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Abstract
Geodetic measurements using the Global Positioning System (GPS) and synthetic  aperture 

radar interferometry (InSAR) show deform ation of Okmok. Westdahl. and Fisher volcanoes 

in the Alaska-Aleutian arc. This thesis shows the variety of deformation signals observed, 

presents models for the observations, and  interprets them  in terms of underlying processes.

InSAR data  show deflation of Okm ok caldera during its last eruption in 1997, preceded 

and followed by inflation of smaller m agnitude. Modeling shows th a t the m ain deformation 

source, interpreted as a central magma reservoir, is located at 2.5 to 5.0 km depth  beneath 

the approximate center of the caldera, and 5 km away from the active vent. Mass balance 

calculations and comparison with the long-term eruptive frequency indicate th a t Okmok 

may be supplied with magma continuously from a deep source.

GPS measurements between 1998 and  2001 show inflation of W estdahl volcano, with a 

source located about 7 km beneath the sum m it. The combined subsurface volume increase 

measured during the GPS and an earlier InSAR observation period [Lu e t al., 2000a] ac

counts for at least 15% more than  the volume erupted from W estdahl in 1991-92, suggesting 

th a t an eruption of that size could occur a t any time.

Neighboring Fisher caldera shows subsidence and contraction across the  caldera center 

th a t is not related to any eruptive activity. The main mechanisms to explain th is deforma

tion are degassing and contractional cooling of a shallow magma body, or depressurization 

of Fisher’s hydrothermal system, possibly triggered by an earthquake in the vicinity of the 

caldera in 1999.

A systematic coherence analysis of SA R interferograms documents the cooling history of 

the 1997 Okmok lava flow. The flow is incoherent directly after emplacement, but coherence 

increases as more time has passed since the eruption, and also the shorter the period spanned 

by the interferogram. Coherence is regained three years after the eruption. T his corresponds 

to the time when the 20 m thick flow has solidified, indicating that flow m obility is the 

dom inant factor degrading coherence on  young lava flows. Based on these results, InSAR 

coherence analysis can be used to derive the minimum thickness of a  lava flow.
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Chapter 1

Introduction

1.1 General

Volcanoes have always simultaneously fascinated and threatened humans, and from myth 

to mathematical models a wide variety of m ethods have been used to better understand 

and live with them. In particular, much has been learned from the various fields of geol

ogy and geophysics. Geology has contributed to  our understanding with m ethods ranging 

from field observations to modern petrologic analytical techniques that allow researchers 

to determine the conditions under which m agm a forms and erupts. From the geophysical 

perspective, seismic and geodetic observations have contributed most to our understanding 

of the physical processes inside volcanoes, and seismic da ta  are the most extensively used 

volcano monitoring tool today.

There are several questions in volcanology and volcano monitoring that can or must be 

answered through geodetic observations. For example: W hat is the general s ta te  of activity? 

Is the volcano inflating, deflating, or not deforming at all? O f what type and a t w hat depth 

is the magma reservoir? How much magma has accum ulated beneath the surface, and how 

does that compare to  typical eruption volumes? In general, these questions have to be 

answered for each volcano individually.

The Alaska-Aleutian arc marks the boundary between the North American and the

13
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T80- 160‘W

Figure 1.1. Location of the Alaska-Aleutian arc and its historically active volcanoes (black 
triangles). The larger triangles indicate the location of the volcanoes investigated in this 
thesis: To the west, Okmok on U m nak Island (Chapters 2 and 3), and to the east, W estdahl 
and Fisher on Unimak Island (C hap ter 4).

Pacific Plates. It hosts about 40 volcanoes that have been active in historic time (Figure 

1.1) [Miller et al., 1998]. The high eruption frequency and the fact th a t their type of activity 

is typical for the world’s most dangerous volcanoes, makes it an ideal and important target 

to study active volcanism and rela ted  phenomena.

Seismic monitoring of the Alaskan arc volcanoes dates back to the early 1970’s, and 

networks have been extended an d  upgraded continuously since. Deformation studies on 

Alaskan volcanoes have only recently become more numerous, especially through the use of 

two modern geodetic techniques, the Global Positioning System (GPS) and Synthetic Aper

ture Radar Interferometry (InSAR). Geodetic instruments are not yet widely employed as a 

monitoring tool a t Alaskan volcanoes. Through increasing availability of radar images, and 

several repeated GPS survey cam paigns, however, they have helped to answer some of the 

questions mentioned above, and a t some Aleutian volcanoes they are the only geophysical 

d a ta  available today.
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In this thesis, I show a variety of deformation signals a t several Alaskan volcanoes, 

present models for the observations, and interpret them  in term s of volcanological processes 

and  implications for eruptive activity.

1.2 Thesis Content and Organization

This thesis consists of th ree main scientific chapters, along w ith this introduction, general 

conclusions, and two appendices. A bibliography containing combined references for all the 

chapters is included at the end of the thesis. All chapters have been or will be subm itted  

for publication. The co-authors are listed at the beginning of each chapter.

Chapter 2 discusses deform ation associated w ith the 1997 eruption of Okmok caldera 

on Umnak Island. Significant deformation was observed in SAR interferograms prior to. 

during, and after the eruption. The processing techniques for these interferograms are 

described in Lu et al. [2000c], together with a  discussion of errors and a simple model for 

co-eruptive deflation. In th is thesis, all observations are modeled in detail, and interpreted 

w ith their structural and volcanological implications. At Okmok. SAR interferograms were 

the first geophysical da ta  se t, and prompted later repeated GPS campaign measurem ents. 

A seismic and geodetic m onitoring network will be installed in the summer of 2002. This 

chapter was published in the  Journal of Geophysical Research in April 2002. It has been 

slightly modified and form atted  to be in accordance w ith University of Alaska Fairbanks 

thesis requirements.

C hapter 3 investigates the  cooling history and struc tu re  of the 1997 Okmok lava flow, 

based on a coherence analysis of SAR interferograms. Coherence between 1997 and 2000 is 

m apped over time and space, and related to a lava flow cooling model. Coherence is a  char

acteristic of SAR interferograms, and the idea for this chapter was based on an observation 

in post-eruptive deform ation interferograms. th a t the 1997 lava flow rem ained incoherent 

for several years after the eruption. A manuscript for this chapter is in preparation and will 

be subm itted to the Bulletin of Volcanology.

Chapter 4 presents G PS da ta  and modeling results from Unimak Island. It focuses
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on deformation of W estdahl volcano and  Fisher caldera betw een 1998 and 2001, but also 

discusses tectonic deform ation caused by subduction processes. At Westdahl, a seismic 

network was established in 1998, but no significant seismicity has been recorded, and the 

deformation studies are the only indication that the volcano is not a t rest. A manuscript 

for this chapter has been subm itted  to  the Journal of Geophysical Research.

Appendix A gives an  overview of the methods and processing steps of SAR interfer- 

ometry. Readers unfam iliar with InSA R may benefit from reading this appendix before 

reading C hapters 2 and 3 of this thesis. Appendix B shows more deformation interfero

grams from several Alaskan volcanoes, th a t so far are unpublished, and briefly discusses the 

observations.
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Chapter 2

Deformation associated with the  

1997 eruption o f Okmok volcano, 

Alaska1

2.1 Abstract

Okmok volcano, located on Um nak Island in the Aleutian chain, Alaska, is the most eruptive

caldera system in North America in historic time. Its most recent eruption occured in 1997.

SAR interferometry shows deflation of the caldera center of up to 140 cm during this time,

preceded and followed by inflation of smaller magnitude. The main part of the observed

deformation can be modeled using a  pressure point source model. The inferred source is

located between 2.5 and 5.0 km beneath  the approximate center of the caldera and abou t 5

km from the eruptive vent. We in te rp re t it as a central m agm a reservoir. The pre-eruptive

period features inflation accom panied by shallow localized subsidence between the caldera

center and the vent. We hypothesize th a t this is either caused by hydrothermal activ ity

or that magma moved away from the central chamber and towards the later vent. Since

'Published under the same title w ith au thors D. Mann, J. Freymueller and Z. Lu in Journal o f Geophysical 
Research, 107, 10.1029/2001JB000163, 2002 ’
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all historic eruptions a t Okmok have originated from the same cone, th is feature may be 

a  precursor that indicates an upcoming eruption. The erupted magma volume is about 9 

times the volume th a t can be accounted for by the observed pre-eruptive inflation. This 

indicates a  much longer inflation interval than  we were able to observe. The observation 

tha t re-inflation s ta rted  shortly after the eruption  suggests that inflation spans the whole 

time interval between eruptions. Extrapolation of the average subsurface volume change 

rate is in good agreem ent with the long-term eruption frequency and eruption  volumes of 

Okmok.

2.2 Introduction

Okmok volcano is a  basaltic shield with a 10-km-wide caldera a t its sum m it that occupies 

most of the northeastern  end of Umnak Island in the central Aleutians, Alaska (Figure 2.1). 

Two caldera-forming events occurred about 8000 and 2400 years ago [Byers. 1959]. Several 

major eruptions and a  num ber of minor events have occurred in historic time, including 

twelve reported eruptions in the last century. T he historic eruptive p a tte rn  suggests almost 

evenly spaced phases of activity that consist of a  m ajor event and pre- or postactivity within 

3 years [Miller et al., 1998].

The latest eruption of Okmok volcano began on February 11, 1997 when a steam and 

possible ash plume was reported, and it lasted for about two months [Dean et al.. 1998]. 

The eruption was a  m oderate strombolian type with an ash plume reaching a height of 

up to 10 km, and produced a basaltic lava flow covering an area of abou t 7.5 km2. Like 

all historic eruptions of Okmok, the 1997 eruption originated from Cone A, located in the 

southern part of the caldera (Figure 2.1 c).

Okmok is a very active system th a t has generated repeated caldera forming eruptions 

in the past and may do so in the future. Its eruption plumes are also a  potential hazard 

for the heavy air traffic over the Aleutians. C rusta l deformation m easurem ents are useful 

to learn more about its magmatic system and eruptive behavior. Such measurements could 

help to recognize and interpret even subtle eruption  precursors, and may also give a better
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Table 2.1. Satellite data  used in this study. E l and E2 denote ERS-1 and ERS-2 satellites, 
respectively. ha is the altitude of ambiguity.

O rb it Image 1 Date O rbit Image 2 Date h a [m] Figure

E l .06773 1992, Oct. 31 E1.12284 1993, Nov. 20 -568 2.2

E l .12012 1993, Nov. 01 El.22376 1995, Oct. 25 -138 2.3

E1.22147 1995, Oct. 09 E2.12494 1997. Sep. 09 -695 2.4

E2.12723 1997. Sep. 25 E2.17733 1998. Sep. 10 108 2.5, 2.6

E l .11282 1993. Sep. 11 E1.22147 1995. Oct. 09 -103 not shown

understanding  of the way active caldera system s behave. However, Umnak Island, like most 

places in the Aleutians, is a very rem ote spot. SAR interferom etry (InSAR) therefore can 

make a  critical contribution to volcano monitoring and possible eruption forecasting in an 

area where there are no other geophysical instruments or da ta . A detailed description of 

the rad a r observations, coherence studies and discussion of atm ospheric delay anomalies is 

given by Lu  et al. [2000c]. In this paper we present the results of extensive deform ation 

m odeling and  discuss the volcanological implications for Okmok.

2.3 Observations

2.3 .1  S A R  im ages and interferogram s

The SA R d a ta  used in this paper, together with the relevant param eters for the interfer

ogram s formed from these images, are summarized in Table 2.1. All interferograms were 

corrected for topographic effects using a digital elevation model (DEM) derived from the 

USGS DEM  and an interferogram using the ERS1/2 tandem  mission in 1995. The details 

of th e  SA R processing and interferogram  derivation are given by Lu et al. [2000c], along 

with a  detailed analysis of the errors and  preliminary deformation results. The plates shown 

here are  enlargem ents of sections of the  interferograms from Lu  et al. [2000c].
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Figure 2.1. Location map of Umnak Island and  Okmok volcano, a) Location of Umnak 
Island in the central A leutian Arc, Alaska, b) ERS SAR image of the northern part of 
Umnak Island with Okmok caldera in the center. This image was acquired on April 3, 
1997, shortly after th e  eruption had ceased, c) Enlargement of Okmok caldera. Outlined 
are cones of post-caldera activity, including Cone A, the vent site of the 1997 eruption, and 
the new lava flow.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

2.3.2 D eform ation  ep isod es

The observations span the time from 1992 to 1998. We distinguish  three distinct phases 

in the time history of deformation: 1) Pre-eruptive inflation and lateral magma transport 

(1992-1995), 2) Co-eruptive deflation (1995-1997), and 3) Post-eruptive inflation (1997

1998). Even though the eruption lasted only about two m onths, we have to assign a 2 

year long co-eruptive interval, because no suitable SAR images were acquired between 1995 

and 1997. For simplicity of description, in this section we describe the deformation as if it 

was entirely vertical. Our num erical models, however, take into account that the average 

look angle of the radar beam is 23° off the vertical and m odel the deformation projected 

into the line of sight direction, which includes a com ponent of horizontal motion. The 

interferograms are shown with w rapped phases, ranging from  0 to 27t. One complete cycle 

represents 2.8 cm of relative m otion. An increasing phase indicates relative motion away 

from the satellite (subsidence), while a decreasing phase indicates relative motion towards 

the satellite (uplift).

From November 1992 to O ctober 1993, we observe more than  four fringes corresponding 

to a t least 12 cm uplift of the center of the caldera (Figure 2.2 a). The area of coherence is 

very limited, and it is likely that deform ation extends beyond the fringes visible. Between 

November 1993 and October 1995, the fringe pattern  is m ore complicated (Figure 2.3 a): 

about two fringes indicate uplift around the same center as in the previous period. In 

addition, two centers of subsidence appear in the southwest of the caldera. Phase coherence 

in these interferograms is limited to  patches within the caldera  and more extensive areas 

outside the caldera. No significant deformation is observed outside the caldera [Lu et al., 

2000c, Plates 3 and 5].

From O ctober 1995 to Septem ber 1997, about 50 fringes, corresponding to 140 cm of 

deflation, are visible around the caldera center. The deform ation extends well beyond the 

caldera rim, with different fringe densities in different directions (Figure 2.4 a). The newly 

erupted lava flow has changed the ground properties in th e  southern part of the caldera 

and causes a loss of coherence between the two acquisitions making up this interferogram.
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Figure 2.2. D ata (A), best fit model (B) and  residual interferogram  (C) for th e  1992
1993 pre-eruptive interferogram. The dashed line outlines the caldera. The origin of the 
coordinate systems is a t 53.377° N, 168.220° W .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0 5 10
Easting [km]

0 5 10
Easting [km]

Figure 2.3. D ata (A), best fit m odel (E) and residual interferogram (F) for the 1993-1995 
pre-eruptive interferogram. T he m odel consists of 3 point sources (B, C, D) with different 
depths and  strengths. A nnotations and  origin of coordinate system  same as in Figure 2.2.
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Coherence analysis has been used to  m ap the extension of the  flow, and is a very accurate 

mapping tool in areas w ith otherwise good coherence [Lu et al., 2000c].

During the year after the eruption, from September 1997 to Septem ber 1998, about 

three fringes, corresponding to 9 cm of uplift are observed w ithin the caldera (Figure 2.5 a). 

The area of low coherence in the interferogram  corresponds m ostly to the region covered 

by the new lava erupted  during February-April 1997. Along the edge of the flow, localized 

deformation is visible (Figure 2.6 a and b). This deformation is relative uplift centered in 

the area between the two arms of the flow (Figure 2.6 c). O utside the caldera coherence 

is maintained well, bu t no significant deform ation is observed [Lu et al.. 2000c, Plate 8]. 

However, the coherent areas inside and outside the caldera cannot be connected.

We modeled the observed deformation using spherical pressure sources [Mogi, 1958] and a 

rectangular dislocation source [Okada, 1985] in an elastic half-space. Using a dense grid 

search we derived the model parameters th a t give the best fit to  the d a ta  in a  least square 

sense for each interferogram.

