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Abstract

The Valley of Ten Thousand Smokes (VTTS), on the Alaska Peninsula, was formed 

by the cataclysmic eruption of Novarupta (Katmai) in 1912. During the eruption, 

three magma types were tapped (7-8 km3 of rhyolite, 4.5 km3 of dacite, and 1 km3 of 

andesite). Contemporaneous collapse of Mount Katmai while Katmai-like andesite 

and dacite magma joined the eruption at Novarupta provides incontrovertible 

evidence for magma transport from beneath Mount Katmai caldera to the vent 10 km 

west at Novarupta (Hildreth and Fierstein, 2000). Shallow storage of the andesite and 

dacite magmas beneath Mt. Katmai prior to the eruption of 1912 is consistent with the 

volume of collapse at Katmai, equivalent to the combined volume of andesite and 

dacite erupted. A ground-based magnetic survey of the area was conducted to 

characterize the intriguing connection between Mt. Katmai and Novarupta. The 

magnetic field strength and gradient survey results suggest a linear anomaly that is 

best modelled by the presence of a shallowly (200-300 m) emplaced dike on the order 

of 5-10 m wide, which resembles the known physical properties of the 7 m-wide 

rhyolitic dike discovered during the drilling of Inyo Domes.
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1.0 Introduction & Objective

Volcanologists tend to see the plumbing systems of volcanoes as a simple pipe 

and bulb situation, however, a brief look at recent results from seismic tomography, 

b-value maps, geodesy, and geologic studies shows that magma systems are far more 

complex than this. In order to understand how magma migrates, an understanding of 

the path that it takes to reach the surface is required. To describe the physical system 

that the magma follows at active volcanoes, we must image the subsurface. This can 

be achieved through potential theory techniques such as magnetics.

The June 1912 eruption of Novarupta, Alaska, was the most voluminous 

eruption of the 20th century. The eruption is unusual in having generated a large 

volume, compositionally zoned ignimbrite that came to rest entirely on land. The 

compositional range of the magmas erupted is andesite through high-silica rhyolite. 

There is in addition at least one sample reported with a basaltic composition of 50.4% 

SiC>2. The erupted volumes in dense rock equivalents are 7-8 km3 of rhyolite, 4.5 km3 

of dacite, and 1 km of andesite, which were extruded over the 60 hour eruptive 

sequence (Hildreth and Fierstein, 2000).

The most intriguing questions regarding this eruption are where the 

preemptive magma was stored and how it reached a new vent at Novarupta. No 

previous volcanic eruption had occurred at this site, through the Jurassic sedimentary 

rocks of the Naknek formation. Novarupta is located at the base of Trident volcano 

(Hildreth, 1987) in a cluster of volcanoes known as the Katmai group (Figure 1). The
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Figure 1: Novarupta is located in the Katmai Group of strato-volcanoes on the 
Alaska Peninsula, a part of the Aleutian Arc subduction zone.



location of the 1912 Novarupta vent, in relation to the surrounding volcanoes, is 

interesting because Trident volcano at a distance of 5 km, the closest of the 

volcanoes, is not considered to have supplied any magma to the eruption based on 

chemical signatures. The 10 km separation between Novarupta and Mageik, 

Novarupta and Griggs volcanoes is the same as that between Novarupta and Mt. 

Katmai. It is widely accepted that at least a portion of the magma from this eruption 

was derived from under Mt. Katmai, based on the chemical similarities between the 

erupted andesite and dacite with those previously erupted at Mount Katmai and the 

collapse of Mt. Katmai, forming a 5.5 km3 caldera, during the course of the three day 

eruption (Hildreth, 1991; Abe, 1992). Lateral transport of magma must have 

occurred to cause the concurrent collapse of Mt Katmai and eruption at Novarupta, 

and the nature of this transport remains the single most debated aspect of the 1912 

eruption (Hildreth, 1983; Hildreth and Fierstein, 2000; Eichelberger 2000;

Coombs and Gardner, 2001; Hammer et al., 2002).

The simultaneous eruption of Katmai-like magma from the Novarupta vent 

and the collapse forming Katmai caldera 10 km away require a hydraulic connection 

(Hildreth, 1983). Hildreth and Fierstein (2000) suggest that a sill propagated 

westward along a sedimentary basement-bedding plane from the top of the Katmai 

chamber to Novarupta. Eichelberger and Izbekov (2000) suggested that a dike of new 

magma simultaneously breached the valley floor at Novarupta, which ruptured and 

drained the Katmai magma chamber.
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To further explore the lateral magma transport problem, a ground-based 

magnetic survey across the Novarupta-Katmai azimuth was carried out to test these 

hypotheses. Specifically, did magma transport occur along a sill or a dike? A sill 

would favor shallow storage, while transport within a dike suggests a potentially 

deeper source for some of the erupted magma.

The exploitation of potential fields is not new to the geologic community, but 

the techniques have not been fully utilized in volcanology. Gravity studies have been 

conducted at places such as Poas (Rymer, 1991), and Askja (Brown 1991),

magnetic studies have been carried out at Mt. Unzen (Tanaka, 1995), Mt. Etna (Rees 

et al., 1995), Piton de la Foumaise (Reunion Island) (Zlotnicki et al., 1993), and 

magnetic coupled with deformation measurements at Long Valley (Mueller et al., 

1991). These prior studies all have shown that magnetics can be used successfully in 

a volcanic environment. However, all involved the establishment of a network of 

magnetometers to measure any variations in magnetic field associated with changes 

in volcanic activity. The Valley of Ten Thousand Smokes (VTTS) is an ideal 

location for a ground based magnetic study because the basement sedimentary 

Naknek formation, combined with the overlying ignimbrite, should have a much 

lower magnetic field strength and simple layer-cake structure in contrast to laterally 

transported solidified 1912 magmatic intrusive material. Magnetic studies of this 

nature in an area irregularly filled with highly magnetic lava flows would be much 

less feasible.

4
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2.0 Geologic & Tectonic Framework

The Katmai group forms an anomalous cluster of volcanic activity, with 15 

volcanoes within a 25-km arc segment. In comparison, the rest of the eastern 

Aleutian arc has a typical spacing of 60 km between volcanic centers (Kienle and 

Swanson, 1983). Here the volcanic front is composed of several stratocones: Martin, 

Mageik, the Trident vents, and Katmai, with Mt. Griggs located 10 km north of the 

arc axis (Wallman et al., 1990) collectively known as the Katmai group. All of these

centers appear active with fumaroles in their summit regions. The 1953-1968 

andesitic Trident eruption was the most recent eruptive activity (Snyder, 1954, 

Coombs et al., 2000). There is no confirmed historic activity at either Mount Griggs, 

or Martin (Hildreth, 1983). Reports of eruptions at Mageik and post 1912 Katmai 

may be only steam plumes. The Quaternary volcanic piles are generally <1500 m 

thick and overlie a glaciated terrane of gently dipping sandstones and siltstones of 

Late Jurassic age (Keller and Reiser, 1959; Curtis, 1968). Several deeply dissected 

andesitic-dioritic centers are also exposed but may be Tertiary rather than Quaternary 

in age (Hildreth, 1983).

