relatively stable magnetization and a 

reliable result. The mean paleomagnetic vector for the eleven time units includes the present 

axial dipole within its 95% circle of confidence (Table 2.1b), indicating no measurable 

deformation of these rocks since the time of their formation. This new result overlaps the original 

measurements, and indicates that the other original measurements can be used with confidence.



Table 2.1a. Paleomagnetic results for Adagdak volcanics. Paleomagnetic directions and 
associated statistics after thermal demagnetization of samples from the Adagdak volcanics on 
Adak Island. DS = mean declination in stratigraphic coordinates; IS = mean inclination in 
stratigraphic coordinates; MAD = mean angular deviation; temp°C = the temperature range for 
the points in the line-fit (Kirschvink, 1980)._______________________________
Locality sample Dg Ig Ds Is MAD temp °C
Flow units (samples represent individual flows)
Lat 51.95 140.3 31.6 70.4 31.6 70.4 1.31 350-575
Long 183.4 141.3 351.4 66.5 351.4 66.5 2.64 250-525

142.3 29.4 80.0 29.4 80.0 0.93 425-575
143.3 11.0 77.2 11.0 77.2 1.41 350-525
144.3 29.4 77.5 29.4 77.5 0.99 350-500
145.3 23.7 65.3 23.7 65.3 0.92 375-475
146.3 1.2 71.5 1.2 71.5 1.10 350-525
147.3 6.8 63.8 6.8 63.8 1.72 350-500
148.3 20.5 74.4 20.5 74.4 0.76 300-550
149.3 13.8 66.7 13.8 66.7 0.85 350-475

Sill (samples all collected from one unit)
Lat 51.95 150.3 353.5 61.8 353.5 61.8 1.37 350-575
Long 183.4 151.3 351.9 63.1 351.9 63.1 1.00 300-575

152.3 343.2 59.8 343.2 59.8 1.45 350-525
153.3 352.1 65.3 352.1 65.3 0.91 350-575
154.3 342.4 62.4 342.4 62.4 1.38 350-550
155.3 349.3 60.1 349.3 60.1 1.45 350-550
157.3 328.2 62.4 328.2 62.4 0.28 475-575
158.3 326.9 63.2 326.9 63.2 0.95 350-575
159.3 341.3 62.7 341.3 62.7 0.82 350-575
160.3 313.1 58.0 313.1 58.0 1.57 350-575

Table 2.1b. Means for paleomagnetic results for the Adagdak volcanics. N = number of 
measurements, k = Fisher precision parameter; R = the vector sum of N unit vectors; ce95 = radius 
of circle of confidence at 95% level for D and I. VGPlat, VGPlong are the coordinates of the 
VGP; dm,dp = the N-S and E-W 95% error bars in degrees.

ADK Dmean Imean N k R alfa95
VGP
Lat

VGP
Long dm dp

time units 10 71.3 11 95.21 10.90 4.70 82.9 124.5 8.2 7.2
sill 339.9 62.5 10 146.8 9.94 4 74.4 70.2 6.2 4.9
flow units 14.3 71.8 10 128.16 9.93 4.30 80.4 121.8 7.6 6.7
all samples 353.7 68 20 58.88 19.68 4.30 86.0 83.1 7.20 6.10
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Figure 2.7. Paleomagnetic determinations for Adagdak volcanics. Stereographic projection of 
paleomagnetic vector directions determined from stepwise thermal demagnetization 
measurements of the Adagdak volcanics on Adak Island. Center arrow indicates mean direction 
of the combined time units. The circle represents the 95% confidence level, and arrows tangent 
to this circle indicate error limits of the mean vector. No tilt correction is required for these 
samples, so geographic and stratigraphic coordinates are the same.

2.3.1.2 Finger Bay volcanics

Remeasurement of the Finger Bay volcanic samples clearly show that the characteristic 

magnetization is an overprint, and we were not able to obtain the original magnetization (Table 

2.2a). The data pass the reversal test in geographic coordinates, and fail in stratigraphic 

coordinates (yo/yc geographic = 0.3; yo/yc stragtigraphic = 1.7; McFadden and McElhinny, 1990). 

The Finger Bay volcanics also fail the fold test (kgeog/kstrat = 1 -37), which means that remanent 

magnetization was acquired subsequent to deformation. In geographic coordinates, the mean 

direction is steep and directed southward (Table 2.2b), which can be interpreted as a result of 

post-magnetization tilting. Since the Finger Bay samples were collected from outcrops adjacent 

to two young volcanic centers, Moffett and Adagdak volcanoes, they are prone to both thermal
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and chemical remagnetization processes. Thus, the variable magnetization reflects the fact that

these rocks are highly chemically, physically and thermally altered.