2.4.1 T he M odels

The parameters for the  Mogi model are horizontal source coordinates, source depth, and 

source strength. The observed deformation a t the surface is given by

where A h  and A r  are the vertical and horizontal (radial) displacem ents, C  is the source 

strength, d is the source depth, and r  is the distance from the source. The Mogi source is 

commonly interpreted as a  magma chamber, and the source streng th  contains an inseparable

2.4 M odeling

A h{r) = C d /{ r 2 + d 2)*/2 (2.1)

A r(r)  =  C r / { r 2 + d 2f /2 (2.2)

combination of cham ber size, pressure change, and elastic param eters, C  =
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Figure 2.4. D ata, models and residuals for the 1995-1997 co-eruptive interferogram. (A) 
shows the d a ta  of the 1995-1997 interferogram. The box outlines the area shown in (B), 
(D). and (F). T he fringe density in the  caldera center is too high to be properly displayed 
in (A). (B) is an  enlargement of the  da ta  inside the caldera after subtracting the fringes 
explained by the best fit Mogi m odel for the outer part of the  deformation shown in (C). 
(D) is the best fit rectangular dislocation source for this d a ta  inside the caldera. (E) is 
the residual interferogram for the combined modeling. (F) is the enlargement o f the same 
residual interferogram, showing the model fit inside the caldera. The origin of the  coordinate 
system for the  large area is a t 53.357°N, 168.257° W.
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Figure 2.5. Data (A), best fit model (B) and residual interferogram (C) for the 1997-1998 
post-eruptive interferogram. Annotations and origin o f coordinate system same as in Figure 
2 .2 .
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Figure 2.6. Localized deformation around the new lava flow. A) Deformation fringes along 
the edges of the flow as observed in the 1997-1998 interferogram . The white line outlines 
the flow boundary. B) Residual fringes along the edge of the flow after subtracting the best 
fit Mogi inflation m odel from the data. The black line m arks the  profile shown in (C). C) 
Deformation profile as marked in (B). Relative deformation across the profile is about 3 cm.
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source radius a, pressure change A P  and Lame constant fi. The point source approxim ation 

is only valid if the dimension of the source (radius a) is much smaller than  its depth  d. 

Especially for the very shallow subsidence structu res in the 1993-1995 interferogram  this 

assumption may be violated.

Rectangular dislocation sources are used to sim ulate emplacement of dikes or sills. The 

parameters for the rectangular dislocation model are length, width, strike, dip, and ge

ographical location of the dislocation plane, as well as dip-slip, strike-slip and opening 

dislocations. For a simple dike model, we constrain dip-slip and strike-slip to be zero in our 

modeling.

2.4.2 D ata  se lection  and procedures

In each interferogram we selected areas with phase coherence above a  specified threshold 

(see unmasked areas in Figures 2.2, 2.3, 2.4, 2.5). We then selected simple polygonal regions 

of connected pixels from these coherent areas for input to the modeling algorithm . This 

approach allowed us to select the  usable da ta  w ithout having to deal with m any small, 

unconnected regions of coherence.

The best fit model for an interferogram is based on the best fit in these areas in a  least 

square sense. We generally modeled the w rapped data. This avoids introduction of errors 

caused by the unwrapping algorithm , especially in areas where the fringe density is very 

high, e.g. inside the caldera in the 1995-1997 interferogram  (Figure 2.4 a). Doing this, one 

has to be careful though to elim inate ambiguities caused by the periodicity of the signal. 

However, the model can be checked by comparing the total number of fringes in the data  

in the modeled interferogram.

2.4.3 M isfit ca lcu lation  for wrapped interferogram s

The general model equations for a  wrapped interferogram  reflects the fact th a t all phase 

values are modulo 27T, and is given by

mod(<p, 27t) =  mod(G (m ) +  £ +  e, 2n) (2.3)
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where (p is the vector of phase values, G (m ) is the geophysical model for the deformation 

in terms of model param eters m , £ is an estim ated bias parameter because the zero phase 

value is arbitrary , and  e is the vector of errors. For unwrapped interferograms, the modulo 

functions would be removed. Equation (3) cannot be solved by standard  least squares, 

even for a linear model, because the entire right-hand side is contained w ithin the modulo 

function, which is non-linear. However, an optim al solution to equation (2.3) can be found 

by grid search or Monte Carlo methods as long as a  satisfactory misfit function is used. 

We define the misfit between the observed and synthetic phase to be the smallest angle 

between the two values, disregarding the branch cut a t 0|2tt. This definition recognizes 

that the phase value 0, may be interpreted equally well as (pi or 0, +  2mr. Thus the misfit 

of a given model to  the da ta  is given by the square root of the sum of squares (RSS) of the 

residuals with:

RSS =  ^ 2  el  : ei =  rn in (0 j — Cj, (pi + 2ir — a )

C{ =  m o£/(G(m), +  &, 2ir) (2.4)

2.5 Subsurface volume change, magma volume and pressure 

change

In the Mogi model, the observed surface deform ation can be caused by different subsurface 

processes, prim arily by pressure change, volume change, or a combination of both. In terms 

of processes in m agm a chambers, this gives us a  variety of interpretations for the observed 

inflation or deflation signal. In the case of inflation, we can distinguish the following end 

members: volume increase of the reservoir due to influx of new magma, and internal pressure 

increase of the m agm a already present in the  reservoir, with no change in mass. In the case 

of deflation, the subsurface volume change can likewise be due to withdrawal of magma, 

either erupting a t the  surface or migrating to  a different place, or internal magma pressure 

decrease.
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New magma rising from a  deeper level by means of buoyancy adds volume to an existing 

reservoir. Treating magma as an  incompressible fluid, the subsurface volume change would 

be equal to the volume of new magma. For this case, Delaney and McTigue [1994] derive

Tru'paxdr „
AVsubsurface =  (2*o)

where u™ax is the maximum vertical surface displacem ent, d is the source depth, and v  

is the Poisson ratio of the host rock. In term s of source strength  C, this equation can be 

written as

4 .
^ V su b su rfa ce  =  (2-6)

At the other extreme, an  internal pressure increase can result from fractional crystalliza

tion of non hydrous com ponents and the resulting oversaturation of the melt with volatiles 

[Tait et al., 1989], This pressure increase eventually leads to expansion of the system

A P  ,
AVsubsur f  ace — a (2-7)

where A P  is the pressure change, a the source radius, and y  the rigidity of the surrounding 

rock. Equation (2.7) is actually  ju st a different form of (2.6); in other words, the two 

mechanisms are indistinguishable based on deform ation measurements alone.

Equations (2.6) and (2.7) allow us to estim ate the  upper bounds of pressure and volume 

changes due to the single processes. A quantitative analysis of the pressure change requires 

the additional knowledge abou t the size of the m agm a reservoir and elastic param eters. In 

practice, deformation will most likely be due to a  com bination of both processes.

It is possible to trigger an eruption just by in ternal pressure increase [Tait et al., 1989] 

causing inflation, but a m agm a surplus must accum ulate before or during the eruption for a  

significant volume to be erupted. An eruption will eventually stop when the overpressure in 

the magma chamber is released by explosive activ ity  a n d /o r extrusion of lava. This means 

that both pressure and m agm a volume have decreased. The remaining magma will expand 

in the chamber due to the pressure release and dim inish the observed volume loss. An
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internal pressure decrease has the contrary  effect and leads to overestimation of the magma 

volume erupted  o r moved.

If explosivity is low and a significant am ount of lava is extruded, which is the case for 

Okmok, it is very likely that magma intrusion, extrusion, and movement are the  main factors 

causing the observed deformation. For volume calculations at Okmok, we will assume that 

the pressure changes were not significant relative to the volume changes. T he suitability of 

this assum ption can be debated, but we have no d a ta  that independently determ ine pressure 

or volume changes.

2.6 M odeling results and interpretation

2.6.1 P re-eru p tive  inflation and la tera l m agm a transport (1992-1995)

The one-year interferogram spanning the tim e from October 1992 to November 1993 can 

be modeled as pure inflation (Figure 2.2 b and c). The horizontal location of the source 

is well-constrained based on the shape of the  fringes. It is difficult to constrain the depth 

because coherent d a ta  inside the caldera are very limited and adjustm ent of the source 

strength  gives a  range of equally fitting dep ths. Using the data inside the caldera, we find 

suitable models w ith a source depth ranging from 2.5 to 6.5 km (Figure 2.7).

We have means to constrain rhe m axim um  depth somewhat better by looking at the 

coherent areas outside the caldera. 10 km away from the caldera center, we find coherent 

areas th a t show no more than a fraction o f a fringe (see Plate 3 of Lu et al. [2000c], which 

allows us to rule out a strong, deep source. Most of the small phase variations outside the 

caldera are due to atmospheric effects [Lu e t al., 2000c]. With the assum ption of a  maximum 

relative deform ation of 0.014 m (half a  fringe) between 10 km and 15 km distance from the 

center of deform ation, we determine a m axim um  source depth of 4.1 km. If we limit the 

maximum deform ation to 0.009 m (one th ird  of a  fringe), the maximum source dep th  would 

be 3.6 km (Figure 2.8). For depths from 2.5 to 4.1 km, the corresponding source strength 

ranges from 9.5 x 10° m3 to 3.5 x 106 m3. Using relation (6), this corresponds to  a  subsurface
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Source depth [m]

Figure 2.7. Contour plot of the  misfit (in radians) for an  unwrapped interferogram. It 
shows the trade-off between source depth and streng th , here for the model of the 1992-1993 
interferogram.
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volume change of + 4  x  106 m3 to +15 x 106 m3.

The interferogram from November 1993 to O ctober 1995 contains signals from m ultiple 

mechanisms (Figure 2.3 b,c and d). First, there is continuing inflation located underneath  

the caldera center. It is significantly weaker than  during  the 1992-1993 period. T he source 

is located between 2.5 km and 5.1 km depth. We constrain  the maximum dep th  by the 

same method used for the  1992-1993 interferogram. allowing in this case a maximum signal 

of half a fringe between 8 and 13 km distance from the deformation center (Figure 2.8). 

The inferred subsurface volume change for this inflation source is then between +2  x 106 

m3 to +9 x 106 m3.

In addition, there are  two localized areas of subsidence. The best fit Mogi source for 

both  of them is a t 500 m depth, with volume changes of —2 x 104 m3 and —4 x 104 

m3, respectively. They are located 0.7 km and 1.4 km  from the inflation source towards 

the southwest (Figure 2.9). T he deformation from these sources is quite small, but an 

independent interferogram  for the same time period (Table 2.1) shows the same features 

and confirms th a t they  are crustal deformation and not atm ospheric anomalies. We also 

tried to model part of the  deformation in this interferogram  as dike intrusion [Okada, 1985]. 

However, the da ta  fit was considerably worse for a dike source than for Mogi sources. The 

areas where these two shallow sources are found lies outside the region of coherence in the 

1992-1993 interferogram, so we cannot know if they were present before 1993.

2.6 .2  C o-eruptive deflation  (1995-1997)

The fringe pattern  of the  interferogram from O ctober 1995 to September 1997 is best mod

eled by a combination of a point deflation source and a  closing rectangular dislocation 

source. The point source fits the deformation outside the caldera (Figure 2.4 c and  e). It is 

located at approxim ately 3.6 km depth, with a m aximum  dep th  of 4.5 km, estim ated by the 

lateral extension of the deform ation signal (Figure 2.8). T his indicates a subsurface volume 

change of —5 x 107 m3 to —9 x 107 m3.

Adding a rectangular dislocation source significantly improved the fit for the deform ation
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Figure 2.8. Predicted  relative deformation outside the caldera as a function of source 
depth. The distances from the center of deformation depend on the existence of coherent 
areas. Therefore they are chosen for each interferogram individually. A) In the 1992-1993 
interferogram, a t most half a deformation fringe is detected between 10 and 15 km from 
the center. This constrains the source dep th  to 4.1 km. A th ird  of a  fringe translates into 
a  depth of 3.6 km. B) From 1993-1995, a maximum of half a deformation fringe exists 
between 8 and 13 km from the center. This allows a m axim um  source depth of 5.1 km. C) 
From 1995-1997, a  maximum of 3 fringes appear between 10 and 15 km from the center, 
constraining the source depth to 4.5 km. D) From 1997-1998, a t most one fringe exists 
between 5 and 10 km from the center, constraining the source dep th  to less than 4.1 km.
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inside the caldera (Figure 2.4 d and f). Its param eters translate to a 2.5 km long, 1.5 km 

wide sill, located at 1.8 km depth. It is strik ing  N50°E, and dipping 5° from the horizontal 

to the northwest. The upper southwest corner is located at 53.428°N and 168.136° W. This 

corresponds approxim ately to the center o f deflation. The amount of closure is 0.9 m, giving 

an additional volume change of —3.4 x 106 m3. Figure 2.4 e and f shows the residuals of 

the combined model.

2.6.3 P ost-erup tive inflation (1997-1998)

The concentric part of the deform ation signal from September 1997 to Septem ber 1998 

is modeled by a point source between 3.5 km and 4.1 km depth, which is in the same 

range estimated for the pre-eruptive inflation source (Figure 2.5 b and c). Because the 

center of deformation corresponds to an area with low coherence, minimum source depth 

and strength are relatively difficult to constrain. Coherent areas outside the caldera do not 

show deformation further than 10 km away from the center of deformation which constrains 

the maximum source depth  to 4.1 km (Figure 2.8). The inferred subsurface volume change 

is +4 x 106 m3 to +8 x 106 m3. The Mogi source explains the main deform ation signal, but 

localized deformation immediately adjacent to the lava flow remains unmodeled.

An additional interesting phenomenon is deformation along the edge of the new lava 

flow (Figure 2.6 a). It shows uplift of the center area between the two arm s of the overlying 

new lava flow relative to the edges of the flow. Because there is no absolute reference, it 

could also be interpreted as subsidence o f the edges relative to the center. Because the 

new lava flow did not m aintain coherence during this time interval, we do not know if it is 

also affected by the same sense of deform ation. Possible explanations for the cause of this 

deformation are: a) elastic or viscoelastic deform ation caused by the load of the  new flow, 

b) heating and thereby deforming of an underlying older flow after extrusion of the new 

flow, c) mechanical destruction and com paction of this older flow.

Simple calculation of therm al deform ation of volcanic products show th a t in general 

heating can be ruled out as a cause for th is deformation. Mechanical destruction of the
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rough and blocky surface of the old flow by the overriding 1997 flow would probably lead 

to loss of coherence which would destroy the signal itself. Also, it should happen during 

or right after the new flow is emplaced. However, we observe the  deformation between 

September 1997 and Septem ber 1998, i.e. starting  at least abou t half a  year after all the 

lava had been extruded.

Briole et al. [1997] used a  model of substrate relaxation in response to loading to explain 

a similar phenomenon observed a t E tna volcano. We propose th a t the same mechanism 

causes deform ation adjacent to the 1997 flow of Okmok, superim posed on the ongoing 

inflation of the caldera floor. After subtracting the signal due to inflation from the data, 2 

to 4 cm of relative deform ation rem ain (Figure 2.6 b and c). T he fact th a t the deformation 

extends about 150 m away from the outer edge of the new flow (Figure 2.6 a and b), makes 

an explanation by heating and  mechanical destruction/com paction of the older flow unlikely. 

Relaxation due to loading however extends well beyond the edge of the flow [Briole et al., 

1997],

2.6.4 Sum m ary

Despite its simplicity, the Mogi model can explain most o f the deformation related to 

Okmok’s 1997 eruption very well, except for parts of the deflation th a t occured between 

1995 and 1997. Best fitting model parameters for all Mogi sources are listed in Table 2.2.

Horizontal and vertical locations of all estimated source models are also summarized in 

Figure 2.9. The source d ep th  ranges between 2.5 km and 5.1 km, but uncertainties are too 

large to be confident th a t this difference is significant. The horizontal source location is 

better constrained. All inflation sources and the main deflation source are located beneath 

the caldera center, within an  area a kilometer across. The subsidence structures observed 

between 1993 and 1995 (black circles in Figure 2.9) are located southwest of the caldera 

center on an almost stra igh t line towards Cone A, the later eruptive vent. The modeled sill 

in the 1995-1997 interferogram  extends from the deflation center during tha t period to the 

northeast. It is 2.5 km long, 1.5 km wide, and 0.9 m thick. I t  is located at 1.8 km depth
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Table 2.2. Param eters for the best-fit Mogi source model for all deformation episodes

Time period D epth

[km]

Strength 

[10~3 km3]

Volume 

[10~3 km3]

Lat.

[°N]

Lon.

[°W]

1992 -  1993 2.5 -  4.1 0.95 -3.5 4.0 -  14.7 53.433 168.124

1993 -  1995 2.5 -  5.1 0.3 -  2.15 1.3 -  9.0 53.424 168.129

0.5 -0.01 -0.44 53.419 168.151

0.5 -0.005 -0.22 53.425 168.143

1995 -  1997 3.6 -  4.5 -12.50 -  (-21.95) -52.4 -  (-91.9) 53.431 168.133

1997 -  1998 3.5 -  4.1 1.0 -  1.9 4.2 -  7.9 53.432 168.131

and has a volume of 3.4 x  10-3 km3. The fact th a t  our best model for this interferogram  

consists of a  combination o f two different sources does not necessarily mean tha t we actually  

have two independent s truc tu res causing the deform ation. It could also indicate a deviation 

from the point source geom etry of the main source. T he lack of data  from the southwest 

part of the caldera (the a rea  covered by the new lava flow) makes it difficult to determ ine 

the complexity of the source, or the full extent of th e  sill.

