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Abstract

Okmok volcano has undergone two caldera-forming eruptions, 12,000 and 2050 

BP, and has been quite active in historic time. The historic eruptive record has been 

compiled and augmented with descriptions and photographs of recent eruptions. 

Eruptions in 1958 and 1997 produced the first post-caldera lava flows to traverse most 

o f the caldera floor. The source of these flows, Cone A, has been constructed largely 

during the 20th century.

Major element analysis of lavas from eight major intracaldera cones reveals two 

chemically and spatially separate trends, which suggest two separate magma sources 

beneath the caldera, one feeding an arc of cones extending from the west to north 

margin of the caldera, the other feeding an arc running from southwest to east. Recent 

geodetic results by other workers show a single active inflation source related to Cone 

A but located beneath the center of the caldera.

A rheologic study of the 1997 lava flow was undertaken to determine how 

viscosities calculated from flow morphology compare with viscosities and eruption 

temperatures obtained from petrology. This may be a useful tool for constraining 

composition of new flows observed by satellite imagery, and for constraining eruptive 

conditions for older flows when chemistry is known.
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CHAPTER 1: INTRODUCTION

Okmok volcano, a shield-shaped, basaltic-andesite stratovolcano with nested 

summit calderas, is located on the northeastern end of Umnak Island, Aleutians, Alaska 

(Figure 1.1). Okmok is among the most historically active volcanic centers in the 

Aleutian volcanic arc, with 16 eruptions reported since 1805. Okmok has produced two 

caldera-forming eruptions in Holocene time (Miller et al., 1998) and is currently 

undergoing a second period of intracaldera eruption and filling. However, because it is 

located far from major population centers, its historical eruptive history is not known in 

detail. Existing written records, which only go back to around 1760 and the first 

Russian trading vessels, are likely incomplete.

1.1 Purpose

The purpose of this thesis is to synthesize what is known about Okmok’s recent 

eruptive history from written, anecdotal and other reports, as well as to add new 

information on the most recent eruptions from field observations and photography, 

satellite imagery and chemical analysis. By providing a more complete picture of 

Okmok’s past activity, we can more accurately forecast the nature of future activity. 

This study thus supports the Alaska Volcano Observatory’s (AVO) mission regarding 

volcanic hazards monitoring and mitigation.

Recent eruptive activity at Okmok has resulted in major changes to the 

topography and surface geology within the caldera. The existing geologic map, 

completed by Byers (1959, Figure 1.2), includes lava flows up to 1945. However, 

eruptions in 1958 and 1997 produced large lava flows that cover much of the caldera 

floor, as well as tephra and possibly other volcaniclastic deposits on the outer flanks. 

These lava flows, each 4-45 m in thickness (Lu et al., 2002 and 2003), have 

significantly altered the topography of the caldera floor and caused the formation of 

several new lakes. The modem effusive eruptions, along with several smaller ash- 

producing events, all originating at cinder Cone A in the SW part of the caldera, have 

caused the cone to increase significantly in size since topographic maps were printed in
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Figure 1.1 Location map of Okmok volcano. Okmok occupies the northeastern half of 
Umnak Island, Aleutians, Alaska. (Modified after Miller and Smith, 1987.) 
Locations of several places mentioned in the text are also shown.
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Figure 1.2 Geologic map of Okmok caldera. Caldera map taken from geologic map of 
entire Okmok volcano by Byers (1959). Topographic base map from 1943 (USGS) 
has 200 ft. contour interval. Note small size of Cone A relative to other cones, 
especially Cones C and F.
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the 1940’s (This will be discussed in detail in section 5.1). Though this demonstrates a 

need for updated maps, the old topography is useful when compared with more recent 

photography and satellite images to determine the growth rate of Cone A over the past 

60 years.

In order to characterize the magma plumbing system now present beneath 

Okmok, the compositions o f several intracaldera lava flows have been analyzed. The 

goal of this petrologic study was to investigate chemical trends among flows of varying 

ages from the most recently active vent and to examine whether there is significant 

variation in compositions of lavas from different vents within the caldera. These data 

can be used to address questions such as whether there is one central magma body that 

is tapped by different vents throughout the post-caldera eruptive evolution of the 

volcano, perhaps differentiating and/or episodically replenished over time, or if each 

vent has a discrete source of magma. Ultimately, one might hope to determine whether 

Okmok is in a relatively stable period of mostly effusive activity, or slowly progressing 

toward a third cataclysmic, caldera-forming eruption.

In addition to the petrologic analysis, a rheologic investigation of the most 

recent flow has been undertaken. The eruption in 1997 produced a 5.6 km long lava 

flow from Cone A. Since no direct measurements of mass flux, lava temperature, yield 

strength, viscosity, or flow velocity were made during the eruption, measurements of 

the final flow morphology were made in the field to help constrain these parameters.

An attempt has been made to correlate lava chemistry and morphology via temperature 

and viscosity, so that emplaced lava flows can be better analyzed by remote means.

1.2 General Geologic Setting

Okmok is a late Tertiary composite cone truncated by overlapping 10 km wide 

summit calderas. It is situated in the eastern Aleutian archipelago (53° 25' N, 168° 08' 

W), above the subduction zone where the Pacific plate sinks beneath the North 

American plate. The main shield is situated upon a Tertiary basement of mafic 

volcanics, including the Ashishik basalt and interbedded tuff breccias and tuffs (Byers 

et ah, 1947). The surface of the shield is comprised largely of pyroclastic deposits laid
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down by two catastrophic caldera-forming eruptions, about 12,000 BP and 2050 BP 

(Beget, personal communication, 2003, and Wolfe, 2001, respectively). The inferred 

centers of these calderas are offset by about 1.5 km, with only a portion of the older 

caldera rim remaining as arcuate ridges to the north and east of the present crater 

(Figure 1.2). The maximum elevation of the caldera rim is 1104 m, and the caldera 

floor has a minimum elevation of 352 m, according to results from the recently 

produced digital elevation model (DEM).

The majority of volcanism at Okmok is mafic. Byers (1959) and Nye (1983) 

report predominantly basalt to basaltic andesite compositions for flank deposits and 

Crater Creek (intercaldera) lavas; this study finds 50-57 wt% Si02 for intracaldera 

lavas. However, there are some instances of more silicic eruptions, including a small 

rhyolite dome along the north rim of, and apparently predating, the older caldera 

(Byers, 1959) and a dacite fall associated with the second caldera-forming eruption 

(Larsen and Nye, 2000).

Numerous small monogenetic cones and lava flows, and one larger composite 

cone named Tulik (1295 m), are located on the outer flanks of the volcano. It appears 

none have been active since the last caldera-forming event, with the possible exception 

o f a few small vents near the caldera rim, since most are interbedded with or have a thin 

mantle of Okmok caldera ash (Byers, 1959). Many historic eruptions on northeastern 

Umnak Island have been attributed to Tulik, presumably because it is the dominant 

peak on that end of the island (Figure 1.3). However, there is no geologic evidence of 

recent activity from Tulik’s glaciated peak, so all historically reported eruptions were 

probably located within Okmok caldera.

Within the younger caldera are eight young cinder, spatter and tuff cones, 

named A-H by Byers (1959) for his interpretation o f their order of most recent activity 

(Figure 1.2). Several lava flows, smaller tuff cones, spatter cones and maars also cover 

much of the caldera floor. There are also sedimentary deposits, including lacustrine 

(Byers et al., 1947 and Byers, 1959) and possibly glacio-lacustrine and/or reworked 

hydrovolcanic deposits (J. Beget and C. Neal, personal communication, 2003).



Figure 1.3 Northern Umnak Island from southeast. In this low-angle view, Mount 
Tulik is the tall peak visible on left and the rim of Okmok Caldera is the ridge 
extending to the right. Ship Rock is at lower left; Pustoi Island is at lower right. 
Photo by author, July 2000.
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CHAPTER 2: DATA SOURCES AND METHODS

Information for this report has been gathered from prior published reports; 

historic eyewitness accounts; topographic maps; aerial photography; historic 

photography; satellite imagery, including Landsat, synthetic aperture radar (SAR) and 

Ikonos; AirSAR; and field observations and measurements. The earlier literature has 

been used to construct the most complete chronology of historical eruptive activity 

possible. The maps, photographs, imagery, and fieldwork have been used to create an 

updated map of the Cone A lava flows on the caldera floor, with their ages or relative 

ages, as appropriate. These tools were also used to assess the evolution o f Cone A, the 

vent from which all 20th century activity is believed to have originated.

2.1 Prior Reports

There are several previous reports about Okmok’s eruptive history in the 

literature (Table 2.1), some based on unpublished verbal accounts or personal 

eyewitness reports, and others based on scientific observations and/or fieldwork by the 

report author. These are divided here into eyewitness accounts and formal reports. 

Coats (1950) notes that there is a “nearly complete hiatus in the activity of [Okmok] 

suggested.. .from about 1830 to the first decade of [the 20 ] century.” Because the 

same is true for all Aleutian volcanoes west of Makushin, Coats attributes this to a “gap 

in reporting, due to the relative infrequency of travel in the western part of the arc 

during that period.” Thus, even the most complete chronology compiled will likely 

remain perpetually incomplete.

2.1.1 Eyewitness Accounts

Eyewitness accounts include those observations made by passengers and crew 

on early trading vessels, whether scientific or not, secondhand written accounts based 

on Aleut oral tradition, expeditions to the volcano by adventurers and stationed military 

personnel, reports from ranchers on Umnak and Unalaska Islands, and reports by pilots 

flying in the area (PIREPS). Many such reports are ambiguous, and may not be 

precisely accurate descriptions o f the reported activity. That is, one may refer to a 

mountain “smoking”, which could suggest the presence of a significant ash plume, or
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Table 2.1 Historic eyewitness and formal reports

Author/Source* Year(s) Type of report

G.H. Langsdorff 1812 Eyewitness

F. Luetke 1836 Eyewitness

I. Veniaminov 1840 Eyewitness

C. Grewingk 1850 Second-hand eyewitness

R. Dunn 1908 Eyewitness

T.A. Jaggar 1931,1932 Second-hand eyewitness

Anchorage Daily News 1938, 1958, 1960 Second-hand eyewitness

D. Freiday 1945 Eyewitness

R.R. Coats 1946, 1950 Formal

F.M. Byers et al. 1947, 1959 Formal

G.D. Robinson 1948 Formal

G. Hantke 1951 Second-hand eyewitness

A. Keller 1976, 1991 Eyewitness

R.A. Wilcox 1959 Formal

Bulletin of Vole. Eruptions 1984, 1986 Formal

Smithsonian Institution 1983-1988, 1997 Formal

T.P. Miller et al. 1987, 1998 Formal

C. Holmes 1991, 1994 Eyewitness

Simkin and Siebert 1994 Second-hand eyewitness

Bering Pacific Ranch staff 1997, ongoing Eyewitness

Alaska Volcano 
Observatory/USGS

Ongoing Formal

McGimsey and Wallace 1999 Formal

*A11 listed in references at end of text.
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merely indicate light steaming. The former would imply an eruption in progress, while 

the latter may not be directly related to an eruption at all, since many volcanic vents 

continue to steam for years after eruptive activity has ceased. Despite the inconsistent 

and often poetic descriptions of individual events, these reports are still valuable in that 

they confirm some level of activity at the volcano at, or at least near, the time of the 

observation.

Although native peoples have inhabited the Aleutian Islands for thousands of 

years (Black, 1975), there is no written record o f their lives and experiences. Only the 

most extraordinary of events have been accounted for in the stories passed from one 

generation to the next. Thus, an eruption such as the explosive event of 1817 was 

remembered because of the total destruction of a village while the inhabitants were 

away hunting in the Pribilof Islands, 360 km to the north (Grewingk, 1850). In 

contrast, smaller volcanic events were likely more common, as frequently seen today in 

the Aleutians, producing only small amounts of ash and minor earthquakes. While 

undoubtedly noticed by nearby inhabitants, they were less destructive, and were thus 

quickly forgotten.

The earliest documentation of volcanic activity in the Aleutians comes from the 

reports of trading expeditions, mostly Russian, which began in the mid-18th century. 

These reports frequently took the form of brief travelogue entries by naturalists, if 

onboard, or the ship’s captain, with descriptions of eruptive activity that are sometimes 

vague with regard to location -  “Umnak Island,” for example -  and nature of activity 

(see discussion of “smoking,” above).

Other informal accounts of activity at Okmok come from U.S. military 

personnel who were stationed at Ft. Glenn, on Umnak Island, during World War II 

(Freiday, 1945; Keller, 1976). Some of those who ventured into the caldera during off- 

duty hours were witness to a minor event in 1943 and a significant eruption in 1945. 

Regional commercial pilots flying over the area since the war have been particularly 

helpful in filling the gap between the abandonment of the military base in 1950 

(National Historic Landmarks Program, 1987) and the advent of satellite monitoring in
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the 1980s, and are still a valuable primary observation source today. Because they fly 

frequently over the Aleutian volcanoes, these pilots are likely to notice unusual levels 

of activity and know from which volcano, or at least on which island, the activity 

originates. Their aerial perspective is especially advantageous in the case of calderas 

such as Okmok, because it offers occasion to witness activity that cannot generally be 

seen from the sea or may be obscured by seemingly ubiquitous fog and/or low clouds 

(Figure 2.1).

2.1.2 Formal Reports

Scientific reports containing more geologic detail o f Okmok volcano and its 

activity first appeared in the literature in the 1940’s, when the U.S. Geological Survey 

began Aleutian volcano studies in response to concern for the safety of military 

installations established on several islands during World War II. G. D. Robinson 

(1948) was called out to Okmok by Lt. Gen. Emmons of the Alaskan Department 

during the eruption of 1945, to investigate the potential for an explosive eruption 

similar to that of Novarupta/Katmai in 1912 (Robinson, 1948). Such an eruption would 

have destroyed Ft. Glenn army base. All were relieved when Robinson discovered 

mafic lava effusion and gas emission, interpreted by him as indicating a decreased 

likelihood for a large explosion.

Byers et al. (1947) led an extensive geologic investigation of the NE end of 

Umnak Island in 1946 and 1947. Their work culminated in a draft geologic map of 

Okmok. Byers (1959 and 1961) later refined the map (Figure 1.2) and published an in- 

depth description of the geology of Okmok as well as a petrologic study of its products. 

Nye (1983) conducted a detailed petrologic and geochemical analysis on selected suites 

o f Okmok lavas.

Coats (1950) summarized what was known from the primary sources cited here 

about the eruptive history of all the Aleutian volcanoes recognized at that time. Other 

such summaries have followed (Simkin and Siebert, 1994; Miller et al., 1998), but none 

thus far have presented a detailed account of the most recent eruptions of Okmok based 

on field data, most notably the large effusive eruptions in 1958 and 1997. An effort has
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Figure 2.1 Okmok as seen from the International Space Station May 18, 2001. Dark 
areas (snow melt) include, left to right, Cone A, Cone E, distal portion of 1997 lava 
flow (first lobe) where it is thickest, and the lake at the base of Cone D. Tulik at 
lower left. Notice how clouds cover much of the outer flanks of the volcano, while 
the caldera remains clear. This is not an uncommon occurrence at Okmok, making 
it often easier to observe intracaldera activity from the air (or space) than from the 
ground or sea. NASA image # ISS002E6065, courtesy of Earth Sciences and Image 
Analysis Laboratory, NASA Johnson Space Center (http://eol.jsc.nasa.gov).

http://eol.jsc.nasa.gov
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been made here to shed some light on this recent activity and to put these eruptions into 

the perspective o f Okmok’s historical record.

2.2 Aerial Photography

Stereo aerial photography was acquired during overflights of Okmok in July 

1943 (Figure 2.2) and in August 1983 (Figure 2.3). The earlier photos, 9”x 9” black 

and white prints at 1:31,000 scale, were used to produce the existing topographic maps 

(see section 2.4) o f NE Umnak Island. These photos of the caldera are useful and 

important, because they document the caldera floor before the effusive eruptions of 

1945, 1958 and 1997. A comparison of the 1943 and 1983 air photos allowed positive 

determination of the lateral extent of the 1958 flow, as well as verification of the extent 

of the 1945 flow as it was mapped by Byers (1959). Also, the size and morphology of 

Cone A can be seen on these photos and compared with later photos and images to 

estimate its growth through time.

The U.S. Geological Survey false-color infrared series of 12”x 12” prints at 

1:48,000 scale from 1983 is very important, because these are the only images, aside 

from low-resolution satellite imagery, to include the 1958 lava flow before it was 

partially covered by the 1997 flow. The snow cover inside the caldera at the time these 

photos were taken was low, thus rendering the caldera floor dark with little contrast and 

making it difficult to distinguish the edges of individual flows. A 37x37 in (95x95 cm) 

enlargement of frame 5816 was used to see the details of the lava flows and to 

definitively locate the outline of the 1958 flow by comparison with the 1943 photos and 

the geologic map.

2.3 Historic Photography

Several historic reports include photographs of Okmok caldera and Cone A. 

These are either oblique aerial photos or photos taken from the ground. Where clear 

copies could be obtained, they are included in the appropriate sections of later chapters. 

These photos offer unique glimpses of the appearance of Cone A and the caldera at 

various points in time, and have helped in the evaluation of the evolution of Cone A in 

particular.
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Figure 2.2 1943 Aerial photography. This image of the southwestern quadrant of the 
caldera is an example of aerial photography collected over Okmok in July 1943. 
Visible are Cones C and F (right center), E (upper left with lake), and A (bottom 
left near caldera wall). Note small areal extent of cone A (dashed line) at this 
time. Approximate extent of Cone A lava field is outlined by white dotted line.
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Figure 2.3 1983 Aerial photography. Mosaic o f 2 false IR color aerial photographs 
collected over Okmok in August 1983. Coverage o f entire caldera is not available; 
this image cropped to show only lava mapping area. Cone A is steaming at bottom 
of photo. Cone E is visible near lower left; Cone D and largest intracaldera lake are 
at upper right. 1958 lava flow stretches from Cone A to near upper margin of 
photograph; approximate extent o f flow outlined by dashed line. Approximate 
extent o f SE lobe of 1945 lava flow outlined by dotted line. Approximate areal 
extent o f Cone A outlined by fine dot line.
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2.4 Topographic Maps

Topographic maps exist for northeastern Umnak Island at two scales, both of 

which were made from the 1943 air photos (Figure 2.4). The publicly available map is 

at a scale of 1:250,000, with a contour interval of 200 ft (61 m), and was published by 

the U.S. Geological Survey in 1951, with only slight revisions in 1983. The U.S. Army 

Corps of Engineers prepared a series of maps at a scale of 1:25,000 with a 20 ft (6.1 m) 

contour interval in 1943. Because of the lava flows in 1945, 1958 and 1997, and the 

smaller, tephra-producing eruptions in 1960 and the 1980’s, there have been significant 

topographic changes to Cone A and the caldera floor that have not yet been 

incorporated into updated maps. However, these topographic maps have been useful 

for this project. Using them in conjunction with the aerial photos of 1943 and 1983 and 

more recent digital elevation models (DEMs, see next section), it was possible to track 

the growth of Cone A over the past 60 years and to estimate volumes of recent lava 

flows.

2.5 Satellite Imagery

Various types of satellite imagery were used in this project, primarily in the 

mapping effort. Synthetic Aperture Radar (S AR) images of Okmok were acquired in 

C-band (X= 5.7 cm) from both ERS-1 and ERS-2 satellites, operated by the European 

Space Agency, and in L-band (A,= 23.5 cm) from JERS-1, operated by the National 

Space Development Agency of Japan (Figure 2.5). These images have a spatial 

resolution of 30 m. While these images do not show much detail on surface features, 

they do distinguish lava flows from other surface materials (cinder cones, alluvium, 

lakes, etc.) inside the caldera, as verified by field observations. The ERS images 

differentiate the flows from one another better than the JERS-1 images do. This may 

be due to several factors, including the differing wavelengths, look angles, and season 

of acquisition.

A Landsat 7 enhanced thematic mapper plus (ETM+) image, acquired August 

17, 2000, was chosen to facilitate the mapping effort (Figure 2.6). This was the most 

cloud-free image available since the 1997 eruption. The panchromatic band 8, with



Figure 2.4 Topographic maps of Okmok caldera. Both existing topographic maps 
of Okmok were made based on the 1943 air photos. See Figure 5.1 for 
comparison with modern digital topography. A. Caldera section of USGS 
1:250,000 scale Umnak quadrangle map, contour interval 200 ft. B. US Army 
series 1:25,000 scale Umnak Island 6 map, contour interval 20 ft., zoomed in to 
Cone A area (marked by box on A).
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Figure 2.5 Satellite radar backscatter images of Okmok caldera. A. ERS-2 image, 
acquired April 3, 1997, with 67.0° look angle; image ID: E210218317G4S004. 
B. JERS-1 image, acquired November 5, 1997, with 35.4°look angle; image ID: 
J131375317G1S004.
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Figure 2.6 Landsat 7 ETM+ image. Panchromatic band 8 with 15-meter pixel 
resolution, acquired August 17, 2000; image ID: 7077023000023050. The 1997 
lava flow can easily be seen as the dark flow lobes near center of image with 
white snow outline. An early small lobe is also visible to west of Cone A (arrow). 
Note that Cone A (approximate areal extent outlined by dashed line) has 
noticeably increased in size since 1943 (compare Figure 2.2).
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15m  pixel resolution, was beneficial because of its high spatial resolution and contrast. 

Though this image does not clearly differentiate the older lavas, it does clearly 

delineate the 1997 flow, which made it helpful in the field mapping effort. The 1997 

lava flow stands out against the lighter background and its edges are highlighted by 

snow. Although a search was done for Landsat images before the 1997 eruption, no 

suitable images were found in either the multispectral scanner (MSS) or thematic 

mapper (TM) formats. This is because few images from this early time frame were 

archived for the Aleutian region (M. Patrick, personal communication, 2001), and those 

that do exist have too much cloud cover and are at too low a resolution to serve for 

mapping purposes.

Perhaps the most valuable imagery used for this project was high-resolution (1- 

m pixels) Ikonos imagery. AVO requisitioned two images, acquired over the caldera 

September 15, 2000, and July 3, 2002 (Figure 2.7). These were used as the base for the 

final lava flow map (Figure 2.8). The imagery was printed at 1:10,000 scale, and the 

outlines of all Cone A lava flows were compiled on a clear acetate overlay. Both 

images were used as a cross check because one image had small amounts of snow while 

the other had some cloud cover in the vicinity o f Cone A. The use o f both images, 

combined with field checking and other photos and imagery, resulted in a highly 

accurate map of the Cone A lavas. The excellent detail provided by the high-resolution 

Ikonos data also allowed for the tracing of internal linear flow surface features such as 

levees, compression ridges, and shear zones. Other obvious features such as pits, 

cracks and edges of lava crustal slabs were also traced. The resulting line drawing is 

shown in Figure 2.9. It is from this figure that some of the measurements used in the 

morphometric/rheologic analyses were derived (section 5.3).

2.6 AirSAR

Airborne SAR (AirSAR) images were collected by National Aeronautics and 

Space Administration/Jet Propulsion Laboratory flights over Okmok in October 2000. 

Details on the specifications of the AirSAR instrument can be found at 

http://airsar.jpl.nasa.gov. The C-band backscatter data (Figure 2.10) were made

http://airsar.jpl.nasa.gov
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Figure 2.7 Ikonos imagery of Okmok caldera. Images cropped to show only 
areas relevant to lava mapping project. A. Acquired September 15, 2000; 
Image ID: 2000091522135310000010012414. B. Acquired July 3, 2002; 
Image ID :2002070322315020000010026198.
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lavas

Figure 2.8 Map of Cone A lava flow field after the 1997 eruption. Boundaries o f flows 
were located by examination of aerial photographs and satellite imagery combined 
with ground truthing by field investigations and chemical analysis of lava samples. 
Question marks show areas where age is inferred but no sample is available for 
verification. Heavy lines at Cone A mark approximate location and orientation of 
fissure at vent for 1997 (solid), 1958 (dot), and 1945 (dash) eruptions, estimated 
from photography from Robinson (1948; 1945 eruption), Skinner (courtesy, J. 
Reeder, BVE, 1984; 1958 eruption) Sease and McNutt (unpublished photographs; 
1997 eruption), and (for 1997 eruption) field observation of two remnant fissure 
structures at base of Cone A. These are only estimates, but they define the general 
orientation of a possible dike system (Mann et al., 2002) to the source reservoir for 
these historic eruptions.