Table 2.2a. Paleomagnetic results of Finger Bay volcanics. Paleomagnetic results and 
associated statistics obtained after thermal demagnetization of samples from the Finger Bay 
volcanics on Adak Island. Finger Bay volcanics are sorted by time unit. N = the number of 
specimens used to calculate mean paleomagnetic vector direction; R ~ the vector sum of N unit 
vectors; Dg and Ds = mean declination in geographic and stratigraphic coordinates; Ig and Is = 
mean inclination in geographic and stratigraphic coordinates; k = Fisher precision parameter; a95 
= radius of circle of confidence at 95% level for Ds and Is.______________________________
Locality samples N R k a95 Dg Ig Ds Is
Lat 51.9 161-164 2 1.88 8.08 104.6 133.60 -62.90 341.00 -71.00
Long 183.4 165-166 2 1.91 11.48 82.2 164.10 -80.30 148.90 -35.80

168.3 1 - - - 182 78.8 313.68 53.45
169.3 1 - - - 156.3 77.3 320.42 57.38
170.3 1 - - - 193.2 59.1 278.61 58.08
171.3 1 - - - 105.8 79.3 336.19 52.80
172.3 1 - - - 156.8 77.8 320.47 56.87
173.3 1 - - - 165.7 80.9 319.62 53.40
174.3 1 - - - 132.8 81.1 328.16 53.66
175.3 1 - - - 142.1 79.5 325.93 55.48
176.3 1 - - - 204.7 65.4 288.98 52.32

240-243 4 3.87 23.45 19.4 150.50 -24.80 161.20 -74.30
245-248 3 2.53 4.29 68.8 259 .50 64.90 201.70 44.80

250 1 - - - 16.1 -70.9 137.46 -44.97
252-255 3 1.98 1.97 141.2 240.50 54.80 205.80 31.50
261-264 4 3.87 22.84 19.6 272.50 -63.60 272.50 -63.60

Table 2.2b. Means for paleomagnetic results for the Finger Bay volcanics (see Table 2.1b for 
explanation)._______ ______ _________________ _____________ _____________________

Dmean Imean N R k a95 VGPlat VGP,ontI Dm Dp
Dg,Ig 200.6 75.7 16 14.96 14.47 10 26.0 173.3 18.4 16.9

Normal 194.8 77.2 11 10.63 27.06 8.9
Reversed 210.8 71.8 5 4.36 6.20 33.4

Ds,Is 274 70.2 16 10.63 27.06 8.9 41.3 132.4 28.6 24.7
Normal 296.8 61.7 11 9.74 7.94 17.3

Reversed 193.9 66.1 5 4.48 7.68 29.5
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Figure 2.8a. Paleomagnetic determinations for the Finger Bay Volcanics, geographic projection. 
Stereographic projection of paleomagnetic vector directions -  in geographic coordinates -  
determined from stepwise thermal demagnetization measurements of the Finger Bay volcanics on 
Adak Island. Center arrow indicates mean direction. The circle represents the 95% confidence 
level, and arrows tangent to this circle indicate error limits of the mean vector.

0

■  n=5 reversed 

§  n-1(! normal

Figure 2.8b. Paleomagnetic determinations for the Finger Bay Volcanics, stereographic 
projection. Stereographic projection of paleomagnetic vector directions -  in stratigraphic 
coordinates -  determined from stepwise thermal demagnetization measurements of the Finger 
Bay volcanics on Adak Island. Center arrow indicates mean direction The circle represents the 
95% confidence level, and arrows tangent to this circle indicate error limits of the mean vector.
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2.3.2 AMCHITKA ISLAND

Results show two groups of clustered vectors, one normal and the other reversely 

magnetized (Figure 2.9). Three reversely magnetized samples (821, 822, 823) give very similar 

directions to the normal polarity samples when inverted through the origin. Applying the 

McFadden and McElhinny (1990) reversal test shows that it fails at the 95% confidence level 

(Yo/Yc geographic = 1.12). However, this result comes close to passing the reversal test, 

considering that Nn0rmai = 16 and Nursed = 3, and may be considered a good indicator that the 

magnetization is primary.