2.7 Discussion

2.7.1 Tem poral d evelop m en t o f d eform ation  and m agm a volum e

The sequence of pre-eruptive inflation, co-eruptive deflation and post-eruptive inflation has 

been observed at many volcanoes (e.g. E tna [Lanari  et al., 1998]). It is usually explained 

with the periodic filling and em ptying of the m agm a chamber. At Etna, the post-eruptive 

deformation source seems to  be significantly deeper th an  the pre-eruptive source (12 km as 

opposed to 9 km). Lanari e t al. [1998] explain th is  by refilling of the volcano system  from 

below. Considering the difficulty in constraining th e  source depth, we do not see a sim ilar 

change in source depths o f this order during the inflation episodes a t Okmok. D uring the
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Figure 2.9. Location of deformation sources for modeled episodes, a) Map view, showing 
pre- and post-eruptive inflation sources (white circles), the main co-eruptive deflation source 
(grey circle), areas of pre-eruptive subsidence (black circles), and the co-eruptive closing sill 
(grey rectangle), b) Vertical locations for Mogi sources for modeled episodes. Depths range 
from 2.5 to 5.1 km, but uncertainties are  too large to recognize a trend.
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co-eruptive deflation period the best fitting model gives a  somewhat deeper source depth. 

However, the high fringe density  causes the model misfit to be larger here than  in the other 

interferograms, and the difference may not be significant.

The inflation rate during  the pre-eruptive period is not constant. From 1993 to 1995, it 

is significantly smaller than  between 1992 and 1993. This could either indicate a variation in 

the magma flux, or be due to  redistribution of magma in the  shallow subsurface. T he total 

1992-1995 pre-eruptive inflation volume can account for only about 11% of the co-eruptive 

deflation volume (up to 25% if we base our calculations on the maximum source depth  for 

all models). We therefore infer th a t inflation must have been going on long before 1992. 

Since no INSAR da ta  were acquired before that time and no other geodetic d a ta  exist from 

Okmok volcano, we can not know how long Okmok has been inflating. E xtrapolation of the 

average volume change rate  o f about +2 x 106 m3/y ear seen during the 1992-1995 period 

would require 28 years of inflation to account for the observed deflation. If  we base our 

calculations soleiy on the 1992-1993 rate, which is twice as high, only 14 years are required. 

Okmok’s last m ajor lava producing eruption of comparable size before 1997 occurred in 1958, 

39 years ago. If re-inflation s ta rts  directly after an eruption, as suggested by the current 

post-eruptive observations, a t some point Okmok’s inflation rate has either been somewhat 

slower than observed in the last three years before the 1997 eruption, or episodes of deflation 

have interrupted the cycle. T he latter possibility is not unlikely, because m inor eruptive 

activity has been reported in 1960 and in the 1980s [Miller et al., 1998]. We conclude th a t it 

is possible that Okmok is supplied with magma continuously, causing essentially continuous 

inflation. This is a similar s itua tion  as for Kilauea volcano, Hawaii, which receives a steady 

supply of basalt magma, even though the source is different [Delaney et al., 1990]. Future 

deformation observations w ith InSAR may allow us to determ ine more precisely the typical 

inflation rate  for Okmok volcano and correlate the sta te  of inflation with type and timing 

of impending eruptions.
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2.7 .2  Lateral m agm a transport

The center of m axim um  deformation for all episodes is offset about 5 km from Cone A, the 

eruptive vent. If we interpret the deflation source as O km ok’s m ain magma chamber, then 

some sort of lateral magm a transport is required to feed the eruption. There is a slight 

chance of course for an  independent reservoir underneath Cone A. We do not have sufficient 

information in our d a ta  to rule this out, but we are confident th a t the sense of caldera 

floor motion - up before and after the eruption, down during  the eruption  - cannot be pure 

coincidence.

We do not see an  obvious dike intrusion in our data , bu t the tem poral resolution of 

the data is only abou t two years during this period. More im portantly, the 1995-1997 

interferogram lacks coherence in the area where the effects of the  dike would be seen due 

to the coverage of the old surface with new lava. This m eans we could easily have missed 

the signature of a dike intrusion. We do see some subsidence pa tte rn s  in an overall inflation 

environment during 1993-1995. They may indicate w ithdraw al or movement of magma 

from some shallow body. In this case, magma must have been stored there before 1993 

and withdrawn sometim e between 1993 and 1995 to explain the observed subsidence. An 

alternative explanation is hydrothermal depressurization in th a t area, but with our data we 

have no means to distinguish between the two cases. E ither way, these bodies may mark 

the pathway of m agm a from the central chamber to the eruptive vent.

It is interesting to note that deform ation was observed here a t least 1.5 to 3.5 years before 

the start of the eruption. The signal of lateral transport may be a precursor that could 

distinguish between occasional deform ation of calderas w ithout eruptions (e.g. Yellowstone 

[Wicks et al.. 1998]) and deformation episodes that do lead to an eruption. The signal 

is subtle but well beyond noise and especially in the absence of o ther geophysical data a 

very valuable feature. We can exclude the possibility th a t it is ju s t an anomaly caused by 

atmospheric delay, because an independent interferogram spanning  about the same time 

interval shows sim ilar signals at exactly the  same locations.

There is no apparent structural reason why Cone A is the preferred intracaldera vent.
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Umnak Island and Okmok caldera are not subjected to major fault system s [Nakamura 

et al., 1977]. The orientation o f motion of the Pacific plate with respect to the North 

America p late is N325°E [DeMets et al., 1994]. This is roughly orthogonal to the direction 

of the presum ed dike that transported  magma from the  caldera center to Cone A (N220°E). 

This suggests th a t the direction of the principal stress ai beneath the volcano cannot be 

parallel to  plate motion, so the  local stresses generated by the m agm atic system  must be 

larger th an  the stresses generated by plate interaction. All postcaldera activ ity  has been 

aligned along the periphery of the  caldera floor, which indicates ring fissures resulting from 

the caldera collapse are responsible for the location of the cones.

2.7.3 P rop osed  stru ctu ra l m odel

Figure 2.10 summarizes schem atically the in terpretation of the modeled deform ation in 

terms of volcanological struc tu res. This interpretation does not claim to be a  complete 

picture of the  Okmok volcanic system , since it is based mainly on one source of information, 

geodetic da ta . Instead, it is m eant to serve as a  basic working model th a t will be refined 

and modified with future acquisition of geological and  geophysical data.

From the closely spaced source locations for all m ain deformation episodes we conclude 

that Okmok has a central m agm a reservoir, located alm ost exactly a t the  geometric center 

of the caldera a t 2.5 to 5.0 km depth . Considering the symmetry of the caldera. the same 

reservoir may have been responsible for the two caldera-forming eruptions as well as the 

postcaldera activity. Okmok appears to be characterized by a long-lived shallow magma 

chamber, which is filled quasi-continuously from a deeper source. Between eruptions, the 

caldera floor inflates due to m agm a accumulation in the central, shallow reservoir. The 

original dep th  of the magma source is not known. Petrological analysis of samples from 

recent lava flows and from rocks resulting from the two caldera forming events may give 

more insight into this problem in the future. This analysis may also help to determ ine if 

the hypothesis of a long-lived m agm a reservoir a t a steady  location is m aintainable.

Assuming a  central chamber, the existence of six m ajor cones concentrated in the periph-
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Caldera wall

Figure 2.10. Schematic structural model of Okm ok volcano as in terpreted  from deformation 
modeling results. See text for detailed description.

ery of the caldera indicates that the shallow subsurface is probably crossed by numerous 

dikes and fractures of varying orientation. T his suggests th a t the local stress field has 

changed orientation through time. Up to a  few years before an eruption, magma could 

move further upwards and spread out into th is pre-existing system of fractures, resulting in 

a  lower surface inflation rate.

During an eruption magma is withdrawn from the reservoir and causes strong subsidence 

of the entire caldera floor. After the eruption, the walls of the central m agm a chamber adjust 

to the new pressure conditions, and filling from the deeper source s ta r ts  soon after. Based 

on the calculation of the  slowest magma accum ulation rate for Okmok. the filling process 

may actually continue a t a  constant rate  throughout.

2.8 Conclusions

The 1997 eruption of Okm ok volcano was accom panied by significant deform ation, expressed 

in particular by 140 cm of subsidence of the caldera floor during the eruption, and pre- and 

post-eruptive inflation of smaller am plitude centered at the same location. We interpret
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the deform ation source as a magma reservoir at 2.5 to 5.0 km depth. The pre-eruptive 

inflation indicates magma influx into this reservoir and suggests ascent to a shallower level. 

In addition to the inflation, localized subsidence occurs abou t 0.7 km and 1.4 km from 

the caldera center, roughly one th ird  of the way towards the later vent. This may be an 

indication o f lateral magma movement as early as 2 to  3 years before the actual s ta r t  of 

the eruption, or an expression of hydrotherm al depressurization. The post-eruptive inflation 

source is in terp re ted  as pressure readjustm ent and/or refilling of the magma system beneath  

Okmok caldera. Okmok's eruptive history suggests th a t the average subsurface volume 

change ra te  shortly  before the 1997 eruption  is typical for the long term. In fact, Okm ok 

may be supplied continuously from a  deep source. Future observations at Okmok will enable 

us to learn more details about the typical deformation characteristics like duration, ra te  and 

rate changes of pre-eruptive inflation, and  correlation to actual eruptions. This will be of 

great value not only for our knowledge abou t Okmok. but also sim ilar volcanoes and  the 

magmatic processes in the Aleutian volcanic arc.
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Chapter 3

Cooling and structure of the 1997 

Okmok lava flow, observed by 

coherence analysis o f SA R  

interferograms1

3.1 Abstract

Coherence analysis of SAR interferograms documents the  cooling history of the 1997 lava 

flow of Okmok volcano, Alaska. Flow coherence increases with time since the eruption, 

and also with shorter periods spanned by the interferograms. In two month interferograms, 

coherence is lost after the eruption  and regained in the sum m er of 2000, three years later. At 

this time, internal cooling processes apparently no longer affect the flow surface. Numerical 

simulations show th a t this corresponds to the tim e when the on average 20 m thick flow 

has solidified. Comparison of coherence for sections w ith different thicknesses indicate that 

development of a  thick rigid crust, and not necessarily com plete solidification, is sufficient 

‘M anuscript in preparation w ith authors D. Mann, M. Patrick and  J. Freymueller
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to shield the surface from ongoing internal processes. This implies th a t mobility of the lava 

flow is the m ain param eter responsible for loss of coherence. In  reverse, InSAR coherence 

analysis can be used to derive the m inim um  thickness of a lava flow. Linear features th a t 

are observed in some of the coherence maps correspond to lava flow channels. This shows 

that InSAR coherence analysis can also be used to study patterns within a lava flow.

3.2 Introduction

The physical properties of lava flows can be studied using many different approaches. Direct 

field m easurem ents and observations are still the most reliable d a ta  source, but over the 

past few decades remotely sensed d a ta  have rapidly increased in volume and in the variety 

of information they contain. Being able to use satellite da ta  as a  research tool is not only 

useful in rem ote locations, but whenever wide spatial coverage and  dense spatial and regular 

temporal sam pling are required.

M ultispectral satellite imagery (visible, near-infrared, infrared) has been used to map 

lava flows and study  their compositions and morphologies [Kahle et al., 1988; Abrams et al., 

1991; Realmuto et al.. 1992], Therm al imagery (e.g., advanced very high resolution radiome

ter (AVHRR) images) is particularly useful for deriving radiance param eters [Harris et al., 

1997a,b). More recently, synthetic apertu re  radar (SAR), and SA R interferometry (InSAR) 

have been used to determine the areal coverage of lava flows [Stevens et al., 2001b], lava 

flow thickness [MacKay et al., 1998], and postemplacement deform ation and cooling [Briole 

et al., 1997; Stevens et al., 2001a,b]. SAR and InSAR da ta  give no direct information on 

lava flow tem perature, but we will dem onstrate for the 1997 lava flow of Okmok volcano, 

Alaska, th a t coherence of SAR interferograms correlates with the cooling of the lava flow, 

providing insight into its therm al history and flow structure.

The 1997 eruption of Okmok began on February 11, and the onset of the eruption 

was detected rem otely as a therm al anom aly in AVHRR imagery [Dean et al., 1998]. The 

anomaly was caused by effusion of a  lava flow. While emplacement of the flow was complete 

by the end o f M arch 1997, a therm al anomaly continued to appear in AVHRR images
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Figure 3.1. SAR am plitude image of Okmok caldera. The dashed white line outlines the 
caldera rim. and the solid line the 1997 lava flow. The large white box is the area shown 
in Figure 3.2. Smaller white boxes show detailed study  areas on both lobes o f the flow 
(E =E ast, W =W est). and a  reference area (R) north  of the flow that was used to normalize 
the average flow coherence.

interm ittently for several years, with varying intensity [Dean et al., 1998: Dehn e t al., 2000]. 

T he flow originated at a  cone located in the southern part of Okmok caldera and  eventually 

covered an area of about 7.5 km2 (Figure 3.1). Like all historic flows at Okmok, it was a 

basaltic ‘a 'a  flow.

Thickness and volume of the 1997 lava flow have been estim ated by subtraction  of digital 

elevation models (DEMs) constructed before and after flow emplacement [Lu e t al., 2002]. 

Thickness ranges between 10 m and 50 m, with the thickest section being the central part 

of the eastern arm  of the flow due to a depression in the pre-eruptive topography. The 

average flow thickness derived by this method is about 20 m.

Deformation related to the 1997 eruption a t Okmok has been studied using InSAR [Lu 

et al., 2000c; Mann et al., 2002]. Those studies also showed that the area covered by the new 

lava flow exhibited a loss of coherence in interferograms spanning the eruption, as well as for
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time periods after the eruption. T he loss of coherence from before to after the eruption can 

be explained by the complete change in surface material due to coverage of the ground by 

the new flow. The continuing decorrelation after emplacement m ust be caused by different

processes. Stevens et al. [2001a] m ade sim ilar observations a t young lava flows of Mt. E tna,

lava flow. We also discuss flow structures based on linear features seen in some of the 

coherence maps.

3.3 Coherence anaiysis

3.3.1 C oherence in S A R  interferogram s

SAR interferom etry uses m ultiple acquisitions of satellite radar d a ta  over the same a rea  

on the ground, and interprets the  change in radar path length from the satellite to the  

ground between any two acquisitions. Depending on the tem poral and spatial separation 

of the acquisitions, InSAR is used m ainly in two applications: 1. Topographic m apping 

[Zebker et al., 1994a], including detection of changes in topography caused, for example, 

by a landslide or extrusion of a  lava flow [Lu et al., 2002], and 2. Detection of ground 

deformation, caused, for example, by volcanic inflation or earthquakes [e.g. Massonnet et al., 

1993]. For a general overview and a  wide variety of examples see M assonnet and Feigl [1998].

One characteristic of interferograms is the phase coherence, which is a measure of the 

variance of phase in the interferogram. Interferograms have high coherence when the phase 

values of adjacent pixels are sim ilar, and low coherence when they are dissimilar. Coherence 

is mathematically represented by a  correlation coefficient:

and explained the observed loss o f coherence by rotational movement of surficial flow clasts.

In this paper we correlate the  interferogram coherence w ith a  cooling model for the  

Okmok lava flow to infer the dom inant factor responsible for degrading coherence of the

P ~ IEt(at x6ni (3-1)

where a, and 6, are the the complex values of the ith  pixel in the respective study area of
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the two images a and b. In this study, we use a  2 by 10 pixel summation window in range 

and azimuth direction respectively to calculate one coherence value, resulting in i =  1 to 

20 .

In general, the degree of coherence depends strongly on acquisition param eters, in

strum ent noise, and environm ental factors. Dom inant acquisiton param eters axe the per

pendicular component o f the spatial baseline of the  interferogram (Bperp), an d  the tim e 

separation between image acquisitions [Zebkeret al., 1994a]. Environmental factors include 

the type of m aterial on the  ground [Lu and Freymueller. 1998], and processes th a t  affect the 

ground surface between image acquisitions, such as m aterial transport, m oisture variations 

and ground deform ation. To obtain high quality deform ation interferograms and digital 

elevation models, the highest possible coherence is required. Low coherence degrades the 

precision of DEM ’s and the resolution of deform ation maps generated with InSAR. W hile 

we are generally interested in high coherence, studying  its degradation can give insight into 

the phenomena causing it.