Figure 2.9 Line map of Cone A lava field. This sketch derived from Ikonos imagery, 
oblique aerial photos and ground truthing shows complex surface structure of Cone 
A lava flows and part of Cone B lava field (top of figure). Surface features seen 
include compressional ridges, levees and shear zones, lobes, pits, cracks, and edges 
of crustal slabs. Arrows 1-4 mark locations of sets of ridge heights and widths 
measured for this study (Table B-2).
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Figure 2.10 AirSAR imagery of Okmok caldera. Airborne C-band SAR backscatter 
image acquired in October 2000. Areas of highest reflectance (brightest 
backscatter) in middle of caldera represent rough ‘a ’a surface of lava flows.
Lava flow areas closest to vent (Cone A) have lower reflectance, largely due to 
tephra cover.
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available to AVO researchers at Okmok in both hard copy and digital formats for trial 

use during the 2001 field season. The higher resolution (5-m pixels) of these images 

over the ERS and JERS-1 images proved advantageous in distinguishing many subtle 

surface features not seen on satellite SAR images. However, because of georeferencing 

difficulties, they were unsuitable as base maps. A digital elevation model (DEM) 

produced later by the Alaska SAR Facility, with 5 m pixel resolution (Figure 2.11), was 

used to measure current dimensions of Cone A and generate a topographic map of the 

caldera with 200 ft contours using Global Mapper software (www.globalmapper.com), 

for comparison with the USGS map (see section 5.1).

2.7 Fieldwork in 2000-2001

Fieldwork for this project was conducted during July 2000 and June and August 

2001 (Figure 2.12). The first field season was spent hiking around the various 

intracaldera cinder cones and other features, collecting samples for analysis and taking 

many photographs, from a camp inside the caldera. In order to conduct a rheological 

analysis of the 1997 lava flow field, during the second field season measurements were 

made of the heights of several compression ridges, the widths of which were obtained 

directly from the imagery. Where possible, heights of levees were also measured. 

Because of heavy snow cover within the caldera in June 2001, it was necessary to 

return in August to measure side slopes, top and ground slopes, and thicknesses around 

the perimeter of the 1997 flow.

2.8 Relative Dating of Lava Flows

Once the outlines of all visible intracaldera lava flows were drawn, it was 

necessary to determine the ages or relative ages, as applicable, of each of the flows. In 

the case of the most recent lava-producing eruptions, in 1945, 1958, and 1997, this was 

done by the process of elimination, comparing the air photos from 1943 and 1983 with 

one another and with the various satellite images. For instance, if  a flow is seen on 

recent satellite imagery that is not seen on the 1983 air photos, it is from 1997. If a 

flow appears on the 1983 photos, but is absent on the 1943 photos, it is either from 

1945 or 1958. The latter flows could be distinguished in most cases by referring to the

http://www.globalmapper.com
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Figure 2.11 AirSAR post-1997 DEM. Digital elevation model (DEM) produced in 
2001 by Alaska SAR Facility using AirSAR data. Original image has 5 m 
elevation postings, but is shown here in compressed format. It is from this image 
that current Cone A diameters and height were measured for comparison with 
1943 topographic map.
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Figure 2.12 A sampling o f fieldwork activities. A. Recording GPS location o f scoria 
sample from Cone B. Samples were collected from each major cone and each lava 
flow from Cone A. B. Contemplating Cone A over lunch. When in the Aleutians, 
one must enjoy the scenery regardless of the weather. C. Helicopter support 
provided for easier access to the caldera and allowed for setting up camp in hard-to- 
reach places. D. Camp at the base of Cone D, looking toward Cone A with 1997 
lava flow in between. E. Measuring thickness of 1997 flow all the way around 
perimeter. Rod is 2 m long. F. Terminus of 1997 flow and illustration of top (blue) 
and side (red) slope measurements made.
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geologic map published by Byers (1959), which includes the flows of the 1945 eruption 

but not 1958. Field criteria such as petrography and general appearance were not 

reliable because these two lavas look very much alike in hand sample, and because both 

have varying surface textures across the flows. Unfortunately, we are unable to put an 

absolute age on any lava flow erupted earlier than 1943 because of the lack of 

photography and maps prior to that time as well as the lack of a credible written record 

o f effusive eruptive activity within the caldera.

Where absolute ages were not easily discemable, relative dating techniques 

yielded some success. Near the center o f the caldera is a small knoll comprised of lava 

weathered enough to support grass and wildflowers, making it likely one of the oldest 

subaerial flows in the caldera. Lichen cover can sometimes be used to distinguish 

relative ages of lava flows (Beschel, 1961 and 1973). However, different parts of the 

same flow can have differing amounts of lichen cover, as was seen on the 1958 flow. 

Near the knoll that forms a kipuka, where the NW lobe of the 1997 flow ends, there 

was some uncertainty as to where the boundary of the 1958 flow lies. A small patch of 

pre-1997 lava was misidentified as being older than the 1958 lava because it has 

heavier lichen cover and lies topographically lower than the surrounding 1958 lava.

But upon reexamination of photos of that area taken from the air, a connecting channel 

was seen that confirmed that this small patch of lava is indeed part of the 1958 flow.

Another area where lichen cover was found to be unreliable as an age indicator 

was on an arcuate lobe in the depression between Cones A and E. Because of the 

similarity in ages of the 1945 and 1958 flows relative to the 2001 field season (56 and 

43 years, respectively), the lichen cover on these two flows is similar, and the age of 

this lobe was thus ambiguous. Though Byers did map a lobe from 1945 that entered 

that depression, it did not extend as far as the lobe seen in the field and on satellite 

imagery (Figure 2.13). In order to find out whether there was a plotting uncertainty on 

Byers’ map or the lobe seen now was erupted in 1958, covering part of the 1945 lobe, a 

sample was taken to compare with the chemical analyses of known 1945 and 1958 

lavas. A chemical match with the 1958 samples (section 5.2) supports the view that
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Figure 2.13 Arcuate lobe between Cones A and E. A. Lobe of 1945 lava flow (Qaf5, see 
Figure 1.2 for full legend) in depression between Cones A and E as mapped by 
Byers (1959) outlined in red. B. Lobe seen in same depression on Landsat 7 image 
from 2000 outlined in red. Dotted line marks uncertain boundary, potentially that 
between 1958 and 1945 lava flows. See text for explanation. C. Arcuate lobe in 
depression seen from Cone E, July 2000. Sample location marked with red arrow on 
C and D. D. Depression seen from Cone A, July 2000. Early lobe o f 1997 lava flow 
marked with yellow arrow. Photos by author.
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this lobe is part of the 1958 lava flow covering part of the 1945 flow, as reflected in the 

lava flow map (Figure 2.8).

Ash cover was found to be an unreliable indicator of lava flow age. Several 

factors are responsible for this: 1) variable wind direction and intensity cause uneven 

dispersal of ash; 2) ash is redistributed during frequent high winds inside the caldera; 3) 

ash may accumulate over lava extruded during early phases of an eruption, while later 

lava remains ash-free. For example, during the 1997 eruption, a small lobe extruded on 

the W side of Cone A in the early stages was substantially covered by tephra from 

subsequent fountaining, while a later lobe next to it is essentially ash-free (Figure 2.14). 

Thus, ash cover would seem to indicate lavas of differing ages, but in fact these are 

merely phases o f the same eruption, as verified by photos taken by John Sease of 

NOAA on February 28, 1997 (Figure 2.15). The freshness o f the ash-covered lava and 

similar chemistry o f the two lobes also supported this conclusion.

2.9 Sample Analysis

Hand samples from four distinct lava flows from Cone A and representative 

lavas from each of the other seven major intracaldera cones were analyzed for this 

study. Polished thin sections for each sample were prepared by Vancouver 

Petrographies. Whole rock analysis was conducted at Washington State University. 

Concentrations of major elements were determined on fused pellets by XRF. Details of 

the analytical techniques can be found in Nye et al., 1994. Lava viscosities derived 

from whole rock compositions were calculated using KWare Magma software. A 

complete discussion of the geochemistry and rheology can be found in Chapter 5.
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Figure 2.14 Differences in ash cover on 1997 lava flow. On the right is an early 
lobe of lava effused during the 1997 eruption, which was partially covered by 
ash throughout the remainder of the eruption. On the left is part of a later lobe 
of 1997 lava, which has little to no ash cover. Geophysicist for scale is 2 m tall. 
Cone A to right of photo; see Figure 2.15 for location. Photo by author, August 
2001 .



31

A

Figure 2.15 Early lobes o f 1997 lava flow. A. View o f fountaining Cone A and early 
phase o f 1997 lava flow from W on February 28. Arrow points to end o f lobe 
labeled “early” in Figure 2.14. In a later phase of the eruption, another lobe (’’later” 
in figure 2.14) will flow down adjacent to this point. Photos by J. Sease, NOAA. B. 
Plan view o f cumulative 1997 lava flow and tephra field. Early lobes highlighted as 
solid. Arrow points to same location as in A.



32

CHAPTER 3: INTRACALDERA GEOLOGY

Previous geologic study of Okmok volcano was done by Byers et al. (1947), 

who conducted an extensive field investigation of Okmok during 1946 and 1947. Their 

fieldwork was the basis for Byers’ 1959 report on the geology of Umnak and Bogoslof 

islands and the accompanying geologic maps (see section 2.1.2). For a detailed 

description of the precaldera and caldera-age rocks of Okmok, the reader is referred to 

Byers (1959). The geology within the present caldera is discussed here, based on Byers 

(Figure 1.2) and more recent observations and interpretations.

Present interpretation recognizes two caldera-forming events at Okmok, as 

mentioned previously (Miller, et al., 1998; Beget, personal communication, 2003).

After the 12,000 BP event, the first caldera was partially filled by lava flows 

collectively known as the Crater Creek basalt (Byers, 1959). This unit is exposed along 

the northern wall o f the present caldera, where it was truncated by the explosive 

eruption of 2050 BP (Wolfe, 2001). The caldera thus formed is 10 km in diameter, 

with an average rim elevation of 960 m and an average floor elevation of 420 m where 

not yet covered by lava flows, yielding an estimated subsidence of at least 540 m. 

Subsequent eruptive activity from several vents has begun to fill this second caldera 

with lava flows, cinder cones and other distinct features.

3.1 Principal Intracaldera Features

Early after its formation the caldera was partially filled with a large lake with a 

maximum elevation of about 500 m (Byers, 1959) and maximum depth of 150 m. 

Terraces in sediments near the caldera walls mark various levels of the lake before it 

was drained by an outburst flood through a breach in the NE part o f the caldera wall 

(Wolfe, 2001). A second smaller lake occupied the NE part of the caldera, forming 

additional terraces before it too was drained by an outburst flood, most likely during the 

eruption of 1817 (Wolfe, 2001).

The oldest volcanic deposits within the caldera are hydrovolcanic deposits 

formed by the interaction of rising magma with the intracaldera lakes. Remnants of a 

cone formed in this manner are found directly east of Cone C (Byers, 1959) and others
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are found around the caldera floor (AVO, unpublished data). Cones G and H are also 

the products of hydrovolcanic activity in the northwestern part of the caldera, having 

erupted through an intracaldera lake that formed soon after caldera collapse.

Also contemporaneous with the caldera lake are the lava plateaus of Cones C 

and D in the eastern part of the caldera (Almberg, 2003). According to Byers, each 

lava bench consists of a lower pillow portion 30-90 m high capped by a 12-25 m thick 

subaerial pahoehoe flow. Almberg (2003) found that the bench of Cone D is made of a 

series o f hydrovolcanic deposits rather than pillow lavas. The subaerial lava is a 

plagioclase basalt, with up to 25% bytownite phenocrysts < 2 mm in size and 1% each 

of olivine and monoclinic pyroxene (Byers 1959). Atop these benches cinder and 

spatter cones o f the same composition were built, giving Cones C and D a “tuya” form 

(Figure 3.1). Byers et al. (1947) suggest, “that their feeders join at depth,” because of 

lithologic and chronological similarities. Fumaroles near the summit of Cone C, weak 

thermal springs at the base of Cone D and a general lack of dissection indicate that 

these vents may have been active within the past few centuries.

Cone F, near the southern wall of the caldera, is a symmetric cinder cone with a 

small aphyric basalt flow toward the north. This lava flow is exposed atop lake 

sediments, indicating that it formed after the draining of the first lake (Byers, 1959). Its 

undissected form indicates that Cone F was last active within the last few centuries, and 

stratigraphic evidence indicates that it is younger than Cone C (T. Neal, personal 

communication, 2003).

Cone E, in the western part of the caldera, is a composite cone with a pit crater 

800 m in diameter and a crater lake 150 m below the rim. Interbedded lavas, 

pyroclastic deposits and thick sequences of variably palagonitized hydrovolcanic 

deposits are exposed in the walls of the crater (Figure 3.2). Spatter fed lava flows from 

Cone E stretch nearly 3 km to the east. A part of one o f these flows makes up a 

vegetated kipuka near the center of the caldera floor, which is now surrounded by 

historical flows from Cone A. The lava is sparsely porphyritic basaltic andesite, some 

of the most silicic lava within the caldera.
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Figure 3.1 Cones C and D. A. Cone D from north in foreground, July 2000, 
showing prominent tuya form. Cones C and F in right background. B. 
Cones D (left) and C (right) from north by air, showing both lava benches 
Cone F in background. Dark melted patch in mid-foreground is thickest 
distal portion of 1997 lava flow, which was still warm in June 2001. 
Photos by author.
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Figure 3.2 Cone E crater wall. Several layers of lavas, pyroclastic deposits and
palagonitized hydrovolcanic deposits are exposed in the crater wall. View is to west. 
Photo by J. Eichelberger.
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Near the northern wall of the caldera is Cone B, a small cinder and spatter cone, 

with its associated lava flows. The cone was breached when huge blocks of agglutinate 

comprising the cone were rafted out on one of the latest flows. The lava from Cone B 

is aphyric to sparsely porphyritic basaltic andesite. Though much of the Cone B lava is 

ash-covered and slightly vegetated, one flow is very fresh and is likely the product of 

an historic eruption.

The youngest and most recently active vent in the caldera is Cone A, a 

composite cinder cone in the southwest sector. Examination of the air photos taken in 

1943 revealed a cone 85 m high and 414 m in diameter (see Table 5.1), with an 

extensive lava field up to 3 km wide and 4 km long (Figure 2.3). Eruptions in 1945, 

1958 and 1997 have extended the lava field across the caldera to the NE up to 8 km 

from the vent, and tephra from these and other smaller eruptions has increased the size 

of the cone by an order of magnitude (section 5.1). The lavas from Cone A are 

vesicular porphyritic basalt with phenocrysts of plagioclase < 2 mm in size and minor 

olivine and pyroxene.

3.2 Features not associated with specific major vents

Aside from the eight named cones, there are several other smaller features 

within the caldera. There are remnants of numerous minor vents now partly or wholly 

obscured by lava flows or ash cover (AVO, unpublished data). There is a small flow 

from a vent to the west o f Cone B which appears to be part of a longer fissure 

extending nearly 1.5 km toward Cone H, and another small flow from a vent 1 km NW 

of Cone A. Several tiny spatter cones appear on the alluvial plain between Cones C and 

D, each only 2-5 m high and 13-30m in diameter. A string o f maars is located 1.2 km 

SW of Cone B. Several thick sequences of palagonitized hydrovolcanic deposits, such 

as those 1 km east of Cone H and 1.5 km east of Cone A have not been attributed to 

specific source vents.

The large lava flows of 1958 and 1997 have disrupted drainage patterns within 

the caldera, causing a number of lakes to form. The largest of these is the lake located 

directly north of Cone D in the northeast part o f the caldera, which formed or was
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enlarged when the 1958 flow blocked the drainage between Cone D and the caldera 

wall. The uncertainty as to the time of formation of this lake is due to lack of data in 

the period immediately preceding the 1958 eruption. The lake does not appear on the 

1943 air photos, nor does Byers (1959) include it on his map. Yet, Reeder’s (1984) 

report of the eruption states that the lava flow “filled % of the lake in the NE part of the 

caldera.” Indeed, in a photograph by pilot E. Skinner on September 5, 1958 (Figure 

4.6), a lake does appear impounded behind the distal end of the flow.

Another lake formed where the 1958 flow butted up against the young Cone B 

flow, blocking drainage from the western part of the caldera. The 1997 flow blocked 

additional drainages, forming yet another small lake to the east of Cone G. Due to the 

permeability of the sediments and the vesicularity/porosity of the lava flows, these 

lakes can vary in size and some may not be permanent.

3,3 Remapping efforts

In 1998 the Alaska Volcano Observatory began a comprehensive reexamination 

of the geologic map of Okmok produced by Byers (1959). The map is being refined to 

reflect modem interpretations and to aid in the preparation of a hazards assessment for 

Okmok volcano as part o f AVO’s overall mission. This project contributes to the effort 

by providing an updated lava flow map for the caldera that includes the most recent 

effusive eruptions (Figure 2.8).
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CHAPTER 4: HISTORIC ERUPTION CHRONOLOGY

The historic eruption record for Okmok is limited to the past ~200 years (Table 

4.1). This is due to two main factors: the lack of written records kept by the native 

Aleuts, who have lived in the area for thousands of years (Black, 1975), and the 

commencement of Russian trading and exploration expeditions in the late 1700’s 

(Veniaminov, 1840; Grewingk, 1850). The Bering Expedition was one o f the first to 

visit the Aleutians, in 1741 (Veniaminov, 1840). Veniaminov (1840) credits Glotov, 

commander of the vessel Iulian, with the first landing on Umnak in 1759. Though 

many ships passed through the vicinity in following years (Grewingk, 1850), no 

documentation of volcanic activity at Okmok has been found to predate 1800.

In Bergsland’s (1994) Aleut Dictionary, the name Umnak (“Unmax”) is said to 

perhaps be a derivative of “una”, meaning “out there on the sea.” Alternatively, Orth 

(1967), who got much of his information from Geoghegan (1944), reports that the name 

comes from “umnaqs” meaning “fish line.” The origin of the name Okmok is 

unknown; it was called Unmagim Anatuu by the natives, meaning “the stout one of 

Umnak” (Bergsland, 1994). Tulik Volcano was called “Ismax” according to Bergsland, 

but Orth says the Aleut name “Tuliq” was reported by the U.S.Army Corps of 

Engineers in 1942 and means “crack or fissure.” It is interesting to note that the name 

Tanak (“Tanaxsiqax”, as in Cape Tanak) translates as “made into land” (Bergsland, 

1994), as the shoreline along the cape was extended outward by approximately 2 km 

during the first outburst flood from the caldera between 1560 and 1010 BP (Wolfe and 

Beget, 2002). The author prefers this interpretation to Orth’s (1967) report that the 

cape was named from the Aleut “tanaq” meaning “lace.”

4.1 Early Accounts

Okmok’s eruptive history as gleaned from written accounts is summarized in 

Table 4.1. The record begins with a questionable eruption in 1805, reported but not 

described by Hantke (1951), and not mentioned elsewhere in the literature. Since 

Hantke only says “eruption on Umnak,” it is uncertain whether this event is attributable
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Table 4.1 Historic eruptive record of Okmok Volcano

Date Repose
(yr.)

Vent*
(Cone)

Type of 
Eruption

Notes Referencesf

1805J — ? unknown “eruption on Umnak” Langsdorff, 1812 
Hantke, 1951

Mar. 1 or 2, 1817 
(to 1820?)

12 E?B? explosive >1 ft ash reported at 
Unalaska, destroyed 
Aleut village at Cape 
Tanak

Luetke, 1836 
Veniaminov, 1840 
Grewingk, 1850 
Hantke, 1951 
Wolfe, 2001

1824-1830 7 B? ash, lava? fissure? Grewingk, 1850

1878 48 A? unknown formation of new crater 
in caldera

Hantke, 1951

1899 21 A explosive ash to W&S of caldera Dunn, 1908

Mar. 21-May 13, 
1931

32 A? ash, lava? “smoke” Jaggar, 1931 
Coats, 1950

1936 5 A ash “smoke” Coats, 1950

1938 2 A unknown Coats, 1950; SS

June 1943 5 A ash very brief eruption Keller, 1991

June 4-Dec. 1945 2 A lava and ash observed by USGS 
geologists and army 
personnel at Ft. Glenn

Byers, 1947 
Robinson, 1948

Aug. 14-25, 1958 13 A lava and ash large lava flow, PIREP 
publ. years later

ADN; BVE, 1984

Oct. 15, 1960- 
April 15, 1961

2 A ash ash at Chemofski ranch 
on Unalaska Island, 
activity intermittent

ADN; BVE, 1986 
Holmes, 1994; SS

Mar. 24, 1981 21 A ash PIREP Miller et al., 1998

July 8, 1983 2 A ash,
s o 2/h 2s ?

PIREP, 1st satellite 
observation

BVE, 1986; SI, 1983

Nov. 18, 1986- 
Feb. 26, 1988

5 A ash intermittent activity SI, 1986, 1987, 
1988; SS

Feb. 11-Apr. 1, 1997 9 A lava, ash, 
fountaining

eruption confirmed by 
PIREPs, satellite 
imagery and on-site 
observation

SI, 1997
Miller etal., 1998 
McGimsey and 
Wallace, 1999

* Vent from which eruption issued is given where known (nomenclature of Byers), marked by ? where 
uncertain. See text for explanation, 

t ADN, Anchorage Daily News; BVE, Bulletin of Volcanic Eruptions; SS, Simkin and Siebert, 1994; 
SI, Smithsonian Institution, Scientific Event Alert Network (1983-1988), Bulletin of the Global 
Volcanism Network (1997) 

t 1805 eruption not corroborated by Langsdorff
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to Okmok. Langsdorff (1812), who traveled in the area from 1803-1807, stated, “The 

active volcano on Umnak.. .has been totally still for a fairly long time.”

The first confirmed activity at Okmok was a large explosive eruption around 

1817. There is a discrepancy as to the exact date and duration of the eruption. 

Veniaminov (1840) maintains it was March 2, 1817; Postels (in Luetke, 1836) alleges it 

occurred on March 1, 1820. Grewingk (1850) favors Veniaminov’s assertion and 1817 

is the date most often cited. However, Hantke (1951), who never visited the Aleutians, 

implies that Okmok was active during the entire four-year period and this is reflected in 

Simkin and Siebert (1994), though Hantke cites no specific references for his 

information. Whenever this eruption occurred (or perhaps there were two or more 

separate eruptions?), there is general agreement about what happened during the 

explosive phase. During a storm with heavy SW winds, “the range lying on the NE 

side of Umnak Island exploded.. .hurling great rocks for distances of up to 5 versts (~5 

km)” (Veniaminov, 1840), and carrying ash as far as Unimak Island (Luetke, 1836; 

Veniaminov, 1840; Grewingk, 1850). The strong earthquake accompanying the 

eruption frightened the inhabitants o f Unalaska, 120 km ENE of Okmok, who 

reportedly woke in the morning to find up to a foot of ash on the ground in some places 

(Luetke, 1836; Veniaminov, 1840; Grewingk, 1850). Iliuliuk creek, which flows 

through Unalaska village, was reportedly so clogged with ash that it supported no fish 

for almost a year thereafter (Luetke, 1836; Grewingk, 1850). Though these reports all 

mention heavy ash fall in Unalaska, today no such thick ash layer can be found to 

substantiate this claim. It is quite possible that these eyewitness accounts overestimated 

the thickness of the deposit. It is also likely that any ash that was deposited in Unalaska 

has long since been eroded by the wind and rain action notorious in the Aleutians. 

Fieldworkers on Chuginadak Island in 2002 reported that the 2001 Cleveland ash fall 

on the island was approximately 20 cm thick up to 5 km from the vent, but still, no 

coherent layer can be found now, just some windblown pockets (J. Dehn, personal 

communication, 2003).
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The Aleut village of Egorkovskoe (or Adus), located on Cape Tanak (formerly 

called Egorkovskoi) on the northernmost end of Umnak, was destroyed by the 1817 

eruption while its inhabitants were hunting in the Pribilof Islands (Grewingk, 1850). 