Figure 2.9a. Paleomagnetic determinations for the Chitka Point Formation, geographic 
projection. Geographic projection of paleomagnetic vector directions obtained from the Chitka 
Point Formation on Amchitka Island in geographic coordinates. Center arrow indicates mean 
direction. The circle represents the 95% confidence level, and arrows tangent to this circle 
indicate error limits of the mean vector.

0
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Figure 2.9b. Paleomagnetic determinations for the Chitka Point Formation, stereographic 
projection. Stereographic projection of paleomagnetic vector directions obtained from the Chitka 
Point Formation on Amchitka Island in stratigraphic coordinates. Center arrow indicates mean 
direction. The circle represents the 95% confidence level, and arrows tangent to this circle 
indicate error limits of the mean vector.

A group of divergent vectors, all from a small area at the Windy Island locality (samples 

829-834), is found (Table 2.3a). The original field notes reveal that surfaces interpreted in the 

field as flow tops and bottoms near these samples were questionable and had both very steep and 

internally inconsistent attitudes. This suggests that the local area had been disturbed, probably 

shortly after the lavas were emplaced. Therefore, these discordant measurements were not 

included in the final means. Sample 32.3 was also omitted, due to divergent vectors that were 

probably measurement or orientation errors.

In the normally-magnetized samples, dispersion of magnetic vectors increases slightly 

when they are corrected for the measured tilts of the flows (Table 2.3b). Normally this would 

indicate that they fail the fold test. In the case of the Chitka Point flows, which are essentially 

horizontal over the entire western part of the island, field measurements likely reflect primary 

dips that result from lava flowing over varying topography rather than tectonic disruption after 

emplacement. Therefore, the paleomagnetic measurements are related to present horizontal and 

not corrected for tilt variations measured in the field.
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Table 2.3a. Paleomagnetic results for the Chitka Point Formation measured in 2006. 
Paleomagnetic directions, mean paleomagnetic vector and associated statistics after thermal 
demagnetization of samples from the Chitka Point Formation on Amchitka Island. R designates

locality sample Dg Ig Ds Is MAD temp °C

UAe-3 24.3 47.18 72.73 47.18 72.73 1.61 300-450

Lat 51.54 25.3 78.60 77.53 78.60 77.53 3.28 300-450

Long 179.01 26.3 76.01 76.92 76.01 76.92 1.64 300-500

27.3 89.44 80.58 89.44 80.58 2.77 300-500

28.3 72.04 66.98 72.04 66.98 0.61 300-450

29.3 60.15 66.28 60.15 66.28 2.56 300-400

30.3 59.02 68.04 59.02 68.04 3.44 300-500

31.3 86.55 70.87 86.55 70.87 1.96 300-450

Bird Cape 800 45.22 62.81 41.57 54.09 1.21 150-575

Lat 51.66 801 43.26 61.22 40.22 52.44 0.59 325-550

Long 178.66 802 52.00 60.10 64.56 55.67 1.50 300-575

803 46.85 63.21 42.78 54.54 1.29 150-575

804 45.71 60.35 42.25 51.65 1.12 300-550

805 37.65 63.20 35.67 54.28 1.46 350-550

NW Road 821R 32.34 62.03 80.25 49.20 1.15 150-575

Lat 51.60 822R 44.70 62.94 86.36 45.19 0.99 150-575

Long 178.77 823R 30.29 61.14 78.29 49.52 1.14 150-575

Windy 835 58.66 62.44 58.66 62.44 1.08 150-575

Columnar 836 54.79 65.10 54.79 65.10 1.80 150-575

Windy 829 152.39 46.99 123.53 57.58 0.82 200-600

disrupted 
units*

830 173.13 41.50 153.96 60.40 0.95 325-475

831R 273.52 47.37 301.28 49.82 3.37 300-500

Lat 51.57 832 219.04 52.98 242.20 74.74 0.78 300-500

Long 178.73 833 263.70 48.62 293.96 54.79 1.18 375-575

834 227.68 61.28 281.11 78.17 1.43 300-525

*Disrupted units in italics not included in means

Table 2.3b. Means for paleomagnetic results for the Chitka Point Formation (see Table 2.1b for 
explanation). ___________ ______ _____________ ______ ________ _____ _____

CHK Dmean I mean N R k alfa95
VGP
Lat

VGP
Long Dm Dp

Dg.Ig 52.3 67.3 19 18.79 85.41 3.7 57.7 250.3 6.2 5.1

Ds,Is 60.8 62.90 19 18.49 35.14 5.70 51.4 239.5 8.90 7.00

reversed 35.6 62.2 3 3.00 470.76 5.70 64.9 273.5 8.90 6.90

normal 56.1 68 16 15.83 90.57 3.90 55.8 247.1 6.50 5.50
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2.3.3 VALUE OF NEW MEASUREMENTS

New paleomagnetic measurements of the Adagdak volcanics on Adak Island and the 

Chitka Point Formation on Amchitka yield mean directions similar to those obtained from 

previous measurements, but with improved resolution and significantly reduced error bars (Figure 

2 . 10).