Large volume, pumiceous pyroclastic fall and flow deposits of Holocene and 

late Pleistocene age are not uncommon along the Aleutian arc (Miller and Smith, 

1977), with the 2050 BP eruption of Okmok having an estimated volume in excess of 

35 km3 DRE (Burgisser, in review), the 3400 BP eruption of Aniakchak at -65 km3 

DRE (Dreher, 2002), and the 9400 BP eruption of Fisher at -100 km3 DRE (Stelling, 

2003). All of these far exceed the Novarupta erupted volume (13 km3). The presence



of high-silica rhyolite (75-77% SiC>2) is not common in the Aleutian arc and is only 

known to have erupted on Umnak Island (Byers, 1961) and at Novarupta in 1912 

(Hildreth, 1983).

Native histories do not record eruptions from any of the five Katmai group 

volcanoes prior to the 1912 Novarupta. However, there have been at least nine prior 

explosive events during the last 7400 years based on 14C dating (Dumond, 1979), as 

seen in the andesite and dacite tephras of the Brooks River area (~48 km NW of 

Novarupta).

6
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3.0 Eruptive Sequence and Chronology for the 1912 Eruption

The 3-day eruption of Novarupta was comprised of three main episodes, the 

stratigraphy of which has been worked out in detail by Fierstein and Hildreth (1992). 

Episode I began with the plinian dispersal of rhyolite fallout, and emplacement of 

rhyolitic ignimbrite. There are no ash deposits underlying the rhyolitic fallout, 

indicating that the plinian column witnessed at 1300 on the 6th of June marked the 

onset of eruption (Hildreth and Fierstein, 2000). After erupting 3 km3 of this rhyolite 

magma over several hours, eruption of andesite and dacite magma occurred during 

Episode 13. Episode II began after a lull of a few hours in the eruption and consists 

primarily of plinian dispersal of phenocryst-rich dacite, forming regional fallout 

layers. Proximally intercalated within these fall layers are minor intraplinian 

pyroclastic-flow and surge deposits composed primarily of dacite and andesite 

(Hildreth and Fierstein, 2000). A lull of up to several hours marked the transition 

from Episode II to Episode III. Episode III was similar to the preceding phase of the 

eruption, depositing regional plinian fallout layers of dacite. Additional proximal 

intercalated sheets of andesite-dacite ignimbrite and fallout were erupted (Fierstein et 

al., 1997). The entire 3-episode explosive sequence is believed to have occurred over 

a period of 60 hours based on the three intervals of ashfall reported in Kodiak village 

(Martin, 1913; Hildreth, 1983), with essentially all juvenile material being erupted 

from the evolving vent complex at Novarupta (Curtis, 1968).

Tephra fall records in inhabited areas surrounding the VTTS indicate that the 

main eruptive activity of the 1912 eruption occurred over 60 hours from the afternoon



of June 6th to the morning of June 9th (Hildreth, 1987). At this time, there was no 

geophysical instrumentation in Alaska, so early reports of the seismic, acoustic, and 

eruptive phenomena may not be accurate. The most reliable information comes from 

the observations made by those onboard the ship Dora, a steamer that was in the 

Shelikof Strait at the time, and from tephra fall records in Kodiak. What follows 

relies heavily on Hildreth’s (1983) summary.

The first reported earthquakes were from Katmai village about 30 km south of 

Novarupta on the evening of May 31st. Large shocks began to be felt up to 200 km to 

the west at Nushagak on the 4th and 5th of June (Martin, 1913). On the morning of 

June 6th, explosions were heard in both Nushagak, and in Seldovia 240 km to the east, 

although, there were no reports of an ash cloud. The ship Dora was at this time 

heading northward up the Shelikoff Strait, with the Katmai Group in clear sight. 

However, no one on board saw a tephra cloud until 1300 (all times are Alaska 

Standard Time {AST}). The cloud seen by the crew of the Dora at 1300 on June 6th 

formed during the first Plinian phase and was mainly rhyolitic in composition 

(Hildreth, 1987). The tephra cloud overtook the Dora (88 km to the southeast of 

Novarupta) at 1500, and ash began to drop in Kodiak 170 km to the east at 1700.

Major shocks punctuated the virtually continuous seismic activity at 1300 and 

2300 on June 6th, and at 2240 on June 7th, with the first instrumentally recorded 

teleseism arriving in Seattle at 1241 on the 6th of June (Fenner, 1925). There were 

many seismic events originating in south western Alaska recorded at distant stations
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between 1805 June 6th and 2100 June 11th, with one near midnight on the 6th/7th of 

June having an estimated magnitude of 6.4 (Coffman and von Hake, 1973).

A large explosion was heard in Cold Bay at approximately 1300 on June 6th. 

An earthquake felt in Cold Bay accompanied this explosion; these events were close 

in time with the first recorded teleseism, and the first observation of tephra by the 

crew of the Dora (Martin, 1913). A second blast with no accompanying seismic 

activity occurred around 1500 and was heard for hundreds of kilometers. This is 

thought to be the most severe outburst of erupted material during the eruptive 

sequence (Fenner, 1925).

From the onset of the first major tephra eruptions on June 6th at 1300, tephra 

continued to fall heavily on downwind settlements until the 9th of June (Hildreth, 

1983). The principal vector of dispersal was southeastward, with the most distal 

known ashfall occurring in the Puget Sound some 2400 km away. Atmospheric 

effects were felt globally and included a haze which spread throughout the upper 

atmosphere in Africa. Ash carried worldwide by winds of the stratosphere caused a 

reduction in the average annual temperature of the northern hemisphere by 1.0° C 

(Volz, 1975).

Three discrete periods of ashfall were recorded in Kodiak (170 km south east 

of Novarupta): (1) From 1700 June 6th to 0910 June 7th; (2) Approximately 1200 June 

7th until 1430 June 8th; (3) during the night of June 8/9th (Hildreth, 1983), the morning 

of June 9th was clear and there were no further ash falls recorded at Kodiak. A large
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vapor plume persisted close to the source all summer and may have been 

accompanied by periodic local ash falls (Griggs, 1922).