The villagers relocated to the Inanudak isthmus (Figure 1.1) and in 1830 to the present 

site o f Nikolski (Grewingk, 1850; Veniaminov, 1840). Because of the distance from 

the eruption source within the caldera, it is unlikely that the explosion itself was 

responsible for depositing the large boulders found near Cape Tanak. Wolfe and Beget 

(2002, and Wolfe, 2001) note a distinct absence of a thick enough tephra fall deposit at 

the site to bury a village. Rather, it is more likely that the boulders and gravel were 

carried in a syneruptive ash-laden outburst flood from Okmok caldera, either by 

disruption o f an intracaldera lake or by melting of snow during the eruption. 

Radiocarbon date ranges for a 50-75 cm sand and gravel deposit found at Cape Tanak 

bracket the date of an outburst flood from the caldera between 1636-1951 AD from one 

soil sample, with a 55% probability between 1726-1813 AD, and between 1806-1931 

AD from a second soil sample (Wolfe, 2001). These dates correspond well with the 

date of this eruption and support this hypothesis.

It is possible that this explosive eruption originated from Cone E within the 

caldera because of the large, fresh pit crater in that cone that must have been formed by 

a forceful explosion quite recently. Alternatively, field evidence suggests that the 

eruption may have been through the intracaldera lake, originating at the site o f Cone B, 

which is located close to the breach in the caldera wall (J. Beget and T. Neal, personal 

communication, 2003).

According to Grewingk (1850), Luetke reported an eruption on the northeast 

end of Umnak Island, during which a “mountain ridge opened up” in 1824 and was still 

“smoking” in 1830. He also says that Postels (in Luetke, 1836) erroneously reported 

the activity as stretching along the northwest coast, but does not mention on what basis 

this presumption of error is made -  perhaps the eruption was merely viewed from off 

the NW coast and appeared nearer than it was. I interpret these two reports as 

describing a linear (fissure) eruption and postulate that it may have taken place along
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the chain of small vents within the caldera that extends west from Cone B. This 

assumes fire fountains reaching above the caldera rim (500 m or more in height). 

Though similar “curtains of fire” are often seen at other volcanoes such as Kilauea and 

Mauna Loa (Barnard, 1995; Heliker and Mattox, 2003), the maximum height of 

fountains recorded during the current ongoing Pu’u ‘O’o-Kupaianaha eruption of 

Kilauea is 470 m (Heliker and Mattox, 2003), so a fissure eruption to over 500 m is 

unlikely. Perhaps the observer saw the red glow of the eruption reflected on the 

underside of a low cloud deck. The relative freshness of the deposits from this arcuate 

fissure supports a historic time frame. There is also a young lava flow from Cone B 

that is so fresh it was originally mistaken for 1958 lava during field work in 2000 and 

could have been erupted during this time frame as well.

A new crater is reported to have formed within the caldera in 1878 (Hantke, 

1951), accompanied by earthquakes and a tsunami (location unknown). This could 

refer to the birth of Cone A, but since Hantke offers no additional information or 

references to support this notion, the report is apocryphal at best. It is intriguing to note 

that eruptions are also reported at Vsevidof, on the southwestern end of Umnak Island, 

in 1817, 1830 and 1878 (Miller et al., 1998). Of particular interest is the suggestion by 

Miller et al. that the 1878 activity o f Vsevidof “may have been from a radial fissure 

eruption on the west flank; this event may have produced the youngest dacite flow, 

which extends west-southwest to Cape Kigushimkada”(Figure 4.1). Such a fissure 

eruption would probably produce earthquakes and could account for Hantke’s “new 

crater,” though not located inside a caldera. It is thus possible that Hantke 

misinterpreted the location of the 1878 activity, and there may not have been an 

eruption at Okmok in that year at all.

An explosive eruption is said to have occurred in 1899 (Dunn, 1908). Robert 

Dunn (1908) details his visit to Umnak Is. while “vulcaneering” in the Aleutians. After 

landing on the beach south of Cape Aslik (Figure 4.2), he hiked up the slope past Jag 

Peak to the top of the ridge (the WSW rim), where he first laid eyes on the caldera:



Figure 4 .1 Geologic map of Mt. Vsevidof. Units Qc and Qvf on left show location 
of 1878 western rift eruption, which may have been mistaken for an eruption of 
Okmok. From Miller et al., 1998.



Figure 4.2 Map of Umnak Island by Robert Dunn. His route up to the caldera rim 
Okmok is indicated by dashed line.
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Below, yawned simply one titanic crater, five miles from far side to side, if  one 

single inch. Strewn on its floor, like toys perfectly carved, rose seven ash-cones; 

cones varied from symmetrical mounds that towered upon quite circular steep 

terraces, up to 500 feet and more, to the broken, chaotic black thing, like a big 

sand dump right under me. And that was the living soul of the discovery. Out of 

some vague cavern in its midst, undulated a column of white steam, a serpent-like 

Atlas, buoying the world’s cloud-cover.

Dunn also observed the ash spread to the west and south of the caldera: “The 

devastation reached between four and five miles from the crater edge. This, o f course, 

was the eruption of 1899.” Judging from Dunn’s description of his location and his 

map, his black “sand dump” is likely Cone A, thus implicating the then undeveloped 

cone as the source of this event (Figure 4.3). Dunn is the first white man known to 

recognize the existence of the caldera and name it: “The best name for the mountain as 

a whole, seems to be Okmok, for under that name its last eruption was observed.” 

There is no mention, however, o f the original use or meaning of the name.

Jaggar (1931) relates the journal entry of Mrs. Esther Wendhab, who tended 

seismographs in Dutch Harbor, on March 23, 1931:

Captain Nelson of the Eunice reported a volcano smoking terribly with 

thick black fumes, where before he had only observed white steam, at 

Tulik on Umnak Island. He passed it March 21 and so unusual was its 

action he believes it is about to erupt. There was no record on the 

seismograph.

This eruption is reported to have continued at least until May 13 (Jaggar, 1932; Coats, 

1950), when “smoke” was still observed. Because activity is recorded as lasting nearly 

two months, this may have been a time of development o f the pre-1943 Cone A lava 

field. Byers (1959) noted that the pre-1943 lavas to the northeast of Cone A were 

nearly identical in appearance to the 1945 lavas and would have been nearly 

indistinguishable had the 1945 eruption not been so well observed. Also, Freiday



Looking clown into the big crater of the O k m o k  Volcano, U m m t k  Island, which is five miles from one side to the other*

Figure 4.3 Photograph of Okmok Caldera in 1906. View is from SW caldera rim. Infant Cone A steaming in 
foreground. Cone C visible to left in background, and Cone F barely visible just to left of steam cloud. See 
section 5.1 and Figure 5.2 for comparison with more recent photos and discussion of Cone A growth. Photo by 
R. Dunn.
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(1945) reported that parts of what he called the “WAVE SPAR WAC” flow (the Cone 

A lava field, Figure 4.4) were melted out of the snow when he flew over the caldera 

(see also Figure 5.2). The date of his visit is not specified, but probably during the 

winter of 1942-1943 and again in early summer 1943. Hantke (1951) calls 

for simultaneous eruptive activity at Okmok and Tulik in 1931, but the deeply glaciated 

state o f Tulik precludes it having been active in historic time (Coats, 1950; Miller et al., 

1998). Coats (1950) lists additional eruptions in 1936 (“smoke”) and 1938 (Anchorage 

Daily Times, October 20, 1938), but no details are available for these events. They 

likely consisted o f low level strombolian or phreatic activity and probably occurred at 

Cone A, the vent from which all subsequent verifiable activity has originated.

4.2 WWII Observations

In 1942, Ft. Glenn army base was established on the eastern end of Umnak 

Island to provide air defense for the naval base at Dutch Harbor during World War II 

(and decommissioned in 1950). Until then, Okmok caldera did not exist on maps by 

the U.S. Coast and Geodetic Survey or the Navy Hydrographic Office (Freiday, 1945). 

The Army Corps of Engineers must have been the first to map it in 1943. Freiday 

accounts his visit to Umnak Island during his tour with the U.S. Navy. Upon reaching 

the rim of the caldera, he and his comrades thought the giant crater must have been seen 

first by an Army or Navy pilot (not knowing about Dunn’s visit in 1906 and 

discounting the possibility o f inland exploration by Aleuts). They “christened it 

‘Zoomie Crater’ and named the features of the floor after the various branches of the 

services.” (Figure 4.4) The fact that they did not recognize Cone A as a cinder cone 

suggests that it had not developed much before the 1940’s eruptions.

Servicemen stationed at Ft. Glenn would occasionally trek into Okmok caldera 

looking for adventure as evidenced by the occasional spent shells found on the caldera 

floor. One sunny afternoon in June 1943, two GIs drove up to the caldera rim near the 

base of Tulik cone and rappelled down to the crater floor, probably between the sites of 

the small intracaldera glacier and Cone F (Keller, 1976 and 1991). After spending the 

day hiking across the caldera, one of the men twisted his ankle on their way back and



Cone A
ConeD ConeB ConeF J, ______ __ __ Y

S B r f c O N C ' “ARMY CONE” “COAST GUARD CONE" "WAVS SPAR WAC R O W "

! ConeC 1
H I  ‘"MARINE CONE'*

’’GLACIER GAP'

Figure 4.4 Freiday’s “Zoomie Crater” . Panorama of Okmok caldera from north rim in 1943. Navy personnel nicknamed the 
various cones for branches of the military : Navy Cone (D), Army Cone (B), Marine Cone (C), Coast Guard Cone (F), and 
WAVE SPAR WAC flow (includes Cone A); as well as Lake Vent (E). Note that Cone A is not recognized as an 
individual cone. Note extensive drainage pattern on alluvium through central part of caldera, which was later disrupted 
by 1958 and 1997 lava flows to form lakes. Photos from Freiday, 1945.
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they were forced to spend the night inside the “Devil’s Brewpot.” Mr. Keller’s account 

o f their overnight experience follows:

A trembling of the earth woke me, and the whole crater was alight with a 

rosy glow. That was a horrible awakening! Right inside a volcano, and it 

was coming to life! There was a deep, rumbling sound, and a nearby cone 

was hissing. About that time another cone some distance away burst forth 

with a magnificent display of pyrotechnics...By the time we reached the 

cliff the shaking had abated, but rocks were rolling down the steep incline 

to the bottom...A  fine black ash began drifting down upon us, and as 

suddenly as it had begun, the shaking stopped. The rosy light faded away 

and the crater resounded with a deafening silence.

Though this was a minor eruption, it was enough to terrify the two men, who based on 

Keller’s description were approximately 4 km away from Cone A, the vent that had the 

brief fountaining (again, from Keller’s description) event. The cone they heard hissing 

was probably Cone C, which is near the location where they descended into the crater 

and still has active fumaroles at its summit (field observations, 2001). Alternatively, it 

could have been sound from Cone A reverberating off of Cone C or the caldera wall. 

Reflecting on his adventure, Keller (1976 and 1991) writes:

Volcanoes are considerate, in a way. They always give some sort of 

warning -  rumblings, puffs of steam and fire and ash -  before they really 

go into action. It was 2 years later that Tulik Volcano finally put on the 

gigantic show it had been practicing for. On June 4, 1945, the volcano 

broke out with an angry roar, belching smoke and flame.

The 1945 eruption was fairly well documented (Miller et al., 1998; Robinson, 

1948; Wilcox, 1959; Byers, 1947). Robinson gave a detailed account of his visit to 

Okmok at the request of Lt. Gen. Delos C. Emmons, Commanding General of the 

Alaskan Department, who was concerned for the safety of Ft. Glenn army base. The 

eruption is believed to have begun on June 1, when a sharp earthquake was felt at Ft. 

Glenn. Cloud cover delayed the first observation until June 4, when pilots reported
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black ash rising to 3000 m. Weather precluded further observations until June 10, when 

the clouds and fog finally cleared. Robinson and his fellow party members witnessed 

strombolian activity of Cone A from the caldera rim, along with the accompanying lava 

flow (Figure 4.5). An excerpt from Robinson’s description:

A steady roar, like that o f a railroad locomotive at the far end of a long 

tunnel, was punctuated every 1 0  to 15 seconds by a violent explosion 

which threw red-hot blobs of lava more than a thousand feet above the 

cone...About once a minute there was a particularly violent explosion in 

which bombs, some several feet long, were thrown far out on the caldera 

floor...A stream of lava, glowing red even in the bright sunlight, issued 

from a fissure in the southwest base of the cone, poured over a cliff as a 

“lava fall,” and turned down a depression to the northeast toward the 

center of the caldera.. .Near the lava vent were three miniature volcanoes 

only a few feet high, throwing innumerable blobs of bright orange-hot 

lava into the air like many-armed jugglers and giving off, with a high- 

pitched hiss, large volumes of faintly bluish gases. The sides o f the tiny 

volcanoes were spectacularly colored with white, yellow, orange, and red 

deposits made by the rising gases.

Robinson’s crew also noticed 5 cm of ash accumulated on the caldera rim on 

June 10, and observed that the lava flow rate was about 0.15 m/s, and the flow had 

reached 1200 m long. By the end of the eruption, which continued intermittently until 

December 1945, the main flow lobe reached about 6 km in length, with a second flow 

lobe about 2.5 km long to the north of the cone (Figure 1.2). The estimated average
7 3thickness of the first lava lobe is 12 m. Estimated lava flow volume is 1 x 10 m 

(BVE, 1984) to 2 x 107 m3 (Byers et al., 1947). The summit of Cone A had two craters 

before the eruption (Robinson, 1948), whose rim heights were estimated at 150 m for 

the NW vent and 120 m for the SE vent. After the eruption, the SE vent, which had 

been the active vent for the duration of the 1945 eruption, had grown by an estimated 

30 m (Robinson, 1948).
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Figure 4.5 Photos of 1945 eruption. A. Erupting Cone A seen from caldera rim. View 
to NE (Cone D in background). Steaming area to right of cone marks where lava 
flow emerging from base of cone flows up against small intracaldera glacier. B. 
Geologists walk across ash-covered snow toward Cone A from base of caldera wall. 
Steaming left (SW?) side of cone may mark fissure mentioned by Robinson (1948). 
C. Eruption as seen from the air. All photos from Robinson, 1948.
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4.3 Late 20th Century Eruptive Activity

After a 13-year hiatus in reported eruptive activity, Okmok returned to life the 

evening of August 14, 1958. Eruptive activity was first reported by sheep ranchers on 

northeastern Umnak, and by Reeve Aleutian Airways personnel on the island 

(Anchorage Daily News/Times, August 15, 16, and 19, 1958). Reeve pilot Everett 

Skinner flew from Dutch Harbor to Nikolski on the SW end of Umnak Is. on the 

morning of August 15 and observed an ash plume over Okmok reaching 5.5-6.0 km 

(Bulletin of Volcanic Eruptions (BVE), 1984). On his return flight from Nikolski, 

Skinner flew inside the caldera to photograph and observe the eruption (Figure 4.6).

The active vent was Cone A, where two -35 m-high lava fountains at the NE base of 

the cone fed a basaltic ‘a’a lava flow extending to the NNE, eventually reaching 7.8 km 

in length and covering 9.36 km (Figure 4.7) (BVE, 1984). According to James Bynum 

(Anchorage Daily News, August 29, 1958), the flow was still active on August 29, but 

when Skinner flew by Okmok again on September 5, he saw only steam rising from the 

cone and flow (Figure 4.6). Thus, the effusion rate must have been relatively high in 

order for the flow to reach its full length in only two weeks. John Reeder estimated a 

mean thickness o f 12 .8  m and a volume of 1.2  x 1 0 8 m3, which is 6 - 1 2  times larger than 

the estimated volume of the 1945 flows at 1-2 x 107 m3 (BVE, 1984).

An eruption that began in October 1960 produced enough ash to reach 

Chemofski Sheep Ranch on western Unalaska Island (Figure 4.8; Holmes, 1994). 

According to John Reeder o f the Alaska Division of Geological and Geophysical 

Surveys, who interviewed Milton Holmes, resident Chemofski rancher, “there were 

times when Milton could see lava shooting above the Okmok caldera only to fall back 

in. When the wind was not blowing, a red glow could be seen from the crater. At one 

time, he had to wear goggles while riding range because the ash was so thick” (BVE, 

1986). A concurrent report in the Anchorage Daily Times on October 17, 1960, states 

that Reeve Aleutian Airways passengers and crew “were treated to an unexpected show 

of fireworks — the eruption of Tulik volcano” on October 15, involving a “black cloud 

9,500-feet into the air” and “a 15-mile lava flow.” The flight attendant was quoted as
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Figure 4.6 Photos of 1958 eruption. A. Cone A in eruption August 15, 1958, at 
noon. View from north. Actively flowing channel of lava originates from base 
o f fountaining fissure through the cone (arrow). B. Steaming NE (distal) portion 
o f lava flow seen from north on the morning of September 5, 1958, shows that 
flow had reached full length by this date. Note lake impounded behind flow to 
E, indicating that a lake already existed, or formed within days o f drainage 
blocking. Photos by E. Skinner, Western Electric.



54

Figure 4.7 Sketch outline of 1958 lava flow. Pencil tracing o f caldera features 
from 1983 aerial photograph. 1958 flow outlined in red, dashed where uncertain. 
Other flows outlined include the 1945 lava flow, older Cone A lava flow field, and 
parts of Cone B and E lava flow fields.
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Figure 4.8 Location map of Chemofski Sheep Ranch on Unalaska Island. A. Map 
showing location of Chernofski ranch in relation to Okmok caldera. Map from 
Reeder, 1986. B. View toward Okmok (snow-covered ridge in distance) from 
Chernofski ranch. The snow-covered peak at left in the background is Mt. Tulik, 
Photo by Milton Holmes.
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seeing “red lava and chunks of rock flying through the air at the base of the volcano.” 

This report is perplexing because in distinguishing between Tulik and “Okmak Crater,” 

it limits the probability of misidentifying the active vent; yet as mentioned earlier, there 

is no geologic evidence to suggest an eruption from Tulik in historic times.

Furthermore, there are no young lava flows associated with Tulik, and the maximum 

length of any lava flow exposed within the caldera is 7.8 km (the 1958 flow); there is 

no lava flow reaching 15 mi (25 km) in length anywhere on Okmok. Either the report 

was exaggerated or the number is a misprint and should have read “5 -mile,” which 

would be reasonable. However, despite the vigorous level of activity implied by 

Holmes’ observations and the Times report, no lava flow has been identified associated 

with this activity. It is probable that this was a brief burst of lava fountaining and the 

flow the Reeve passengers saw was the fresh 1958 flow.

There is also one report of light ash fall in the community of Unalaska, 120 km 

ENE of Okmok in the late fall of 1960 (BVE, 1986). Since neither Makushin nor 

Akutan volcano was erupting at the time, nor were those volcanoes immediately west 

of Okmok, that ash probably came from Okmok. Simkin and Siebert (1994) list the end 

date for this eruption as April 15, 1961. Based on measurements o f tephra thickness 

within Okmok caldera by Reeder in 1980 and on western Unalaska Is. by Holmes in 

1961, the estimated total bulk volume of tephra from this eruption is “greater than 1 x 

107 m3” (BVE, 1986). It is possible that Reeder may have included tephra from the 

1958 eruption in his calculations and overestimated the 1960 eruptive volume, since no 

lava flow is identified associated with this event.

Additional small ash eruptions from Cone A were reported by pilots on March 

24, 1981 and July 8 , 1983 (Miller et al, 1998). The 1983 eruption is the first from 

Okmok to have been observed by satellite imagery (Smithsonian Institution, 1983). A 

100 km long plume was recognized in one NOAA 7 image at 1716 local time on July 8 

(0216 UTC on July 9), but was not seen on images 12 hours earlier or later. This was 

apparently only a brief puff of ash and steam, accompanied by sulfurous gases, as 

reported by Aleutian Air pilot Tom Madsen (BVE, 1986).
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Beginning on November 18, 1986, intermittent ash emission from Cone A 

occurred and was reported by pilots until February 26, 1988 (Smithsonian Institution, 

1986, 1987, 1988). One pilot noted that Cone A appeared to have grown during this 

time (Smithsonian Institution, 1987), but no new lava flows were observed.

4.4 1997 Eruption

The latest eruption from Okmok began on or shortly before February 11, 1997 

and originated at Cone A. An excellent synopsis o f the eruption is found in U.S. 

Geological Survey Open File Report 99-448 (McGimsey and Wallace, 1999) and is 

paraphrased here. Possible precursory activity included a steam plume observed by a 

passing pilot on November 11, 1996. The next report was of a dark plume, witnessed 

by a pilot and passengers en route from Atka to Dutch Harbor on February 11, 1997. 

Because these observations were not immediately reported, and because AVO did not 

yet have seismic instruments deployed on Umnak Island, AVO first became aware of 

unrest at Okmok with the detection of a thermal anomaly in Advanced Very High 

Resolution Radiometer (AVHRR) satellite imagery on February 13, 1997. The 

beginning of the eruption was confirmed with a phone call from ranchers at Ft. Glenn, 

15 km E of Cone A, who reported a dark plume rising to 3000 m ASL and drifting to 

the SW.

Inclement weather prevented further observation until February 18, when pilots 

reported an ash plume to 4600 m, and ranchers at Ft. Glenn reported a red glow 

reflected on the underside of clouds over the caldera. This was the first verification of 

lava at the surface. The thermal anomaly detected in AVHRR imagery continued to 

grow to 22 pixels by February 22. At this time, a Ft. Glenn rancher who had climbed to 

the caldera rim reported a lava flow extending 0.8 to 1.5 km northeast from Cone A.

On February 28, a National Oceanic and Atmospheric Administration (NOAA) 

research crew passing by in a helicopter spent about twenty minutes flying inside the 

caldera, capturing six minutes of video footage and several still photographs of 

strombolian fountaining activity at Cone A. The photos document that the first (NE) 

lava flow lobe had reached its full length of 5.5 km from the base of Cone A by
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February 28 (Figure 4.9), and the second (N) lobe had not yet begun to emanate from 

the cone.

The satellite thermal imagery suggest that the second (N) lobe began to form 

sometime between March 1-4 (Moxey et al., 2001). Over the next three weeks, several 

pilot reports (PIREPs) were issued and satellite imagery continued to show high 

thermal activity and occasional ash plumes (AVO, unpublished data). On March 11, a 

PIREP reporting ash to 9000 m prompted the Federal Aviation Administration to issue 

a NOTAM (Notice to Airmen; contents unknown). The largest thermal anomaly in 

AVHRR was on March 12 with 19 saturated pixels (Patrick, 2002). This probably 

coincides with the maximum areal extent of the lava flow, while low-level effusion, 

perhaps reactivated on the first (NE) lobe, likely continued until sometime between 

March 26-31 (Moxey et al., 2001; Patrick, 2002, Patrick et al., 2003). The presence of 

multiple flow units within the distal portion of the first (NE) lobe, as seen on Iknons 

imagery and in the field (Figure 4.10) suggests multiple pulses of effusion on this part 

o f the flow. Three units were initially recognized, but field investigations suggest that 

the third (top) unit is perhaps an apparent additional unit, the result o f lava flowing over 

a drop in the underlying 1958 flow. Intermittent ash bursts and low plumes continued 

for the next several months (McGimsey and Wallace, 1999).

When the 1997 eruption of Okmok was over, the resulting lava flow covered a 

total area of 8.8  km or about 1 0% of the caldera floor, based on the lava flow map 

produced in this study. Previous estimates range from 7.5 km2 (Moxey et al, 2002) to 

9.8 km2 (Lu et al., 2003). With thickness varying from 5-45 m (Lu et al., 2002 and Lu 

et al., 2003), the calculated bulk volume is 1.5 x 108 m3 (Lu et al, 2003). As of this 

writing, there has been no further eruptive activity at Okmok, though Cone A does 

occasionally exhibit heavy steaming.
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Figure 4.9 1997 eruption in progress as seen on February 28. Seventeen days after 
the start o f the eruption, the first main lobe of the lava flow from Cone A 
(with ash plume in background) has reached the base of Cone D (foreground). 
Note the small early lobes to right of base o f Cone A, and that the second main 
lobe has not begun flowing as of this date. Photo by John Sease, NOAA.
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Figure 4.10 Multiple flow units of 1997 lava flow. A. Close-up of line tracing of distal 
portion of first lobe of 1997 lava flow, showing complexity of flow surface and 
evidence for multiple pulses of lava effusion during the course of the eruption. The 
three flow units recognized are labeled 1-3, and locations of photos B and C are 
also labeled. B and C. The multiple flow units as seen in the field. It is possible 
that the 1997 lava flowing over a drop in the underlying 1958 flow (C) may have 
resulted in an apparent third unit, but at least two distinct units are evident. 
Geophysicist for scale is 2 m tall.
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CHAPTER 5: RESULTS

5.1 Evolution of Cone A

Before this study began, it was known that Cone A was a very young cone, and it 

was believed to have grown to its present size over a period of 150-200 years. Previous 

reports have indicated that probably all historic eruptive activity has originated from 

Cone A (Byers, 1959; Miller et al., 1987). The findings presented here indicate that 

perhaps Cone A is even younger than previously thought.