Figure 2.10. Comparison of paleomagnetic vector directions obtained during the original and 
present studies from the same cores of the Chitka Point Formation.

Regrettably, the new measurements for the Finger Bay volcanics were still inconclusive. 

This is likely due to a high level of chemical and thermal alteration, as discussed previously, but 

may also be associated with the proximity to the neotectonic fault that marks the northern 

boundary of the proposed Andreanof block. If initial segmentation of the arc began some time 

between 5 and 46 Ma, significantly variable or diffuse deformation, including faulting, folding 

and uplift at this location is likely. Local stress perturbations may have subjected these rocks to 

deformation independent of the proposed regional-scale model for deformation. Recent sampling 

for Ar/Ar dating from outcrops of the Finger Bay Formation on the southern coast of Adak Island 

(Jicha et al., 2006) indicate that it may be possible to get improved paleomagnetic data by 

sampling sites further from the active volcano line and within the predicted block boundaries.
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2.3.4 BLOCK ROTATION AND TRANSLATION

2.3.4.1 Rotation

New paleomagnetic results from the Adagdak volcanics on Adak Island corroborate the 

previous findings of Cameron and Stone (1970) and indicate no measurable rotation. This means 

that either there has been little or no rotation over the last 0.5 m.y., or any rotation of the western 

Andreanof block in that time has caused little tectonic disturbance north of its boundary. These 

results are consistent with paleomagnetic measurements from young volcanics along the arc that 

span the last 2 m.y. (Figure 2.11). Volcanoes on Kanaga and Adak Islands show no measurable 

rotations (Figure 2.11), which indicates the northern bounding fault defining the region 

undergoing transpression is south of the present volcano line. East of the Andreanof block, 

volcanoes (on Unalaska and Umnak Islands) with ages younger than 2 Ma also suggest little to no 

rotation (Figure 2.11) (Stone and Layer 2006).

The measurements made on present-day volcanoes only span a short time with respect to 

apparent polar wander due to plate motions. Thus, measurements from the young volcanics are 

listed in Appendix I as relative to the present-day time-averaged dipole field, i.e. with respect to 

true north. For the older formations described below, declination is listed with respect to the 

present axial dipole (“D”; Appendix I) and with respect to the appropriate paleomagnetic pole for 

North America for the age of the formation sampled (“Rotation”; Appendix I). The Besse and 

Courtillot (2003) Apparent Polar Wander (APW) path for North America was used to determine 

the paleomagnetic pole for each formation. The rotations for these older formations thus describe 

the vertical axis rotation relative to North America that is required to satisfy the observed 

paleomagnetic declinations.



Figure 2.11. Paleomagnetic determinations for young volcanics. Paleomagnetic vector 
directions obtained from young flows on volcanoes in the Aleutian arc (Stone and Layer, 2006).

New paleomagnetic measurements from Amchitka Island not only confirm clockwise 

rotation, but indicate a much greater degree of rotation (~ +20°) than was estimated in previous 

studies, and with smaller error bars (55° ± 9°, Figure 2.10). Existing data from other parts of the 

arc also indicate substantial clockwise rotations. Paleomagnetic measurements of 

Oligocene/Eocene-aged rocks from the eastern arc show clockwise rotations of 33° ± 12° for 

Umnak and 50° ± 30° for Amlia Island. Shemya Island, located on the Near Island Block in the 

far-western part of the arc, exhibits paleomagnetic directions that indicate zero rotation within the 

error limits. This result appears to be anomalous in both rotation and paleolatitude, and a review 

of the original field data shows that the assumption that the rocks were flat-lying is poorly 

constrained. Therefore, these data have not been included in the final analysis.

From the Komandorsky Island Block, paleomagnetic data from Medny Island yield a 

clockwise rotation of 70° ± 12° (Bazhenov et al., 1992), and Bering Island gives a clockwise 

rotation of 26° ± 9° (Minyuk, 2004).