3.3.2 D ata  se lec tio n  and analysis

We used all available SA R da ta  acquired by the ERS-2 satellite between spring 1997 and 

fall 2000, and generated interferograms from image pairs over periods of 2 years, 1 year, 

and 2 months (Table 3.1). We are limited to d a ta  acquired during the sum m er m onths 

(June-October), because snow cover during the rem ainder of the year causes severe loss 

of coherence and prevents us from learning anything about the surface underneath . We 

disregard image pairs w ith Bperp longer than 400 m. For all other pairs, we correct for 

the baseline separation using an empirical linear relationship [Zebker and Villasenor, 1992]. 

Topography is not significant in the areas of interest.

We create coherence maps for all interferograms and analyze them  in three different 

ways: First, we calculate the average coherence of the area covered by the lava flow. To make 

coherence values com parable between interferograms, we normalize them by the  average 

coherence of a  reference area in the same interferogram  (Figure 3.1). The reference area
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Table 3.1. SAR data  used in this study. E2 denotes ERS-2 satellite.

Orbit Image 1 Acquisition date O rbit Image 2 Acquisition date Figure

E2.12494 1997, Sep. 09 E2.23244 1999, Sep. 30 3.2a

E2.17733 1998, Sep. 10 E2.28254 2000, Sep. 14 3.2b

E2.12494 1997, Sep. 09 E2.17733 1998, Sep. 10 3.2c

E2.17733 1998, Sep. 10 E2.21741 1999, Jun . 17 3.2d

E2.21741 1999, Jun. 17 E2.23745 2000, Sep. 14 3.2e, 3.5a

E2.11721 1997. Jul. 17 E2.12494 1997, Sep. 09 3.2f

E2.22242 1999, Jul. 22 E2-23244 1999, Sep. 30 3.2g

E2.27252 2000. Jul. 06 E2-28254 2000, Sep. 14 3.2h

E2-21741 1999, Jun. 17 E2.23745 1999, Nov. 04 3.5b

corresponds to an  underlying older lava flow, erup ted  in 1958. Field observations indicate 

th a t the 1958 flow has similar surface properties to those of the 1997 flow. Second, we 

calculate and com pare the average coherence of two selected areas on the flow (Figure 3.1) 

in each interferogram. The areas correspond to two lobes of the flow, with different flow 

thicknesses of abou t 20 m (west lobe) and 50 m (east lobe) [Lu et al., 2002], Third, we 

analyze spatial variations of flow coherence w ithin individual interferograms.

The areas shown in Figure 3.1 consist of 17161 (flow), 594 (west), 1155 (east), and 750 

(reference) da ta  points. Each data point represents a 40 by 40 m eter area.

3.3 .3  O bservations

Figure 3.2 shows coherence maps for interferograms with time separations of 2 years, about 

1 year, and 2 m onths. In most cases, the coherence of the flow is d istinct from the surround

ings, especially from the area between the two arm s and north of the  flow, corresponding 

to the surface of the underlying 1958 flow.

For the 1-year and  2-year interferograms, coherence is generally lower on the 1997 flow
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Figure 3.2. Coherence maps for interferograms spanning 2 years (a and b), abou t 1 year 
(c. d, and  e), and 2 months (f, g, and  h). Numbers indicate the time spanned by the 
interferogram (month and year of b o th  SAR images). B lue indicates low coherence, red 
indicates high coherence. Over two years, the flow is m ostly incoherent. Over one year, 
the flow slowly regains coherence w ith  tim e after the eruption. Over two m onths, the flow 
has reached ambient coherence by 1999, and in 2000 even surpasses surrounding areas of 
similar m aterial. The SAR da ta  used to  produce the interferograms are listed in Table 3.1.
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than on the 1958 flow. For the 2-m onth interferograms, flow coherence depends strongly  on 

the time past the eruption. D irectly after emplacement, lava flow coherence is low com pared 

to the surroundings. After three years, during 2000, coherence on the flow is much stronger 

than in other areas. This is w hat we would generally expect from a fresh lava flow surface 

[Lu and Freymueller, 1998].

Figure 3.3a shows average flow coherence as a function of time past the eruption over the 

different time spans. The solid line shows average coherence on the flow, whereas the dashed 

line shows this coherence norm alized by the average coherence in the reference area. Over 

2 years, coherence values on the  flow are around 0.3 in both interferograms. We consider 

these low values to represent a  completely incoherent area. The fact tha t the normalized 

coherence decreases strongly w ith tim e reflects very low coherence in the reference area 

between 1997 and 1999, for reasons tha t are not clear. Coherence in the reference area is 

much higher between 1998 and  2000, resulting in the  decreased normalized coherence.

In 1-year interferograms we see a  slight increase in coherence with tim e (Figure 3.3a). 

The normalized values show th a t  from September 1998 on, coherence on the flow reaches 

about 75% of the value in the reference area. T here are areas of strong coherence in these 

interferograms tha t are d istribu ted  systematically. In particular, the 1999-2000 interfero- 

gram shows a roughly linear band of high coherence in the east arm of the flow. These 

high coherence sub-regions correlate w ith physical features within the lava flow, and will be 

discussed in a later section.

Over two-month periods, coherence increases sooner after the eruption (Figure 3.3a). By 

September 1999. coherence on the flow equals coherence in the reference area, and exceeds 

it in 2000 (see also Figure 3.2).

Figure 3.3b shows average coherence in the two selected areas on the east and west lobe 

of the flow as a  function of tim e. Over all time scales, coherence is about 10% higher in the 

thinner west area than  in the thicker east area. Normalized values (not shown) are sim ilar 

to the normalized values for the whole flow.
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Figure 3.3. Coherence as a function of tim e for 2-year. 1-year and 2-m onth interferograms. 
a) Average coherence for the whole flow (solid) and normalized to the coherence in the 
reference area (dash-dotted), b) Coherence in smaller areas on the west lobe (dotted) and 
east lobe (dashed) of the flow, representing different flow thicknesses. T he  circles indicate 
the acquisition date  of the first image th a t  was used to construct the interferogram  with 
the plotted coherence.
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3.4 Cooling model

3.4.1 M od el description

We use a  lava flow cooling model to correlate our coherence observations with cooling 

processes and  lava flow param eters. The model accounts for radiative and convective heat 

transfer a t the lava-air interface, whereas heat transfer w ith in  the flow itself, and between the 

flow and the ground, is modeled using conduction only. T he  model considers meteorological 

data (am bient tem perature, wind speed, rain fall) th a t influence the type and efficiency of 

heat transfer a t the flow surface. Latent heat production, the tem perature dependence of 

thermal conductivity, and vesiculation as the lava approaches its solidus constantly change 

the conditions within the flow.

Im portant input param eters for the cooling model are the initial tem perature of the lava, 

the flow thickness, the porosity, and diffusion-related param eters. A detailed description of 

the model algorithm  and its application can be found in Patrick  [2002],

3.4.2 M od elin g  results

We model the  cooling process for a  wide range of flow thicknesses and with physical and 

petrological param eters typical for basaltic flows [Patrick. 2002]. Figure 3.4a shows the 

maximum internal tem perature of the flow as a  function of time and lava flow thickness. 

High tem perature  gradients reflect the loss of latent heat. According to the COMAGMAT 

algorithm [A riskin , 1999], the solidus tem perature a t atm ospheric pressure for the 1997 

Okmok lava is approximately 1060°C.

The thickness of the molten layer in the flow as a  function of time and lava flow thickness 

is shown in Figure 3.4b. If the thickness of the molten layer is zero, the flow has completely 

solidified. A 10 m thick flow would have been completely solidified a t the beginning of 1998, 

less than a  year after extrusion. O n the other extreme, if the  flow is 25 m or thicker, it would 

still have a partly  molten interior three years after extrusion, over the whole observation 

time of this study.
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a) Maximum internal temperature

b) Thickness of the molten layer

c) Thickness of the solidified upper layer

Time [year]

Figure 3.4. Maximum internal lava flow tem perature (a), thickness of the molten layer (b), 
and thickness of the solidified upper crust (c) as a  function of cooling time. The legend 
refers to flow thicknesses. T he dashed line a t 1060°C in (a) marks the solidus tem perature of 
Okmok’s 1997 basalt. In (c), only the thickness of the upper crust is shown. T he solidified 
bottom layer is slightly th inner.
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Figure 3.4c shows the thickness of the solidified crust of the flow as a  function of time. 

The flow also solidifies from the bottom , a t a slightly slower rate , but this layer should 

not affect surface processes. The thickness of the upper crust is independent of the total 

thickness of the flow, as long as a  molten layer remains beneath it.

3.5 Interpretation and Discussion

3.5.1 Tem poral variations due to  coo lin g  processes

The Okmok lava flow coherence depends on the time past the eruption , and the time 

spanned by the interferogram. The more tim e tha t has passed since the eruption, and the 

shorter the time span of the interferograms, the  higher the coherence. This strongly suggests 

that cooling processes cause the loss of coherence. Cooling processes th a t may affect the 

lava flow are immobilization through solidification, contraction caused by density decrease, 

expansion through vesiculation, and therm al contraction of the solidifed flow. The results 

from the cooling model help us to better understand  which of these processes dominate the 

degradation of coherence.

We make the assum ption that coherence of the flow equals or exceeds coherence in the 

test area when cooling processes no longer affect the lava flow surface. This is based on the 

fact that the materials of the 1997 and 1958 flows are very similar. T hey should have the 

same backscatter characteristics, with coherence being rather higher in the less-weathered 

1997 flow.

In July of 1999, coherence on the flow was comparable to that of the  surroundings over 

a 2-month period, but it was still lower over a  1-year period (Figure 3.3a). We conclude 

that the flow surface was still significantly changing between 1999 and 2000. In July of 

2000, flow coherence was far higher than  th a t of the surroundings over a  2-month period 

(Figure 3.3a). At this point, apparently, the  flow surface was no longer subjected to the 

process th a t causes loss of coherence. T his time coincides with the time of solidification 

of a  20 m thick lava flow (Figure 3.4a), which is the average thickness of the Okmok flow.
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We conclude that cooling processes can  cause loss of coherence only until solidification has 

occurred. Unfortunately, we lack d a ta  to determ ine coherence over a  1-year period s ta r tin g  

in 2000 to  confirm this.

In  further investigation, we com pared coherence in areas of the flow with different th ick

nesses. Area W (Figure 3.1) has an  average flow thickness of about 20 m, whereas area  E 

is up to  50 m thick [Lu et al., 2002]. As Figure 3.3b shows, coherence is generally higher 

on the  thinner flow section. It is not as high as we might expect, however, from a  thickness 

difference of 30 m. For example, in Ju ly  1999 both areas show intermediate coherence over 

2 m onths, indicating that the cooling process was still significant (Figure 3.3b). At th is 

tim e, the  molten layers inside the flow were 5 m and 35 m for the west and east section, 

respectively (Figure 3.4b).

In Ju ly  2000, one year later, bo th  areas show high coherence over 2 months, indicating 

th a t the  cooling process has not affected surface coherence any further (Figure 3.3b). At 

th a t tim e, the 20 m section should be solidified, whereas the 50 m section should still have 

a 32 m  thick molten layer inside (Figure 3.4b). Coherence, however, is very similar in bo th  

areas. Based on this observation, we hypothesize that in addition  to the flow thickness 

itself, the  thickness of the solidified upper crust of the flow, which is independent from the 

to ta l thickness, determines the degree of coherence. This implies th a t immobilization of the  

flow caused by solidification is the m ain cooling process controlling coherence, because the 

o ther processes are still active in the 50 m thick flow section.

In general, the minimum thickness required for the flow crust to prevent incoherent su r

face movements from the continuing in ternal cooling processes will most likely be controlled 

by the size of the 'a ‘a lava blocks and acquisition parameters, like the radar wavelength. For 

a  certain  range of particle motion, longer wavelengths will not be as sensitive to movements 

and ro tations as shorter ones [Zebker and Villasenor, 1992], and  will maintain better in ter

ferogram  coherence. Three years after extrusion, the solidified crust of the sections of the  

Okm ok lava flow with a thickness g rea ter than  20 m, is predicted to be 10 m thick (Figure 

3.4c). W ith  typical lava blocks of ab o u t 1 m diam eter (from field observations), this m eans
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that a  solid layer ~  10 times the size of the surface clasts is necessary to prevent cooling 

from further degrading surface coherence, at a rad ar wavelength of 5.6 cm (C-Band). The 

use of a  longer wavelength (L-Band instead of C-band) could be an advantage when using 

InSAR for deformation applications in areas covered w ith young lava flows.

Based on the observation th a t a still cooling, b u t completely solidified flow does not 

further degrade coherence, we can use the s ta tis tica l coherence analysis to estim ate the 

minimum thickness of a lava flow.

3.5.2 Sp atia l variations due to  internal flow  structures

Two coherence maps, for 5 m onths from June 1999 to  November 1999, and for 15 m onths 

starting a t the same tim e until November 2000, show linear structures of high and low 

coherence on the flow (Figure 3.5). We believe these maps give insight into the internal 

structure of the lava flow. Different sections of the flow show high coherence in these two 

interferograms. In fact, the areas of high coherence a re  alm ost anti-correlated. Because the 

same image from June 1999 is used in both cases, these features constrain the tim ing of 

cooling processes, and also the structu re  of the flow.

On the 6.1999.9.2000 coherence map (Figure 3.5a), areas of high coherence correspond 

to thinner sections of the flow: the generally thinner west lobe, some of the flow edges, and 

the tip  of the east lobe. In addition, a band of high coherence extends along the center of 

the east lobe. This band corresponds to a boundary th a t separates different flow channels, 

which have been identified on air photographs and du ring  overflights in the field (Figure 

3.6a). These channels were the m ain avenues of lava transport, and were therefore kept 

hotter and more mobile for a  longer time, thus rem aining less coherent.

The 6-1999-11.1999 coherence map (Figure 3.5b) shows sim ilar linear features, b u t they 

seem to be reversed with regard to the structures seen on the longer-term map. We propose 

that they result from the same mechanism, but in th is  case influenced by meteorological 

conditions. The structures can be explained if we assum e a  light snow cover during  ac

quisition of the November image. Snow usually causes loss of coherence. In this scenario,
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Figure 3.5. Coherence m aps for 15 months in 1999-2000 (a), and  5 m onths in 1999 (b). 
Areas of high coherence (red) in (a) generally correspond to th inner flow sections, and a 
band that separates two flow channels on the east lobe. In (b), high coherence corresponds 
to the hotter and  thicker areas of the flow, probably because they  were able to melt a light 
snow cover. However, a t th is time they were already cool enough to  m aintain coherence 
over the 5 m onth  period spanned by the interferogram.
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Figure 3.6. Photographs of the lava flow surface, a) Flow structures caused by dividing flow 
channels on the east arm  of the flow. The channels are the features causing low coherence in 
Figure 3.5a, while the divisions show up as bands of high coherence, b) The thickest part of 
the flow, the central east lobe, is warm  enough to melt the snow on the flow surface on this 
picture taken in June  2001. This is probably the same situation th a t causes high coherence 
on the thickest sections of the flow in Figure 3.5b, while the thinner sections rem ain snow 
covered and therefore incoherent.
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however, the hotter parts of the flow, corresponding to the  thicker parts and flow channels, 

would melt the snow and, a t least over the 5 months the  coherence map spans, show b e tte r  

coherence than the thinner, cooler, and snow covered sections. Figure 3.6b shows an exam 

ple of this in a  photo from June 2001. On the coherence map, a feature with high coherence 

also clearly appears on the west lobe of the flow. It is not as obvious as in Figure 3.5a, bu t 

a  channel in this areas was confirmed by field observations as well.

We have no direct confirmation for snow in Okmok caldera in November 1999, bu t d a ta  

from the nearest weather s ta tion  (Dutch Harbor, a t sea level 100 km to the northeast) 

show cold tem peratures (around 0°C) several days before acquisition of the November 1999 

image, and it is likely tha t any precipitation a t higher elevations would have fallen as snow. 

In general, snow is common in the Aleutians in wintertim e.

3.6 Conclusions

Coherence in SAR interferograms in the area covered by the 1997 Okmok lava flow steadily  

increases as the flow cools. A bout three years after the  eruption, flow coherence is sim ilar 

or higher than th a t of an older underlying flow with sim ilar scattering characteristics. By 

this time, the lava flow had solidified in areas of average thickness (20 m). Thicker portions 

had developed a crust of sufficient thickness to shield the lava blocks at the surface from the 

ongoing internal cooling processes, mainly preventing incoherent movements of the surface 

clasts. Based on these observations, coherence analysis of SAR interferograms can be used 

to estim ate the minimum thickness of lava flows.

From spatial variations in coherence maps, we identified internal structures in the lava 

flow. Flow channels tha t rem ained hotter and more mobile for a longer time than  the 

surroundings show up as low-coherence bands in a  more coherent environment.