A visual comparison can be made between the size o f Cone A on the USGS 

topographic map from 1943 and a comparable map generated from the AirSAR DEM 

produced in 2000 (Figure 5.1). It is also of interest to note the topographic changes 

induced by the 1958 and 1997 lava flows, where the surface of the center of the caldera 

is now about 60 m (2 0 0  ft) higher than before.

Figure 5.2 shows a photographic comparison of Cone A between the times of 

Dunn’s (1908) visit in 1906, Freiday’s (1945) exploits in 1943, and AVO’s seismic 

network installation in 2002. Given how small the cone was in 1943, which can also be 

seen on the 1943 aerial photographs (Figure 2.3), and the fact that it is nearly 

unrecognizable in 1906, there is good reason to believe that perhaps Hantke (1951) was 

right about a new crater forming in 1878, though how he would have known that is still 

a mystery. If that is the case, then Cone A is only 125 years old.

Measurements of the cone diameter, cone height and crater diameter of Cone A 

were obtained for 1943 from the Army series topographic map and for present from the 

post-1997 AirSAR DEM. These measurements were used to calculate an approximate 

volume (V) of the cinder cone for each of these dates using the formula for a frustum 

(truncated cone):

V = — ( r 2 + + r 2 )^  V co cr co cr )

where h is the height of the frustum, rco is the radius of the cone base, and rcr is the 

radius of the crater (Figure 5.3). This approximation can be refined further to account
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Figure 5.1 Topo map comparison of Cone A from 1943 to 2000. A. Caldera section 
of USGS map with 2 0 0  ft contour interval, published at 1:250,000 scale. Notice 
size of Cone A compared with other cones in caldera. B. Topographic map with 
200 ft contour interval generated from AirSAR DEM data from 2000 using 
Global Mapper software. Notice that size of Cone A is now comparable to the 
other large intracaldera cones and the cone has changed shape as well. Also note 
the topographic changes on the caldera floor due to 1958 and 1997 lava flows.
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CapIan-A uerba|Ji

Figure 5.2 Photographic comparison of Cone A from 1906 to 2002. A. 1906 photo from 
SW rim of caldera records infant Cone A steaming after 1899 eruption (R. Dunn). B. 
1943 oblique aerial photo from above W rim shows cone A reaching adolescence (D. 
Freiday). C. 2002 photo from W rim reveals that Cone A has matured into cinder 
cone adulthood (J. Caplan-Auerbach). See inset for locations, which were plotted by 
correlating 3 features recognizable on all three photographs (labeled 1,2,3) with a 
topographic map.
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H = height of cone 
Hcr = depth of crater 
Rc0 = radius of cone 
Rcr = radius of crater

Figure 5.3 Values used to calculate volume of cinder cone. Cinder cone volume may 
be approximated by calculating the volume of a frustum with radius of cone and 
crater and height of cone and subtracting the volume of an inverted cone with 
radius and depth of crater.
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for the volume missing from within the crater by subtracting the volume of an inverted 

cone:

v  = \ K K

where rcr is the radius o f the crater and hcr is the crater depth, which in this case is 

approximately half the cone height. The measurements and results are summarized in 

Table 5.1, and show that the height and width of Cone A have more than doubled and

Table 5.1 Volume calculations for Cone A. Because Cone A is not symmetrical in all 
dimensions, these are average measurements. Crater radius includes average of both
craters at Cone A summit._____________________________________________________
Year h (m) rco(m) hcr(m) rcr(m) Frustum Cone Volume

Volume (m3) (m3)
1943 85 207 40 75 5.70 x 106 5.46 x 106

1997 200 500 100 185 7.89 x 107 7.53 x 107

the volume has increased by an order of magnitude since 1943. Because there are no 

other reliable cone measurements available of sufficient resolution (the pre-1997 DEM 

was produced by ERS InSAR processing, which yielded loss of coherence in the 

vicinity of Cone A; Z. Lu, personal communication, 2003), it is impossible to break 

down the growth of Cone A by eruption. However, Robinson (1948) did note that 

during the 1945 eruption the active crater -  the SE crater -  grew in height by about 30 

m to become higher than the NW crater. Reeder (1984) stated in his report of the 1958 

eruption that Cone A had grown to the SW, covering part of the 1945 lava flow, but 

does not give a cone height. He reports no notable topographic change after either the 

1960 or 1983 eruption (Reeder, 1986). In the 1997 eruption the active crater was the 

NW crater, which is now slightly higher than its sister crater.

5.2 Compositions of Intracaldera Lava Flows

Post-caldera lavas are of medium-K, calcalkaline affinity and range from basalt 

to andesite in general composition (Figure 5.4). In general, the most silicic lavas come
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Figure 5.4 Chemical classification of Okmok intracaldera lavas. Ranging from 
basalt to andesite in composition, the intracaldera lavas cluster into two distinct 
groups (dark gray). The more mafic group includes lavas from Cones A, C and 
D. The more silicic group includes Cones B, E, F, G, and H. See text for 
detailed discussion of these groupings. For comparison, compositions of the 
2050 BP caldera forming eaiption ignimbrite (andesite) and airfall (rhyodacite) 
deposit are plotted in light gray (J. Larsen, unpublished data). Diagram after 
LeBas et al., 1986.
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from the earliest post-caldera cones. All o f the recognized flows have ‘a’a surface 

texture and vary in vesicularity, with higher bubble content near the margins and 

surface and more massive character where flow interiors are exposed. Samples for 

Cones G and H were taken from solid outcrops within the crater walls rather than flows 

on the caldera floor. Sample locations are listed in Appendix A. On a large scale all of 

the lavas look very much alike aside from age and corresponding ash and/or vegetation 

cover. But in hand sample some significant differences become evident. The lavas 

from Cones B, E, F, G, and H are generally phenocryst-poor and the few crystals 

present are mostly quite small (<0.5 mm). Plagioclase and pyroxene often occur 

together in clumps. The lavas from Cones A, C and D, on the other hand, are 

phenocryst-rich and have larger (0.5-2 mm) crystals dominated by plagioclase but also 

including pyroxene and lesser olivine.

5.2.1 Major Element Analyses

Major element analyses of intracaldera lavas identified by cone are listed in 

Table 5 .2 . Examination of SiCE variation diagrams (Figure 5.5) reveals two distinctly 

different trends, which appear to represent two separate magma systems beneath the 

caldera (Figures 5.4 and 5.6). One includes lavas from Cones C, D and A (the southern 

group), which are more primitive, varying from 50.4 to 52.4 wt.% Si0 2 , and show an 

iron enrichment trend. The other includes lavas from Cones G, H, E, B, and F (the 

northern group), which are more evolved, varying from 53.6 to 57.8 wt.% Si0 2 , and 

show an iron depletion trend. The northern group is located closer to the pre-caldera 

rhyolites, suggesting a propensity for higher-SiC>2 magma generation at depth beneath 

the northern part of the caldera.

The trends seen in the northern group are generally linear, with a few exceptions. 

Cone G lavas plot lower than the rest of the group in TiC>2, FeO, MnO and MgO and 

higher than the rest of the group in AI2O3. Cone H, the most silicic o f the post-caldera 

lavas, plots above the rest of the group in P2O5 and off-axis from the trend in TiC>2 and 

MnO. AI2O3 varies little with Si0 2  in this group. There is more scatter in Ti0 2  and 

P2O5 than in the other plots.



Table 5.2 Major element analyses of intracaldera lavas

Sample #t Source vent Si02 A1203 Ti02 FeO* MnO CaO MgO K20 Na20 P205

01DGOK061
Cone A 

pre-1943a 51.96 18.24 1.04 9.04 0.18 11.04 4.81 0.67 2.88 0.15
01DGOK181 pre-1943b 51.49 19.33 0.94 8.44 0.16 11.47 4.65 0.63 2.76 0.13
01DGOK201 pre- 1943b 50.95 19.82 0.89 8.28 0.16 12.01 4.56 0.53 2.68 0.11
46AHp683 1945 50.55 19.72 0.97 8.49 0.18 11.97 4.64 0.58 2.71 0.19
QAF452 1945 51.07 19.88 0.88 8.08 0.15 12.04 4.60 0.53 2.65 0.12
01DGOK141 1945 51.05 19.52 0.92 8.49 0.16 11.90 4.61 0.55 2.68 0.12
01DGOK151 1945 51.05 19.80 0.89 8.22 0.16 12.01 4.57 0.53 2.66 0.12
01DGOK131 1945or58 51.92 17.95 1.05 9.19 0.18 11.09 4.92 0.67 2.89 0.15
01DGOK051 1958 51.83 18.13 1.05 9.20 0.18 11.13 4.81 0.67 2.87 0.15
BF00-1958F1 1958 51.35 19.22 0.93 8.57 0.16 11.79 4.64 0.56 2.65 0.13
OlDGOKll' 1997 52.11 16.07 1.28 11.01 0.20 10.28 5.18 0.71 2.99 0.16
01DGOK121 1997 51.98 16.02 1.28 11.20 0.20 10.26 5.17 0.73 2.98 0.16
01DGOK211 1997 52.30 15.78 1.34 11.37 0.21 9.93 5.07 0.77 3.06 0.17
01DGOK221 1997 52.41 16.07 1.30 10.76 0.20 10.17 5.14 0.74 3.03 0.17
BF00-1997F1 1997 52.38 16.01 1.35 11.26 0.20 9.88 4.93 0.79 3.02 0.18
OINYOIO1 1997 52.42 15.77 1.35 11.53 0.21 9.75 4.89 0.79 3.12 0.18
BF00-A11 1997 52.08 17.11 1.23 10.38 0.19 10.41 4.77 0.74 2.93 0.17

46ABy63 Cone B 54.36 15.76 1.56 10.81 0.21 8.28 4.02 1.26 3.50 0.25
BF00-B11 Cone B 54.86 15.90 1.36 10.43 0.20 8.37 4.02 1.10 3.54 0.21
BF00-B21 Cone B 54.96 15.83 1.37 10.43 0.20 8.40 4.00 1.10 3.51 0.21
QCF12 Cone C 50.35 19.05 1.05 9.02 0.17 11.92 4.94 0.63 2.72 0.16
QCF22 Cotip C 50.76 18.61 0.96 8.70 0.17 11.66 5.86 0.55 2.58 0.15
QCF32 Cone C 50.94 18.69 1.03 8.98 0.17 11.67 5.15 0.57 2.65 0.15
QCF52 Cone C 50.61 18.96 1.01 9.06 0.17 11.81 5.11 0.57 2.55 0.15
BFOO-Cl' Cone C 52.00 17.00 1.24 10.03 0.19 10.58 5.15 0.72 2.91 0.18
QDF12 Cone D 50.88 18.19 0.94 8.92 0.17 11.48 6.18 0.55 2.55 0.15
QDF22 Cone D 50.92 18.49 0.97 8.69 0.17 11.61 5.90 0.54 2.57 0.14
QDF32 Cone D 50.36 19.03 1.00 9.00 0.17 11.67 5.47 0.50 2.65 0.14



Table 5.2 continued

Sample #_________ Lava________ Si02 A12Q3 Ti02 FeO* MnO CaO MgO K2Q Na2Q P2Q5

46ABy293 Cone D 50.48 18.02 1.10 9.72 0.16 11.43 5.57 0.53 2.72 0.28
BF00-D11 Cone D 50.65 18.46 0.94 8.66 0.16 12.18 5.84 0.52 2.44 0.14
QEF12 Cone E 55.80 16.31 1.25 9.80 0.19 7.81 3.77 1.21 3.64 0.22
BF00-E11 Cone E 55.50 16.18 1.27 9.92 0.20 8.14 3.75 1.20 3.62 0.22
BF00-E21 Cone E 55.36 16.47 1.26 9.68 0.19 8.34 3.75 1.18 3.55 0.21
01DGOK041 old (E?) 55.45 16.18 1.28 9.95 0.20 8.08 3.78 1.20 3.67 0.22
QFF12 Cone F 53.65 16.31 1.38 10.87 0.21 8.69 4.23 0.94 3.48 0.23
BF00-F11 Cone F 53.89 16.09 1.41 10.72 0.21 8.90 4.22 0.92 3.42 0.23
BF00-G11 Cone G 54.55 17.74 1.21 9.08 0.18 9.12 3.41 1.08 3.43 0.20
BF00-G21 Cone G 56.42 17.34 1.11 8.57 0.17 8.24 2.99 1.30 3.66 0.20
BF00-H11 Cone H 57.85 15.87 1.50 8.94 0.21 6.85 2.93 1.56 3.96 0.33

Normalized to 100% anhydrous. *A11 Fe expressed as FeO. 
f Sample locations listed in Appendix A.
1 Data from this study
2 Data fromD.M. Miller, 1995
3 Data from Byers, 1961
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Figure 5.5 Major element plots for all intracaldera cones. Trends define two distinct 
groupings of cones.
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Figure 5.6 Spatial groupings of cones by chemistry. Major element analysis of lavas 
from the eight major cones reveals two chemically and petrologically distinct 
groups. The northern group (dot) includes Cones B, E, Q H and F, though 
Cone F is displaced across the caldera toward Cone C and may be a hybrid of the 
two magmas. The southern group (dash) includes Cones C, D and A. See text 
for detailed explanation.
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The southern group, in contrast, while showing linear trends in CaO, K2O and 

Na20  albeit a changing slope around 51 wt.% S i0 2, exhibits dual trends in the other 

major elements. Cones C and D cluster between 50.4 and 50.9 wt.% S i0 2, with one 

sample as high as 52.0 wt.%, but tend to scatter in T i0 2, A12C>3, FeO, MnO, MgO, and 

P20 5 . Cone A lavas range from 50.6 to 52.4 wt.% S i02, overlapping with Cones C and 

D, and have linear trends above 51 wt.% S i02. The most silicic (52.0 wt.%) and 

presumably youngest Cone C sample, collected from the summit, lies within the Cone 

A data field for all elements. Perhaps the reservoir that fed Cones C and D was 

replenished late in Cone C’s development and early in Cone A ’s growth by magma of a 

different, more silicic, composition.

The most striking characteristic of the southern group is that T i0 2, FeO and MgO 

increase with S i02, with T i0 2 and FeO doing so quite dramatically. This is contrary to 

the trend expected for fractionation, so another mechanism must be found. One 

possible explanation could be that Cone A magma is a hybrid o f magmas of Cones C 

and D with that of the northern group, though this would not account for the high FeO 

in the most silicic Cone A lavas. Such mixing of magmas appears to be at least in part 

responsible for Cone F, which is the lowest S i0 2 member of the northern group yet is 

displaced from that group toward Cone C. The petrography in the next section seems 

to support this idea.

The major element analyses for Cone A lavas have been examined in more detail 

and are plotted separately by age in Figure 5.7. If the most mafic sample (data from 

Byers, 1961) is disregarded as anomalous, there is a linear trend in each of the 

elements, though as mentioned above, not that expected for fractionation. All major 

elements increase with increasing S i0 2 except A12C>3 and CaO. There is noticeably 

more scatter in the 1997 samples, but it must be noted that there are also more data 

points for this lava flow. However, there is also variance in most major elements 

between the few samples from the pre-1943 and 1958 lavas. It is impossible to say 

conclusively whether the 1997 eruption is unusually heterogeneous, perhaps involving
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Figure 5.7 Major element plots for Cone A lavas.
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multiple magma batches, without obtaining more samples of the other flows for 

comparison.

One objective in the petrologic examination of the Cone A lavas was to 

determine the age of an arcuate flow lobe located in the depression between Cones A 

and E (see Section 2.7). It was uncertain whether this lobe was that mapped by Byers 

(1959) as part o f the 1945 flow or if it was a lobe from the 1958 flow that covered the 

1945 lava. The chemical analyses (Figure 5.6) strongly suggest that this is indeed part 

o f the 1958 flow.

Upon first glance at the data for the cones over time (Figure 5.8; relative ages 

after Byers, 1959), there appears to be random scatter or perhaps a fluctuating trend.

But when considered within each group mentioned above, a pattern begins to emerge. 

Within the northern group there appears to be a progression from Cones G and H to 

Cone E and finally to Cone B, with a possible decrease in SiC>2 with time, or the 

opposite of fractionation. Cone F plots off-axis from this reverse-fractionation trend. 

This lends further support to the hypothesis that Cone F may have been the result of 

mixing of the northern and southern magmas. The most noticeable trait in the southern 

group is a generally greater spread in the data among Cones C, D and A, especially 

among U O 2, AI2O3, FeO and MnO. The spread appears greatest in Cone A for most 

major elements, though this could partly be due to the greater number of samples 

available from Cone A.

Looking just at Cone A lavas over time (Figure 5.9), there is a general increase 

in SiC>2 with time. While most elements show changes from the pre-1943 lavas to 

1958, there is a significant step in the trend to the 1997 eruption, especially in U O 2 and 

FeO, which both increase along with MgO and Si0 2 . There is considerable scatter in 

MgO in the 1997 flow, and this is also suggested for the four samples from the 1958 

flow. Perhaps this represents influx of new magma into the southern reservoir after the 

1945 eruption.

One of the most important observations regarding post-caldera magma chemistry 

at Okmok is that there is a fairly large variation over a very short time. This is true for



Figure 5.8 Major element variation with time for all intracaldera cones.
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Figure 5.9 Major element variation with time for Cone A lavas.
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the < 2 0 0 0  years of intracaldera lava flow field development and especially true for the 

-150 year history of Cone A.

5.2.2 Petrographic Descriptions of Thin Sections

The following is a more detailed description of representative lavas from each 

intracaldera cone in order from oldest to youngest after Byers (1959).

Photomicrographs from these lavas are shown in Figure 5.10.

Cone H lava contains less than 1% phenocrysts of euhedral to subhedral 

plagioclase, some with thin rims of differing composition, and subhedral, zoned 

pyroxene, mostly in clots with plagioclase. The groundmass consists of moderately 

coarse microlites o f plagioclase and pyroxene with minor opaque oxides and possible 

trace olivine.

Cone G lava contains 5-15% phenocrysts of clean, euhedral to subhedral 

plagioclase, often in clots, some partially resorbed, and subordinate euhedral to 

subhedral, strongly zoned pyroxene, some with thin rims of differing composition and 

often in clots with plagioclase, and trace olivine. The groundmass is glassy to 

microlitic with plagioclase and pyroxene. One slide contains small blebs of another 

magmatic component with similar phenocrysts and microlites but darker and glassier 

groundmass. These may simply be bits of the same magma at a different stage of 

groundmass crystallization.

Cone D lava contains 10-25% phenocrysts of clean, well-twinned, moderately 

zoned, euhedral to subhedral plagioclase with subordinate euhedral to subhedral 

pyroxene, some in clots, and resorbed and skeletal olivine. The groundmass consists of 

moderately coarse microlites of plagioclase and pyroxene with minor opaque oxides.

Cone C lava contains 10-20% phenocrysts o f well-twinned, moderately zoned, 

euhedral to subhedral plagioclase with moderate pitting and resorption, subordinate 

subhedral pyroxene, some in clots with plagioclase, and subhedral to anhedral olivine 

with possible reaction rims. The groundmass consists of moderately coarse microlites 

of plagioclase and pyroxene with minor opaque oxides.
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Figure 5.10 Photomicrographs of intracaldera lava thin sections. In order from oldest to 
youngest, according to Byers (1959): A. Cone H, showing small phenocrysts and 
compositional zoning. B. Cone G, showing large crystal clot. C. Cone D, showing 
skeletal olivine crystal. D. Cone C, showing crystal clotting. E. Cone F, nearly aphyric 
with flow banding. F. Cone E, showing embayed pyroxene crystals and low overall 
phenocryst content. G Cone B, nearly aphyric. Fl-L. Cone A (H. Pre-1943, with 
abundant phenocrysts, some with rims of differing composition and some resorbed. I. 
1945, also with some rims o f differing composition and some resorption. J. 1958, with 
lar ge phenocrysts. K and L. 1997. K shows darker blebs with similar phenocrysts and 
microlites. L shows range of quality in plagioclase phenocrysts seen throughout 
intracaldera lavas, from very clean to severely pitted.).
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Cone F lava contains less than 2% phenocrysts, all very small, o f clean, euhedral 

plagioclase, and minor subhedral pyroxene and trace olivine. The groundmass is glassy 

with plagioclase microlites. Flow banding is visible to the naked eye as well as under 

the microscope.

Cone E lavas contain 5-10% small phenocrysts of mostly clean, euhedral to 

anhedral plagioclase, some embayed, with subordinate subhedral pyroxene, some 

embayed and mostly in clots with plagioclase, and trace resorbed and skeletal olivine. 

The groundmass consists of plagioclase microlites and glass.

Cone B lavas contain less than 2% very small phenocrysts of well-twinned, 

moderately zoned, moderately pitted, euhedral to subhedral plagioclase, some with 

swallowtail overgrowths of more sodic composition, and small zoned pyroxene and 

resorbed olivine. The groundmass consists of needle-like plagioclase microlites and 

glass. Flow banding is visible to the naked eye as well as in thin section.

Cone A lavas have been divided into four distinct flows, and they are described 

individually here, in order from oldest to youngest.

The oldest identifiable Cone A lava is here called Pre-1943. It contains 

abundant (25-40%) phenocrysts o f well-twinned, moderately zoned, clean to severely 

pitted, euhedral to subhedral plagioclase and euhedral to anhedral pyroxene, many with 

thin rims of differing composition and some pitted or resorbed, mostly occurring in 

clots with plagioclase, and trace olivine. The groundmass consists of microlitic 

plagioclase, pyroxene and minor opaque oxides.

The next youngest flow, 1945 Cone A lava also has abundant (20-40%) 

phenocrysts of well-twinned, moderately zoned, clean to severely pitted, euhedral to 

subhedral plagioclase and subordinate euhedral to subhedral pyroxene, some very large, 

some with thin rim overgrowths consisting of a thin zone of glass inclusions surrounded 

by a thin outer rim of differing composition, and minor resorbed and skeletal olivine. 

The groundmass consists of microlitic plagioclase, pyroxene and minor opaque oxides. 

One sample contains blebs of a darker, glassier magma component that have sharp but
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seamless contacts with the primary magma. As with earlier similar blebs, these may 

simply be bits of the same magma at a different stage of groundmass crystallization.

The 1958 Cone A lava contains 10-15% phenocrysts of clean to severely pitted, 

well-twinned, moderately zoned, euhedral to subhedral plagioclase with subordinate 

euhedral to subhedral pyroxene, mostly in clots with plagioclase, some with thin rims 

of varied composition, and resorbed and skeletal olivine. The groundmass consists of 

moderately coarse microlites of plagioclase and pyroxene with minor opaque oxides.

The 1997 Cone A lava has a phenocryst content varying from less than 5% to 

nearly 2 0 % of clean to severely pitted, well-twinned, moderately zoned, euhedral to 

subhedral plagioclase with subordinate euhedral to subhedral pyroxene, smaller and 

less abundant than in the 1958 lava, mostly in clots with plagioclase, and resorbed and 

skeletal olivine, some with thin rims of differing composition. Several slides contain 

small blebs of another magmatic component with similar phenocrysts and microlites 

but darker and glassier groundmass. As stated earlier, these may simply be bits of the 

same magma at a different stage of groundmass crystallization.

5.2.3 Observations and Interpretation of Petrologic Data

The petrography seems to show the same groupings as the chemical data and 

plots. That is, cones B,E,F,G, and H are chemically similar and look much alike in thin 

section, and thus are probably related. Cones A,C and D also share chemical and 

petrographic similarity and are probably related. These groupings are spatial within the 

caldera (Figure 5.6), which supports a hypothesis of two separate magma sources 

operating beneath the present caldera.