2.3.4.2 Translation

Some of the clockwise rotations observed in the paleomagnetic data can be explained by 

westward translation along the curved Pacific -  North American plate boundary. According to
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Ave Lallement (1996), westward migration of Attu Island from a location near the present day 

central Aleutians can account for about 50° of clockwise rotation, which is consistent with 

paleomagnetic observations from the Komandosrky Islands to the west (Bazhenov, 1992;

Minyuk, 2004)

Westward translation along the curved Aleutian arc would also be recorded as a change 

in latitude indicated by the inclination of the paleomagnetic vector. Harbert (1987) found “no 

statistically significant latitudinal translation of the eastern Aleutian arc with respect to the North 

American plate”. This conclusion is supported by results from Umnak, Amlia and Amchitka, 

which all show no latitudinal motion withm their error bars.

In the case of Amchitka, westward translation of the island along the arc would show 

only a few degrees of rotation (<10°) owing to the curvature of the arc (<10°). Therefore, the 

majority of the measured 55 ± 9 degrees of Amchitka Island rotation can be attributed to 

clockwise rotation of a discrete block as suggested by the block model (Geist et al., 1988) and 

indicated by Sunday Basin, an extensional feature northeast of Amchitka Island (Figure 2.2).

In contrast, Bering Island shows significant northward motion (16.6 ±5.4 degrees), 

which is comparable to displacement from the present latitude of Amchitka Island. The degree of 

rotation measured at Amchitka is far greater than that measured in the older rocks at Bering 

Island (Minyuk, 2004). This suggests that latitudinal transport of Bering Island was 

accomplished by lateral migration along the arc rather than by block rotation. In this scenario, 

lateral migration of Bering Island was initiated by the arc-parallel component of strain and 

facilitated by the arc-parallel Bermgia and Steller strike-slip fault systems. The angle around the 

section of the arc from Amchitka to the strike-slip faults is approximately 30 degrees, which is 

consistent with the measure of rotation obtained for Bering Island of 26 ± 9 degrees. Therefore, it 

is likely that Bering Island was transported westward as a forearc sliver (Figure 2.12; Jarrard, 

1986) rather than rotated as a forearc block.

Medny Island shows a rotation of 70° ± 12° and 23° ± 7° of northward latitudinal 

displacement, which are both larger than expected. The rotation might be due to a combination of 

translation and block rotation. The latitudinal displacement, though similar within the error bars 

to that determined for Bering Island, points to the possibility that Medny Island may have formed 

as part of a rotating forearc block further east than Amchitka Island.
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Figure 2.12. Forearc sliver translation. Block rotation and forearc sliver translation under forces 
of oblique subduction. Modified from Jarrard, 1986.

2.3.4.3 Too Much Rotation?

The block rotation model is complicated by the large degree of rotation recorded in rocks 

from Umnak and Amlia Islands in the eastern arc. Within the constraints of the block model, 

Umnak Island should not have rotated and Amlia Island should show less than -20° of clockwise 

rotation, based on the nearby extensional basins. However, the paleomagnetic data indicate 

approximately 33° and 50° of clockwise rotation for the respective islands (Harbert, 1987). This 

introduces additional complexity to the model and suggests that the eastern and western ends of 

the arc behave very differently.

2.3.5 FUTURE WORK

There are two relatively accessible targets that can help determine possible rotations and 

translations within the arc. The first is Shemya Island, where a combination of samples from 

sedimentary and igneous rocks could improve on the existing data, and the other is to resample 

the Finger Bay volcanics on Adak Island. This is especially important considering the new age 

determinations of Jicha et al. (2006). Age dating needs to be accomplished for all existing 

paleomagnetic sample collections, particularly those that have produced reliable paleomagnetic 

results.
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2.4 CONCLUSIONS

Results from this study provide constraints on rotation and translation of blocks in the 

Aleutian forearc, which help elucidate details of arc deformation history. New paleomagnetic 

measurements of rocks north of the proposed zone of deformation confirm no significant rotation 

or translation, which suggests that the Andreanof block boundary is drawn in an appropriate 

location. Remeasured paleomagnetic samples from Amchitka indicate -55° of clockwise 

rotation, most of which can be attributed to block rotation.

Paleomagnetic samples re-measured for this study with modem equipment and protocols 

produced measurements with smaller error bars, but similar mean vector directions to the original 

findings. However, paleomagnetic re-measurement of the oldest known rocks in the central 

Aleutian arc failed to identify an original magnetization. Consistency in the original and new 

data demonstrates that measurements from other prior studies along the arc may be valid, but still 

need to be re-measured to improve data resolution and reliability.