The emplacement of Novarupta Dome was the final phase of the eruption. 

However, the timing of emplacement of Novarupta Dome is poorly constrained, but 

probably followed the tephra fall and pyroclastic flows and was concluded by the 

time that it was first discovered on the 31st of July, 1916.

Abe (1992) carried out a study of the seismicity of the eruption using data 

from remote seismological stations, in which he relocated the epicenter of the large 

June 10th earthquake positioned 140 km from Mt. Katmai by Gutenberg and Richter 

(1954), to only 12 ± 41 km to the west in the vicinity of Novarupta. This analysis 

also detected 50 previously unidentified shocks and assigned origin times and 

magnitudes to these events. The seismicity suggests that collapse of Mt. Katmai to 

form the caldera began around midnight on June 6-7th (Abe, 1992).

Abe (1992) suggests that collapse is the source of two of the larger

th tVisyneruptive earthquakes on the evenings of June 6/7 and June 7/8 . Much of the 

persisting seismic activity through the summer is likely caused by the settling of the 

collapse and tectonic readjustments over a larger region, and possibly to dome 

emplacement at Novarupta.
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4.0 Dike Propagation

A summary of the current state of thought on dike propagation is presented 

here. The results discussed later indicate the presence of a dike as a possible 

mechanism of magma transport, and as such a good understanding of how dikes 

propagate is required to develop a sound explanation for the magma transportation of 

this eruption.

Magma propagation through the earth’s crust has been a topic of study for the 

over a century. Dikes are mechanically the most efficient method of transporting 

magmatic fluid through the crust, with propagation of these magma-filled cracks 

being driven primarily by buoyancy forces. With buoyancy being the controlling 

factor for propagation, these fractures are expected to follow a near-vertical path in 

their rise through the crust until they reach the level of neutral buoyancy (Lister and 

Kerr, 1991). Dike propagation may be viewed as a balance between propagating 

forces, confining forces, and viscous pressure drop (Rubin, 1995).

The buoyancy forces controlling magmatic ascent are often referred to as the 

hydrostatic pressure gradient Ph, which is given by:

APh= Apgh

where Ap is the density contrast (host less magmatic fluid), g is the gravitational 

constant, and h is the height of the rise (Lister and Kerr, 1991). Ph reaches its 

minimum at the level of neutral buoyancy, allowing the magma to change from



vertical to lateral propagation at this point. Overpressure is a result of a volumetric 

expansion of the magma, and can be caused by vesiculation, or the increase in volume 

as a result of the exsolution of a vapor phase. The effect of overpressure is most 

commonly felt in the source region but may occur in the propagating dike itself to a 

lesser extent. Overpressure acts in direct opposition to the regional stress and is 

expressed as:

P0 = Pi - a

where P0 is overpressure, Pj is the internal pressure of the magma, and a  is the 

regional compressive stress tensor (Rubin, 1995).

The confining forces of a fissure are a function of the host rock, and are the 

elastic stress (force to separate the dike walls), and the fracture toughness (the 

materials resistance to fracture). These effects are confined to a small zone near the 

dike tip and have little influence over the shape and dynamics of the propagating 

fracture (Maaloe, 1987).

The flow of magma in a dike is controlled by a spatial gradient in the fluid 

pressure, the spatial gradient is nearly constant across the flow, with the pressure 

gradient and mean flow being parallel to the walls. The pressure gradient along the 

length of the fracture is then largely a result of the flow of the viscous fluid. Viscous 

pressure drop Pv can be determined by:

12
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Pv -  r|l2/w2t

where r\ is the magma viscosity, 1 and w are the length and width respectively of the 

fracture, and t is the time since fracture initiation (Lister, 1990a). The relation 

describing the viscous pressure drop requires that we assume the flow is between 

smooth parallel walls and is laminar, with a constant fluid pressure across the 

thickness of the fracture (Lister, 1990a). The dependence on aspect ratio suggests 

that as the fracture grows longer one of two things may happen: the width will 

increase to offset the increase in length or the fluid pressure will drop.

There is much debate about the processes that occur in the dike tip region. In 

a vertically oriented fissure, the confining pressure is lowest at the tip because there is 

the least amount of rock overburden (Menand and Tait, 2001). The high viscosity of 

magmatic fluids implies large head losses as the fissure tapers to vanishing thickness 

(Barenblatt, 1962; Lister, 1990b). Continuing vertical propagation of the fissure 

causes a further reduction in pressure, resulting in increased exsolution and expansion 

of volatiles, which generates excess vapor. In addition, magma near the dike wall 

moves more slowly because of a no slip boundary condition. Mass balance 

calculations indicate that the magma at the center of the dike is moving faster than the 

tip, meaning that ‘fresh’ magma that has not been degassed is always moving into a 

lower pressure region, where exsolution will occur.

Rubin (1993) suggests that at low confining pressure (<5 MPa), rock 

possesses an intrinsic cohesive strength that represents the stress with which crack



faces resist separation at the fissure or dike tip. Experimental work at high and 

atmospheric pressure show that this cohesive strength is essentially the tensile 

strength of the rock, and if the magnitude of this intrinsic stress exceeds that of the 

applied loads (from magma ascent) it dominates the ‘near tip’ stress field. The crack 

tip processes are embedded in a larger region where the stresses (ac) decay as:

ctc = K/r1/2

where K is the crack tip stress and r is the extent of the crack tip stress field. In these 

situations, one may apply the results of Linear Elastic Fracture Mechanics that 

provide a measure of when a material will fracture, and at what rate the crack will 

propagate due to applied stresses.

When confining pressure exceeds cohesive strength, there is no region

1/9 •surrounding the tip zone where K/r is a good measure of the stress field and Linear 

Elastic Fracture Mechanics do not apply (Rubin, 1995). The ambient stresses in the 

near tip stress field are not constrained uniquely by the material properties, and 

depend upon the crack size and internal load distribution combined with the rock 

properties. Furthermore, in a propagating dike the near tip stress field is controlled by 

suction in the tip cavity (Rubin, 1993) that results from trying to squeeze a viscous 

fluid through a continuously narrowing slot. When the resulting shear stresses or the 

excess pore pressures are sufficiently large, dike propagation at high confining 

pressure may produce inelastic deformation off the dike plane. Because inelastic

14



deformation scales with length of the tip cavity, which in turn scales with dike length, 

the proportion of available mechanical energy may not be related to the size of the 

dike. Rubin (1993) puts forth the notion of the tip cavity pressure being maintained 

via a pore pressure gradient sufficient to supply enough pore fluid to maintain the 

cavity pressure when volatile pore pressure in the cavity is less than the undrained 

pore pressure along the cavity wall.