Some of the blebs of differing composition seen in thin sections may simply be 

leftover magma in a reservoir that is quasi-continuously supplied from a deeper source 

and periodically flushed. If quasi-continuous replenishment is the case, as recent 

InSAR results imply (Lu et al., 2000; Mann et al., 2002), then there may be two 

separate deep sources, at least one of which supplies magma to a shallower reservoir 

before/during each eruptive period. Activity may continue at one vent for a while, then
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a shift in source at depth might coincide with a shift in eruption locale at the surface. 

See section 6.1 for a more in-depth discussion of the magma system.

The geochemical data and petrography of the lava flow samples support the 

argument that the lava that makes up the grassy kipuka near the center of the caldera is 

part of an old flow from Cone E (Table 5 .2 ; kipuka lava labeled “old E?”). The data 

also support the case for the arcuate flow lobe between Cones A&E being from the 

1958 eruption rather than from 1945 (Figures 2.13 and 5.7).

5.3 Morphology and Rheology of 1997 Flow

Studies o f rheology can help constrain lava chemistry and eruption temperature. 

This can provide an independent corroboration of petrologically determined 

emplacement temperatures and can be used for older flows (J. Dehn, personal 

communication, 2003).

Many rheologic properties of lavas have been studied on active lava flows and 

modeled in the laboratory with remelted samples (Jeffreys, 1925; Einarsson, 1966;

Shaw et al., 1968; Bottinga and Weil, 1972; Shaw, 1972; McBimey and Murase, 1984; 

Lipman and Banks, 1987; Moore, 1987; Fink and Zimbelman, 1990; Pinkerton, 1993; 

Harris and Rowland, 2001). For simplicity, lavas are often assumed to be Newtonian or 

Bingham (Newtonian behavior with the addition of yield strength) fluids, though this 

approximation is only useful when the lava is near liquidus temperature (McBimey and 

Murase, 1984; Cas and Wright, 1995). Most lavas behave thixotropically (viscosity 

decreases with increasing stress, (Figure 5.11), but can be adequately modeled using 

Bingham rheology for cases with sufficient stress, i.e. flowing lava.

The best-exposed lava flows within Okmok caldera are the youngest flows, from 

Cones A and B. Most have well-developed channel features with clear levees parallel 

to and compression ridges perpendicular to flow direction (Figure 5.12). This study 

focuses on the 1997 lava flow, because flow features are not degraded or covered by 

other flows, and because ample satellite data exist to complement the measurements 

obtained in the field and to fill in gaps in the field data (such as eruption rate/mass flux) 

for the purpose o f rheology calculations.
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Figure 5.11 Relation between shear stress and rate of shear strain. Most lavas are 
thixotropic, where viscosity (r|) decreases with increasing strain rate. At high 
enough strain rates, lava viscosity may be approximated as a Bingham fluid. 
The slope of the line or curve is viscosity on this plot.
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Figure 5.12 Levees and ridges on 1997 lava flow. Channel flow features near distal 
end of 1997 flow as seen from atop Cone D bench. Near and far levees and 
selected compressional ridges highlighted. Direction of flow is from upper left to 
lower right. Photo by author, August 2 0 0 1 .
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The viscosity of lava is controlled by several interacting factors, including 

pressure, temperature, stress, volatile content, chemical composition, crystallinity, and 

vesicularity (Cas and Wright, 1995). This study has focused on temperature and 

chemical composition, two factors for which there are independent data from satellite 

imagery and sample analysis, respectively, with which to compare the results of 

computations of viscosity from flow morphology measurements. The goal is to be able 

to predict eruption temperature independently using a chemical model to calculate 

viscosity for a range of likely temperatures and a rheological model to calculate 

viscosity from morphological field data. Since these factors are interrelated, knowing 

the chemical composition of a lava flow should yield a viable range of viscosities that 

should overlap with the viscosity values calculated from field data. Where these fields 

overlap on a viscosity-vs-temperature plot, a range of possible emplacement 

temperatures will be found. If successful, this method could be used to estimate 

composition from final flow morphology or expanded to predict final flow morphology 

when eruption temperature is known.

The 1997 eruption of Okmok was largely unobserved except by satellite 

imagery, so no direct field measurements were made of lava temperature, flow velocity 

or mass flux during emplacement. These parameters were extrapolated from AVHRR 

imagery collected during the eruption (Patrick et al., 2003). Fieldwork conducted in 

2 0 0 1  included measuring flow margin thicknesses, side/snout slopes, snout lengths, and 

ground slopes around the perimeter of the flow, as well as levee and compression ridge 

heights on top of the flow. Compression ridge wavelengths were obtained from the 

acetate overlay tracing of the flow field. All morphological measurements are listed in 

Appendix B. These parameters were used in several models to calculate yield strength 

and viscosity for the 1997 lava flow (Table 5.3; variables explained in Figure 5.13).

First, the major element oxide compositions for the lavas were input into a 

computer program written by J. Dehn (personal communication, 2003) that calculates 

viscosities from chemical compositions, based on the model o f Shaw (1972). The
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Table 5.3 Rheology models to calculate yield strength and viscosity

Model Equation* Reference

Yield strength (flow front) H p g

n p ,
90

Factor dimensional 
analysis (J. Dehn, 
personal comm., 
2003)

Yield strength (levee) t 0 = H , (pg  sin P ) Hulme, 1974

Yield strength (plug) r 0 = (pgsin f i)w  Moore, 1987

Yield strength (lobe) P g H 7

w

Orowan, 1949

Viscosity (channel -  Newtonian) ycgsinyg 2 
2v d

Shaw, 1968

Viscosity (alt. Jeffreys) f  a 4

\ A ( p g }  J

Q

Jeffreys, 1925; 
Factor dimensional 
analysis

Viscosity (Jeffreys -  Newtonian) _ p g  sin/? Jeffreys, 1925
3v

Viscosity (snout)
77 =

r 0d Factor dimensional 
analysis (J. Dehn, 
personal comm., 
2003)

Viscosity (ridges) 77 = 2.6 1 pA 3/2 Einarsson (1966)

*Definition of variables in Figure 5.13.
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r| viscosity (Pa-s) 
x0 yield strength (Pa) 
p density (g/cm5)
g acceleration due to gravity (cm/s:) 
H flow margin thickness (cm)
Hd channel depth-inferred (cm)
H, levee height (cm)
H, total vertical relief of flow (cm) 
Lf total length of flow (cm)

A aspect ratio (H /Lf)
Q rate of flow (cmVs)
(3 ground slope (degrees) 
w width of lobe (cm) 
wp width of plug (cm) 
wc width of channel (cm) 
d snout length (cm) 
vnHX maximum velocity (cm/s) 
X ridge wavelength (cm)

Figure 5.13 Variables used in rheology calculations from flow morphology. Schematic 
drawing of lava flow illustrates the parameters that were measured for this study.
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results are listed in Table 5.4. Water content was set from 0 wt% to 1.0 wt% for all 

runs, to define plausible limits to the rheology model. Temperatures were set from 

800-1150°C. Crystallinity and vesicularity were not considered, but both can have 

significant effect on increasing viscosity. This model assumes Arrhenian behavior, that 

is, that log viscosity is directly linearly dependent on temperature. This gives good 

estimates of Newtonian and even Bingham viscosities, but does not account for yield 

strength and non-Arrhenian behavior like that of deforming lava flows. Nonetheless, 

this program offers an easy method for obtaining rheology from lava composition.

Several rheology models were used for comparison with viscosity values 

calculated from geochemistry (Table 5.3). One of the most popular models for 

calculating viscosity of a lava flow is with the Jeffreys’ equation (Jeffreys, 1925; 

Eichelberger and McGetchin, 1974; Williams and McBimey, 1979; Fink and 

Zimbelman, 1990; Cas and Wright, 1995; Stevenson et al., 2001), which is good for 

very fluid lavas in laminar flow. However, for non-Newtonian fluids, estimates may be 

high by several orders of magnitude, because yield strength is not considered. By 

means of factor dimensional analysis, one can rewrite the Jeffreys’ equation to include 

yield strength and obtain viscosities closer to expected values. One can also derive 

equations incorporating other measurements taken from flow morphology. For 

example, Einarsson (1966) derived an equation for static viscosity using the 

wavelengths of lava surface waves. Though originally applied to actively flowing lava, 

this equation can also be used with compressional ridges atop an ‘a’a flow, as was done 

in this study. For values o f viscosity and yield strength calculated from flow 

morphology or velocity, Fink and Zimbelman (1990) caution that if  one is comparing 

the rheology of different flows, one must make measurements at the same distance 

from the vent on all flows, since lava rheology can vary by 2-3 orders of magnitude 

longitudinally along a flow (Fink and Zimbleman, 1990).

Although most lavas are thixotropic, they can generally be adequately modeled 

as Bingham fluids at higher strain rates (Figure 5.11). In order to calculate Bingham 

viscosities, one needs first to calculate the yield strength, to. Four methods for
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Table 5.4 Viscosity calculations based on chemistry. Average normalized major 
element analysis for the 1997 lava flow was used to calculate viscosity at varying 
temperature and water content. Viscosity in Pa-s, based on Shaw (1972) and J. 
Dehn computer model.

A. Average major element analysis for 1997 lava flow

Si02 A120 3 Ti02 FeO MnO CaO MgO k2o Na20 h2o
51.79 17.93 1.09 9.63 0.18 11.02 4.83 0.66 2.85 X

B. Viscosity (Pa-s)

%h2o 0.00 0.10 0.20 0.30 0.40 0.50 0.75 1.00
T(°C)

800 1.6E+10 1.4E+10 1.1E+10 9.2E+09 7.6E+09 6.3E+09 3.9E+09 2.4E+09

850 2.5E+09 2.2E+09 1.8E+09 1.5E+09 1.3E+09 1.1E+09 6.7E+08 4.3E+08

900 4.9E+08 4.2E+08 3.6E+08 3.0E+08 2.6E+08 2.2E+08 1.4E+08 9.4E+07

950 1.1E+08 9.8E+07 8.4E+07 7.2E+07 6.2E+07 5.3E+07 3.5E+07 2.4E+07

1000 3.0E+07 2.7E+07 2.3E+07 2.0E+07 1.7E+07 1.5E+07 1.0E+07 7.0E+06

1050 9.2E+06 8.1E+06 7.0E+06 6.1E+06 5.3E+06 4.7E+06 3.3E+06 2.3E+06

1100 3.1E+06 2.8E+06 2.4E+06 2.1E+06 1.9E+06 1.6E+06 1.2E+06 8.4E+05

1150 1.2E+06 1.0E+06 9.0E+05 8.0E+05 7.1E+05 6.2E+05 4.5E+05 3.3E+05
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calculating yield strength were used in order to compare obtained values. These 

calculations were based on the flow front properties, levee heights, channel plug 

widths, and lobe widths (Figure 5.13). Though three o f the equations used were nearly 

identical, because they used different parameters, they yielded slightly different results. 

Viscosity calculations based on the Jeffreys’ equation and flow snout length were each 

run with these varied To values, so that viscosities for the 1997 lava flow were estimated 

by 9 separate means.

With the extremely large range of viscosity values (varying over 7 orders of 

magnitude) obtained from these calculations (results in next paragraph), it is useful to 

compare the results with those found by other workers for similar lavas in order to 

assess the validity of these numbers. Macdonald (1972) lists viscosities for several 

mafic magmas, both from field observations and laboratory remelting, with values 

ranging from 20 to 8*103 Pa-s for remelted basalts, from 2*102 to 2.3*104 Pa-s for 

basalts in the field, and from 3.6*103 to 1.5*106 Pa-s for basaltic andesites. Also listed 

are viscosity values of 104-106 Pa-s for Hekla andesite, 6.9*109 Pa-s for dacite, and 1011 

Pa-s for rhyolite. Shaw et al. (1968) used rotation viscometry to measure values of 6.5- 

7.5*10 Pa-s beneath the crust o f the Makaopuhi lava lake, Hawaii. This method 

increases the strain rate of the lava, thus lowering the viscosity, so slightly higher 

values would not be unusual for basalts measured by other means. Basaltic lavas from 

Mauna Loa and Pu’u ‘O’o in Hawaii were found to increase exponentially in viscosity 

with distance downstream from the vent, from initial viscosities of 102to 2*103 Pa-s at 

the vent to as much as 103-107 Pa-s at 15 km or greater distance, near the toe o f a flow 

(Lipman and Banks, 1987; Moore, 1987; Fink and Zimbelman, 1990). Williams and 

McBimey (1979) report results of Minakami and Sakuma (1953) from Mihara Volcano, 

O-shima, Japan, in which the viscosity of a lava flow increased from 5.6*102 Pa-s at a 

temperature of 1125°C near the vent to 2.3*104 Pa-s at a temperature of 1038°C farther 

downstream (distance not listed). In the latter case, the slope and velocity also 

decreased downstream, while the flow thickness increased. Computer modeling by 

Harris and Rowland (2001) using their FLOWGO model has produced viscosity results
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for Mauna Loa, Pu’u ‘O ’o and Etna basalts ranging from 103-104 Pa-s, which closely 

agree with their field data for all 3 cases.

The results of the yield strength and viscosity calculations in this study are 

summarized in Table 5 (full tables with values used in calculations are in Appendix C). 

The viscosities calculated with a modified Jeffreys’ equation gave ranges of values 

much higher than one would expect for mafic lavas based on the results of the previous 

studies just discussed. Those calculated using To based on flow front properties were 

highest, ranging from 4*1010 — 1*1012 Pa-s. These numbers are several orders of 

magnitude too high for a mafic lava flow. Viscosities calculated with this equation 

using x0 based on levee heights ranged from 1*108 -  5*1010 Pa-s, and those using x0 

based on channel plug width ranged from 8*107 -  3*1010 Pa-s. The high values for 

these numbers can be explained by the presence of the crust creating a higher apparent 

viscosity, especially at the flow front. The cooled rubbly crust slows forward flow 

significantly, thus decreasing the strain rate and allowing apparent viscosity to increase.

Viscosity calculations using snout length fell within more expected ranges for a 

basaltic andesite, and were calculated using a fixed maximum velocity of 0.05 m/s, as 

well as with a velocity derived from estimated channel width and depth, in addition to 

the 3 methods of x0 estimation mentioned above. Because most o f the channels in the 

1997 flow are much wider than they are deep, resulting low calculated velocities led to 

higher viscosity estimates than for the fixed velocity, but all numbers were within a 

reasonably acceptable range. Viscosities from snout length with x0 based on the flow 

front ranged on the order of 108 Pa-s for derived velocity and 109 Pa-s for fixed 

velocity. For viscosities calculated with x0 based on levee height, values ranged from
7 610 Pa-s for derived velocity to 10 Pa-s for fixed velocity. When to was based on 

channel plug width, viscosity values were a little higher, around 109 and 108 Pa-s for 

derived and fixed velocity, respectively. Moore (1987) proposed a calculation of To 

based on lobe width, so a few calculations were run using a fixed velocity, with 

viscosity values from 1-4 *106 Pa-s. These were some of the lowest viscosity values 

calculated, and that may be the result of using the unconfined lobe width rather than a
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Table 5.5 Yield strength and viscosity based on field measurements.

Model of 7] calculation and method of r0 
calculation (Italics) and descriptor of data type To yield

Vmax derived 
velocity

and/or location strength (cm/s) 7] Viscosity (Pa-s)
Jeffreys Equation (aspect ratio)
* with t0 (flow front)

avg lobe 2 (top slope) 4.50E+05
N/A

3.48E+11
avg lobe 2 (ground slope) 4.65E+05 3.97E+11
avg lobe 2 (full length A) 4.65E+05 3.81E+10
lobe2 minH (low slope) 3.20E+05 8.92E+10
lobe2 maxH (low slope) 5.87E+05 9.70E+10
lobe2 minH (low avg slope) 3.27E+05 9.64E+10
lobe2 maxH (low avg slope) 5.99E+05 1.09E+12
snout past cinder cone/lake 4.41E+05 1.11E+12
by cinder cone/lake with drop 4.26E+05 9.20E+10
snout before cinder cone 5.74E+05 5.66E+11
lobe2 Esnout 3.93E+05 8.83E+10
lobe2 Esnout with drop 4.28E+05 4.02E+10

* with t0 (levees)
low slope avg setl ridges 9.20E+04

N/A
6.07E+08

& A avg set2 ridges 1.07E+05 1.12E+09
avg set3 ridges 6.11E+04 1.18E+08
avg set4 ridges 8.05E+04 3.57E+08
levee at lobel jet (outside) 2.13E+05 4.94E+10
levee at lobel jet (inside) 1.07E+05 3.09E+09
lobe 1 past pond (max levee) 1.22E+05 1.47E+10
lobe 1 past pond (avg ridge) 9.72E+04 5.84E+09
low slope lobe2 levee 1.11E+05 1.29E+09

* with t0 (channel plug) 
lobe 2 low avg slope wide channel 4.41E+06

N/A
5.12E+08

low slope med channel 2.22E+06 8.05E+07
lobe 1 high lobe 1 2.13E+06 3.34E+10

E lobel 7.99E+05 4.81E+09
distal lobe 1 3.46E+06 9.85E+09

mid lobe between lobes 1 &2 2.39E+06 2.67E+09

*with t0 (lobe)
early N minilobe 1.49E+04

N/A
5.97E+05

lobe 2 snout by cinder cone/lake 3.44E+04 4.13E+06
snout before cinder cone 3.70E+04 4.07E+06
Esnout 2.18E+04 1.75E+06
Esnout with drop 2.59E+04 2.07E+06
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Table 5.5 continued

Model of rj calculation and method of r0 
calculation (Italics) and descriptor of data 
type and/or location

r0 yield 
strength

Vmax derived 
velocity (cm/s) rj Viscosity (Pa-s)

Flow front (snout)

* with t0 (flow front)
short snout lobe2 minH (low slope) 3.20E+05

Vmax
derived
0.603

Vmax fixed 
1.06E+08 1.28E+07

lobe2 maxH (low slope) 5.87E+05 0.325 3.62E+08 2.35E+07
lobe2 minH (high slope) 3.38E+05 0.603 1.12E+08 1.35E+07
lobe2 maxH (high slope) 6.19E+05 0.325 3.81E+08 2.48E+07

long snout lobe2 minH (low slope) 3.20E+05 0.603 4.25E+08 5.13E+07
lobe2 maxH (low slope) 5.87E+05 0.325 1.45E+09 9.40E+07
lobe2 minH (high slope) 3.38E+05 0.603 4.47E+08 5.40E+07
lobe2 maxH (high slope) 6.19E+05 0.325 1.52E+09 9.90E+07

avg snout lobe2 avgH (low slope) 4.41E+05 0.469 5.17E+08 4.86E+07
lobe2 avgH (avg slope) 4.50E+05 0.469 5.27E+08 4.95E+07
snout by cinder cone/lake 4.41E+05 0.508 5.22E+08 5.30E+07
snout before cinder cone 5.74E+05 0.267 1.18E+09 6.31E+07
lobe2 Esnout 3.93E+05 0.456 3.45E+08 3.14E+07
lobe2 Esnout with drop 4.28E+05 0.419 4.08E+08 3.42E+07

* with t0 (levees)
short snout avg setl ridges 6.95E+04 0.754 1.84E+07 2.78E+06

avg set2 ridges 8.10E+04 0.754 2.15E+07 3.24E+06
avg set3 ridges 4.62E+04 0.754 1.22E+07 1.85E+06
avg set4 ridges 6.08E+04 0.754 1.61E+07 2.43E+06

long snout avg setl ridges 6.95E+04 0.754 7.37E+07 1.11E+07
avg set2 ridges 8.10E+04 0.754 8.60E+07 1.30E+07
avg set3 ridges 4.62E+04 0.754 4.90E+07 7.39E+06
avg set4 ridges 6.08E+04 0.754 6.45E+07 9.73E+06

avg snout low slope lobe2 levee 1.11E+05 0.754 8.09E+05 1.22E+05
lobel W overflow ridges 1 2.77E+04 1.920 2.89E+06 1.11E+06
lobel W overflow ridges2 7.30E+04 1.886 7.74E+06 2.92E+06
levee at lobel jet (outside) 2.13E+05 0.480 8.89E+07 8.53E+06
levee at lobel jet (inside) 1.07E+05 0.480 4.44E+07 4.26E+06
lobe 1 past pond (max 
levee) 1.22E+05 0.264 2.09E+08 1.10E+07
lobel past pond (avg ridge) 9.72E+04 0.264 1.66E+08 8.75E+06
low slope lobe2 levee 1.11E+05 0.422 1.58E+08 1.33E+07

* with t0 channel plug
low avg slope wide 

short snout channel 4.41E+06 0.422 2.09E+09 1.76E+08
low slope med channel 2.78E+06 0.754 7.36E+08 1.11E+08
low avg slope wide 

long snout channel 4.41E+06 0.422 8.35E+09 7.05E+08
low slope med channel 2.78E+06 0.754 2.94E+09 4.44E+08
low avg slope wide 

lobe 2 channel 4.41E+06 0.422 6.26E+09 5.29E+08
low slope med channel 2.22E+06 0.528 2.52E+09 2.66E+08
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Table 5.5 continued

Model of rj calculation and method of r0
calculation (Italics) and descriptor of data r0 yield Vmax derived
type and/or location__________________________strength velocity (cm/s)
lobe 1 high lobe 1 2.13E+06 0.480 2.66E+09 2.55E+08

E lobel 7.99E+05 0.880 4.54E+08 7.99E+07
distal lobe 1 3.46E+06 0.264 5.90E+09 3.12E+08

mid lobe between lobes 1&2 2.39E+06 0.828 1.30E+09 2.15E+08

Channel Width (t  independent) N/A
avg low slope 0.754 1.80E+07 2.72E+06

low slope wide channel 0.422 6.57E+07 5.55E+06
low slope shallow channel 1.408 4.93E+06 1.39E+06
low avg slope wide

lobe 2 channel 0.422 8.70E+07 7.35E+06
low slope med channel 0.528 5.26E+07 5.55E+06

lobe 1 high lobe 1 0.480 3.69E+08 3.55E+07
E lobel 0.880 1.51E+08 2.66E+07
distal lobe 1 0.264 3.23E+08 1.70E+07

mid lobe between lobes 1&2 0.828 8.10E+07 1.34E+07

Compression Ridge Wavelength
(t independent) N/A

avg set 1 1.20E+06
avg set 2 1.27E+06
avg set 3 4.10E+05
avg set 4 4.21E+05
min set 4 2.15E+05
low sets 3&4 2.82E+05
max set 2 2.40E+06
high set 1 2.05E+06
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confined channel width. These numbers are far more believable than the 10 Pa-s 

estimated from the modified Jeffrey’s equation.

In order to see what kind of values would result without using yield strength, 

viscosities were also calculated using lava channel dimensions and using wavelengths 

of surface compression ridges. These numbers came ranged among expected low 

values for a basaltic andesite. Values for viscosity calculated from channel dimensions 

range from 1*10 Pa-s for fixed flow velocity to 4*10 Pa-s for derived velocity. The 

viscosities calculated from the measured wavelengths of ripples (compression ridges) 

on the surface of the 1997 lava flow range from 3*105 — 2* 106 centistokes (kinematic 

viscosity uses no mass term). It is good to see these low viscosity ranges, because 

unlike the first two methods, these two methods calculate values derived from 

measurements o f features formed during flow emplacement that were preserved when 

the lava stopped flowing and chilled. The apparent viscosity values obtained through 

these calculations, though closer to the likely actual viscosity, are probably still 

somewhat high, because the final shape of the flow may be determined by the rheology 

of the confining crust rather than by the rheology of the molten interior of the flow.

Because the 1997 Okmok lava is basalt to basaltic andesite in composition (52 

wt% Si0 2 ), the results of the studies just mentioned limit reasonable viscosity ranges to 

106 Pa-s or less for the active flow. Fink and Zimbelman (1990) offer the caveat that 

“yield strength and viscosity values calculated indirectly from flow morphology or 

velocities are commonly up to several orders of magnitude higher than those 

determined for pure melt phase in the laboratory.” Therefore, though the viscosities 

calculated for this study by the modified Jeffreys’ equation and for the snout with to 

based on flow plug width are much too high (Table 5.5), the values calculated from 

channel dimensions, ridge wavelengths, and snout using To based on levees and lobe 

width are within an acceptable range. So even though “accurate viscosity estimates are 

generally not possible for flows not observed during emplacement”(Fink and 

Zimbelman, 1990), it is possible to calculate values within an order of magnitude with a 

measure of confidence with the methods shown here.