The use of a radar system w ith a longer wavelength (L-Band instead of C-band) could 

be an advantage when using InSAR for deform ation applications in areas covered w ith 

young lava flows, because it is less sensitive to particle m otion than  a system with a short 

wavelength, and will therefore m aintain better coherence during the cooling period.
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Chapter 4

Volcanic and Tectonic Deformation  

on Unimak Island in the A leutian  

Arc, Alaska1

4.1 Abstract

GPS measurements on Unimak Island in the eastern Aleutian arc between 1998 and 2001

show deformation of W estdahl volcano and Fisher caldera. W estdahl is inflating, with

the best-fit point source located 7.2 km beneath the summit and a volume change rate of

6.7 x 106 m3/year. The GPS da ta  indicate th a t inflation may have slowed down slightly

com pared with InSAR observations between 1993 and  1998. The accum ulated subsurface

volume increase during the GPS and InSAR observation period (1993-2001), about 70 x 106

m3, already accounts for a t least 15% more than  the erupted volume from the last eruption

in 1991-92. Fisher caldera shows subsidence and contraction across the caldera center.

The d a ta  are fit best with a  rectangular dislocation source at a shallow depth . It is 14

km long, 0.5 km wide, dips 80° to the NW and strikes N35°E. Its volume decrease is

’Subm itted under the same title with authors D. Mann and  J. Frevmueller to Journal o f Geophysical 
Research, April 2002
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2.0 x 106 m3/year. The main mechanisms to explain the subsidence and  contraction are 

degassing and contractional cooling o f a  shallow magma body, and depressurization of 

Fisher’s hydrotherm al system, possibly triggered by an earthquake in 1999. In the eastern 

part of Unim ak Island, GPS data  show no stra in  accumulation across the arc. At the 

western end, interseismic coupling is e ither low or limited to an interface width of 48 km or 

less. At the 95% confidence level, no significant strain accumulation due to subduction is 

observed across the entire island.

4.2 Introduction

The Alaska-Aleutian arc represents a  highly active tectonic and volcanic environment, 

driven by subduction  of the Pacific P la te  underneath the North American Plate. In histor

ical time (since 1760), at least 29 volcanic centers along the arc have erupted  more than 

265 times [Miller et al., 1998]. Since 1938, nearly all segments of the arc  have ruptured in 

a t least one M >7.5 earthquake.

The central part of the arc (Figure 4.1) is of particular interest for its volcanic as well 

as tectonic features. Volcanoes are spaced about 40 km apart, but despite this closeness, 

they have quite different physical appearances, seismicity, and eruption behaviors.

Two of the volcanoes on Unimak Island, Westdahl and Shishaldin (Figure 4.1), have 

erupted w ithin the past 10 years. W estdahl erupted in 1991/92, producing a basaltic lava 

flow down its northeast flank [Miller e t al., 1998]. The volume of th e  flow was about 

30 — 60 x 106 m3 [Rowland et al., 1994], SAR interferometry (InSAR) has shown that 

Westdahl has been inflating since then, a t possibly variable rates [Lu e t al., 2000a]. The 

Alaska Volcano Observatory (AVO) installed a seismic network around W estdahl in 1998, 

but has yet to register any significant earthquakes under the volcano. Between Westdahl 

and Shishaldin lies Fisher, a large Holocene caldera that was formed approxim ately 9100 

years ago [Miller et al., 1998]. A lthough Fisher has been much less active than  either 

Shishaldin or W estdahl in recent times, it shows high hydrothermal activity.

Subduction processes in this area o f the arc are not laterally uniform. To the east, in
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166'W 164’W 162‘W 160‘W 158'W

Figure 4.1. Location map and tectonic setting  of the central Aleutian arc and Unimak 
Island. Aftershock zones and dates of major earthquakes are indicated. Focal mechanisms 
are from the Harvard CM T catalog, based on events w ith M»’>6.0. The arrow shows the 
revised NUVEL-1A Pacific-North America relative motion. Historically active volcanoes 
are shown as dark triangles. W. is Westdahl, F. Fisher, S. Shishaldin.
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the western Shumagin segment, GPS m easurem ents show that no stra in  is accumulating, 

indicating that the plates are not coupled and the Pacific plate is slipping freely underneath 

the North American plate [Freymueller and Beavan, 1999], T he situation is less certain 

to the west. The rupture  zone of the 1957 A/w'9.1 earthquake extends from the western 

end of Unimak Island westward to the  A ndreanof Islands [Kanamori, 1977]. This could 

indicate strong coupling between the N orth  American and the Pacific plates, and should 

result in contraction across the arc and forearc during the interseismic period. O ther studies 

[Johnson and Satake, 1993] show evidence that the western Unimak area d id  not rupture 

during the 1957 earthquake. The 1946 M s7.1 earthquake may have rup tured  a section 

offshore Unimak Island, but recent studies suggest that the seismic source may have been 

a  landslide rather than an earthquake [Fryer et al.. 2001]. Therefore, strong coupling with 

strain  accumulation, and free-slip sim ilar to the observations in the Shumagin segment, are 

equally realistic scenarios in this area.

Geodetic observations have a  relatively short history in the Aleutians, bu t have proven 

increasingly useful to detect volcanic unrest, learn about characteristics specific to individual 

volcanoes, and determ ine the principal tectonic mechanisms. In this paper, we analyze 

GPS data from Unimak Island acquired between 1998 and 2001, and interpret the observed 

deformation in terms of volcanic and tectonic activities.

4.3 GPS Data

Measurement of the GPS network on Unim ak Island volcanoes (Figure 4.2) began in 1998. 

Observations were made at 5 stations around  Westdahl volcano. In 1999, these stations were 

reoccupied, and 7 new stations were established, 5 of them in neighboring Fisher caldera. 

In 2000, all stations except FC03, and in 2001, all stations in Fisher caldera and several 

on Westdahl were resurveyed. Most surveys lasted for one or more 24 hour sessions, but 

in some cases time lim itations allowed only a short (several hours) occupation. Stations 

KATY and PANK a t the east end of the  island have a longer observation history, going 

back to 1993 and 1995, respectively. KA TY served as reference station during  all recent
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Figure 4.2. GPS sites and horizontal velocities on Unimak Island between 1998 and 2001. 
Velocities are relative to site KATY at the northeast end o f the island. Velocity a t PANK 
includes a  survey from 1997, velocity a t KATY also includes surveys from 1993, 1995, 
and 1997. E rror ellipses indicate 95% confidence regions. T he da ta  show outward radial 
displacement a t W estdahl volcano, and contraction across the  caldera floor at Fisher. The 
box outlines the  area shown in Figure 4.3. False Pass is a sm all fishing village and the only 
community on the island.

campaigns, and PANK was resurveyed during the last cam paign in 2001.

The GIPSY  software [Zumberge et al., 1997] was used to  analyze the GPS data. Daily 

solutions were transform ed to the ITRF97 reference frame [Boucher et al., 1999], and com

bined to estim ate site velocities. Details of our analysis m ethods are given by Freymueller 

et al. [1999, 2000], To obtain velocites relative to the N orth  American Plate (NOAM), 

we used the pole and rotation for the ITRF97-NOAM relative motion given by Sella et al. 

[2002]. U ncertainties in the estimated velocities are scaled such that the reduced x 2 statistic 

of the velocity solution equals 1.0. Typical uncertainties in the  horizontal components are 

1-2 m m /year. U ncertainties in the vertical component are larger, generally 4-6 mm/year. 

We use both  horizontal and vertical GPS velocities, weighted by their covariances, for the
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da ta  inversion.

To investigate deform ation on the island, we com pute velocities relative to sta tion  KATY 

(Table 4.1. Figure 4.2). Because of its location KATY is presumably not influenced by 

volcanic deformation, nor does it experience stra in  accum ulation resulting from subduction 

[Freymueller and Beavan, 1999]. This is supported  by our new data  which shows that 

station PANK does not move relative to KATY (Figure 4.2). Relative to North America, 

KATY moves 4.0 ±  0.5 m m /year oriented toward N214 ±  8°E, and PANK and other sites 

along the Alaska Peninsula immediately to the east show similar velocities [Freymueller and 

Beavan, 1999].

On Unimak Island, the d a ta  show general uplift and outward radial displacem ent at 

Westdahl volcano, and subsidence and contraction across the caldera floor a t Fisher. There 

is no obvious signal caused by a  locked subduction interface, except perhaps a t Scotch Cap 

(SCAP) (Figure 4.2). All velocites are averaged over the whole observation period (3 years 

at Westdahl, 2 years a t Fisher), because most sites have too few occupations to construct 

a more detailed tim e series.

4.4 Models

We model the GPS da ta  in term s of volcanic and tectonic deformation, using an elastic 

halfspace model. Based on the radial deformation p a tte rn  and previous modeling work by 

Lu et al. [2000a], we assume a  pressure point source [Mogi, 1958] underneath  Westdahl 

volcano. For Fisher, we investigate a variety of models: a Mogi point source like the one 

used at Westdahl. a  rectangular dislocation source [Okada, 1985], and a  finite ellipsoidal 

pressure source [Yang e t al.. 1988]. Strain accum ulation across the subduction boundary 

is modeled using dislocation theory as virtual norm al slip on the locked p a rt of the plate 

interface [Savage, 1983].

We use a random cost algorithm  [Berg, 1993] to  invert all three components of the GPS 

data. We apply a  bootstrap  m ethod to estim ate 95% confidence intervals for the model 

parameters. For a  detailed discussion of the m ethods and their applications to geodetic
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T a b le  4 .1 . S ite  ve lo c itie s  in  m m / y e a r  re la tiv e  to K A T Y .  U n c e rta in tie s  a re

Station Lat (°N) Lon (°E) Veast ^north v up

SCAP 54.40 -164.74 -6 i 2 -3±2 8 i5

WESS 54.34 -164.72 -1 4 i8 -11±6 - l i l 6

WESE 54.54 -164.54 18 i3 0 ± 2 -2 i 6

WESN 54.57 -164.58 9 i2 12±2 1 9 i6

W POG 54.60 -164.68 - 7 i l 8± 1 6 i 4

WFAR 54.53 -164.78 - l l i l 1±1 6 i4

W EFC 54.61 -164.54 7±2 8±1 9 i 4

FC01 54.62 -164.44 7 i3 0 ± 2 -7 i6

FC02 54.68 -164.37 5 i2 -4±1 -1 5 i4

FC03 54.65 -164.34 -8±1 8±1 -8 i3

FC04 54.74 -164.32 0±2 O i l -3 i4

FC05 54.69 -164.42 16±2 -6 i 2 0 i5

PANK 54.68 -163.11 O il l i l 0 i 2
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data  see Cervelli et al. [2001]. In a first model run, we jo in tly  invert for two volcanic 

sources, modeling a full set of param eters, 4 for the point source, and 8 for e ither the 

dislocation or the finite ellipsoidal source. In a second run, we include strain accum ulation 

due to subduction at the west end of Unimak Island by estim ating 2 additional param eters, 

the width of the locked interface and  the degree of coupling.

4.4.1 V olcanic deform ation

From models based on InSAR observations between 1993 and  1998 [Lu et al., 2000a], we 

could have placed some bounds on model parameters for the point source underneath West

dahl volcano. Instead, we allowed a  wide range for each param eter in case there had been 

temporal changes in the deform ation source. The best fit point source underneath W estdahl 

is located slightly northeast of W estdahl Peak, at 54.5°N, 164.6° W, at 7.2 km depth (6.0 km 

below sea level). The inferred subsurface volume change is + 6 .7  x 106 m3/year, assum ing 

that the Mogi source strength is entirely  due to volume change.

The best fit rectangular dislocation source underneath Fisher caldera is 13.7 km long, 

0.5 km wide, and its upper edge is located at 1.6 km depth. T he plane strikes N35°E and 

it dips 80° to the NW. The am ount of contraction is 0.3 m /year. The best fit ellipsoidal 

pressure source has a similar location and extent as the rectangular dislocation. Its center 

is located a t 2.1 km depth, its sem i-m ajor axis is 4 km long, the semi-minor axis is 0.5 

km, and the pressure change is -25 kPa/year. The best fit Mogi source is located in the 

approxim ate center of the caldera a t 3.5 km depth. It requires a subsurface volume change 

o f-1 .3 x l0 6 m 3/year.

The best overall fit to the d a ta  is provided by a com bination of a Mogi point source 

beneath W estdahl, and a dislocation source beneath Fisher caldera, with a total x 2 misfit 

of 33.60. A Mogi-ellipsoid com bination gives a x 2 of 75.12, and  a  Mogi-Mogi com bination 

a x 2 of 82.56. Figure 4.3 shows the  d a ta  and velocities predicted from the best fit model 

combination for the two volcanic sources. Table 4.2 and Table 4.3 summarize the param eters 

and their uncertainties for the Mogi source and the dislocation source, respectively.
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165‘ 00'W 164* 30'W

Figure 4.3. Horizontal (a) and vertical (b) da ta  (white arrows) and best fit model (black 
arrows) for volcanic deform ation. The black dot on W estdahl indicates the location of the 
pressure point source, the black line in Fisher the location of the rectangular dislocation 
source.
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Table 4.2. Point source param eters. F irs t row are results when only volcanic sources are 
estim ated, the second row are the best estim ates when both volcanic and tectonic sources 
are estim ated. Uncertainties show 95% confidence.

Lat (°N±km) Lon (°E±km ) D epth  (km) AVolume (x l0 6m3/y r)

54.532l[;l 

54.5351} :J

-164.637± [5  

-164.633l[;9

7.21“

7.3t?;5

6 7+3-3 -L.8
6 7+3-3- 1.8

Table 4.3. Rectangular dislocation source param eters. F irst row are results when only 
volcanic sources are estimated, the second row are the best estim ates when both volcanic 
and tectonic sources are estimated. U ncertainties show 95% confidence.

Length

(km)

W idth

(km)

Depth

(km)

Dip

(°)

Strike

(N°E)

Closure

(m)

Lat

(°N ±km )

Lon

(°E±km )

L'i -‘ -10.5
fl c+2.0
u o -0.3
fl t +3-9 u-°-0.3

1 fi+2-6

1 7+2-7 —1.4

s o t i i

82^79 3 6 iH

0.32l°;l'

0.381°;^

54.658ll;l

54.65211:1

-164.37911;!

-164.38411;!
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While all model param eters for the Mogi source underneath W estdahl, especially the 

source location, are well constrained, several param eters of the dislocation underneath 

Fisher are not. In particu lar, the length of the dislocation plane has large uncertainties. 

Depth and dip are bim odally distributed, allowing for either of two geometries: shallow 

and vertical, or deeper an d  horizontal (Figure 4.4a). In all best-fitting models, however, 

the product of the contraction and the area of the dislocation remains nearly constant at 

2.0xlO 6 m3/year.

4.4.2 Strain accu m u lation  due to subd uction

Freymueller and Beavan [1999] showed that there is no stra in  accumulation in the western 

Shumagin segment of the arc, which lies at the eastern boundary of our s tudy  area. This 

results from free slip on the  plate interface due to weak frictional coupling. O ur reference 

station KATY is within th is free-slip area (Figure 4.1). Because station FC04 shows no 

movement relative to KATY (Figure 4.2), we assume th a t deformation in F isher caldera is 

not affected by subduction-related strain accumulation either. A fully locked subduction 

zone offshore of this part o f Unimak Island would produce ~ 1 0  m m /year of motion of 

FC04 relative to KATY, so we can clearly rule out th is possibility. At W estdahl, only 

one station (SCAP) shows displacements that deviate from the radial p a tte rn  around the 

volcano. We thus assume th a t only SCAP and the sta tions closest to it (W ESS, WFAR. 

and W POG) could possibly be affected. Thus, we assum e that the coupled segment west 

of Unimak can extend no fu rther east than the western end of Unimak. In th is model, we 

hold the location, strike, dip . slip and depth of the subduction fault plane fixed. The values 

used are based on bathym etric maps, earthquake focal mechanisms from the Harvard CMT 

catalog (http://w w w .seism ology.harvard.edu/projects/C M T), and the revised NUVEL-1A 

plate motion between the Pacific and the North American plates [DeMets and Dixon, 1999]. 

The strike is N56°E, the d ip  is 21°, and the depth of the  up-dip end of the locked zone at 

the trench is 7 km. The p late  velocity is 66.8 m m /year and  true trench normal.

The two additional m odel param eters we estim ate are the width of the locked interface
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Dip [°]

Figure 4.4. Correlation between dep th  and dip for a rectangular dislocation source in 
Fisher caldera (a), and the depth and subsurface volume change for a  point source beneath 
Westdahl (b). Each dot indicates the best-fit pair of one boo tstrap  model, a) shows that 
depth and dip of the  dislocation source are bimodally d istribu ted , allowing either a shallow 
and vertical, or deeper and horizontal geometry, b) shows the trade-off between source 
depth and volume change. Models w ith a shallow depth and  low volume change give a 
similar good d a ta  fit as models with g reater depth and higher volume change.
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and the degree of interseismic coupling. The degree of coupling is defined as the ratio  of the 

virtual slip ra te  to the relative p late speed [Savage, 1983]. Zero coupling implies free slip. 