Menand and Tait (2001) argue that the resultant lowering of the magma 

density by the creation of foam creates a buoyancy force that tends to keep the foam 

in the tip region. The intense shearing in this region of the fissure may cause the 

foam to break down, allowing the gas to collect in a separate pocket in the tip, and 

expand during vertical propagation due the resultant pressure decrease. A theoretical 

study by Lister (1990b) showed that a steadily propagating fissure that has a constant 

volume of gas in the tip cavity tends to pinch off and ‘seal’ between the gas and 

following liquid, creating a distinct and separate leading gas pocket to drive the 

vertical propagation of the fissure. This leading gas pocket becomes detached from 

the magmatic liquid and then rises at a more rapid rate and may explain some of the 

precursory degassing and fumarolic activity that is common in volcanic events. It is 

likely that the magma will continue to degas during ascent, creating multiple 

‘leading’ gas pockets. These faster moving pockets may trap some of the juvenile 

magma in the separate leading edge of the propagating fissure, explaining the often- 

observed small volumes of magma in the precursory eruptions.
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This summary suggests that very large propagating dikes, like the one 

discussed later have widths in the order of 10’s of m. These dikes may reach a level 

where propagation can change from vertical to horizontal allowing for either ponding 

to occur forming small magma reservoirs or for magma to be transported great 

distances laterally. Continued upward propagation may also occur after the magma 

has reached this level of neutral buoyancy may be triggered by several different 

process resulting in continued vertical propagation and eruption.
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5.0 Magnetic Field

The internal sources of the solid earth’s magnetic field are located primarily in 

two regions of the earth. The majority of the field is generated in the fluid outer core 

by complex magnetohydrodynamic processes and is often referred to as the core or 

main field (Blakely, 1995). The remainder of solid earth’s magnetic field originates 

in the upper crust which is predominantly below the Curie temperatures of the 

primary magnetic minerals, magnetite, hematite, ilmenite, and titanomagnetite. In the 

case of the 1912 magmatic products, abundant magnetite and ilmenite (e.g., Coombs 

and Gardner, 2001) provide the magnetization. The field recorded in magnetic field 

surveys is comprised of both the solid earth field and the atmosphere’s magnetic field, 

which arises from electrical storms and the ionosphere’s interaction with solar flares 

off the sun.
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6.0 Methods

6.1 Magnetometer Theory

The survey was conducted with a GEM Systems Inc, GSM Overhauser-19 

proton precession magnetometer with a GPS antenna (Figure 2). The proton 

precession magnetometer consists of a source of protons, a polarizing magnetic field 

considerably stronger than that of the Earth, a pickup coil coupled tightly to the 

source, an amplifier to boost the small voltage in the pickup coil, and a frequency 

measuring device. The proton source is normally a small bottle of water, or some 

other organic fluid rich in hydrogen (e.g., alcohol). The polarizing field of 5 to 10 

mT is obtained by passing a direct current through a solenoid wrapped tightly around 

the bottle. When the solenoid current is abruptly turned off, the protons’ precession 

about the Earth’s field is detected either on the same coil or a second coil, as a 

transient voltage building up and decaying over a specified time interval, modulated 

by the precession frequency (Telford et al1990). The modulation signal is then 

amplified to a suitable level and the frequency measured.

The sensitivity of the proton precession magnetometer is high (« 1 nT), and 

this type of instrument is essentially free from instrumental drift. It is an attractive 

tool for ground-based field surveys because it does not need to be oriented or leveled, 

and has few mechanical parts. The system’s electronic componentry is rather 

complex, however, and cannot easily be repaired if a problem arises in the field.



Figure 2: GEM Systems GSM-19 proton procession magnetometer.



The proton precession magnetometer uses a measure of the free-precession 

frequency of the protons (usually hydrogen nuclei), which are polarized in a direction 

approximately orthogonal orientation to the Earth’s magnetic field. Protons precess 

at an angular velocity co (Lamar precession frequency) which is proportional to the 

magnetic field strength Fm, such that:

w = YpFm

where yp is the gyromagnetic ratio of the proton -  the ratio of its magnetic moment to 

its spin angular momentum (Griffiths, 1999). The value of Yp is known within an 

accuracy of 0.001%. This, coupled with the ease of making precise frequency 

measurements, means the magnetic field may be determined to the same accuracy. 

The proton, (which is a moving charge) induces a voltage in a coil surrounding the 

bottle of water or organic fluid. The induced voltage varies at the precession 

frequency v, and we can determine the magnetic field from:

Fm = 2ttv/Yp

where the factor 2tc/yp = 23.487 ± 0.002 nT/Hz (Telford et 1990).

A diurnal correction is applied to account for the drift that may occur over the 

period of the survey as a result of temporal variations in the atmospheres magnetic 

field. The calculation of crustal magnetic anomalies amounts to a subtraction of the
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core field from the diumally-corrected magnetic field. This involves a calculation of 

residuals, usually carried out using the degree 10 (Spherical Harmonic of degree and 

order 10) International Geomagnetic Reference Field (IGRF) model. For continental 

to global magnetic studies, long wavelength anomalies that originate in the core may 

be confused with crustal anomalies and a truncation of anomalies through the 18th 

degree is recommended. The long wavelength shortcomings are insignificant in a 

local study such as this and the 10-degree IGRF is suitable (Blakely, 1995). 

Additional components of the field may be removed if necessary by a variety of 

processing techniques including curve fitting, digital filtering, and upward or 

downward continuation.

6.2 Survey Conditions

The field instrumentation was comprised of both a base station which was set 

up to record total field strength every 3 s in the same location each day, and a mobile 

station which was set to record position, total field strength, and the gradient field 

every 0.5 s. The length of the traverse lines determines the depth of penetration in 

potential method studies. The depth of the feature responsible for surface anomalies is 

equal to roughly half the width of the anomaly. In our study where survey lines were 

between 800-1400 m, we could in theory image a maximum depth for the anomaly 

source of 700 m; however, this would require the entire length of the traverse to be 

the anomaly. The majority of the survey lines were in the order of 800 m-length 

which would give a maximum depth of investigation of 400 m. A more realistic look
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at the study area (Figure 3) and the collected data (Figure 4) suggests that the largest 

anomaly that could be confidently delineated would have a length of 400-500 m, 

allowing for a maximum depth of investigation for this study of 200-250 m.