The most recently-published paleomagnetic data from the Aleutian arc suggest that the 

eastern and western ends of the arc behave quite differently. Therefore, it may be necessary to 

consider separate models to describe the kinematics and origin of deformation in the eastern Fox 

Islands and western Komandorsky Islands. A possible alternative explanation of the observations 

is to consider the whole Aleutian arc pivoting about a point near the transition of the subduction 

zone from ocean-continent to ocean-ocean near Unalaska Island. A rotation on the order of 30 

would account for the majority of the observed latitudinal and rotational changes. However, this 

would require significant modifications to the plate motion histories of the Bering Sea and the 

northwestern comer of the Pacific.

Although the paleomagnetic dataset from the Aleutian arc is far from complete, existing 

data provide insights into the tectonic development of the arc, as well as important constraints to 

help develop a kinematic model for forearc fragmentation. Paleomagnetic data, when combined 

with other new data collected from the arc, are key in answering the many remaining questions.
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Appendix I. Paleomagnetic studies from the Paleomagnetic vector directions obtained from previous studies on samples from the 
Aleutian Islands. N = the number of specimens/sites used to calculate mean paleomagnetic vector direction; D = mean declination, I = 
mean inclination in selected coordinates; k = Fisher precision parameter; ce95 = radius of circle of confidence at 95% level; Displacement 
= latitudinal difference between observed paleolatitude and that expected if fixed with respect to N. America, dP, the related error bar; 
Rotation = rotation with respect to N. America with related error bar, dR; Demagnetization method, AF = alternating magnetic field, T = 
thermal, NRM = no treatment._________________________________________________________________________________________

Island

Approx
Locale
Lat,
Long

ROCK
TYPE AGE

DATING
METHOD N D I k q!95

Displace
ment dP

Rot
ation dR

demag
method Reference

Unalaska 53.97,
193.27

Driftwood 
Bay, 
volcanic 
flows DFB

400- 
800 ka Ar/Ar 11 1.4 68.4 95.8 3.9 -1.5 5.1 +1.6 8.5 AF+T Stone and 

Layer, 2006

Umnak

53.53,
193.27

Ashishik 
volcanic 
flows ASH

1.9 Ma Ar/Ar 6 196.3 -81.3 14.5 18.2 21.9 4.3 +21.8 16.1 AF+T Stone and 
Layer, 2006

53.53,
191.92

New Jersey 
Creek 
volcanic 
flows NJC

1.9 Ma Ar/Ar 10 342.5 66.9 247.0 3.1 1.4 4.0 -6.1 6.9 AF+T Stone and 
Layer, 2006

53.47,
191,92

Crater Creek 
volcanic 
flows CCR

50 (?) 
ka Ar/Ar 11 356.2 68.7 71.5 5.4 1.1 7.0 -3.3 12.0 AF+T Stone and 

Layer, 2006

52.92,
191.97

Starr P t,
Driftwood
Bay
sediments

-35  Ma micro-fossils 29 35.4 72.3 42.2 4.0 0.3 5.4 +32.8 12.0 AF+T Harbert, 1987

dikes 15 ka indirect K-Ar 4 15.7 70.6 43.0 10.7 -3.5 55.7 +20.5 - AF+T Harbert, 1987

52.9,
191.05

Nikolski 
sediments 1 -35  Ma micro-fossils 9 67.0 64.0 23.0 11.0 -16.9 12.9 +67.8 19.3 AF+T Stone et al., 

1983

52.9,
191.06

Nikolski 
sediments 2 -35  Ma micro-fossils 11 39.7 74.7 19.9 10.5

-14.5 8.7
+41.1 13.7 AF

Stone
(unpublished)

o



Island

Approx
locality
Lat,
Long

ROCK
TYPE AGE

DATING
METHOD N D I k q95

Displace
ment dP

Rot
ation dR

demag
method Reference

52.10,
186.08 sediments -35  Ma micro-fossils

K-Ar 9 37.7 74.3 60.5 6.0 2.7 12.3 +49.5 28.9 AF+T Harbert, 1987

Amlia 52.10,
186.08 sediments -35  Ma micro-fossils

K-Ar 7 - 54.0 27.0 12.0 - - - - AF+T Stone et al., 
1983

52.10,
186.08 dikes 15 Ma indirect K-Ar 1 10.9 68.0 25.0 8.9 -6.6 11.1 + 14.7 18.0 AF+T Harbert, 1987