The estim ated values for the volcanic sources are very sim ilar to the first model run, and 

are sum m arized in Tables 2 and 3. respectively. In the best-fit model, the estim ated width 

of the locked zone is 65 km, and the degree of coupling is 30%. W ith an  average dip of 21° 

this would lead to a maximum d ep th  of 30 km for the lower end of the locked zone. This 

narrow zone o f weak coupling results from the lack of obvious contraction in the direction of 

plate motion. A zone of weak coupling helps to explain the deflection of the SCAP velocity 

from the radial pattern , but must be small enough not to change the velocities of the other 

sites.

F itting  our whole GPS d a ta  set (36 observations) w ith ju st volcanic sources gives a 

X2 misfit of 33.60. Adding two param eters for the subduction component reduces the x 2 

slightly to 32.56. This improvement is not statistically significant a t the 95% confidence 

level.

4.5 M odel interpretation and discussion

4.5.1 Inflation  o f W estdahl

The GPS d a ta  show inflation of W estdahl volcano between 1998 and 2001. This inflation has 

continued since a t least 1993, as shown by SAR interferom etry [Lu et al., 2000a], Compared 

with the InSAR results, which span the earlier tim e period between 1993-1998, the rate of 

inflation from 1998-2001 might have decreased slightly. The calculated volume change rate 

is only about 70% of that derived from InSAR, and the source depth is shallower by 1.7 

km. Both dep th  and volume change are within uncertainties of GPS and InSAR modeling, 

however, and the difference could be explained by the trade-off between source depth  and 

strength (Figure 4.4b). This means th a t a shallower source could produce a deformation 

pattern th a t is indistinguishable from a  deeper and stronger one, given the current network 

geometry and da ta  precision.
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T he G P S  m odel places the source location 3.5 km further north  than  the InSAR model. 

This is sligh tly  outside the uncertain ty  range and may indicate a  true movement of the 

source. A com parison between G PS and InSAR m odeling results for source location and 

depth is show n in Figure 4.5.

From these  deformation observations alone it is difficult to judge whether activity a t 

W estdahl is generally decreasing, or actively building tow ards a new eruption. Possible 

indicators for an  impending eruption a t Westdahl would be an  increase in deformation rate, 

movement o f the  source to significantly shallower levels, or an  increase in seismicity. We 

do not know a t  w hat timescales these precursors would occur, but we do have additional 

inform ation from  seismicity and mass balance calculations abou t the sta te  of the system. 

Deform ation a t  Westdahl is occurring aseismically, with only very few (<  5) high or low 

frequency events detected since installation of the seismic network in 1998. This suggests 

that m agm a has not moved to shallower, more brittle levels of the crust, and thus the 

deform ation is resulting from a relatively stable source a t dep th . No seismic records exist 

prior to the  1991/92 eruption, and  so it may require a  new eruption to learn whether 

there axe long-term  seismic precursors or if the aseismic behavior is typical for activity a t 

W estdahl.

The to ta l subsurface volume increase during the InSA R and GPS observation period 

(1993-2001) is abou t 70 x 106 m3. T reating magina as an  incompressible fluid, this would 

be equal to th e  volume of accum ulated new magma. If we consider bulk compression of 

resident m agm a by newly injected magma, the accum ulated m agm a volume could exceed 

this value by ab o u t 50% [Johnson e t al., 2000], Thus, the  m agm a accumulation between 

1993 and 2001 exceeds the 30 — 60 x 106 m3 erupted during  the last eruption in 1991/92 

[Rowland e t a l., 1994], This suggests th a t the magma refilling process may be completed, 

and /o r th a t  th e  pressure in the system  is increasing. It is compelling evidence that the 

magm atic sy stem  is highly active and  an eruption of the size o f the 1991/92 eruption could 

occur a t any tim e.
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Figure 4.5. Comparison o f GPS (A) and InSAR (•)  modeling results for location and 
depth  of the inflation source underneath W estdahl volcano. GPS models are  based on data 
between 1998 and 2001, InSA R models are based on d a ta  between 1993 and 1998 [Lu et al., 
2000a]. Bars show 95% confidence interval, a) Source location in map view, b) Source 
location and depth along a  north-south profile. U ncertainty ranges for the dep th  overlap in 
GPS and InSAR models, while they are slightly separated  in north-south location.
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4.5.2 Subsidence and con tra ctio n  o f Fisher caldera

Most historical unrest a t large calderas is caused by a  combination of local magmatic, 

tectonic, or hydrologic processes [Newhall and Dzurisin. 1988]. We examine the following 

mechanisms to explain the subsidence and contraction of Fisher caldera: 1. removal and 

migration of magmatic or hydrotherm al fluids, 2. magma crystallization and therm al con

traction, and 3. depressurization of the hydrothermal reservoir. There is no indication of 

tectonic causes, like regional crusta l extension, for caldera subsidence.

The volume decrease rate  inferred from the dislocation model is 2.0 xlO 6 m3/year be

tween 1999 and 2001. No m agm a extruded during this tim e, and there is no evidence for 

uplift caused by shallow intrusions o r migration of fluids w ithin the caldera, as observed in 

Yellowstone caldera over sim ilar tim e scales [Wicks et al., 1998]. All GPS sites inside Fisher 

caldera are subsiding. We can not completely rule out the possibility of intracaldera migra

tion, however, because too few sites were surveyed precisely every year to resolve variations 

within the 2-year observation period.

Areas of uplift do exist a t greater distances from the caldera. W estdahl volcano, 20 

km to the southwest, has been inflating during that time, as discussed above. Shishaldin 

volcano, 20 km to the northeast, shows local inflation northwest of the central cone [D. 

Mann, unpublished data , 2001 Masterlark  et al.. 2001] (Figure 4.6). It seems unlikely, 

however, that magma from a shallow (2 km) reservoir a t Fisher would move back down 

to a  much deeper (7 km) reservoir a t Westdahl. There is no evidence from the GPS data 

th a t would indicate this intrusion. In the area between Fisher and Shishaldin we have little 

control from the geodetic da ta , an d  could have missed an intrusion. Current evidence based 

on isotopic J I80  da ta  for Fisher tephras shows, however, th a t the magmatic systems of the 

Unimak island volcanoes are not connected [Bindeman e t al., 2001]. Thus, m igration of 

Fisher magma to W estdahl or Shishaldin seems unlikely.

The active hydrotherm al system , the acidic overturning lake, plumes in one of the other 

intracaldera lakes (Figure 4.6), an d  the occasional strong sulfur smell are all strong evidence 

for a  magmatic heat source beneath  Fisher. Our best-fit deform ation model has the geome-
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Figure 4.6. Sum mary of volcanic, hydrotherm al, and tectonic activ ity  on Unimak Island. 
Westdahl has been inflating since the last eruption in 1991-92. Shishaldin erupted in April 
1999 and shows localized inflation on the northwest flank. Fisher calderas hydrothermal 
system is expressed through fumaroles. hot springs, an acidic, actively overturning lake, and 
a temporary plume in one of its other lakes, th a t was observed during the  summ er of 2000. 
Earthquakes shown are detected high frequency events between July 1998 and July 2001, 
the period of the G PS survey. The M 5 earthquake occurred on M arch 4, 1999. Events 
in that area declined in num ber but continued throughout the GPS survey period. Notice 
the absence of significant seismicity accompanying inflation of W estdahl. D ata are from the 
Alaska Volcano O bservatory seismic network.
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try  of a  shallow dike or somewhat deeper sill, with a contraction rate  of about 0.3 m /year, if 

all of the deform ation is to be explained by volume ra th e r than  pressure change. We will as

sume here th a t it represents a  dike. Such a dike may have been intruded any tim e before the  

sta rt of our observations in the sum m er of 1999. The observed subsidence and contraction 

could then result from contractional cooling and gas release during crystallization.

The therm al contraction of such a dike is given by

AV
—  = a vA T  (4.1)

where A V  is the resulting volume change. V is the to ta l volume of the dike, a v the volu

metric coefficient of therm al expansion, and A T  the tem pera tu re  drop due to cooling. The 

total volume and tem perature drop are both unknown. o„ is on the order of ~  10~4 K -1  

for silicate melt and ~  3x10“ ° K -1  for typical m inerals of crystallizing magma [Williams 

and M cB im ey, 1979]. W ith an average estim ate of a v = 10- ° K -1 , the modeled to ta l 

volume decrease, AV =  4 .0 x l0 6 m3, and an area o f the dike of 7 x l0 6m2, we obtain  

h A T  =  57000 [m-K], with h being the thickness of the  dike in meters. Even with the 

maximum plausible amount of cooling, the result of th is  calculation would imply a giant 

dike on the order of tens to hundreds of meters thick (Figure 4.7a). It is unlikely th a t a  

shallow dike emplacement of this size would have gone unnoticed any time within the last 

few decades, even without seism ometers in place locally. On Akutan Island, 150 km to the 

southwest of Unimak, the intrusion of a 2.5 m thick dike a t 0.5 km depth was accompa

nied by an intense earthquake swarm  that was felt widely across the island and recorded 

teleseismically [Lu et al., 2000b].

An additional source of volume loss could be gas release during crystallization, which is 

another consequence of the cooling process. Assuming th a t the main gas released is water 

vapor, the maximum volume loss due to this process is given by

^ _ a . &  (4.2)
V m b pg

where m  is the mass, p is the density, and the indices g and b stand for gas and bulk,
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Figure 4.7. Dike thickness as a function of cooling rate. Required thickness if deform ation 
is caused by contractional cooling alone (a), or by contractional cooling +  degassing of the 
magma (b). Contractional cooling alone would require a giant dike even a t the highest 
possible cooling rates. If part of the volume loss is caused by degassing of the magma, the 
required dike thickness reduces to 1.0 to 10 m. Curves represent degassing of 10%, 50% and 
100% of a melt with originally 3 wt.% H2O at a  pressure of 45 MPa.
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respectively. We calculate the volume ratio for a basaltic m elt with originally 3 wt.% water 

at a pressure of 45 M Pa (corresponding to 1.6 km depth), and  a t a  tem perature of 1100°C. 

Using the relations described in Philpotts [1990], we find th a t abou t 55% of the original dike 

volume could be released as water vapor if all water was lost. This implies a minimum dike 

thickness of 1 m to account for the  to ta l volume loss we observed. A dike of this thickness, 

however, would solidify w ithin ~  2 weeks, meaning th a t it would be required to have been 

emplaced ju st prior to when our observations started.

It seems unlikely tha t we tim ed our first survey right after the intrusion of a 1 m thick 

dike and captured the short tim e period of solidification and  complete degassing, which 

would also imply th a t most of the deform ation observed occurred w ithin days after the first 

survey.

If only part of the gas was released during crystallization, the required dike thickness 

increases accordingly (Figure 4.7b), resulting in a longer solidification tim e and extending 

the possible tim e period in which emplacement could have occurred. If we asssume a sill 

geometry, then a  thicker (and less crystallized) sill is more plausible than  a very thick dike. 

Cooling times for a sill would be slightly increased, extending the possible emplacement 

time period even further.

It thus appears most likely th a t deform ation has been caused by a partly  degassed dike 

or sill. Such a dike or sill could have been emplaced in conjunction with seismic activity 

between Fisher and Shishaldin s ta r tin g  in March 1999, 4 m onths before the first survey 

in Fisher caldera. It should be noted though that the dike orientation and fault plane 

of the March 1999 M 5 event (F igure 4.6) imply different stress fields. Dike propagation 

follows the direction of maximum horizontal compression, and  the dike opening is normal 

to that direction. The principal stress indicated by the earthquake is ro tated  about 45^CITC 

with respect to this. If the earthquake triggered the dike intrusion, the dike intruded into 

a preexisting zone of weakness ra th e r than  following the original direction of maximum 

horizontal compression. A dike o r sill between 8 and 18 m thick, tha t solidified during 

the GPS survey period from July  1999 to July 2001 and lost abou t 10% of its original gas
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volume, would be in agreem ent with the GPS data , but the size of th is  dike or sill requires 

us to consider alternate mechanisms to explain the observed deform ation.

The fact that the location of our best-fit sources, both the dislocation source and the 

ellipsoidal pressure source, coincide with the areas of highest hydrotherm al activity (Figure 

4.6), suggests a close connection between deform ation and changes in the hydrotherm al 

system. Depressurization could be the current s ta te  in a system o f cyclic increase and 

release of pressure. In this model, increase of pressure is caused by trapp ing  of fluids and 

gases beneath an im perm eable layer, possibly created by crystallization of an underlying 

magma body, and decrease of pressure follows when the impermeable layer ruptures and 

fluids and gases escape [Dzurisin  et al., 1994]. T he existence of such a self-sealed layer 

is reported from several hydrotherm al systems in calderas, like Yellowstone and Campi 

Flegrei [Dvorak and D zurisin , 1997]. Rupture of this layer might be triggered by a nearby 

earthquake.

The history of recorded seismicity on Unimak island is relatively short, starting  with 

the installation of a seismic network around Shishaldin by the Alaska Volcano Observatory 

in 1997. The main seismic activ ity  since then was a  shallow earthquake sequence with an 

M l 5 mainshock, located ab o u t 10 km NE of Fisher and 14 km W of Shishaldin, that 

occurred in March 1999. P rio r to this, no shallow earthquake M >4.5 has been located 

in the vicinity of Fisher since the start of the National Earthquake Inform ation Center 

(NEIC) database in 1973. Therefore, the 1999 event would be the most likely candidate for 

a trigger. The earthquake sequence was located outside of the caldera (Figure 4.6), but this 

is similar to events a t Long Valley caldera in 1978-1980 [Savage and Clark, 1983: Hill et al., 

1985] and Yellowstone caldera in 1959 and 1985 [Savage et al., 1993], where a connection 

between seismicity outside and  deformation inside the  respective calderas was detected. The 

1985 earthquake swarm outside of Yellowstone caldera coincided w ith the onset of caldera 

subsidence after long-term uplift before 1984 and no detectable movement between 1984 

and 1985 [Dzurisin et al., 1994]. The 1999 Unimak earthquake occurred six weeks before 

Shishaldin erupted in April 1999. It is unlikely th a t this earthquake triggered the eruption,
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but it could have occurred as a direct result of a  dike injection beneath  Shishaldin [Moran 

et al., 2002]. In this scenario, activity a t Shishaldin would have caused changes in Fisher’s 

hydrotherm al system without any m agm a exchange.

To assess the depressurization process quantitatively, we m odeled the deformation using 

a finite ellipsoidal pressure source instead of a dislocation model. We estim ate an average 

pressure decrease of 25 kPa/year. Assuming tha t this pressure decrease is caused by the 

release of gas, we use the ideal gas equation

P V  = n R T  (4.3)

where P  is the pressure, V  is the volume, n  is the number of moles, R  is the universal gas 

constant, and T  is tem perature, to calculate the amount of gas released. We set P  and V  

equal to the results from the deform ation modeling, the pressure release and the volume of 

the ellipsoid, respectively. T  is assum ed to be 100°C, as an average fumarolic tem perature. 

No detailed gas chemistry analysis has been conducted for Fisher caldera, but the typical 

com position o f gases em itted  from fumaroles associated with volcanic vents in the Aleutians 

is about 99 mole% H2O, 0.8 mole% C O 2 . and 0.2 mole% SO> and H2S [Motyka et al., 1993]. 

Using this composition, we find th a t  approximately 640 k tons/year H2O, 13 ktons/year 

CO2 , and 4 ktons/year SO2 and H2S combined would be released. In-situ  measurements 

of actual gas emissions and comparison with the predicted values would be necessary to 

evaluate the contribution of hydrotherm al depressurization, caused by release of formerly 

trapped  gases after rupturing a  seal, to the observed subsidence.

4.5 .3  N o  significant strain  accu m ulation  across U n im ak  Island

The interseismic degree of coupling a t the subduction interface a t th e  western end of Unimak 

Island is difficult to determine, but is clearly low. This result is som ew hat surprising, given 

the earthquake history of the region. Figure 4.8 shows the x 2 m isfit versus the effective 

locked fault w idth (defined as fault w idth  x degree of coupling) when all volcanic source 

param eters are held fixed a t the best-fit model values. W ithin the  95% confidence range,
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the upper bound for the  effective width of a locked zone s ta rtin g  at the trench is 48 km. 