12
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Once viscosity values were calculated from both the chemistry and the rheology 

of the 1997 lava flow, they were plotted (Figure 5.14) to find a range of eruption 

temperatures for the flow. First, the viscosities calculated from the chemistry were 

plotted versus temperature for the range 800-1150°C, with water contents varying from 

0-1.0 wt% H2O. To this plot were added the ranges for viscosity calculated from 

morphology, with dashed lines delineating two distinct zones where the most rheology 

model values overlap. These zones likely represent viscosity of the flowing lava (lower 

range, from 1.5-2* 106 Pa-s), where strain rate is high, and viscosity of emplacement 

(upper range, from 1.5-3*108 Pa-s), where crustal effects dominate as the flow slows 

down and strain rate decreases.

From the ranges o f coincidence in viscosity values from chemistry and rheology, 

one can obtain possible eruption temperature ranges. The derived temperature ranges 

are 860-940°C and 1060-1130°C (Figure 5.14). The temperature value of 1070°C 

calculated for the 1997 eruption from Comagmat software (P.Izbekov, personal 

communication, 2003) falls neatly into the higher temperature range, offering some 

validation to the rheological calculations. The lower temperature range, coinciding 

with the higher viscosity values, is a plausible range of temperatures for newly 

emplaced lava with well-developed crust.

This method has been shown to reasonably constrain eruption/emplacement 

temperature using lava flow chemistry and rheology. Because morphological features 

formed during flow, such as lobes, levees and compression ridges, can be preserved 

during cooling, it is possible to get reasonable estimates of eruptive conditions through 

morphology for older lavas, when the chemistry is known. Conversely, it may be 

possible to reasonably constrain lava chemistry on remotely imaged flows, if  

sufficiently accurate measurements of eruption temperature and flow morphology can 

be obtained from satellite imagery.
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~HH- 0% HOH 

—♦ —0.1% HOH 

~~B~~ 0.2% HOH 
0.3% HOH 

— 0.4% HOH 
- * - 0 .5 %  HOH 
- ♦ “ 0.75% HOH 
— 1% HOH

T (C)

Figure 5.14 Viscosity -vs- Temperature for 1997 lava flow. Viscosities plotted 
(symbols) for average normalized whole rock analysis of 1997 lava with varying 
amounts of water at different temperatures. Boxes represent ranges of viscosity 
determined based on flow morphology by nine methods, as detailed in text. 
Horizontal dashed lines are areas of the most overlap in these methods. Vertical 
dotted lines delineate temperature ranges where the viscosity values calculated by 
chemistry and morphology coincide. Vertical long dash-dot line at calculated 
eruptive temperature for 1997 eruption (1070 °C; P. Izbekov, personal 
communication, 2003) lies within range of temperatures coinciding with lower 
viscosity overlap around 2 x 106 Pa-s. This is a plausible viscosity for mafic lava 
that is flowing and under strain. The higher viscosity range overlap is likely 
“apparent” viscosity, representing the thixotropic condition of lava during 
emplacement where crustal effects outweigh strain.
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CHAPTER 6: DISCUSSION

6.1 Current State of Magma System

The petrologic analysis of intracaldera lavas suggests that eruptions at Okmok 

are supplied by two separate yet somewhat connected magma systems. This presents a 

bit of a conundrum because geodetic data have shown that there is now a single well- 

defined center of inflation, located near the center of the caldera, rather than centered 

under the current active vent, Cone A (Lu et al., 1998; Mann et al., 1998; Lu et al., 

2000; Mann et al., 2002). Indeed, all o f the major vents are scattered near the periphery 

of the caldera rather than near the center, suggesting ring fractures formed during the 

caldera-forming eruption are influencing the location of the vents. One possible 

magma plumbing configuration is shown in Figure 6.1. Magma from the source for 

Cones B,E,G and H rises along the caldera ring fracture zone. A currently active 

central source feeds magma radially to where it is forced upward by the ring fracture 

zone beneath Cones C, D and A. Some interaction is required to explain the location of 

Cone F.

There are numerous vents within the caldera, and while some appear to have 

been the source of isolated eruptive events, in several cases, activity has been 

sufficiently sustained to build substantial cones. The most recent case is that of Cone 

A, which has largely been built over the past 120 years. If Cone A is an example, then 

each of the other major cones represents about a century of activity at that center, or 

approximately 1000 years for the cones seen today. The first few hundred years of 

post-caldera activity are more obscured. Early hydrovolcanic activity was likely much 

more explosive, as suggested by the vent deposits themselves as well as sequences of 

surge deposits found on the outer flanks of the caldera (AVO scientists, personal 

communication, 2003), and formed less distinctive and now eroded cones like Cones G 

and H.

Since the draining of the intracaldera lake (Wolfe and Beget, 2002), Okmok’s 

primary eruptive style has transitioned from hydrovolcanic to effusive. This transition 

appears to have taken place over the past few hundred years, because Cones C and D
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Depth (km)

Figure 6.1 Structural magma source model for Okmok volcano. Interpretation based 
on petrologic data (this study) and deformation modeling results (Mann et al, 
2002). See text for detailed explanation. Modified after Mann et al., 2002.
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are built primarily of hydrovolcanic deposits with subaerial lava draping (Almberg, 

2003), while Cones E, F, B, and A have associated lava flows. Though Cones B and E 

have well-developed lava flow fields, so far only Cone A has produced a flow large 

enough (1958) to reach across the caldera floor. With the addition o f the 1997 lava 

flow, it is evident that Okmok has entered a period of very vigorous, though dominantly 

non-explosive, activity.

6.2 Implications for Future Eruptive Activity

Okmok Volcano has a history of silicic eruptions in addition to its more typical 

mafic effusions and therefore has the potential for violent explosive activity in future 

eruptive episodes. The current trend of increasing Si02 content in post-caldera lavas is 

no cause for immediate alarm, however, as the overall silica content is still quite low. 

Although Okmok has already undergone two caldera-forming eruptions in under 12,000 

years (J. Beget, personal communication, 2003), suggesting there could be another in 

the future, it is not likely to produce another such cataclysm in our lifetimes. The more 

imminent hazards are from ash clouds produced by strombolian activity, which could 

easily reach altitudes frequented by commercial aircraft, from tephra fallout, and from 

lava flows. The latter would likely be confined to the caldera, or at the farthest, to the 

Crater Creek gorge.

Explosive eruptions can also occur as a result of magma-water interactions. If 

future lava flows dam Crater Creek, or new lakes form elsewhere in the caldera, the 

likelihood of hydrovolcanic explosive eruptions may increase. There is also the 

potential for another outburst flood, like that in 1817, but the present levels of the 

intracaldera lakes make the latter improbable for the time being. Of even lesser danger, 

except for anyone in the vicinity of the active vent in the event of an eruption, are 

ballistics, the possibility of a pyroclastic flow or surge, debris avalanches, volcanic 

earthquakes, and volcanic gases and fumaroles.

Okmok is a volcano of many faces, so though we may not expect violent activity 

from this volcano in the near future, the possibility cannot be ruled out. Current AVO 

monitoring efforts with seismic and GPS instrumentation, in addition to regular satellite
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monitoring, should provide ample warning before the next major eruption, and may 

offer insight as to the type of eruption to expect.

6.3 Comparison with other Aleutian Caldera Systems

6.3.1 Aniakchak

Aniakchak caldera, located on the Alaska Peninsula 670 km southwest of 

Anchorage, is a 10 km wide circular caldera that formed about 3400 BP (Miller et al., 

1998). The Aniakchak volcanic center has been active for at least the past 850,000 

years (Neal et al., 2001). The precaldera stratocone was built upon a basement of 

Tertiary sedimentary and volcanic rocks and Mesozoic sedimentary rocks, thus 

including Aniakchak among Aleutian arc volcanoes of continental affinity (Miller et al., 

1998). Precaldera volcanic rocks include basaltic andesite, two-pyroxene andesite and 

rhyodacite (Miller et al, 1998; Dreher, 2002), suggesting the presence o f multiple 

magma reservoirs. The caldera-forming eruption consisted of a dacite air fall followed 

by dacite and andesite pyroclastic flow deposits. Dreher (2002) found that a zoned 

magma chamber could not explain compositional gaps in the data and therefore 

suggested a growing magma chamber that with time underwent self-contamination by 

repeated influxes of basaltic and rhyodacitic magmas, mixing to form andesite. By 

Dreher’s model, the caldera-forming eruption was triggered by a large influx of 

rhyodacite. Postcaldera eruptive products are primarily dacitic in composition (64.0 -  

66.5 wt.% SiC>2; Miller et al., 1998), though 3 andesitic tuff cones occupy the 

southeastern part of the caldera (Neal et al., 2001). Aniakchak’s high-silica magmas 

account for much of the explosivity of postcaldera eruptive activity and may be 

attributable to mafic magma rising from depth and fractionating and assimilating 

continental crust on its way to the surface. Present data are not adequate to ascertain 

whether the magma system currently beneath Aniakchak comprises one or multiple 

distinct reservoirs.

Aniakchak is chemically distinct from Okmok, but several other characteristics 

make a comparison of the two volcanoes interesting. Though only one caldera is 

currently present at Aniakchak, a voluminous pyroclastic flow deposit between 10,000
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and 4400 BP suggests the possibility of an earlier caldera (Miller and Smith, 1987; Neal 

et al., 2001). This would correlate well with Okmok’s two calderas with comparable 

age ranges (the older caldera around 12,000 BP and the younger one at 2050 BP). The 

calderas of Okmok and Aniakchak are both 10 km in diameter and circular, and both 

have multiple intracaldera vents distributed around the margins, with the largest vent 

(Cone D in Okmok and Vent Mountain in Aniakchak) displaced slightly closer to the 

center of the caldera. Perhaps most intriguing is the fact that both have had eruptions 

within large intracaldera lakes, which were subsequently drained in catastrophic 

outburst floods (Miller et al., 1998; Neal et al., 2001; Wolfe, 2001), carving prominent 

notches into the caldera walls and feeding outlet streams. Another similarity is that the 

younger caldera-forming events at both Aniakchak and Okmok were chemically 

bimodal, andesite and rhyodacite. But while the modes are subequal in volume at 

Aniakchak, andesite is overwhelmingly dominant at Okmok.

The most notable difference between Okmok and Aniakchak is in the level of 

activity, both historically and since caldera formation. While Okmok has been quite 

active in historic time, with 16 eruptive episodes since 1805, the only known historic 

activity at Aniakchak was the explosive eruption of 1931. In fact, only about 20 

eruptions can be documented from postcaldera vents, with an average recurrence 

interval of 175 years (Neal et al., 2001), whereas the recurrence interval for historic 

eruptions at Okmok averages 12.4 years (Table 4.1).

6.3.2 Fisher

Fisher caldera, located on central Unimak Island, formed about 9300 BP and is 

11 km wide by 18 km long (Miller et al., 1998; Stelling 2003). A series of stratocones 

predate the caldera, their truncated peaks roughly outlining the arcuate rim of the 

depression. Within the caldera are several small stratocones, lakes and thermal springs. 

Stelling (2003) completed an in-depth study of the magmatic system at Fisher and 

found that the precaldera stratocones, consisting of “aphyric andesitic (61% SiCb) 

pyroclastic rocks and lavas and some high Al plagioclase basalt” (Miller et al., 1998), 

show a decreasing SiC>2 trend with time that cannot be explained by fractionation.
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Stelling determined that each cone is chemically as well as temporally distinct and 

concluded that they must have been fed by multiple discreet magma reservoirs. The 

caldera-forming eruption is represented by a dacite air fall deposit and dacite and 

basaltic andesite pyroclastic deposits, which suggest contact between two magmas just 

before eruption (Stelling, 2003). This chemical bimodality mimics the pattern seen at 

Aniakchak and Okmok. The postcaldera vents were found by Stelling (2003) to be 

chemically similar and thus fed from a single reservoir that is periodically recharged, 

allowing for some mixing but overall similarity. This is in contrast to the dual post

caldera magma systems seen at Okmok.

6.3.3 Veniaminof

Veniaminof caldera, located on the Alaska Peninsula 760 km southwest of 

Anchorage, is 8 km wide by 11 km long and formed about 3700 BP (Miller et al.,

1998). Veniaminof is the highest caldera considered in this study, with the caldera rim 

reaching 2507 m ASL. Because of its elevation, the caldera is filled with an ice field 

ranging from 1750-2000 m ASL. Glaciers originating in this ice field cascade down 

most flanks o f the volcano, along with other alpine glaciers starting just outside the 

caldera rim (Miller et al., 1998). The high volume of ice cover obscures much of the 

postcaldera geology, making a detailed comparison with other Aleutian calderas 

difficult, but a cursory examination is possible.

Precaldera Veniaminof was built upon a Jurassic to Tertiary basement of 

sedimentary and igneous rocks and consists primarily o f andesitic and basaltic andesite 

lava flows, interbedded with pyroclastic deposits and minor dacite lava flows. The 

caldera-forming eruption produced dacite and andesite ash flows, and the few 

postcaldera samples analyzed are of basaltic andesite composition (Miller, et al., 1998). 

Postcaldera vents include two known cones located in the western and northern 

quadrants o f the caldera. The western cone has been the inferred source of most 

historic activity, producing ash and a 30-50 x 106 m3 lava field during the most recent 

eruption in 1993-1995 (Miller et al., 1998). The northern cone is largely obscured 

beneath the surface of the ice. These two cones are part of a chain of cinder and scoria
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cones trending NW for 55 km across the volcano from the Bering Sea nearly to the 

Pacific coast (Miller et al., 1998). It is not known at this time whether additional vents 

exist beneath the ice within the caldera.

There are also insufficient data at this time to establish the nature of the magma 

system beneath Veniaminof, but the field campaign begun by AVO in 2001 should 

yield new insight as more samples are collected and analyzed. Given the variance in 

precaldera compositions, it may be reasonable to expect to find that there were multiple 

magma sources present, as seems to have been the case for Aniakchak, Fisher, and 

probably Okmok as well. It may be equally reasonable to suppose that here again 

contact between dacite and andesite magmas led to the caldera-forming eruption, as 

appears to have happened at the three other calderas mentioned. Not enough 

information has yet been reported on postcaldera deposits to determine whether one or 

more magma sources have supplied the intracaldera and flank vents o f the past 3700 

years.

Veniaminof, like Aniakchak, is a caldera located in a continental setting, and the 

two are of similar age. However, unlike Aniakchak and like Okmok, Veniaminof has 

been quite active in historic time, with 12 eruptive episodes reported since 1830, 

presumably all from the single intracaldera vent and all mafic. Most reported eruptions 

produced mostly ash or “smoke”, though some lava effusion is also possible and 

probably would have gone unreported without observation from the air. Though there 

have been no reports of outburst floods or lahars in historic time, the large volume of 

ice contained within the caldera and on the volcano’s flanks poses a significant risk to 

nearby communities in the case of large future eruptions such as the explosive event of 

1892 (Miller et al., 1998).

6.4 Recommendations for Future Study

The initial geochemical and petrologic analyses in this study have generated 

intriguing trends in the post-caldera lavas at Okmok. In order to better decipher what is 

happening in the magma system beneath Okmok, a more detailed study of these data 

should be undertaken. More samples from lavas other than the 1997 and other Cone A
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flows would greatly augment the current dataset, and lend credence to trends that may 

only be apparent in the current data. Work currently being done by Ben Finney at 

Bristol University on trace element data from the intracaldera units used for this study 

will complement these preliminary results.

Another question yet to be addressed is the issue of how two magma reservoirs 

are formed beneath one 10 km wide caldera. Perhaps some insight might be gained 

from recent studies of other Aleutian Arc caldera systems such as Aniakchak (Dreher, 

2002), Fisher (Stelling, 2003), and Veniaminof (work in progress by AVO scientists).

A more detailed look at the petrology and geochemistry of pre-caldera lavas from 

Okmok would be beneficial in comparing pre- and post-caldera magma reservoir 

conditions. Pressure and temperature experiments may also help constrain magma 

storage depths, both for the source reservoirs and to corroborate the depth of the 

intermediate reservoir suggested by deformation modeling.

The viscosity calculations done for this project should be rerun using values for 

vesicularity and crystallinity that are representative of the actual samples, to see if  there 

are significant changes in rheological properties predicted. Also, additional 

morphological measurements of the 1997 lava flow should be made at varied distances 

from the vent to see if they show the differences in viscosity along the length o f the 

flow that would be expected as crustal effects cause the lava to behave thixotropically.

Finally, overall post-caldera effusion rate could be better constrained with more 

accurate and precise estimates of lava flow volume for the 1945 and 1958 flows. These 

could potentially be generated by subtraction of the digitized 1943 Army series 

topographic map from a refined pre-1997 DEM.



CHAPTER 7: CONCLUSIONS

Okmok volcano has produced two caldera-forming eruptions in the past 12,000 

years, and has been active in historic time, erupting at least 16 times in the past 200 

years. All eruptive activity in the past century has originated at Cone A in the 

southwest part of the caldera, and this cone formed almost entirely within the last 

century. Eruptions in 1958 and 1997 produced lava flows that have traversed much of 

the caldera floor, the 1958 flow being the first intracaldera flow to reach the far side of 

the caldera. These recent eruptions suggest that Okmok has entered a period of more 

intense effusive activity. Perhaps each of the intracaldera cones represents a several 

decade pulse of activity such as that currently underway at Cone A.

Major element analysis of the major intracaldera cones and associated lava flows 

has indicated two chemically and spatially separate magma sources beneath the caldera. 

This is in contrast to geodetic evidence for a single, centrally located inflation source at 

present. Cones along the west to north margin of the caldera floor may be fed by 

remnant caldera eruption magma beneath that sector. Cones along the south to east 

margin -  with one exception (Cone F) -  are fed from a new reservoir beneath the center 

o f the caldera.

The rheology of the 1997 lava flow was studied by measuring several 

morphometric parameters on the surface of the emplaced flow and compared with 

chemically calculated values. Inferred temperatures correspond well with temperatures 

derived from Comagmat software for the eruption (P. Izbekov, personal 

communication, 2003). This method may prove useful in constraining lava chemistry 

on new lava flows via remotely sensed data, if morphology can be adequately 

measured, and may be applied to older flows to help constrain eruptive conditions.

Okmok has much in common with other Aleutian arc calderas but is distinctive 

in its level of varied mafic post-caldera eruptive activity.

105



106

References

Abrams, M., E. Abbott and A. Kahle, 1991, Combined use o f visible, reflected infrared, 
and thermal infrared images for mapping Hawaiian lava flows: Journal of 
Geophysical Research, v. 96, n. B l, p. 475-484.

Almberg, L., 2003, Hydrovolcanism in Okmok Caldera, Alaska: MS thesis, University 
of Alaska Fairbanks, 56p.

Anchorage Daily News, August 16 and 29, 1958.

Anchorage Daily Times, October 20, 1938; August 15 and 19, 1958; October 17, 1960.

Avery, T.E. and G.L. Berlin, 1992, Fundamentals of Remote Sensing and Airphoto 
Interpretation, 5th ed., Macmillan Publishing Co., New York.

Barnard, W.M., 1995, Mauna Loa Volcano: historical eruptions, exploration, and
observations (1779-1910): in Rhodes, J.M. and J.P. Lockwood (eds.), Mauna 
Loa Revealed: Structure, Composition, History, and Hazards, American 
Geophysical Union Geophysical Monograph, v. 92, p. 1-19.

Bergsland, K., 1994, Aleut Dictionary, Unangam Tunudgusii: an unabridged lexicon of 
the Aleutian, Pribilof, and Commander Islands Aleut language, Alaska Native 
Language Center , University of Alaska Fairbanks.

Beschel, R.E., 1961, Dating rock surfaces by lichen growth and its application to 
glaciology and physiography (lichenometry): Geology of the Arctic, v. 2, 
p. 1044-1062.

Beschel, R.E., 1973, Lichens as a measure o f the age of recent moraines: Arctic and 
Alpine Research, v. 5, n. 4, p. 303-309.

Black, R.F., 1974, Late-Quaternary sea level changes, Umnak Island, Aleutians -  their 
effects on ancient Aleuts and their causes: Quaternary Research, v. 4, 
p. 264-281.

Black, R.F., 1975, Late-Quaternary geomorphic processes: effects on the ancient Aleuts 
of Umnak Island in the Aleutians: Arctic, v. 28, p. 159-169.

Borgia, A. and S.R. Linneman, 1990, On the mechanisms of lava flow emplacement 
and volcano growth: Arenal, Costa Rica: in Fink, J.H. (ed.), Lava Flows and 
Domes: emplacement mechanisms and hazard implications, IAVCEI 
Proceedings in Volcanology 2, Springer-Verlag, p. 208-243.



107

Bottinga, Y.A. and D.F. Weil, 1972, The viscosity of magmatic silicate liquids: a model 
for calculation: American Journal o f Science, v. 272, n. 5, p. 438-473.

Bradley, C.G., 1948, Geologic notes on Adak Island and the Aleutian chain, Alaska: 
American Journal of Science, v. 246, n. 4, p. 214-240.

Burgisser, A., J.F. Larsen, R.W. Hazlett, M. Coombs, M. Campbell, and J.
Eichelberger, 1999, Preliminary investigation of the eruptive cycles of Okmok 
volcano, Alaska, [abs.]: Eos Transactions, American Geophysical Union , v. 80, 
n. 46, p. 1188.

Byers, F.M., Jr., D.M. Hopkins, K.L. Wier, and B. Fisher, 1947, Part 3: Volcano 
investigations on Umnak Island, 1946: U.S. Geological Survey, Alaskan 
Volcano Investigations Report No. 2: Progress of Investigations in 1946, 
p. 19-53.

Byers, F.M., Jr. and W.W. Brannock, 1949, Volcanic activity on Umnak and Great 
Sitkin Islands, 1946-1948: Transactions, American Geophysical Union, v. 30, 
n. 5, p. 719-734.

Byers, F.M., Jr., 1959, Geology of Umnak and Bogoslof Islands, Aleutian Islands, 
Alaska: U.S. Geological Survey Bulletin 1028-L, p. 267-369.

Byers, F.M., Jr., 1961, Petrology of three volcanic suites, Umnak and Bogoslof Islands, 
Aleutian Islands, Alaska: Geological Society of America Bulletin, v. 72, 
p. 93-28.

Capps S.R., 1934, Notes on the geology of the Alaska Peninsula and Aleutians: U.S. 
Geological Survey Bulletin 857-D.

Cas, R.A.F. and J.V. Wright, 1995, Volcanic Successions: modem and ancient, 
Chapman and Hall, London, p. 15-26.

Cervelli, P.F. and A. Miklius, 2003, The shallow magmatic system of Kilauea Volcano: 
in Heliker, C., D.A. Swanson, and T.J. Takahashi (eds.) The Pu‘u lO ‘o- 
Kupaianaha Eruption of Kilauea Volcano, Hawai‘i: The First 20 Years, U.S. 
Geological Survey Professional Paper 1676, p. 149-164.

Coats, R.R., 1946, Past volcanic activity in the Aleutian arc: U.S. Geological Survey, 
Alaskan Volcano Investigations Report No. 1, 18p. (limited distribution).

Coats, R.R., 1950, Volcanic activity in the Aleutian arc: U.S. Geological Survey 
Bulletin 974-B, p. 35-47.



108

Dali, W.H., 1870, Alaska and its Resources, Lee and Shepard, Boston.

Dali, W.H., 1918, Reminiscences of Alaskan volcanos: Scientific Monthly, v. 7, 
p. 80-90.

Dehn, J., K. Dean and K. Engle, 2000, Thermal monitoring of North Pacific volcanoes 
from space: Geology, v. 28, no. 8, p. 755-758.

Dreher, S. T., 2002, The physical volcanology and petrology of the 3400 YBP caldera- 
forming eruption of Aniakchak Volcano, Alaska: University of Alaska 
Fairbanks unpublished Ph.D. dissertation, Fairbanks, AK, 174 p.

Dunn, R., 1908, On the chase for volcanoes: Outing Magazine, v. 51, p. 540-50.

Eichelberger, J.C. and T.R. McGetchin, 1974, Petrogenesis of the 1973 Pacaya Lavas, 
Guatemala: Proceedings of the symposium on Andean and Antarctic 
volcanology problems; Santiago, Chile, September, 1974, International 
Association of Volcanology and Chemistry o f the Earth's Interior, p. 435-449.