Atka 52.25,
185.9 lava flow 0.2 +/- 

0.3Ma K-Ar 12 342.8 64.5 17.1 10.8 -5.9 12.6 -17.2 18.5 NRM Bingham, 1971

51.96,
183.43

Adagdak
volcanics <500 ka K-Ar 38 345.8 69.0 42.5 3.6 -0.6 4.5 -14.5 7.2 AF

Cameron, 1970; 
Cameron and 
Stone, 1970

51.96,
183.38

Andrew
volcanics <500 ka

Geo
morphology 
and setting

23 3.6 70.4 23.2 6.4 2.3 8.4 +3.1 14.6 AF
Cameron, 1970; 
Cameron and 
Stone, 1970

Adak
51.96,
183.4

Adagdak and 
Andrew 
volcanics 
combined

<500 ka
K-Ar, Geo
morphology 
and setting

61 352.2 69.7 31.6 3.3 1.6 4.9 +-7.8 8.2 AF
Cameron, 1970; 
Cameron and 
Stone, 1970

51.95,
183.4

Adagdak
volcanics
ADK

<500 ka K-Ar 11 10.0 71.3 95.2 4.7 3.2 6.2 -10.7 10.9 AF+T this study

51.89,
183.4

Andesite
domes 5 Ma K-Ar (Scholl, 

pers. comm.) 37 332.8 70.5 3.8 25.5 -26.6 20.1 -35.2 23.9

Cameron, 1970; 
Cameron and 
Stone, 1970; 
Stone 1975

o



Island

Approx
locality
Lat,
Long

ROCK
TYPE AGE

DATING
METHOD N D 1 k q95

Displace
ment dP

Rot
ation dR

demag
method Reference

Adak

51.9,
183.4

Finger Bay 
volcanics, 
Andrew 
Lake fm., 
sites

40 Ma

Forams and 
microfossils - 
Andrew Lake 
Fm. (Hein and 
McLean,
1979; see 
Jicha et al., 
2006)

5 318.0 53.0 14.0 21.0 -30.2 20.2 -40.2 25.1 AF

Cameron, 1970: 
Cameron and 
Stone, 1970; 
Stone 1975

51.9,
183.4

As above, 
smpls 40 Ma as above 77 326.0 55.7 : 4.1 9.2 -19.5 9.2 -32.3 11.5 AF

Cameron, 1970: 
Cameron and 
Stone, 1970; 
Stone 1975

51.9,
183.4

As above, 
time units 40 Ma as above 16 274.0 70.2 5.9 16.6 -1.6 21.3 -84.9 40.1 AF+T this study

Kanaga

51.9,
182.95

Round Head
volcanics
RDH

120 ka Ar/Ar 8 7.5 71.7 379.8 2.9 3.0 3.7 +7.9 6.4 AF+T

Bingham and 
Stone, 1972; 
Stone and 
Layer, 2006

51.9,
182.9

Mt Kanaton
volcanics
KAN

200 ka Ar/Ar 5 355.5 65.7 298.9 4.4 -3.5 5.7 -4.6 8.7 AF+T

Bingham and 
Stone, 1972; 
Stone and 
Layer, 2006

Amatignak 51.25,
180.85 sediments -35  Ma

extrapolation 
to other 
islands

6 53.0 57.0 22.0 15.0 -25.5 13.9 -53.5 18.2 AF+T Stone, 1983

Amchitka

51.4,
179.4

East Cape 
Pluton 16 Ma K-Ar (Carr et 

al., 1969) 8 173.3 65.5 8.4 20.2 -104.8 23.9 +4.1 38.0 none Bath et al., 1972

51.6,
178.4

East Cape 
Pluton 16 Ma K-Ar (Carr et 

al., 1969) 3 188.1 -49.7 55.7 16.7 -26.7 14.9 + 10.7 17.7 AF @. 
200 Oe Bath et al., 1972

51.6,
179.3

Amchitka
Fm. >36 Ma underlies 

Banjo Pt Fm. 31 too scattered for meaningful interpretation AF Stone, 1972

o
o\



Island

Approx
locality
Lat,
Long

ROCK
TYPE AGE

DATING
METHOD N D I k g !95

Displace
ment dP

Rot
ation dR

demag
method Reference

51.6,
179.3

Amchitka 
Fm. Core A >36 Ma underlies 

Banjo Pt Fm. 16 - 26.4 4.4 19.9 - - - - none Bath et al., 1972

51.6,
179.3

Amchitka 
Fm. Core B >36 Ma underlies 

Banjo Pt Fm. 17 - 67.7 7.7 13.8 - - - - none Bath et a l ,  1972

51.6,
178.88

White House
Cove
intrusive

<14Ma

possible 
source of 
local
alteration of 
Chitka Pt. Fm 
(Carr et al., 
1969)

16 6.9 69.9 45.3 5.5 -3.5 7.3 +9.4 12.6 none Bath et a l,  1973

Amchitka

51.5,
179.2

Banjo Point 
volcanics 35 Ma as below 8 23.0 49.0 8.0 17.0 -28.3 17.1 +29.7 20.8 AF Stone, 1972

51.5,
179.2

Banjo Point 
volcanics 35 Ma

Late Eocene, 
micro fossils 
and molluscs, 
underlies 
Chitka
Pt.(Carr et al., 
1970)

19
173.