6.3 Data Processing

The base station data was used to apply the diurnal correction to all data 

analyzed in this study. The diurnal correction also accounts for any drift, which may 

arise from solar flares or electrical storms over the data collection period (Figure 5). 

The diumally corrected data was then further processed using the WINGLINK 

geophysical data analysis software from GEOSYSTEM Inc. The data processing 

done with WINGLINK consisted of removal of the IGRF (Figure 6(a)) appropriate 

for the date of the survey (Figure 6(b)), and the gridding of the data by the Kriging 

method in order to display it as a surface map.

Kriging is a method of interpolation based on the assumption that the 

parameter being interpolated can be treated as a regionalized variable. A regionalized 

variable is intermediate between a truly random variable and a completely 

deterministic variable in that it varies in a continuous manner from one location to the 

next and therefore points that are near each other have a certain degree of spatial 

correlation, but points that are widely separated are statistically independent (Davis, 

1986).
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Figure 3: DEM showing survey location with respect to Novarupta and Mt. Katmai, 
showing the trend of the hypothesized dike.
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Figure 5: Flow diagram showing the order of signal processing carried out on the 
magnetic data set: Data collection (green); filtering of data set to display desired 
information (blue); and processing applied to filtered data to construct the anomaly 
maps, and removal of the core field signal (red).
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Figure 6: The IGRF total field component for the world (A) and for the area of the 
study (B) with profile lines indicated. The area of the study had a single non-varying 
value for the IGRF due to the survey being concentrated in a small area.



Some of the standard reductions that are carried out on gravity data sets are 

not routinely applied to magnetic studies, as they are simply less tractable in the 

magnetic case. The terrain correction for example, although a rather laborious task in 

gravity is straightforward due to the density of the terrain being relatively uniform, 

while crustal magnetization may vary be several orders of magnitude (and change 

sign) on essentially all spatial scales. The increased complexities of magnetic data 

sets require less straightforward techniques to correct for terrain and are often 

accounted for in modeling and interpretation.
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7.0 Results

The processed data represents the solid earth field, and may be presented 

either in its ‘raw’ form as the total magnetic field map (the entirety of the solid earth’s 

field), or in a residual form, where the effects of the fluid outer core are removed 

using the IGRF and only the crustal magnetic anomaly is displayed. The residual 

map was then plotted along with the total field map (Figures 7(a) & 7(b)), both of 

which show a strong linear magnetic high of up to 2000 nT along the Katmai- 

Novarupta azimuth. Because the study area is so small, the total field and residual 

map differ only by a constant.

7.1 Surface Maps

The surface maps show a linear magnetic high in both the total field data and 

the reduced crustal anomaly residual map in the same location (Figures 7(a) & 7(b)). 

The linear magnetic anomaly is believed to continue further westward, however, 

topographic constraints prevented us from extending the survey further to the west. 

The instrument failed before we were able to access the area east of Novarupta.

The effect of fumarolic activity on the localized magnetic field was tested by 

carrying out several short dense traverses at off axis fumarole locations. The effect of 

the fumaroles was to cause a minor decrease in the total magnetic field strength and a 

negative gradient toward the center of fumarolic activity. The reduction in magnetic 

field strength at the location of fumaroles is likely the result of localized alteration,



29

370.4 370.6 370.8 371.0 371.2 371.4 371.6 371.8 372.0 372.2 372.4 372.6 372.8 373.0 373.2 373.4
(km)

Figure 7: Corrected magnetic (A) and residual (B) field strength anomaly maps, 
showing a continuous linear magnetic high with an east-west strike. The magnetic 
high in the southeast comer of the anomaly map is the magnetic response of Falling 
Mountain volcano. Three representative profiles across the strike of the magnetic 
high have been marked on the map, and the associated cross-sections have been 
created.



leaching of iron and /or oxidation, from the high volume of gas that was being 

released through the ignimbrite deposit.
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8.0 Modeling & Interpretation
8.1 Magnetic Stratigraphy

There are four magnetic units with varying magnetic susceptibilities (Table 1) 

presented in the modeled sections of this study (Figure 8).

Table 1: Magnetic susceptibilities used in this study.________ _______________
Magneto Stratigraphy Description of Unit Susceptibility (*103 A/m) Source

Magnetic Unit 1 Rhyolite 15.0 Telford et al., 1990
Andesite 165.0 Telford et 1990

Magnetic Unit 2 Unwelded Ignimbrite 1.0 Trible, 1972
Magnetic Unit 3 Welded Ignimbrite 1.8 Trible, 1972
Magnetic Unit 4 Falling Mtn. Substrate 12.0 Telford etal., 1990

The four units are based on knowledge of the local geology, the results of the 

magnetic survey, and the depths that could be reasonably imaged with the magnetic 

survey. The youngest unit is the highly magnetic intrusion (red) and the area 

surrounding the intrusion that has been magnetically effected by emplacement 

(Johnston, 1997). It has a magnetic susceptibility of 15* 103 A/m (assuming a 

rhyolite) to 165* 103 A/m (assuming an andesite) (standard average values from 

Telford et al., 1990). The presence of this unit is required as the source of the 

magnetic anomaly as will be discussed later. The weakly magnetic surface unit 

(green) is interpreted to be the unwelded portion of the 1912 ignimbrite deposit, with 

a measured magnetic susceptibility of 1 * 103 A/m (Trible, 1972). The location and 

depth of this unit is modeled after surface exposures and the work of Kienle (1991), 

who suggested that the depth of the internal contact between the welded and 

unwelded portion of the ignimbrite would be at roughly 65 m. A slightly more
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Figure 8: Magnetic stratigraphy used in the interpretation of all modeled sections in 
this study: Magnetic unit 1 is the interpreted to be the unwelded portion of the 1912 
ignimbrite; Magnetic unit 2 is interpreted to be the 1912 intrusion; Magnetic unit 3 is 
interpreted as a highly magnetic substrate associated with Falling Mountain; and 
Magnetic unit 4 is interpreted to be a slightly magnetic substrate of either the welded 
portion of the 1912 ignimbrite or the Naknek shale.



magnetic volcanic or sedimentary substrate (blue) is modeled with a measured 

magnetic susceptibility of 1.8* 103 A/m (Trible, 1972). This unit is interpreted to be 

the lower welded portion of the 1912 ignimbrite, or possibly part of the Naknek 

marine shale. The favored interpretation of this unit in the magnetic stratigraphy 

model is as the welded portion of the ignimbrite as proposed by Kienle (1991). 