Einarsson, T., 1949, The eruption of Hekla, 1947-1948, IV, 3: The flowing lava; studies 
of its main physical and chemical properties: Society Scientifica Islandica.

Einarsson, T., 1966, Studies of temperature, viscosity, density and some types of
materials produced in the Surtsey eruption: Surtsey Research Program Report 2, 
p. 163-179.

Fink, J.H., 1983, Structure and emplacement of a rhyolitic obsidian flow, Little Glass 
Mountain, N. California: Geological Society of America Bulletin, v. 94, 
p. 362-380.

Fink, J.H., and J. Zimbelman, 1990, Longitudinal variations in rheological properties o f 
lavas: Puu Oo basalt flows, Kilauea Volcano, Hawaii: in Fink, J.H. (ed.), Lava 
Flows and Domes: emplacement mechanisms and hazard implications, IAVCEI 
Proceedings in Volcanology 2, Springer-Verlag, p. 157-173.

Foster, B., 1997, An eruption history of Okmok volcano: February - April 1997, REU 
Summer Intern Program 1997, unpublished report.

Foster, N.H. and E.A. Beaumont, 1992, (eds.) Photogeology and Photogeomorphology: 
Treatise o f Petroleum Geology Reprint Series no. 18, Americam Association of 
Petroleum Geologists, Tulsa.

Freiday, D., 1945, The Aleutians -  Island necklace of the north: Natural History, v. 54, 
n.10, p. 444-455.



109

Geoghegan, R.H., 1944, The Aleut language, the elements of Aleut grammar with a 
dictionary in two parts containing basic vocabularies of Aleut and English: 
Washington, U.S. Department of the Interior, 169 p.

Giordano, D. and D.B. Dingwell, 2003, Viscosity of hydrous Etna basalt: implications 
For Plinian-style basaltic eruptions, Bulletin of Volcanology, v. 65, p. 8-14,
DOI 10.1007/s00445-002-0233-2.

Grewingk, C., 1850, Beitrag zur Kenntniss der orographischen und geognostischen 
Beschaffenheit der Nordwestkueste Amerikas, mit den anliegenden Inseln, 
abstracted from Verhandlungen der Minerologischen Gesellschaft zu St. 
Petersburg, filer die Jahre 1848-49, p. 128-319.

Hantke, G., 1951, Uebersicht ueber die vulkanische Taetigkeit, 1941-1947, Bulletin 
Volcanologique, v. 11, p. 161-208.

Harris, A.J.L., A.L. Butterworth, R.W. Carlton, I. Downey, P. Miller, P. Navarro, and 
D.A. Rothery, 1997, Low-cost volcano surveillance from space: case studies 
from Etna, Krafla, Cerro Negro Fogo, Lascar and Erebus: Bulletin of 
Volcanology, v. 59, p. 49-64.

Harris, A.J.L., L.P. Flynn, L. Keszthelyi, P.J. Mouginis-mark, S.K. Rowland, J.A.
Resing, 1998, Calculation of lava effusion rates from Landsat TM data: Bulletin 
of Volcanology, v. 60, p. 52-71.

Harris, A.J.L. and S.K. Rowland, 2001, FLOWGO: a kinematic thermo-rheological 
model for lava flowing in a channel; Bulletin of Volcanology, v. 63, p. 20-44.

Heliker, C., J. Kauahikaua, D. Sherrod, M. Lisowski, and P.F. Cervelli, 2003, The rise 
and fall o f Pu’u ‘O ’o Cone, 1983-2002: : in Heliker, C., D.A. Swanson, and T.J. 
Takahashi (eds.) The Pu‘u ‘0 ‘o-Kupaianaha Eruption of Kilauea Volcano, 
Hawai‘i: The First 20 Years, U.S. Geological Survey Professional Paper 1676, 
p. 29-52.

Heliker, C. and T.N. Mattox, 2003, The first two decades of the Pu’u ‘O ’o Kupaianaha 
eruption: chronology and selected bibliography: in Heliker, C., D.A. Swanson, 
and T.J. Takahashi (eds.) The Pu‘u ‘0 ‘o-Kupaianaha Eruption o f Kilauea 
Volcano, Hawai‘i: The First 20 Years, U.S. Geological Survey Professional 
Paper 1676, p. 1-28.

Holmes, C., 1991, Thirty-five years on the chain: Alaska Geographic, v. 18, n. 4, 
p. 73-76.



110

Holmes, C., 1994, Good-Bye, Boise...Hello, Alaska, Country Books, Greendale, 
Wisconsin, p. 154.

Hulme, G., 1974, The interpretation of lava flow morphology: Geophysical Journal of 
the Royal Astronomical Society, v. 39, p. 361-383.

Jaggar, T.A., 1931, Difficulties of Alaskan earthquake study: The Volcano Letter, 
no. 337, p. 1-3.

Jaggar, T.A., 1932, Aleutian eruptions 1930-32: The Volcano Letter, n. 375, p. 1-3.

Jeffreys, H., 1925, The flow of water in an inclined channel of rectangular section: 
Philosophy Magazine, v. 49, p. 793-807.

Kahle, A.B., A.R. Gillespie, E.A. Abbott, M.J. Abrams, R.E. Walker, G. Hoover, and 
J.P. Lockwood, 1988, Relative dating of Hawaiian lava flows using 
multispectral thermal infrared images: a new tool for geologic mapping of 
young volcanic terranes: Journal o f Geophysical Research, v. 93, n. 12, 
p. 15,239-15,251.

Kavanagh, B.F., 2001, Surveying with Construction Applications, 4th ed., Prentice-Hall, 
Upper Saddle River, New Jersey, p. 542.

Keller, A., 1976, Okmok caldera: Alaska Geographic, v. 4, n. 1, p. 75-82 and 
Appendix I.

Keller, A., 1991, Okmok caldera: Alaska Geographic, v. 18, n. 2, p. 60-68.

Kilbum, C.R.J., 1990, Surfaces of aa flow fields on Mount Etna, Sicily: morphology,
rheology, crystallization and scaling phenomena: in Fink, J.H. (ed.), Lava Flows 
and Domes: emplacement mechanisms and hazard implications, IAVCEI 
Proceedings in Volcanology 2, Springer-Verlag, p. 129-156.

Kilbum, C.R J. and J.E. Guest, 1993, Aa lavas of Mount Etna, Sicily, C.R.J. Kilbum 
and G. Luongo, eds., Active Lava, UCL Press, London, p. 73-106.

Kilbum, C.R.J. and R.M.C. Lopes, 1991, General patterns o f flow field growth: Aa and 
blocky lavas: Journal of Geophysical Research, v. 96, p. 19721-19732.

Kilbum, C.R.J., H. Pinkerton and L. Wilson, Forecasting the behavior of lava flows: in 
McGuire, B., C.R J. Kilbum and J. Murray, (eds.), Monitoring Active 
Volcanoes, UCL Press, London, p. 346-368.

Langsdorff, G.H. von, 1812, Bemerkungen auf einer Reise um die Welt in den Jahren



I l l

1803 bis 1807 (Remarks and Observations on a Voyage Around the World from 
1803 to 1807), vol. 2, Frankfurt am Main: translated by Victoria Joan Moessner, 
1993, Limestone Press, Kingston, Ontario, Canada, p. 145.

Larsen, J.F. and C.J. Nye, 2000, The 2050 BP Okmok caldera forming event: evidence 
for magma mixing as an eruption trigger , [abs.]: Eos Transactions, American 
Geophysical Union , v. 81, n. 48, p. 1376.

LeBas, M.J., R.W. LeMaitre, A.L. Streckeisen, and B. Zanettin, 1986, A chemical
classification of volcanic rocks based on the total alkali-silica diagram: Journal 
of Petrology, v. 27, p. 745-750.

Lillesand, T.M. and R.W. Kiefer, 1994, Remote Sensing and Image Interpretation, 3rd 
ed., John Wiley & Sons, Inc., New York.

Lipman, P.W. and N.G. Banks, 1987, Aa flow dynamics, Mauna Loa 1984: in R.W. 
Decker, T.L. Wright, P.H. Stauffer, (eds.), Volcanism in Hawaii: U.S. 
Geological Survey Professional Paper 1350, p. 1527-1567.

Lu, Z., J. Freymueller and D. Mann, 1998, Deformation of Okmok volcano, Alaska, 
measured by satellite radar interferometry [abs.]: Eos Transactions, American 
Geophysical Union , v. 79, n. 45, p. 35.

Lu, Z., D. Mann and J. Freymueller, 1998, Satellite radar interferometry measures 
deformation at Okmok volcano: Eos Transactions, American Geophysical 
Union, v. 79, n. 39, p. 461, 467-468.

Lu, Z., D. Mann, J. Freymueller, and D.J. Meyer, 2000, Synthetic aperture radar 
interferometry of Okmok volcano, Alaska: radar observations: Journal o f 
Geophysical Res., v. 105, n. B5, p. 10,791-10,806.

Lu Z., E. Fielding, M. Patrick, and C. Trautwein, 2003, Estimating lava volume by 
precision combination of multiple baseline spacebome and airborne 
interferometric synthetic aperture radar: the 1997 eruption of Okmok volcano, 
Alaska: IEEE Transactions on Geoscience and Remote Sensing, v. 41, n. 6, 
p. 1428-1436.

Lutke, F.P., 1836, Voyage Autour du Monde, execute par ordre de Sa Majeste
l’empereur Nicolas l er, sur la corvette le Seniavine, dans les annees 1826-1829, 
vol. 3, Didot Freres, Paris.

Macdonald, G.A., 1972, Volcanoes, Prentice-Hall, New Jersey, p. 42-65.

MacKenzie, W.S. and C. Guilford, 1980, Atlas of Rock-forming Minerals in Thin



112

Section, Halsted Press, John Wiley and Sons, New York.

MacKenzie, W.S., C.H. Donaldson and C. Guilford, 1982, Atlas of Igneous Rocks and 
their Textures, Halsted Press, John Wiley and Sons, New York.

Mann, D., J.T. Freymueller, and Z. Lu, 1998, SAR interferometry as a versatile tool to 
investigate Okmok volcano, Alaska [abs.]: Eos Transactions, American 
Geophysical Union , v. 79, n. 45, p. 35.

Mann, D., J.T. Freymueller, and Z. Lu, 2002, Deformation associated with the 1997 
eruption of Okmok volcano, Alaska: Journal of Geophysical Research, v. 107, 
n. B4, 10.1029/2001JB000163.

Marsh, B.D., 1982, The Aleutians, inAndesites, R.S. Thorpe, e d ., John Wiley and 
Sons, p. 99-114.

McBimey, A.R. and T. Murase, 1984, Rheological properties of magmas: Annual 
Review of Earth and Planetary Sciences, v. 12, p. 337-57.

McGimsey, R.G., and T.P. Miller, 1995, Quick reference to Alaska's historically active 
Volcanoes: U.S. Geological Survey Open-File Report 95-520, 13 p.

McGimsey, R.G. and K.L. Wallace, 1999, 1997 Volcanic Activity in Alaska and 
Kamchatka: Summary of Events and Response of the Alaska Volcano 
Observatory: U.S. Geological Survey Open-File Report 99-448, p. 18-23.

Miller, D. M., 1995, Petrogenesis of adjacent calc-alkaline and tholeiitic volcanoes on 
Umnak Island, Aleutian Islands, Alaska: Columbia University Ph.D. 
dissertation, 476 p.

Miller, T.P., and R.L. Smith, 1987, Late Quatenary caldera-forming eruptions in the 
eastern Aleutian arc, Alaska: Geology, v. 15, p. 434-438.

Miller, T.P., R.G. McGimsey, D.H. Richter, J.R. Riehle, C.J. Nye, M.E. Yount, and 
J.A. Dumoulin, 1998, Catalog of the historically active volcanoes o f Alaska: 
U.S. Geological Survey Open File Report 98-582, p. 29-33, 43-44, 57-59.

Minakami, T. and S. Sakuma, 1953, Report on volcanic activities and volcanological 
studies concerning them in Japan during 1948-1951: Bulletin of Volcanology, 
v. 14, p. 79-130.

Moore, H.J., 1987, Preliminary estimates of the rheological properties of 1984 Mauna 
Loa lava: in R.W. Decker, T.L. Wright, P.H. Stauffer, (eds.), Volcanism in 
Hawaii: U.S. Geological Survey Professional Paper 1350, p. 1569-1588.



113

Moxey, L., J. Dehn, K. Papp, M. Patrick, and R. Guritz, 2001, The 1997 eruption of 
Okmok volcano, Alaska, a synthesis o f remotely sensed data [abs.]: Eos 
Transactions, American Geophysical Union, v. 82, n. 47, p. 1375.

Moxey, L., R. Guritz, J. Dehn, and E. Price, 2002, Surface change detection,
topographic and geologic mapping of Okmok volcano, Alaska, using high- 
resolution AIRSAR sensor data: NASA-Jet Propulsion Laboratory, AIRSAR 
Workshop, Pasadena, California.

Murase, T. and A.R. McBimey, 1973, Properties of some common igneous rocks and 
their melts at high temperatures, Geological Society o f America Bulletin, 
v. 84, p. 3563-92.

National Historic Landmarks Program, 1987,
http://tps.cr.nps. gov/nhl/detail.cfm?ResourceID=2004&resourceType=District

Neal, C.A., R.G. McGimsey, O.A. Braitseva, T.P. Miller, J.C. Eichelberger, and C.J. 
Nye, 1992, Post-caldera eruptive history o f Aniakchak caldera, Alaska [abs.]: 
Eos Transactions, American Geophysical Union, v. 73, n. 43, p. 645.

Neal, C.A., R.G. McGimsey, T.P. Miller, J.R. Riehle, and C.F. Waythomas, 2001, 
Preliminary volcano-hazard assessment for Aniakchak volcano, Alaska: U.S. 
Geological Survey Open File Report 00-519.

Newhall, C.G. and D. Dzurisin, 1987, Historical unrest at large calderas of the world: 
U.S. Geological Survey Bulletin 1855, v. 2, p. 692-695.

Nichols, B.L., 1939, Viscosity o f lava, Journal of Geology, v. 47, n. 3, p. 290-302.

Nye, C.J., 1983, Petrology and geochemistry o f Okmok and Wrangell Volcanoes, 
Alaska: PhD dissertation, University o f California, Santa Cruz, 208 p.

Nye, C.J. and M.R. Reid, 1986, Geochemistry of primary and least fractionated lavas 
from Okmok Volcano, central Aleutians: Implications for arc magmagenesis: 
Journal o f Geophysical Research, v. 91, n. B10, p .10271-10287.

Nye, C.J., 1990, Okmok: eastern Aleutian Islands: in, C.A. Wood and Juergen Kienle, 
(eds.), Volcanoes of North America, Cambridge University Press, p. 38-40.

Nye, C.J., S.E. Swanson, V.F. Avery, and T.P. Miller, 1994, Geochemistry of the 1989- 
1990 eruption of Redoubt volcano: Part I. Whole-rock major- and trace-element 
chemistry: Journal o f Volcanology and Geothermal Research, v. 62, p. 429-452.

http://tps.cr.nps


114

Orowan, E., 1949, Remark from joint meeting of British Glaciological Society, British 
Rheologists’ Club, and Institute o f Metals: Journal of Glaciology, v. 1, n. 5, 
p. 231-240.

Orth, D.J., 1967, Dictionary of Alaska place names: U.S. Geological Survey 
Professional Paper 567, 1084 p.

Patrick, M.R., 2002, Numerical modeling o f lava flow cooling applied to the 1997 
Okmok eruption: comparison with AVHRR thermal imagery: MS thesis, 
University of Alaska Fairbanks, 141 p.

Patrick, M.R., J. Dehn, K.R. Papp, Z. Lu, K. Dean, L. Moxey, P. Izbekov, and R. 
Guritz, 2003, The 1997 eruption of Okmok volcano, Alaska: a syntiesis of 
remotely sensed imagery: Journal of Volcanology and Geothermal Research, 
v. 127, p. 87-105.

Pinkerton, H., 1993, Measuring the properties of flowing lavas, C.R.J. Kilbum and 
G. Luongo, eds., Active Lava, UCL Press, London, p. 175-191.

Ramsey, M.S. and J.H. Fink, 1999, Estimating silicic lava vesicularity with thermal
remote sensing: a new technique for volcanic mapping and monitoring: Bulletin 
of Volcanology, v. 61, p. 32-39.

Realmuto, V.J., K. Hon, A.B. Kahle, E.A. Abbott, and D.C. Pieri, 1992, Multispectral 
thermal infrared mapping of the 1 October 1988 Kupaianaha flow field, Kilauea 
volcano, Hawaii: Bulletin o f Volcanology, v. 55, p. 33-44.

Reeder, J.W., 1984, Okmok: in Annual report o f the world volcanic eruptions in 1983, 
Bulletin of Volcanic Eruptions, v. 22, p. 92-94.

Reeder, J.W., 1986, Okmok: in Annual report of the world volcanic eruptions in 1983, 
Bulletin o f Volcanic Eruptions, v. 23, p. 35-36, 52-53.

Robinson, G.D., 1947, Part 1: Objectives, methods, and progress of Alaskan volcano
Investigations: U.S. Geological Survey, Alaskan Volcano Investigations Report 
No. 2: Progress of Investigations in 1946, p. 3-5.

Robinson, G.D., 1948, Exploring Aleutian volcanoes: National Geographic Magazine, 
v. 94, n. 4, p. 509-528.

Rozell, N., 2001, Okmok volcano on the rise in Aleutians: Fairbanks Daily News- 
Miner, Sept. 9.

Sabins, F.F., 1997, Remote Sensing: Principles and Interpretation, 3rd ed., W.H.



115

Freeman & Co., New York.

Shaw, H.R., T. Wright, D.L. Peck, and R. Okamura, 1968, The viscosity of basaltic 
magma: an analysis of field measurements in Makaophui Lava Lake, Hawaii: 
American Journal of Science, v. 266, p. 225-264.

Shaw, H.R., 1972, Viscosities of magmatic silicate liquids: an empirical method of 
prediction, American Journal of Science, v. 272, p. 870-893.

Simkin, T. and L. Siebert, 1994, Volcanoes of the World, 2nd Edition, Geoscience 
Press, Inc., Tucson, Arizona, 349 p.

Smithsonian Institution, 1983, Okmok: Scientific Event Alert Network Bulletin, v. 8, 
no. 8.

Smithsonian Institution, 1986, Okmok: Scientific Event Alert Network Bulletin, v. 11, 
no. 12.

Smithsonian Institution, 1987, Okmok: Scientific Event Alert Network Bulletin, v. 12, 
nos. 1,3, 6-7, 11-12.

Smithsonian Institution, 1988, Okmok: Scientific Event Alert Network Bulletin, v. 13, 
no. 2.

Smithsonian Institution, 1997, Okmok: Bulletin o f the Global Volcanism Network, 
v. 22, nos. 1-4.

Stelling, P., 2003, Volcanism on Unimak Island, Alaska, USA: a special focus on 
Shishaldin and Fisher Volcanoes: PhD dissertation, University of Alaska, 
Fairbanks, 193 p.

Stevenson, R.J., D.B. Dingwell, N.S. Bagdassarov, and C.R. Manley, 2001,
Measurement and implication of “effective” viscosity for rhyolite flow 
emplacement: Bulletin o f Volcanology, v. 63, p. 227-237.

Veniaminov, I., 1840, Zapiski ob ostrovkh Unalashkinskago otdela (Notes on the
islands of the Unalashka District), St. Petersburg: translated by L.T. Black and 
R.H. Geoghegan, 1984, R.A. Pierce (ed.), Limestone Press, Kingston, Ontario, 
Canada, 513 p.

Wilcox, R.E., 1959, Some effects o f recent volcanic ash falls with especial reference to 
Alaska: U.S. Geological Survey Bulletin 1028-N, p. 418-419.



116

Williams and McBimey, 1979, Volcanology, Freeman, Cooper and Co., San Francisco, 
397 p.

Wolfe, B.A., 2001, Paleohydrology of a catastrophic flood release from Okmok caldera 
and post-flood eruption history at Okmok Volcano, Umnak Island, Alaska: MS 
thesis, University of Alaska Fairbanks, lOOp.

Wolfe, B.A. and J.E. Beget, 2002, Destruction of an Aleut village by a catastrophic
flood release from Okmok Caldera, Umnak Island, Alaska: Geological Society 
of America Abstracts with Programs, v. 34, n. 6.

Wood, C. A., and Kienle, Juergen, (eds.), 1990, Volcanoes o f North America: United 
States and Canada: New York, Cambridge University Press, 354 p.

Wood, C.A., 1980, Morphometric evolution of cinder cones: Journal of Volcanology 
and Geothermal Research, v. 7, p. 387-413.

Wright, R., D.A. Rothery, S. Blake, and D.C. Pieri, 2000, Visualising active volcanism 
with high spatial resolution satellite data: the 1991-1993 eruption of Mount 
Etna: Bulletin of Volcanology, v. 62, p. 256-265.

Wright, R., L.P. Flynn and A.J.L. Harris, 2001, Evolution o f lava flow-fields at Mount 
Etna, 27-28 October 1999, observed by Landsat 7 ETM+: Bulletin of 
Volcanology, v. 63, p. 1-7.



117

Appendix A

Locations of samples used in whole rock analyses

Table A - l: Locations of samples used in whole rock analyses

Sample ID Latitude Longitude Collector

01DGOK04 53.4317 -168.1353 D. Grey
01DGOK05 53.4311 -168.1347 u

01DGOK06 53.4350 -168.1353 a

01DGOK11 53.4088 -168.1697 a

01DGOK12 53.4088 -168.1697 t t

01DGOK13 53.4175 -168.1782 a

01DGOK14 53.4171 -168.1221 i t

01DGOK15 53.4174 -168.1229 t t

01DGOK18 53.4170 -168.1278 t t

01DGOK20 53.4149 -168.1356 t t

01DGOK21 53.3973 -168.1555 t t

01DGOK22 53.4033 -168.1567 t t

OINYOIO 53.3997 -168.1806 C. Nye
BF00-1958F 53.4492 -168.1861 B. Finney
BF00-1997F 53.4383 -168.1572 t t

BF00-A1 53.4018 -168.1680 t t

BF00-B1 53.4675 -168.1215 t t

BF00-B2 53.4555 -168.1215 i t

BF00-C1 53.4015 -168.1075 i t

BF00-D1 53.4278 -168.0972 t t

BF00-E1 53.4258 -168.1645 a

BF00-E2 53.4270 -168.1690 t t

BF00-F1 53.3923 -168.1177 t t

BF00-G1 53.4362 -168.1720 t t

BF00-G2 53.4374 -168.1712 t t

BF00-H1 53.4546 -168.1615 t t

QAF45 53.4097 -168.1403 D. Miller
QCF1 53.4139 -168.1028 t t

QCF2 53.4125 -168.1167 t t

QCF3 53.4042 -168.1125 t t

QCF5 53.4042 -168.1125 t t

QDF1 53.4319 -168.0958 t t

QDF2 53.4319 -168.0889 t t

QDF3 53.4417 -168.0889 t t

QEF1 53.4389 -168.1444 a

QFF1 53.4056 -168.1264 t t

Samples 01DGOK04-BF00-H1 
Samples QAF45-QFF1 are data 
Samples from Byers (1961) are

are data from this study, 
from Miller, 1995.
not listed here because locations were not reported.