This could be represented by a single, completely or partly locked area, such as the rupture 

zone of the 1946 earthquake, or by several partly locked zones a t  different depths, including 

the aftershock zone of the  1957 earthquake (Figure 4.1).

If we assume th a t the  lower end of a locked zone is not deeper than  35 km, a  typical 

figure for the bottom  of the  seismogenic zone [Tichelaar and Ruff, 1993], the w idth should 

be less than 80 km for geom etric reasons. This constrains the m axim um  allowable degree of 

coupling to 60%. In this case, as well as in the best-fit model ob tained from modeling width 

and coupling as independent param eters (65 km width, 30% coupled), the 1957 aftershock 

zone would not be part of the locked area, because it is located a t greater depth. It is 

im portant to note th a t a t the 95% confidence level, a completely locked zone of up to 48 

km width cannot be distinguished from a  completely unlocked interface (Figure 4.8). This 

means that across the en tire  island no significant strain  accum ulation due to subduction is 

observed.

4.5 .4  Translation o f  th e  A laska Peninsula and U n im ak  Island

Relative to North America, sta tion  KATY as well as other sites along the Alaska Peninsula 

immediately to the east move consistently at about 4 m m /year, w ith a direction oriented 

slightly more southerly th an  trench parallel, or, slightly toward the trench (Figure 4.9). 

Freymueller and Beavan [1999] found that the only component o f the strain  tensor that was 

marginally significant was a  trench-parallel extension that was not significantly different 

from zero at the two sigm a level. The velocities of those sites relative to North America agree 

with the direction of m axim um  extension. Because there is no sign of strain  associated with 

the subduction earthquake cycle, we interpret these velocities to  indicate southwestward 

translation of this portion of the Alaska Peninsula relative to N orth  America. D ata from 

sites further to the northeast suggest that the entire Alaska Peninsula may move at about 

the same rate. Fletcher e t al. [2001] found a significant trench-parallel component of 5 

m m /year in velocities of sites in the Semidi Islands, 200 km SW  of Kodiak Island and 400
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Effective fault width = width * locking [km]

Figure 4.8. x~ misfit versus effective fault w idth (w idth x coupling). All other model pa
rameters are held fixed and only data from SCAP, WESS, WFAR and W PO G  are included 
in the modeling. Horizontal lines limit 68% (dash-point), 95% (dashed), and 99% (solid) 
confidence regions based on the increase in misfit of these models. The vertical line deter
mines the upper bound for the effective width to  be 48 km within 95% confidence. The 
circle indicates the  minimum misfit a t an effective w idth of 21 km.
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Figure 4.9. Velocities of selected GPS sites on Unimak a n d  Sanak Islands, the Shumagins, 
and the Alaska Peninsula relative to North America. E rro r ellipses indicate 95% confidence 
regions. All sites show displacem ent of about 4 m m /year to  the  southwest, slightly towards 
the trench. D ata  from additional sites are shown in Freym ueller and Beavan [1999].

km NE of Unimak. VLBI d a ta  from Sand Point in the  Shum agin Islands also showed a 

significant trench-parallel component of velocity [Ma et al., 1990]. which was mysterious at 

the time.

This SW -ward translation of a  large section of the A laska Peninsula and Aleutian Arc, 

including Unimak Island, relative to North America , could resu lt from any of three different 

mechanisms: (1) motion of the Bering Sea microplate [M ackey et al., 1997]; (2) translation 

of a large section of southern Alaska on the Denali fault system  [Fletcher, 2002]; or (3) 

translation of a  forearc/arc sliver resulting from oblique subduction  [McCaffrey, 1992]. Far

ther to the west, Lallemant and Oldow [2000] presented G PS d a ta  that show westward 

translation of much of the Aleutian arc, increasing from a  few m m /year at Dutch Harbor 

(located 200 km southwest of Unimak) to as much as 30 m m /year a t Attu in the Western 

Aleutians.

Alaska Peninsula

Shumagin Is.

Sanak I.

10 mm/year------------ ►
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4.6 Conclusions

GPS data  acquired between 1998 and 2001 show active deformation of two of the volcanoes 

on Unimak Island, W estdahl and Fisher. W estdahl has been continuously inflating since its 

last eruption in 1991/92, with a source a t 7.2 km depth. Mass balance calculations show 

that more new m agm a has already accum ulated since 1993 than was previously erupted in 

1991/92, indicating th a t a new eruption could be imminent. No seismic activ ity  has been 

reported, and during the three years of the  GPS campaign inflation has been completely 

aseismic.

Contraction and subsidence in Fisher caldera can not be related to any eruptive activity. 

It is best explained by degassing and therm al contraction of a shallow crystallizing magma 

body or depressurization of Fisher’s hydrotherm al system. In either case, a  recent intrusion 

beneath Fisher is required. Future measurements may help to identify the dom inant process. 

In the case of cyclic changes of the hydrotherm al system  as cause for the deform ation, the 

rate of contraction should not only decrease w ith tim e as the system  re-equilibrates, but 

should eventually reverse into inflation.

In a regional tectonic framework, the G PS da ta  show that a t the 95% confidence level 

there is no significant s tra in  accumulation due to subduction across Unimak Island. The 

only evidence for subdcution-related deform ation is a t the western end of the island, but the 

coupling of the plate interfaces is either low or lim ited to width of 48 km or less. Relative 

to North America, sta tions on Unimak move SW -ward, following a  trend observed by other 

workers along large sections of the Alaska Peninsula and Aleutian Arc.

4.7 Acknowledgments

This study was supported  by NASA grant NAG5-7659. Funding for fieldwork and logistical 

support was provided by the Alaska Volcano Observatory, and by a  Jack Kleinm an Grant 

for volcano research in 2000. Some field equipm ent was borrowed from UNAVCO. Alaska 

Maritime National W ildlife Refuge and the Isanotski Corporation perm itted access to the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



88

field sites. We would like to thank  Chuck Martinson a t Peter Pan  Seafoods in False Pass for 

many occasions of unconventional help and the continuous interest in progress and  results 

of this study. Bill Springer of M aritim e Helicopters was an excellent pilot and  navigator 

in sometimes very difficult flying conditions. We thank Jim  G ardner, Chris Nye, and Pete 

Stelling for helpful discussions and insightful comments on th is manuscript and m any other 

aspects of volcanic activity on Unim ak Island and in the Aleutians.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 5

Synthesis and Conclusions

Studies using GPS and SAR interferometry showed deform ation of Okmok, Westdahl, and 

Fisher volcanoes in the  Alaska-Aleutian arc. At Okmok, a  sequence of inflation, deflation, 

and re-inflation was observed. The deflation corresponded to an  eruption in 1997, and was 

preceded and followed by inflation of smaller magnitude. W estdahl has shown continuous 

inflation since its last eruption in 1991-92. No geodetic d a ta  were acquired prior to the 

eruption, preventing us from determining w hether there was a sim ilar sequence as observed 

a t Okmok. Fisher exhibited subsidence and contraction across the caldera center during 

the two-year observation period between 1999 and 2001, during which time no extrusive 

activity was recorded.

There are many sim ilarities in deform ation behavior of the different volcanoes, but also 

some notable differences. Both W estdahl and Okmok sta rted  to re-inflate immediately 

after they erupted, and have inflated continuously since then, a t slightly changing rates. At 

Okmok, these rates are similar to those observed during the years before the last eruption. 

This indicates continuous replenishment of O km oks and W estdahl’s shallow reservoirs from 

a deeper source. A new eruption may occur when pre-eruptive levels of magma accumulation 

are reached, th a t have filled the reservoir and generated enough overpressure to open a 

pathway to the surface. We do not have observations yet tha t span  a  whole eruption cycle 

to confirm such a  continuous process. If this is a  typical scenario, it will help immensely in

89
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long-term eruption forecasting. No continuous m ass influx is required to trigger an eruption 

though. T h e  process of m agm a crystallization alone can generate enough overpressure in a 

shallow reservoir to s ta rt an eruption [Tait et al., 1989]. The pressure increase will cause 

detectable surface deformation, bu t it might be impossible to predict when the overpressure 

required to trigger an eruption is reached, and the volume and composition of melt rem aining 

in the cham ber is most likely different after each eruption.

T he average subsurface volume increase rate  a t W estdahl, 6.7 x 106 m3/year, is about 

the same as the  maximum rate  a t Okmok, observed between 1992 and 1993. This rate  

seems to be typical for other active centers in the  Aleutians, like Pavlof volcano, where 

independent estimates of m agm a accumulation rates are about 3 x l0 6 m3/year [McNutt. 

1999]. This suggests th a t this and  possibly o ther currently active systems may be subject 

to sim ilar m agm a production processes.

At W estdahl, the center of deformation corresponds to the active vent, whereas at 

Okmok the center of deform ation is the caldera center, 5 km offset from the 1997 vent. 

This implies mainly vertical m agm a transport a t  W estdahl. and significant lateral m agm a 

transport a t Okmok preceding the last, and probably future, eruptions. Anticipating the 

pathways o f magma helps to pu t instrum ents for m onitoring efforts a t the most sensitive 

places. Knowing the pathways is useful to determ ine the local stress fields. Generally, 

magma will propagate in the direction of m axim um  compressional stress, and the opening 

of a  crack or dike will be normal to that in the direction of minimum compressional stress.

W hat m ainly distinguishes the deformation a t Okmok and Westdahl from th a t a t Fisher 

is th a t it can clearly be related to  eruptive activ ity  a t the former, whereas the observations 

made at F isher are more ambiguous to interpret. In any case, Fisher’s deformation requires 

a hot source: a  relatively young magma body th a t  causes the deformation either through 

its own processes or through driving the caldera’s hydrotherm al system.

The interferograms shown in Appendix B provide some additional information on defor

mation of Alaskan volcanoes. Aniakchak caldera, which has had only one recorded eruption 

in historic tim e, does not show a  strong deform ation signal. Deflation of small m agnitude is
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centered approxim ately in the center of the  caldera. This suggests th a t a t this time, there 

is no shallow accum ulation of magma th a t would be comparable to processes occurring at 

Okmok. It seems th a t the process of continuous magma supply, as proposed for Okmok 

and Westdahl, does not hold for Aniakchak. Deflation might be explained by hydrothermal 

processes (as discussed for Fisher caldera in C hapter 4).

At Semisopochnoi caldera, 3 cm of deflation is visible in an interferogram  between 1997 

and 1999, with no indication of magma accum ulation at shallow levels. Unlike Okmok 

and Aniakchak, the deformation is centered beneath the most recent intracaldera eruption 

site, and not beneath the caldera center. T h is favors magmatic ra th e r than  hydrothermal 

processes as the cause. The best way to distinguish between them  would be additional 

information about subsurface densities, which can be derived from gravity measurements. 

This would also be useful in other locations where deformation studies can not give a definite 

answer, like the cause for subsidence of F isher caldera (Chapter 4), or what the explanation 

is for the shallow subsidence signals seen in pre-eruptive interferograms of Okmok caldera 

(C hapter 2).

At high stratovolcanoes like Shishaldin and  Pavlof, deform ation observations with In

SAR are more difficult to make because o f steep terrain and perm anent snow cover close 

to the vent, and a shallow source beneath their summit may not be detectable. It is also 

possible that the lack of a big signal does not only reflect difficulties with the method, but 

the fact that Shishaldin’s and Pavlofs m agm a storage and tran spo rt mechanisms are quite 

different from that a t other volcanoes. F irs t, they may have a  central reservoir at greater 

depth. Typical magm a accumulation rates for Pavlof would not produce a significant sig

nal a t the surface if occurring at 20 km dep th . Second, magm a transport to shallower 

levels may be discontinuous, and occur rap id ly  and only shortly before an eruption. This 

would produce transient surface deform ation, bu t it may not be recorded in a long-term 

interferogram and would require continuous GPS measurements to  be detected.

InSAR and GPS have proven to be very powerful tools to s tudy  volcano deformation. 

InSAR provides dense spatial data coverage as long as coherence can be maintained. D ata
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acquisition does not require expensive and elaborate fieldwork. Its main draw back is the 

lack of adequate d a ta  availability a t critical moments, e.g., between 1995-1997 for Okmok 

volcano, resulting in low tem poral resolution and preventing us from a clearer picture of 

what happened right before the eruption in 1997. More da ta  would also greatly  improve 

the ability to discrim inate between signal and noise. T he continuity of m easurem ents is 

disrupted w ith the failure of old and  launch of new satellites. InSAR would benefit from 

a  dedicated satellite with higher frequency of orbit repetition , and use of m ultiple radar 

wavelengths (C- and L-band).

GPS provides highly accurate measurements of three deformation components. This in

formation is indispensable when distinction between sophisticated source models is required, 

and will therefore be essential if we really want to understand  the processes affecting volcano 

deformation. At Okmok, the sim ple point source model derived from InSAR measurem ents 

has already been refined by additional information from  repeated GPS surveys [Miyagi 

et al., 2001].

The ability to measure deform ation continuously w ith GPS also makes it a  prime moni

toring tool. At Alaskan volcanoes, the installation of continuous GPS instrum ents will be a 

major step forward and will allow detection of even sub tle  movements with high tem poral 

resolution, which are not detectable in interferograms.

The future challenge in advancing our understanding of Alaskan volcanoes will be to 

develop more realistic models from a  substantially increasing geodetic d a ta  set. These 

models should address a variety o f topics that have m ostly been neglected so far in simple 

models, including source geometries and reservoir sizes, inelastic behavior of the crust, and 

quantification of magma accum ulation rates at a  large, arc-wide scale. Also, research efforts 

and results must be further combined with those from other geophysical and  geological 

disciplines, especially seismic m onitoring and source process modeling, and petrological 

analyses related to depth of and pressure changes w ithin magma reservoirs.
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A ppendix A

SAR Interferometry — Principles, 

Processing, and Interpretation

This appendix will give an overview of the m ethod of synthetic apertu re  radar interferometry 

(SAR interferometry, or InSAR), which was used for deformation and coherence studies of 

Okmok volcano in C hapters 2 and 3. An interferogram  from Okmok caldera, that shows 

deformation between 1998 and 2000, will be used as an example. This d a ta  set is a temporal 

continuation of d a ta  used in Chapter 2, and updates and supports the results given there.

For a general in troduction and review of the m ethod and the variety of its applications 

see M assonnet and Feigl [1998].

A .l Principles

SAR da ta  can be acquired from aircraft or satellites. In this thesis, only da ta  from the Eu

ropean Space Agency (ESA) ERS-1 and ERS-2 satellites are used. ERS-1 ceased operation 

in 2000, whereas ERS-2 is still operating as of April 2002. The ERS-1 and ERS-2 sensors 

are C-band radars w ith  a  wavelength (A) of 5.6 cm. O ther radar satellites currently in orbit 

are Radarsat, opera ted  by the Canadian Space Agency (CSA), and Envisat, operated by 

ESA and planned as the successor to ERS-2. They both carry C -band radars, but differ

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



94

Figure A .I. InSAR acquisition geometry.

from the ERS satellites in incidence angle and orbit repetition. T he JERS-1 satellite, which 

carried an L-band (A =  23.5 cm) radar, ceased operation in O ctober 1998.

The satellite repeats its o rb it and images the same area on the ground periodically. 

In the case of ERS satellites th is  generally happens every 35 days. From August 1995 to 

January 1996, ERS-1 and ERS-2 operated in tandem  mode, w ith ERS-2 following the  ERS- 

1 orbit ju s t one day apart. D a ta  can be acquired during ascending (northward crossings of 

the equator) and descending (southw ard crossings of the equator) satellite orbits, resulting 

in views from different angles.

Figure A .l shows the typical acquisition geometry. Satellite 2 (which can be physically 

the same as satellite 1) repeats the  o rbit of satellite 1 with a  tem poral and spatial separation.
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The spatial separation or baseline, is an im portant acquisition param eter. Its perpendicular 

component, B±, is a  lim iting factor in interferogram generation and has great impact on 

the quality of interferograms. Increasing baseline length causes increasing noise in the 

interferogram.

The radar signal travels from the satellite to the ground, where part of it is reflected away, 

and the other part retu rns to the radar antenna. The signal is an electrom agnetic wave that 

consists of an am plitude and a phase. The am plitude reflects the backscatter characteristics 

of the ground, the phase is proportional to the two-way travel time of the radar signal. The 

interferometric phase (4>) is the phase difference between the returned phases of two radar 

signals recieved from the sam e ground pixel a t consecutive radar acquisitions. It is therefore 

proportional to changes in the two-way travel time of the radar signal, and is influenced by 

the following components:

^interferometric = ^ deformation ^ orbit "F ^ topography "b 4?environment ”F ^ rioi.se (A.I)

In mathematical terms,

.. 47r A 47T _  A r 47T B \_ z  ^
^interferometric ~7~ A r H — 5j_A<J +  — ; — +  $ envir. "F $noise (A.2)

A A A r s m o

with A =  radar wavelength, A r  =  range change, B± = perpendicular baseline component, 

S =  incidence angle of the radar beam, z = topographic height, and r  =  range from the 

satellite to the ground (see Figure A .l). Environmental factors include properties of ground 

m aterial and atm ospheric conditions. Noise results from the SAR instrum ents.