However, work of Gedney et al. (1970) and Sbar and Matumoto (1972), indicates that 

this unit may be the Naknek marine shale. The final unit in the magnetic sequence is 

a strongly magnetic volcanic substrate (beige) modeled with a magnetic susceptibility 

of ~12*10'3 A/m (standard average value from Telford et al., 1990). This unit is 

interpreted to be underlying dacite lava of Falling Mountain. The presence of this 

unit is required by the data, as there is an area of significantly higher magnetic field 

strength surrounding Falling Mountain.

8.2 Model Construction

The preferred model was constructed using the magnetic stratigraphy 

described above and creating a layered earth model representative of local geology. 

The data was then fitted by adding a vertical dike. The data presented in (Figure 9) 

precludes a sill as the best fit model and shows that dike fits the recorded data peak 

well. The model response curve was then fitted to the data by varying the topography 

of the contact between the units in the layered earth model. Three representative 

traverse lines were selected to develop models for (Figure 4 & 7). The models 

presented for each traverse line (Figure 4 & 7) are all fitted initially using a dike with
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Figure 9: Response curves for a simple layered earth model along profile L2: (A) 
with a sill as the anomaly source, and (B) a dike as the anomaly source.



a susceptibility characteristic of rhyolite. The final eruptive product Novarupta dome 

is mainly rhyolitic in composition, yet it contains andesitic enclaves. It is plausible 

that the plumbing system would be plugged final material erupted. As a first 

approximation the dike is modeled using the rhyolite magnetic susceptibility. 

Alternative model are also presented to explore other magmatic compositions 

erupted.

The need for a dike to fit the data is demonstrated by trying to fit the data by 

varying the topography of the contacts of the layered earth model without the aid of 

an intrusive body (Figure 10a). The data cannot be fit using only a variation in the 

topography of the two portions of the ignimbrite. However, it may be fitted using a 

contact between the ignimbrite and the Falling Mountain substrate (Figure 10b). The 

fit of the data using a layered earth model consisting of the ignimbrite and the Falling 

mountain substrate requires the ignimbrite to thin. The thickness of the ignimbrite 

over the ridge in what would have been either the original topography of the valley or 

the syneruptive landslide from Falling Mountain is indicated to be approximately 35 

m thick. The thin nature of the this deposit when compared to the estimates of the 

ignimbrite by Curtis (1968) and Kienle (1991) of up to 300 m near the vent make this 

model unrealistic for pre-eruption topography, and the landslide interpretation is only 

plausible for LI.
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Figure 10: Fitting the data along profile L2 without the presence of any intrusion 
and only using the variations in topography within the ignimbrite (A) does not fit the 
data. Assuming a shallow ignimbrite deposit and postulating a preemptive 
topographic high associated with Falling mountain (B) does fit the data.



8.3 LI
Transect LI is the eastern most section of the study area (Figures 7(a) & 7(b)) 

and runs north south at the base of the talus ring, around Novarupta dome. The 

pseudo sections (Figure 11) show both the collected data, in red, and the response 

curve to the forward modeled section in green. Transect LI is close to Novarupta 

Dome and Falling Mountain, which are strongly magnetic volcanic bodies. The 

modeled section consists of three units, the strongly magnetic volcanic substrate 

associated with Falling Mountain, the weakly volcanic surface material, and the 

intrusive body. The modelled response data fits closely with the collected magnetic 

data and the intrusion is best modelled as a shallow dike with a width of -100 m 

possibly surrounded by a region magnetically effected by the dike emplacement.

8.4 L2

Transect L2 is approximately 800m west of LI (Figures 7(a) & 7(b)), near the 

center of the study area. The modeled section for transect L2 (Figure 12) again 

contains three of the four units in our magnetic stratigraphy, the highly magnetic 

intrusive unit, the surface weakly magnetic unit, and the moderately magnetic 

volcanic substrate unit. The response curve most closely matches the data when the 

intrusion is modeled as a dike emplaced at a depth of approximately 50-60m, with a 

width o f-100 m..
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Figure 11: Cross section for profile LI, with magnetic profile curve shown above in 
red and magnetic response of the cross section in green. Units of the cross section are 
the non-welded portion of the 1912 ignimbrite (green), a more magnetic volcanic 
substrate (beige), and the 1912 intrusion (red) with magnetic susceptibilities from 
Trible (1972) and Telford et al. (1990).
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Figure 12: Cross section for profile L2, with magnetic profile curve shown above in 
red and magnetic response of the cross section in green. Units of the cross section are 
the non-welded portion of the 1912 ignimbrite (green), a more magnetic volcanic or 
sedimentary substrate (blue), and the 1912 intrusion (red) with magnetic 
susceptibilities from Trible (1972) and Telford et al. (1990).



8.5 L3

Transect L3 is the western most transect and is located near the end of the 

magnetic anomaly (Figures 7(a) & 7(b)), close to the pass between Falling and Baked 

Mountains. The anomaly is clearly visible at this point. However, it’s amplitude is 

not as great as in the other two sections. The model for this section contains three of 

the four magnetic units: the highly magnetic intrusive, the weakly magnetic surface 

unit, and the moderately magnetic volcanic substrate unit. A close fit of the response 

curve to the data is obtained with a slightly deeper dike-like intrusion than in the 

other two locations with the dike top being at a depth of 70-80 m and a width of ~70 

m (Figure 13).

8.6 Alternate models

Alternate models were constructed for transect L2. These models consist of using an 

andesitic composition for the intrusion to characterize the difference in the extreme 

end member compositions for the intrusion, and an intermediate composition 

surrounded by an area of altered material. The fitting of the data with a dike of 

andesitic composition (Figure 14), shows that the data may be fit with a very narrow 

dike ~10 m. The range of thickness for the dike from -10-100 m (Figures 12 & 14) 

depending on the composition assumed for the intrusion represents the two end 

member possibilities for the apparent width of the dike. The intrusion may be made 

up of some mixture of these, or of dacite which would differ little in properties from
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Figure 13: Cross section for profile L3, with magnetic profile curve shown above in 
red and magnetic response of the cross section in green. Units of the cross section are 
the non-welded portion of the 1912 ignimbrite (green), a more magnetic volcanic or 
sedimentary substrate (blue), and the 1912 intrusion (red) with magnetic 
susceptibilities from Trible (1972) and Telford et al. (1990).