Table B-l 1997 lava flow morphology measurements

Lat. (N) 
(decimal 
degrees)

Long. (W) 
(decimal 
degrees)

thickness
(m)

side slope 
(single 

number)
d*
(m)

side
slope
top

side
slope

bottom
d

(m)
snout
slope

d top 
(m) slope

ground
slope notes

early lobe

53.4073 168.1793 3.75 small lobe
53.4094 168.1697 3.73 37 44 jet ash-covered & later 97

begin lobe 2

53.4164 168.1640 3.86 34

53.4164 168.1640 44

53.4203 168.1611 4.50 40

53.4203 168.1611 66
53.4224 168.1607 6.02 40 12
53.4246 168.1583 5.12 38 9
53.4274 168.1564 6.45 44 9
53.4304 168.1531 5.47 38 8
53.4334 168.1541 5.18 38

53.4361 168.1556 6.10 32 15 6
53.4383 168.1567 6.61 12 38
53.4402 168.1540 6.62 37 8 44
53.4402 168.1540 5.01 17 39
53.4359 168.1493 6.00 41 14 6
53.4379 168.1467 4.33 16 18 rifle shells found
53.4389 168.1464 5.20 15 46 base of hill

53.4418 168.1472 5.02 34 34-rubbly, edge of small lake

A
ppendix 

B

M
orphology 

m
easurem

ents 
for 

1997 
lava 

flow



Table B-l continued
Lat. (N) 
(decimal 
degrees)

Long. (W) 
(decimal 
degrees)

thickness
(m)

side slope 
(single 

number)
d

(m)

side
slope
top

side
slope

bottom
d

(m)
snout
slope d(m)

top
slope

ground
slope notes

53.4418 168.1472 54 54-blocky
53.4413 168.1415 6.84 42 6 near camp
53.4422 168.1390 5.18 20 40 50 at camp, on terrace
53.4422 168.1390 4.93 46 just below terrace
53.4288 168.1442 18 51 9 4

53.4403 168.1381 5.00 34 6 24 60 7

53.4390 168.1416 3.97 40 4 18 49 7
53.4361 168.1352 5.04 42 5 6 4 42-blocky
53.4361

53.4365

168.1352

168.1370

4.63

5.92 86 34 3

34 7 34-rubbly
where 97 flow butts up against 1958 
flow

53.4345 168.1395 4.88 82 2 4 82-blocky
53.4345 168.1395 34 5 34-rubbly
53.4349 168.1424 5.47 18 44 7

53.4333 168.1435 4.53 38 7 10 top near side, rubbly

53.4313 168.1430 4.86 12 53 11,4
53.4267 168.1460 4.73 46 6

53.4262 168.1487 4.29 36 6

53.4249 168.1503 4.79 18 36 10
53.4244 168.1523 4.82 40 6 1

53.4233 168.1534 4.55 39 5 14

53.4201

53.4187

168.1501

168.1478

5.18

3.73

34 8 17

14 44 6
N edge of minilobe where 2 main 97 
lobes meet



Table B-l continued
Lat. (N) 
(decimal 
degrees)

Long. (W) 
(decimal 
degrees)

thickness
(m)

side slope 
(single 

number)
d

(m)

side
slope
top

side
slope

bottom
d

(m)
snout
slope d (m)

top
slope

ground
slope notes

averages 5.14 43.46 5.50 7.00 42.88 6.00 6.63 9.33

end lobe 2

53.4196 168.1447 3.47 20 36 9 10

53.4196 168.1447 5.81 20 60 8 snout

53.4192 168.1438 40
major levee where 2 main 97 lobes 
meet

begin lobe 1

53.4192 168.1432 11.00 levee height
53.4210 168.1420 4.53 54 5 4

53.4222 168.1402 6.94 16 60 5 4 top slope 10 on side lobe

53.4233 168.1373 4.50 38 6 levee height from photo?
53.4246 168.1364 4.70 34 10 20 48 10 3

53.4254 168.1339 6.99 50 4 14 top slope to side
53.4271 168.1336 9.17 38 5 52 4 13 top near side,d~20

53.4295 168.1345 7.77 40 22 50 10 4
funky smoothish texture on 58 flow 
near kipuka

53.4310 168.1336 6.09 28 15 topo drop in 97 flow

53.4323 168.1353 4 top as seen from grassy knoll
53.4322 168.1326 5.80 38 8

53.4337 168.1323 7.50 16 50 6

53.4344 168.1321 5.22 14 65 5 10
53.4344 168.1307 5.34 48 5 11 42 5 3



Table B-l continued
Lat. (N) 
(decimal 
degrees)

Long. (W) 
(decimal 
degrees)

thickness
(m)

side slope 
(single 

number)
d

(m)

53.4330 168.1286 4.94 44 5

53.4321 168.1260

53.4327 168.1227 9.50

53.4336 168.1224 44 6

53.4336 168.1219

53.4336 168.1219

53.4366 168.1222 4.05 32 3

53.4364 168.1212 8.05

53.4386 168.1144 5.67 40 9

53.4391 168.1107 3.99 17 5.5

53.4391 168.1107 37 3

53.4384 168.1101 6.29

53.4384 168.1101

53.4379 168.1076 3.17 45 2

53.4379 168.1076 39 6

53.4379 168.1041 5.40

53.4379 168.1041

53.4364 168.1064 5.59 38 2.5

53.4355 168.1097 4.27 41 3

53.4346 168.1118 5.25 39 4

53.4346 168.1118 27 5

53.4334 168.1136 8.17 38 6

side side
slope slope d snout top ground

slope_______________notes

22 57 6 4

15 60 14 5

14 64 9 5

3

18 14 40 7 6

10

NE edge of minilobe in 97

top(third) layer near snout of 97 
flow

40 5 0 second layer near snout of 97 flow

3 first layer near snout of 97 flow

40 11 6 third layer snout

16 48 11 6 top lobe

1 bottom lobe

44 3 3 terminal tip of 97 flow

6



Table B-l continued
Lat. (N) 
(decimal 
degrees)

Long. (W) 
(decimal 
degrees)

thickness
(m)

side slope 
(single 

number)
d

(m)

side
slope
top

side
slope

bottom
d

(m)
snout
slope d (m)

top
slope

ground
slope notes

53.4334

53.4319

168.1136

168.1145 8.56

50

18

5

30

blocky
side lobe emplaced before levee 
formed

53.4310 168.1152 10.71

53.4290 168.1166 9.50 40 levee side slope (repose)
53.4264 168.1141 12.31

53.4239 168.1138 11.43 30 5 7 lower of two layers
53.4214 168.1127 13.09 40 10 17 44 19 3 top slope to SW 5

53.4178 168.1124 9.69 42 8 -6 ground slopes in toward flow
53.4178 168.1147 11.52 54 3 40 16 3 -2 bottom layer

53.4178 168.1147 47 10

53.4168 168.1192 10.22 38 11 15 48 12 7 3 jet 97 & 45 flows

53.4177 168.1230 6.32 50 4 5 blocky
53.4177 168.1230 36 8

53.4170 168.1278 7.01 36 9 30 65 10 blocky where top/bottom measured
53.4170 168.1318 8.75 42 14

53.4162 168.1347 7.77 38 10 5
53.4149 168.1356 6.45 41 10

53.4149 168.1356 56 rubbly
53.4130 168.1343 4.31 56 2 1

53.4130 168.1343 47 5

53.4130 168.1343 38 5

53.4116 168.1354 4.75 45 6 122



Table B-l continued
Lat. (N) 
(decimal 
degrees)

Long. (W) 
(decimal 
degrees)

thickness
(m)

side slope 
(single 

number)
d

(m)

side
slope
top

side
slope

bottom
d snout 

(m) slope d (m)
top

slope
ground
slope notes

53.4098 168.1395 4.24 47 5 1
53.4087 168.1428 6.86 40 breached levee
53.4053 168.1448 3.74

53.4044 168.1466 5.05 35 14 53 9
53.4032 168.1480 6
53.4022 168.1497 4.44 46 4 12 14
53.3973 168.1555 18

averages 6.95 40.42 6.85 9.31 41.00 8.33 5.52 3.80

end lobe 1 average top slope 5.85

*d = snout length or length over which side slope was measured
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Table B-2 1997 lava flow ridge measurements. See Figure 2.9 for ridge set locations.

ridge height(m) ridge wavelength(m)

Set 1 3.2 30
2.3 25
3 35

3.7 25
2.4 30
3.4 30
3.3
1.9
4.6
3.5

45

Average 3.13 31.4

Set 2 4.6 35
3.8 50
3.7 30
2.7 35
4 30

2.9 30
4.5 30
3.2 30
4 25

3.1 30.6(avg w/o 50)
Average 3.65 32.8

Set 3 1.5 15
2 20

1.8 15
1.7 12
2.2 15
3.3 20(m to next set)

Average 2.08 15.4

Set 4 2 25
2.3 12
1.4 12
1.9 10
2.9 15
3.7 20
5 10(m to middle of levee)

Average 2.74 15.7
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Appendix C

Parameters for viscosity calculation based on morphology measurements. Fixed 

variables include: vmax, maximum velocity (cm/s) = 5; Q, flux (cm3/s) = 5280000; 

density (g/cm3) = 2.6. Variables defined in Figure 5.13. Tables C-l -  C-9 each show 

measurements used and results of calculations for the different viscosity models used 

and the different methods for calculating yield strength.

Table C-l Viscosity based on Jeffreys (1925), using factor dimensional analysis and To 
based on flow front properties.________________________

Measured values

H
Thickness 

of flow 
(cm)

Hf total 
vertical 

j8 Slope relief of 
(degrees) flow (cm)

Lf Length 
of flow 

(cm)

A Aspect 
Ratio
Hf/Lf

r0 yield 
strength 

(Pa),(flow 
front)

rj Viscosity 
(Pa-s), t0 

(flow front;

avg lobe 2 (top slope) 514 6.63 15000 440000 0.034 4.50E+05 3.48E+11

avg lobe 2 (ground slope) 514 9.33 15000 440000 0.034 4.65E+05 3.97E+11

avg lobe 2 (full length A) 514 9.33 30000 490000 0.061 4.65E+05 3.81E+10

lobe2 minH (low slope) 373 5.00 15000 440000 0.034 3.20E+05 8.92E+10

lobe2 maxH (low slope) 684 5.00 15000 440000 0.061 5.87E+05 9.70E+10

lobe2 minH (low avg slope) 373 6.63 15000 440000 0.034 3.27E+05 9.64E+10

lobe2 maxH (low avg slope) 684 6.63 15000 440000 0.034 5.99E+05 1.09E+12

snout past cinder cone/lake 520 4.00 1000 40000 0.025 4.41E+05 1.11E+12
snout by cinder cone/lake 
with drop 502 4.00 2700 60000 0.045 4.26E+05 9.20E+10

snout before cinder cone 660 6.00 2500 65000 0.038 5.74E+05 5.66E+11

lobe2 Esnout 463 4.00 1300 31000 0.042 3.93E+05 8.83E+10

lobe2 Esnout with drop 504 4.00 2500 45000 0.056 4.28E+05 4.02E+10

Calculated values
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Table C-2 Viscosity based on Jeffreys (1925), using factor dimensional analysis and To 
based on levee properties._____________________________________________________

Measured values Calculated values

j3 Slope 
(degrees)

Hf total 
vertical relief 
of flow (cm)

Lf Length 
of flow 

(cm)
Hi Ridge/Levee 

height (cm)

A Aspect 
Ratio 
H /Lf

t 0 yield 
strength (Pa), 

(levees)

77 Viscosity 
(Pa-s), T0 
(levees)

avg setl 
ridges 6.625 15000 440000 313 0.034 9.20E+04 6.07E+08
avg set2 
ridges 6.625 15000 440000 365 0.034 1.07E+05 1.12E+09
avg set3 
ridges 6.625 15000 440000 208 0.034 6.11E+04 1.18E+08
avg set4 
ridges 6.625 15000 440000 274 0.034 8.05E+04 3.57E+08
levee at 
lobel jet 
(outside) 4 3000 114000 1200 0.026 2.13E+05 4.94E+10
levee at 
lobel jet 
(inside) 4 3000 114000 600 0.026 1.07E+05 3.09E+09
lobel past 
pond (max 
levee) 6 1800 88000 460 0.020 1.22E+05 1.47E+10
lobel past 
pond (avg 
ridge) 6 1800 88000 365 0.020 9.72E+04 5.84E+09

low slope 
lobe2 levee 5 15000 440000 500 0.034 1.11E+05 1.29E+09
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Table C-3 Viscosity based on Jeffreys (1925), using factor dimensional analysis and To 
based on channel plug width.
A.__________________________________________________________________________

Measured values

13 Slope 
(degrees)

Wc Channel 
width (cm)

Wp Plug 
width (cm)

Hf total 
vertical

Hd Channel relief of flow Lf Length of 
depth (cm) (cm) flow (cm)

lobe 2

low avg 
slope wide 
channel 6.625 25000 15000 500 15000 440000

low slope 
med channel 5 20000 10000 500 15000 440000

lobe 1 high lobe 1 8 11000 6000 1000 3000 114000

E lobel 6 6000 3000 1000 1000 34000

distal lobe 1 6 25000 13000 800 1800 88000

mid lobe
between 
lobes 1&2 9 11000 6000 580 2000 62000

B.
Calculated values

A Aspect 
ratio

r0 yield 
strength (Pa) 
(plug width)

Plug Depth 
(cm) based 
on T0 (plug 

width)

t0 yield 
strength 

(Pa), (plug 
depth)

derived
velocity
(cm/s)

rj Viscosity 
(Pa-s), T0 

(Plug)

lobe 2

low avg 
slope wide 
channel 0.034 4.41E+06 300 8.82E+04 0.422 5.12E+08

low slope 
med channel 0.034 2.22E+06 250 5.55E+04 0.528 8.05E+07

lobe 1 high lobe 1 0.026 2.13E+06 545 1.93E+05 0.480 3.34E+10

E lobel 0.029 7.99E+05 500 1.33E+05 0.880 4.81E+09

distal lobe 1 0.020 3.46E+06 416 1.11E+05 0.264 9.85E+09

mid lobe
between 
lobes 1&2 0.032 2.39E+06 316 1.26E+05 0.828 2.67E+09
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Table C-4 Viscosity based on flow front (snout) properties, with To based on flow front 
properties.
A.

Measured values

H Thickness 
of flow (cm)

d Snout 
length 
(cm)

f3 Slope 
(degrees)

Wc Channel Hd Channel 
width (cm) depth (cm)

Hf total 
vertical relief 
of flow (cm)

lobe2 minH 
short snout (low slope) 373 200 5.00 25000 350 15000

lobe2 maxH 
(low slope) 684 200 5.00 25000 650 15000
lobe2 minH 
(high slope) 373 200 9.33 25000 350 15000
lobe2 maxi I 
(high slope) 684 200 9.33 25000 650 15000
lobe2 minH 

long snout (low slope) 373 800 5.00 25000 350 15000
lobe2 maxH 
(low slope) 684 800 5.00 25000 650 15000
lobe2 minH 
(high slope) 373 800 9.33 25000 350 15000
lobe2 maxH 
(high slope) 684 800 9.33 25000 650 15000
lobe2 avgH 

avg snout (low slope) 514 550 5.00 25000 450 15000
lobe2 avgH 
(avg slope) 514 550 6.63 25000 450 15000
snout by
cinder
cone/lake 520 600 4.00 20000 520 1000
snout before 
cinder cone 660 550 6.00 30000 660 2500

lobe2 Esnout 463 400 4.00 25000 463 1300
lobe2 Esnout 
with drop 504 400 4.00 25000 504 2500
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Table C-4 continued.
B.

Calculated values

Lf Length of 
flow (cm)

A Aspect 
Ratio Hf/Lf

t0 yield 
strength 

(Pa), (flow 
front)

Vmax derived 
velocity 
(cm/s)

rj Viscosity 
(Pa-s), VmaX 

derived

7] Viscosity 
(Pa-s), Vmax 

fixed
lobe2 minH 

short snout (low slope) 440000 0.034 3.20E+05 0.603 1.06E+08 1.28E+07
lobe2 maxi I 
(low slope) 440000 0.034 5.87E+05 0.325 3.62E+08 2.35E+07
lobe2 minH 
(high slope) 440000 0.034 3.38E+05 0.603 1.12E+08 1.35E+07
lobe2 maxH 
(high slope) 440000 0.034 6.19E+05 0.325 3.81E+08 2.48E+07

long snout
lobe2 minH 
(low slope) 440000 0.034 3.20E+05 0.603 4.25E+08 5.13E+07
lobe2 maxH 
(low slope) 440000 0.034 5.87E+05 0.325 1.45E+09 9.40E+07
lobe2 minH 
(high slope) 440000 0.034 3.38E+05 0.603 4.47E+08 5.40E+07
lobe2 maxH 
(high slope) 440000 0.034 6.19E+05 0.325 1.52E+09 9.90E+07

avg snout
lobe2 avgH 
(low slope) 440000 0.034 4.41E+05 0.469 5.17E+08 4.86E+07
lobe2 avgH 
(avg slope) 440000 0.034 4.50E+05 0.469 5.27E+08 4.95E+07
snout by
cinder
cone/lake 40000 0.025 4.41E+05 0.508 5.22E+08 5.30E+07
snout before 
cinder cone 65000 0.038 5.74E+05 0.267 1.18E+09 6.31E+07

lobe2 Esnout 31000 0.042 3.93E+05 0.456 3.45E+08 3.14E+07
lobe2 Esnout 
with drop 45000 0.056 4.28E+05 0.419 4.08E+08 3.42E+07
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Table C-5 Viscosity based on flow front (snout) properties, with To based on levee 
properties.
A.

Measured values

d Snout length 
(cm)

P Slope 
(degrees)

Wc Channel 
width (cm)

Hd Channel 
depth (cm)

Hi Ridge/Levee 
height (cm)

avg setl ridges 200 5 20000 350 313

avg set2 ridges 200 5 20000 350 365

avg set3 ridges 200 5 20000 350 208

avg set4 ridges 200 5 20000 350 274

avg setl ridges 800 5 20000 350 313

avg set2 ridges 800 5 20000 350 365

avg set3 ridges 800 5 20000 350 208

avg set4 ridges 800 5 20000 350 274

low slope lobe2 levee 5.5 5 20000 350 500
lobel W overflow 
ridges 1 200 3 11000 250 208
lobel W overflow 
ridges2 200 6 8000 350 274
levee at lobel jet 
(outside) 200 4 11000 1000 1200
levee at lobel jet (inside) 200 4 11000 1000 600
lobel past pond (max 
ridge/levee) 450 6 25000 800 460
lobel past pond (avg 
ridge) 450 6 25000 800 365
low slope lobe2 levee 600 5 25000 500 500
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Table C-5 continued.
B.

Calculated values

T0 yield strength 
(Pa), (levee/ridges)

VmaX derived rj Viscosity (Pa-s), 
velocity (cm/s) V ^  derived

rj Viscosity (Pa-s), 
Vmax fixed

avg setl ridges 6.95E+04 0.754 1.84E+07 2.78E+06

avg set2 ridges 8.10E+04 0.754 2.15E+07 3.24E+06

avg set3 ridges 4.62E+04 0.754 1.22E+07 1.85E+06

avg set4 ridges 6.08E+04 0.754 1.61E+07 2.43E+06

avg setl ridges 6.95E+04 0.754 7.37E+07 1.11E+07

avg set2 ridges 8.10E+04 0.754 8.60E+07 1.30E+07

avg set3 ridges 4.62E+04 0.754 4.90E+07 7.39E+06

avg set4 ridges 6.08E+04 0.754 6.45E+07 9.73E+06

low slope lobe2 levee 
lobel W overflow

1.11E+05 0.754 8.09E+05 1.22E+05

ridges 1
lobel W overflow

2.77E+04 1.920 2.89E+06 1.11E+06

ridges2
levee at lobel jet

7.30E+04 1.886 7.74E+06 2.92E+06

(outside) 
levee at lobel jet

2.13E+05 0.480 8.89E+07 8.53E+06

(inside)
lobel past pond (max

1.07E+05 0.480 4.44E+07 4.26E+06

ridge/levee)
lobe 1 past pond (avg

1.22E+05 0.264 2.09E+08 1.10E+07

ridge) 9.72E+04 0.264 1.66E+08 8.75E+06

low slope lobe2 levee 1.11 E+05 0.422 1.58E+08 1.33E+07
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Table C-6 Viscosity based on flow front (snout) properties, with t0 based on channel 
plug width.
A.

Measured values

d Snout 
length (cm)

0 Slope 
(degrees)

Wc Channel 
width (cm)

Wp Plug 
width (cm)

Hd Channel 
depth (cm)

Hf total 
vertical 
relief of 

flow (cm)
Lf Length < 
flow (cm

low avg slope 
wide channel 200 6.625 25000 15000 500 15000 440000

low slope med 
channel 200 5 20000 12500 350 15000 440000

low avg slope 
wide channel 800 6.625 25000 15000 500 15000 440000
low slope med 
channel 800 5 20000 12500 350 15000 440000

lobe 2 low avg 
slope wide 
channel 600 6.625 25000 15000 500 15000 440000

low slope med 
channel 600 5 20000 10000 500 15000 440000

high lobe 1 600 8 11000 6000 1000 3000 114000

E lobel 500 6 6000 3000 1000 1000 34000

distal lobe 1 450 6 25000 13000 800 1800 88000
between lobes 
1&2 450 9 11000 6000 580 2000 62000
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Calculated values

Table C-6 continued.
B._________ _______________________________________

Tq yield Plug depth r0 yield derived rj Viscosity rj Viscosity
A Aspect strength based on r0 strength (Pa), velocity (Pa-s), V ,^ (Pa-s), V ,^

Ratio H/Lf (plug width) (plug width) (plug depth) (cm/s)_____ derived______ fixed
low avg slope 
wide channel 0.034 4.41E+06 300 8.82E+04 0.422 2.09E+09 1.76E+08
low slope med 
channel 0.034 2.78E+06 219 4.86E+04 0.754 7.36E+08 1.11E+08
low avg slope 
wide channel 0.034 4.41E+06 300 8.82E+04 0.422 8.35E+09 7.05E+08
low slope med 
channel 0.034 2.78E+06 219 4.86E+04 0.754 2.94E+09 4.44E+08
lobe 2 low avg 
slope wide 
channel 0.034 4.41E+06 300 8.82E+04 0.422 6.26E+09 5.29E+08
low slope med 
channel 0.034 2.22E+06 250 5.55E+04 0.528 2.52E+09 2.66E+08

high lobe 1 0.026 2.13E+06 545 1.93E+05 0.480 2.66E+09 2.55E+08

E lobel 0.029 7.99E+05 500 1.33E+05 0.880 4.54E+08 7.99E+07

distal lobe 1 0.020 3.46E+06 416 1.11E+05 0.264 5.90E+09 3.12E+08
between lobes 
1&2 0.032 2.39E+06 316 1.26E+05 0.828 1.30E+09 2.15E+08
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Table C - l  Viscosity based on flow front (snout) properties, with To based on lobe 
properties. ________

Measured values Calculated values

H Thickness of d Snout length 
flow (cm) (cm)

w lobe width 
(cm)

r0 yield strength 
(Pa), (lobe 

width)
rj Viscosity (Pa-s), 

Vmax fixed

early N minilobe 375 200 24000 1.49E+04 5.97E+05

snout by cinder 
cone/lake 520 600 20000 3.44E+04 4.13E+06

snout before 
cinder cone 660 550 30000 3.70E+04 4.07E+06

Esnout 463 400 25000 2.18E+04 1.75E+06

Esnout with drop 504 400 25000 2.59E+04 2.07E+06
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Table C-8 Viscosity based on channel width; Tq independent.

Measured values Calculated values

0 Slope Wc channel Hd channel 
(degrees) width (cm) depth (cm)

vv max
derived
velocity
(cm/s)

rj Viscosity 
(Pa-s), Vn™ 

derived

rj Viscosity 
(Pa-s), V^x 

fixed
avg low slope 5 20000 350 0.754 1.80E+07 2.72E+06

low slope wide 
channel 5 25000 500 0.422 6.57E+07 5.55E+06

low slope shallow 
channel 5 15000 250 1.408 4.93E+06 1.39E+06

lobe 2
low avg slope wide 
channel 6.625 25000 500 0.422 8.70E+07 7.35E+06
low slope med 
channel 5 20000 500 0.528 5.26E+07 5.55E+06

lobe 1 high lobe 1 8 11000 1000 0.480 3.69E+08 3.55E+07

E lobel 6 6000 1000 0.880 1.51E+08 2.66E+07

distal lobe 1 6 25000 800 0.264 3.23E+08 1.70E+07

mid lobe between lobes 1&2 9 11000 580 0.828 8.10E+07 1.34E+07
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Table C-9 Viscosity based on ridge wavelength; tq independent.

Measured value Calculated values

compression ridges X Wavelength (cm) v Viscosity (centistokes) rj Viscosity (Pa-s)
avg set 1 3143 1.20E+06 3.11E+07
avg set 2 3278 1.27E+06 3.31E+07
avg set 3 1540 4.10E+05 1.07E+07
avg set 4 1567 4.21E+05 1.09E+07
min set 4 1000 2.15E+05 5.58E+06
low sets 3&4 1200 2.82E+05 7.33E+06
max set 2 5000 2.40E+06 6.24E+07
high set 1 4500 2.05E+06 5.33E+07