3
65.5 20.2 8.4 -12.1 24.0 -176.2 38.4 none Bath et a l ,  1972

51.6,
178.75

Chitka Point 
volcanics 14 Ma

Forams, 
Spores and K- 
Ar (Carr et 
a l,  1969)

19 39.7 59.3 17.8 8.2 -17.2 8.8 +42.2 11.9 AF @. 
200 Oe Stone, 1972

51.6,
178.75

Chitka Point 
volcanics 14 Ma

Forams, 
Spores and K- 
Ar (Carr et 
a l,  1969)

19 52.3 67.3 85.4 4.1 -7.0 4.9 +54.7 8.0 AF+T this study

Kiska 52.95,
177.5

Vega Bay 
sediments -3 0  Ma K-Ar 7 327.0 52.0 l l . 8 15.4 -26.0 17.0 -30.6 20.8 AF Panuska, 1980



Island

Approx
locality
Lat,
Long

ROCK
TYPE AGE

DATING
METHOD N D I k ce95

Displace
ment dP

Rot
ation dR

demag
method Reference

Shemya 52.73,
174.13

intrusives,
samples 12 Ma K-Ar 56 13.1 80.6 39.8 3.1 13.0 5.2 + 14.4 15.6 AF

Cameron and 
Stone, 1970; 
Stone, 1975

intrusives,
sites 12 Ma K-Ar 7 11.2 78.8 146.8 5.0 10.2 7.6 + 12.9 21.0 AF

Cameron and 
Stone, 1970; 
Stone, 1975

Mcdny

57.2,
167.52

Koman-
dorsky

38-54
Ma

Forams, 
Molluscs and 
Flora

10 73.0 66.0 12.0 12.9 -20.7 7.5 +65.1 11.7 AF+T Bazhenov et al., 
1992

57.2,
167.52

Medny Fm 
basalts

34(?)
Ma K-Ar 76.0 52.0 15.0 5.7 -22.0 6.8 +73.1 10.6 AF+T Bazhenov et al., 

1992

Bering 57.2,
166.56 sediments 38-54

Ma

fossils and
magnetostrati
graphy

11 26.0 67.5 139.1 3.9 -16.2 5.4 +20.9 9.1 AF+T Minyuk, 2004
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General Conclusions

Results from this study provide constraints on the deformational history in the central 

Aleutian forearc based on fracture patterns observed on the seafloor and paleomagnetic 

measurements from the islands.

Dense fracture systems observed in new high-resolution sonar data from the central 

Aleutian arc reveal regionally consistent deformational patterns across the Andreanof and Delarof 

blocks in the central Aleutian arc. Two orthogonal fracture sets, found in all of the survey sites, 

show consistent orientations directly related to relative Pacific plate convergence direction, and 

suggest that diffuse strain is accommodated within blocks. Additional fracture sets can be 

attributed to local stress perturbations associated with concentrated strain along block boundaries. 

These finding suggest that while strain is partitioned at block boundaries, unpartitioned strain 

may propagate throughout the forearc to result in deformation at the surface.

New paleomagnetic measurements of rocks north of the proposed zone of forearc 

deformation confirm no significant rotation or translation, and corroborate the proposed northern 

boundary for the Andreanof block. Re-measured paleomagnetic samples from Amchitka indicate 

significant rotation of the Rat block. When combined with the most recently-published 

paleomagnetic data from the Aleutian arc, the data suggest that the eastern and western ends of 

the arc behave quite differently or the entire arc may have rotated with respect to North America.

The paleomagnetic results indicate that estimates of in-place block rotation may be 

miscalculated, and the structural observations indicate that it may be necessary to further examine 

the kinematics of strain partitioning in the Aleutian forearc. This study emphasizes the 

importance of local observations in developing a regional-scale model, and demonstrates the 

potential of paleomagnetism and seafloor bathymetry to resolve tectonic questions in this setting.