42

.00 .05 .10 .15 .20 .25 .30 .35 .40 „ 4.45 .50 .55 .60 .65 .70 .75 .80 .85
(km)

Figure 14: An alternate model for profile L2, with magnetic profile curve shown 
above in red and magnetic response of the cross section shown in green. Units of the 
cross section are the non-welded portion of the 1912 ignimbrite (green), a more 
magnetic volcanic or sedimentary substrate (blue), and the 1912 intrusion (red) with 
magnetic susceptibilities from Trible (1972) and Telford et al. (1990). The use of a 
magnetic susceptibility of an andesite allows for the intrusion to be much narrower 
and the data is well fit using a ~10m wide dike.



an andesite dacite mixture and as such would have a thickness somewhere between 

these two end members.

A model fitting the data with an intermediate composition enveloped by a 

zone of altered material shown as an orange unit with an approximate magnetic 

susceptibility of 10* 103 A/m bordering the dike is shown in (Figure 15). The 

thickness of the dike and the altered area are dependent upon the magnetic 

susceptibility chosen for each, and should be seen as a balance in which each of these 

two units’ thickness is inversely proportional to the magnetic susceptibility assigned 

to each.
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Figure 15: An alternate model for profile L2, with magnetic profile curve shown 
above in red and magnetic response of the cross section shown in green. Units of the 
cross section are the non-welded portion of the 1912 ignimbrite (green), a more 
magnetic volcanic or sedimentary substrate (blue), the 1912 intrusion (red), and an 
area of magnetically altered material around the intrusion (orange) with magnetic 
susceptibilities from Trible (1972) and Telford et al. (1990). The use of a magnetic 
susceptibility that represents a mixture of andesite and rhyolite in the dike or the 
presence of dacite and an area of alteration surrounding the dike with a higher 
magnetic susceptibility than the material into which the dike was emplaced. This fits 
the data well with a narrower intrusion better than when a purely rhyolitic 
composition narrow dike with no area of alteration is used to fit the data.
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9.0 Systematic Variations of Intrusion in Modeled Section

To demonstrate the response sensitivity of the pseudo sections, several models 

were created in which one property was varied at a time, and then compared to the 

original section. The standard or test section that was chosen was the pseudo section 

model for line 2 (Figures 7 and 12). The following physical properties were varied: 

magnetic susceptibility, dike width, and dike depth. In each case, the value of that 

particular parameter was perturbed, and a new model was determined by adjusting the 

other parameters.

9.1 Depth

Moving the anomaly to a greater depth of roughly 140 m (Figure 16) resulted 

in the intrusion having little effect on the response curve for the model. This depth is 

constrained by reasonable expectations of detecting the anomaly no deeper than 200 

m. The response curve in green is essentially a replication of the contact between the 

two units within the ignimbrite. With the rise in the response curve being only 

slightly greater than the rise in the contact at the location of the anomaly, the contact 

could be interpreted to rise at this portion of the deposit as the increased heat given 

off from the intrusion would drive the welding depth towards the surface or by actual 

deformation of the contact by the dike?
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Figure 16: Increasing the depth to the top of the dike has the effect of decreasing the 
amplitude of the response curve (green) by 800 nT from the preferred model, with the 
response curve almost mirroring the relief in the contact between the two units of the 
1912 ignimbrite.



9.2 Magnetic Susceptibility at Greater Depth

Continuing the modifications to the model section, based on the perturbation 

from the previous section the intrusion is kept at the greater depth of approximately 

140 m, and the magnetic susceptibility is increased to 30*10'3 A/m (Figure 17). The 

response curve in green is definitely affected by the intrusive body at this depth with 

the increased magnetic susceptibility. The intrusion causes the response curve to 

reach a maximum about 400 nT below the maximum of the data curve, an increase of 

about 17% or 500 nT from the pseudo section (Figure 16) in which the intrusion was 

moved to this depth. The higher magnetic susceptibility, 30*10' A/m, is at the upper 

bound on the expected magnetic susceptibilities for a rhyolite, while it is in the center 

of the range that would be expected for an andesite (Telford et al., 1990).

9.3 Magnetic Susceptibility

The effect of changing the susceptibility and not increasing the depth (Figure 

18) of the intrusion is to increase dramatically the peak of the response curve. The 

response curve peak is increased by 1600 nT. This increase essentially doubles the 

size of the anomaly, indicating that the effect of varying the magnetic susceptibility 

has a much larger impact on the response curve than varying the depth, as the drop in 

the response curve is 25% or 800 nT when the intrusion depth was doubled.
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Figure 17: The response curve is strongly affected by the intrusive body when the 
magnetic susceptibility has been increased. This response curve when compared to 
the preferred model (Figure 12) has decreased amplitude but an increased 
wavelength.



49

Figure 18: The effect of changing the magnetic susceptibility, is demonstrated to be 
a very strong controlling factor on the model response curve.



9.4 Fitted Section with New Magnetic Susceptibility

Fitting a model with the increased magnetic susceptibility at the original depth 

of ~65 m (which matches the estimated depth using the half width technique) gives a 

much thinner intrusion (Figure 19). The width of the intrusion is reduced to a third of 

the original pseudo section. The narrower intrusion fits the collected data curve to the 

same accuracy as the original model. The increased magnetic susceptibility is again 

at the upper limits of those expected for a rhyolite, but the narrower dimensions are 

more feasible from a geologic perspective, and are in agreement with the ~7 m 

thickness of the Inyo Domes dike (Eichelberger et al., 1986).

9.5 Fitted Section at Depth

Moving the narrower intrusion to the depth of 140 m (Figure 20) causes a 

significant reduction in the response curve compared to the data. The response curve 

is 25% or 800 nT below the data at the location of the anomaly. The response curve 

obtained from this model is very similar in structure to the one obtained from 

lowering the initial intrusion with the lower magnetic susceptibility to the increased 

depth of 140 m.

9.6 Width

Using the narrower dimension of the intrusion, and the magnetic susceptibility 

value of the original model, gives a response curve which has a significantly reduced 

maximum (Figure 21). The response curve is 800 nT lower than the data curve
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Figure 19: Fitting the response curve using a dike with the increased magnetic 
susceptibility results in a much narrower intrusion, roughly one third the thickness of 
the original preferred model for this section.
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Figure 20: Increasing the depth of the dike, using the dimensions of the fitted model 
(Figure 19) with increased magnetic susceptibility results in the response curve being 
essentially a mirror of the relief of the contact of the two units within the 1912 
ignimbrite.
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Figure 21: Reducing the width of the intrusion results in the response curve (green) 
undergoing an amplitude decrease of 800 nT. This response curve resembles the 
response curve obtained when the original preferred model is lowered to the depth of 
140 m (Figure 16).



maxima, and is very similar in structure to the response curve obtained when the 

intrusion is lowered to 140 m depth and the magnetic susceptibility is left unchanged 

(Figure 16).