Because both deform ation and topography contribute to the interferom etric phase (Equa

tion A .l), interferograms can be used to derive deform ation maps as well as digital elevation 

models (DEMs), as long as one of the two components is known.

A .2 Data selection

The d a ta  used to construct an  interferogram are selected according to the following criteria:

1. The d a ta  must be from repeated satellite orbits, 2. T he perpendicular baseline separation
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must be as small as possible (preferably B± < 100 m), and 3. Data should be from the 

snow-free season, because the  backscatter characteristics of snow change rapidly w ith time 

and cause loss of coherence. In the case of Okmok volcano, this limits the useful d a ta  to 

the m onths between June and  November a t best.

For DEM generation, images with slightly larger baselines are chosen, to make the 

interferogram more sensitive to elevation change. T h e  elevation that causes a change of 

one wavelength in the two-way travel distance, is called the height o f ambiguity ha. To 

avoid contam ination of the signal due to deformation processes, images with short tem poral 

separation should be used for DEM generation, for instance from the tandem mission.

The da ta  used in the following processing exam ple are: ERS-2 orbit 17733, acquired 

on Septem ber 10, 1998. and ERS-2 orbit 28254, acquired on September 14, 2000. They 

are from descending orbits. T he perpendicular baseline is 109 m. resulting in a  height of 

ambiguity of 90 m.

A.3 Processing

Following is an overview over the basic steps of InSA R processing. Thorough description 

with more technical details a re  given in a num ber o f papers, including M assonnet et al. 

[1993]; Zebker and Goldstein [1986]: Zebker et al. [1994b]. D ata from Okmok volcano on 

Umnak Island that show deform ation between 1998 and  2000 are used as an example. The 

software used was developed and  provided by the Alaska SAR Facility (ASF).

A note on geometry: Until the  s tep of geocoding, d a ta  are processed in radar coordinates. 

The x-axis is the range direction, the y-axis is the azim uth direction (Figure A .l). North 

is approxim ately up, and east and west are switched in this geometry (Figure A.2).

A .3.1 D eform ation interferogram s

1. Raw SAR signal d a ta  Eire brought into a complex image format, where each pixel has a 

complex value consisting of the  am plitude and phase inform ation (Figure A.2). T he am pli

tude image shows the backscatter, or the ability of the  terrain  to send the incidence energy
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•03

Figure A.2. SAR am plitude (a) and phase (b) images o f the northern p a rt of Um nak Island 
with Okmok caldera in  the  center. The am plitude reflects backscatter characteristics. The 
phase of a  single SAR scene is uninterpretable and contains no obvious patterns. Note that 
these images are in rad a r  coordinates, not georeferenced.

back to the radar. B ackscatter is highest for a  rough surface with a  roughness close to the 

radar wavelength. Sm ooth surfaces (lakes) have very low backscatter. T he phase image by 

itself cannot be in terpreted .

2. Coregistration of two complex images: This is done by correlating th e  am plitude images 

to find the pixel offset between them, and by using phase coherence to obtain  subpixel 

accuracy. The images are  then shifted and warped to  register them  w ith  another.

3. Constructing the raw interferogram: The interferogram  is the complex conjugate product 

of two complex SAR images. This results in an  image th a t  shows the average am plitude and 

the difference in phase, w ith the phase varying betw een 0 and 27t (wrapped phase) (Figure 

A.3a).

4. Deramping: Effects due to baseline separation an d  curvature of th e  earth  must be re

moved (Figure A.3b). For this, good knowledge of the  satellite orbit param eters is essential.
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E l

Figure A.3. Raw (a) and deram ped (b) interferogram, superim posed on the amplitude 
images. W ithout deram ping (a), th e  interferogram is very noisy, and  it is impossible to 
distinguish the signal evident in b). T he vertical lines in a) m ainly result from the perpen
dicular baseline separation.

5. Quality control and improvement: Interferogram quality can be assessed by calculating 

phase coherence. Figure A.4a shows a  coherence map of the interferogram , w ith white areas 

indicating high coherence. Coherence is influenced by a  variety o f factors (see Chapter 3). 

In this example, it is low outside th e  caldera. most likely due to  a  com bination of vegetation, 

the 2-year time separation, and a  relatively large spatial baseline separation. A phase filter 

[Goldstein and Werner, 1998] can be applied to enhance the signal (Figure A.4b).

6. Remove topographic effects: A Digital Elevation Model, e ither pre-existing (e.g., a USGS 

DEM), or a DEM generated using SA R da ta  from other sources (e.g., the tandem  mission), 

is used to  produce a  synthetic interferogram  that models the effect of topography (Figure 

A.5a). This contribution is then sub trac ted  from the interferogfram  to reduce the signal to 

show the deform ation com ponent only (Figure A.5b). An alternative m ethod is to use a 

second interferogram  with known baseline separation and  no deform ation content [Zebker 

et al., 1994b].
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• Di

Figure A.4. Interferogram  quality  control and  improvement, a) Coherence m ap of the 
interferogram. W hite areas have high coherence. Coherence is best inside the caldera. b) 
Filtered interferogram from A.3b. The signal is enhanced, but areas w ith no coherence 
remain incoherent.

U\

Figure A.5. Removing the  effect of topography in  interferograms. a) Synthetic interferogram  
generated from a  DEM, showing the contribution o f topography in the interferogram . b) 
Interferogram from A.3.b w ith  the  topographic signal removed.
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Figure A.6. Geocoded interferogram  (a), with the caldera shown in detail in b).

7. Geocoding: T he deformation interferogram  is georeferenced using satellite position data, 

or by m atching it w ith  a  geocoded DEM  (Figure A.6). Pixels are m apped to their actual 

map location, and  then resampled to  the  desired spacing.

A .3 .2  D i g i t a l  E le v a t io n  M o d e ls

The interferom etric phase is strongly influenced by topography, and interferograms can 

therefore also be used to generate DEM s. In  this case, processing step  6 is omitted. Instead, 

the phase has to  be unwrapped, i.e. th e  absolute phase must be reconstructed by adding or 

subtracting m ultiples of 2n for each pixel to remove the branch cu t a t 0— 2n. This process 

is limited to  areas of high coherence (Figure A.7), and is com plicated when coherent areas 

are separated by incoherent areas. Based on as many ground control points as possible, 

the unwrapped values are then calibrated, and all values tran sla ted  into elevation. The 

accuracy of these DEMs depends on the phase coherence in the  interferogram, and the 

quality of ground control points. Areas th a t did not unwrap leave holes in the DEM that
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have to be estim ated or filled based on independent inform ation (e.g., a  USGS DEM ). Using 

a  branch-cut m ethod [Goldstein et al., 1988], only 5% of the data in the exam ple data  set 

can be unwrapped (Figure A.7a). This makes th is  dataset, in addition to  containing a 

strong deformation signal, useless for DEM generation. In an independent interferogram 

th a t uses data  from the ERS tandem  mission, 64% of the phases are unw rapped (Figure 

A.7b). The remaining holes (white areas in Figure A .7b) need to be filled by in terpolation or 

independent information, and any processing a rtifac ts  (e.g., the vertical line a t  the bottom 

of Figure A.7b) need to be fixed.

Figure A.7. Phase unw rapping for DEM generation, a) Unwrapped interferogram  from the 
example data  set. The algorithm  fails in incoherent areas, b) Unwrapped interferogram 
derived from the ERS tandem  mission.

A .3.3 Error sources

Acquisition param eters have a strong effect on the ab ility  to generate interferogram s and 

their quality. The most im portant are the spatial an d  temporal baseline separa tion  [Ze

bker and Villasenor, 1992]. O ther factors that de terio ra te  interferogram quality  and can 

introduce significant errors, are signal delays in th e  atm osphere [Goldstein, 1995; Zebker 

et al., 1997]. In this case it can be necessary to  generate additional interferogram s and 

use pairwise logic to discrim inate between signal an d  noise. Lu et al. [2000c] discussed this
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extensively for the  1992-1998 Okmok interferograms.

A.4 Interpretation

Interferograms are maps of phase differences that, after d a ta  reduction, correspond to rel

ative ground displacements. One complete color fringe corresponds to a  change in phase of 

2n, or to a change in the two-way radar pa th  length of one radar wavelength. In terms of 

relative surface deformation, this translates into 0.5-A, or 2.8 cm. using a C-band radar. If 

the phase increases from one pixel to the next, the distance between satellite and ground has 

become larger, meaning that the pixel w ith the larger phase value has subsided relative to 

the pixel w ith  the smaller phase, or moved further horizontally from the satellite. The inter

ferogram in F igure A.6 has almost 4 deform ation fringes inside the caldera, corresponding 

to about 11 cm  of inflation of the caldera center.

Two points are important to keep in m ind when in terpreting  these interferograms. First, 

they contain only the net deformation th a t occurred between the acquisition times of the 

images. No inform ation is available about time dependence or to ta l deformation from just 

one interferogram . Second, only one com ponent of deform ation is measured, i.e. in the radar 

line of sight (Figure A.8). W ith an incidence angle for ERS satellites of about 23°, this 

means tha t InSA R  is most sensitive to vertical deform ation, while only slightly sensitive to 

the horizontal components. This is a m ajor difference to G PS, which measures 3 orthogonal 

components o f displacement, with highest accuray in the horizontal components.

Using adequate  models, the observed deformation can be interpreted in terms of sub

surface processes, like volcanic inflation, fault slip, ground w ater fluctuations etc. Chapters 

2 and 4 discuss several models applied to volcanic deform ation.
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Figure A.8. Line of sight deformation. Drawing is schematic and not to scale.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix B

Additional SAR interferograms 

from Alaskan volcanoes

This appendix shows deform ation interferograms from Semisopochnoi. Okmok, Shishaldin, 

Pavlof, and Aniakchak volcanoes (Figure B .l) .

Figure B .l. Location of volcanoes w ith interferograms shown in Appendix B.

In all interferograms, topographic and baseline effects have been removed. In some 

cases, residuals rem ain and are discussed in the comments. One cycle of colors corresponds
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Table B .l. Satellite d a ta  used in Appendix B. E l and E2 denote ERS-1 and ERS-2 satellites, 
respectively. ha is the a ltitu d e  of ambiguity. Semisopochnoi, Okmok, and Aniakchak have 
the SAR tandem  pair listed  th a t was used to subtract topography. For Shishaldin and 
Pavlof interferograms, topography was subtracted using a USGS DEM.

Volcano O rbit 1 Date Orbit 2 D ate ha [m] Figure

Semisopochnoi E2.12566 1997, Sep. 14 E2.23588 1999, Oct. 24 135 B.2

El-23493 1996, Jan. 11 E2.03820 1996, Jan . 12 152

Okmok E2 .12723 1997, Sep. 25 E2.28254 2000. Sep. 14 138 B.3

E1.22376 1995. Oct. 25 E2.02703 1995, Oct. 26 568

Shishaldin E2.28669 2000, Oct. 13 E2.32677 2001, Ju l. 20 320 B.4

Pavlof E2.17833 1998, Sep. 17 E2.22843 1999, Sep. 02 310 B.5

E2.23344 1998, Oct. 07 E2.27853 2000, Aug. 17 79 B.5

Aniakchak E2.12465 1997, Sep. 07 E2.17976 1998, Sep. 27 213 B.6

El-25124 1996, May 04 E2.05451 1996, May 05 171

to 2.8 cm of relative deform ation in the satellite line of sight. Alaska SAR Facility (ASF) 

interferometric SAR software tools were used for the basic processing (see Appendix A for 

an overview of the processing steps). Table B .l. lists all the d a ta  used in this appendix.

Some of the subtle signals seen here may be due to atm ospheric effects rather than  

deformation of the earth . Careful examination of multiple independent interferograms is 

necessary to verify th a t sm all signals such as these truly result from the volcanoes. In most 

of the cases, not enough SA R  images were acquired by ESA to allow this sort of check.

B .l Sem isopochnoi

Semisopochnoi caldera is located  on Semisopochnoi Island in the  western Aleutians. Most 

documented historical e rup tions are a ttribu ted  to Mount Cerberus, a  vent inside the caldera 

that consists of three com posite cones.
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The interferogram shows a  signal encircling th e  northwestern cone of Mt. Cerberus 

(Figure B.2). It corresponds to about 3 cm of subsidence over a two-year period, from 1997 

to 1999. The signal would also be in agreement w ith  topography that remained unm odeled 

during processing. Residual fringes around o ther cones and in the northern part of the 

image, however, show a different sense of colors, indicating that the topographic effect 

probably has been over- ra ther than under-com pensated. No eruptive activity was reported  

during the observation period.

B.2 Okmok

Okmok caldera is located on Umnak Island in the eastern  Aleutians. It has erupted several 

times in historic times. The last eruption occurred in 1997. Deformation associated with 

this eruption is discussed in detail in Chapter 2.

The interferogram shows posteruptive deform ation between September 1997 and Septem 

ber 2000 (Figure B.3). Almost seven fringes inside the caldera correspond to about 20 cm 

of inflation of the caldera center. 9 cm of this inflation occurred between 1997 and 1998 

(Chapter 2), and the rem aining 11 cm occurred between 1998 and 2000 (compare with 

interferogram in Appendix A. which corresponds to  this tim e period).

B.3 Shishaldin

Shishaldin is a  stratovolcano located on Unimak Island in the eastern Aleutians, and  one 

of the most active volcanoes in the arc. It last e rup ted  in April 1999.

The interferogram shows about one fringe of inflation during a 9-month period s ta rtin g  

one and a  half years after the last eruption (Figure B.4). The center of inflation is located 

slightly to the northwest of the central cone. Because the cone is steep and mostly snow 

covered, it does not m aintain coherence in interferogram s. Deformation with a shallow 

source right beneath the cone would therefore not be detectable.
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Figure B.2. Interferogram  of Semisopochnoi caldera. The black box indicates the enlarged 
area shown in the lower panel. W hite lines are elevation contours a t  200 m (100 m) intervals.
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Figure B.3. Interferogram of Okmok caldera. The black box indicates the  enlarged area 
shown in the lower panel. W hite lines are elevation contours a t 300 m (200 m) intervals.
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Figure B.4. Interferogram  of Shishaldin volcano. White lines are elevation contours at 500 
m intervals.
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B.4 Pavlof

Pavlof volcano is a stratovolcano located on the Alaska Peninsula, and is, like Shishaldin, 

one of the most active volcanoes in the arc. It last erup ted  in 1996-97.

T he interferograms are for different time periods between September 1998 and August 

2000 (Figure B.5). There is no obvious deformation signal in any of them. There are various 

problems and considerations in generating and interpreting deformation interferograms for 

Pavlof volcano:

1. Similar to Shishaldin. Pavlof has steep, snowcovered flanks, where coherence is not m ain

tained and prevents from detection of any signal originating from a shallow source beneath  

the cone.

2. Topographic residuals for the whole area can be severe because of significant topogra

phy, and the lack of an accurate high resolution DEM. Because of the steep slopes, DEM 

generation from SAR tandem  d a ta  did not lead to a  very satisfying result either. A subtle 

signal from a deep deformation source could therefore rem ain undetectable in topographic 

noise.

3. The magma source that feeds Pavlof may be too deep to cause significant surface de

form ation except for a short tim e period preceding an  eruption. For the last eruption, not 

enough suitable SAR images are available to possibly capture such a time period in an 

interferogram.

4. There are some indications th a t deformation in the  area may be periodic with an  an

nual period [M cNutt, 1999]. In th is case it may be impossible to detect when generating 

year-to-year interferograms, imposed by the restriction to use summer images only. Defor

m ation measurements with continous GPS stations could be a more successful approach to 

deformation studies in this area.
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Figure B.5. Iuterferograms of Pavlof volcano. W liite lines are elevation contours a t 500 m 
intervals.
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B.5 Aniakchak

Aniakchak caldera is located on the Alaska Peninsula. It is sim ilar in size to Okmok. but 

historically less active, with only one historic eruption recorded in 1931.

The one-year interferogram between Septem ber 1997 and Septem ber 1998 does not show 

a strong deform ation signal, but there may be subtle subsidence of 1-2 cm inside the caldera 

centered around Vent Mountain (Figure B.6). The residual fringes in the regional inter

ferogram correspond partly to topography, others are most likely due to remaining orbital 

errors.
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Figure B.6. Interferogram of Aniakchak caldera. The black box indicates the enlarged area 
shown in the lower panel. W hite  lines are elevation contours a t 300 m intervals.
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