9.7 Summary

Obtaining virtually identical response curves for three solutions, which are 

dissimilar in their geometry, demonstrates the non-uniqueness of potential field 

solutions. There are an infinite number of solutions to any data set. Clearly there is a 

need for knowledge of the local geology to help constrain the results. The dominant 

control on the response curves is the magnetic susceptibility given to each unit in the 

model, as a doubling of the magnetic susceptibility resulted in approximately a 

doubling of the anomaly produced in the response curve. The second order properties 

are the thickness of the anomaly and the depth of the anomaly, each resulting in about 

a 25% change in the response curve for a 50% change in the property being varied. 

The anomaly depth is best constrained using the half width approximation method 

(Telford et al., 1991), while using the remaining physical properties to fit the 

response curve to the data.
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10.0 Pseudogravity, Derivative, and Reduction to the Pole Map, 
Construction and Analysis
10.1 Pseudogravity Map

A magnetic grid may be transformed into a grid of pseudo-gravity by 

assigning pseudo-densities which are proportional to the strength of magnetization. 

The transform is called the "Pseudogravity Transform" and the result has the same 

useful properties as Bouguer gravity. In particular, the effects of obliquity of the 

Earth's magnetic field and source magnetization are removed. However, an implicit 

assumption is required: the direction of magnetization is the same for all bodies. 

With suitable scaling, this result is comparable to a gravity map showing the gravity 

anomaly that would have been observed if density were proportional to magnetization 

(or susceptibility). Comparison of gravity and pseudo-gravity maps reveals a good 

deal about the local geology, and may be used to compare gravity and magnetic 

observations. Where anomalies coincide, the source of the gravity and magnetic 

disturbances is likely to be the same geological structure.

The Pseudo Gravity map calculated (Figure 22) shows little in the way of 

increased resolvability of the anomaly, but is useful in predicting how the anomaly 

would appear like if we were to carry out a micro-gravity survey over the study area. 

The pseudo gravity map shows a linear anomaly of a gravity high along the same 

strike as the magnetic high. A linear gravity high along the strike of the intrusion 

would be expected, as the intrusive rock will have a higher density than the 

ignimbrite that lies above it and the lower welded portion of the ignimbrite that it is 

intruded into the Naknek sedimentary unit. The contrast in the density of the local
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Figure 22: Pseudo gravity surface map, calculated from the crustal anomaly portion 
of the solid earth’s magnetic field. The pseudo gravity shows a gravity high along the 
strike of the hypothesized dike, as the intrusive dike should have higher density than 
the surrounding ignimbrite.
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geologic units based on a simple gravity model is greater than that of the contrast in 

the magnetic susceptibility of these units. Taking this into consideration, it is likely 

that a micro-gravity survey would show much more definitive results than that of the 

pseudo-gravity, which shows a faint lineation over the dike area as defined by the 

magnetic high (Figure 7). The drawback of carrying out the microgravity study is 

that the data reductions are much more time consuming and laborious than those of 

the magnetic survey.

10.2 Derivative Maps

The first vertical derivative enhancement sharpens the anomalies over bodies 

and tends to reduce anomaly complexity, allowing a clearer imaging of the causative 

structures. However, this transformation can be noisy since it also amplifies short 

wavelengths. The double-derivative method of screening magnetic data assists 

regional geological interpretations. According to theory, the second vertical 

derivative shows the rate of curvature of magnetic fields. The zero contours on the 

calculated surface have special geologic significance and coincide with inflection 

points on the original magnetic profiles (Telford et al., 1990). These inflections 

commonly trend sub-parallel to lithological or mineralized boundaries and fault 

zones. For magnetic data, the surface maxima from the first horizontal derivative are 

indicators of body edges, independent of the Earth's magnetic field and direction of 

magnetisation in bodies.
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The first vertical derivative map (Figure 23) has enhanced the contrast of the 

anomaly edges, while creating more noise for much of the rest of the survey area. 

The magnetic signature associated with Falling Mountain in the total field maps has 

been smoothed, and the highest values are now associated with the linear anomaly 

rather than with Falling Mountain.

The second vertical derivative serves much the same purpose as residual 

filtering in gravity and magnetic maps, in that it emphasizes the expressions of local 

features, and removes the effects of large anomalies or regional influences. This is 

because any regional slope is removed by taking the second derivative. The principal 

usefulness of this enhancement is that the zero value outlines individual 

intrabasement blocks or the edges of suprabasement disturbances or faults. As with 

other derivative displays, it is particularly helpful in the processing stage where it can 

be used to highlight line noise or mis-levelling.

The second vertical derivative map (Figure 24) shows the same linear 

anomaly as seen in both the total field strength map, and the first vertical derivative 

plots. The map loses much of the original structure of the magnetic data, and there is 

only useful information for the area that closely borders the anomaly. Here, there is a 

pronounced polarity variation across the anomaly, with the anomaly itself being a 

low, bounded by narrow regions characterized by large positive values on either side.

The first horizontal derivative enhancement is designed to look at fault and 

contact features. Maxima in the mapped enhancement indicate source edges. It is 

complementary to the filtered and first vertical derivative enhancements above. It
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Figure 23: The first vertical derivative of the crustal portion of the solid earth’s 
magnetic field has an enhanced contrast at the anomaly edges. Much of the rest of 
the survey area has a noisy look to it, which is one of the results of creating the 
derivative map.
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Figure 24: The second vertical derivative map shows the same linear magnetic high 
as seen in the solid earth’s field maps and the first vertical derivative. However, all 
structure away from this lineation is lost.



usually produces a more exact location for faults than the first vertical derivative. 

Specific directional horizontal derivatives can also be generated to highlight features 

with known strikes. This technique can be applied to pseudo-depth slices to image 

structure at different depths.

The bounds (edges) of the linear anomaly are mapped as highs, while the 

anomaly itself is mapped as a minimum in the first horizontal derivative of the total 

field strength plot (Figure 25). The horizontal derivative is unfortunately rather noisy 

for much of the survey area, but when compared with the other surface plots it helps 

to determine the bounds of the linear magnetic anomaly.

10.3 Reduction to the Pole Map

The purpose of reducing magnetic data to the pole is to provide an additional 

magnetic data set, which transforms the data to that which would be observed in a 

vertical magnetic field. The operation requires knowledge of the values of inclination 

and declination of the Earth's magnetic field appropriate to the survey. These values 

vary with the location and period during which the data were acquired, as well as the 

height above sea level. Reduction to the pole has the effect of simplifying anomalies, 

and centering the highs over the causative magnetic bodies while diffusing the 

attendant lows (Telford et al., 1990). Pole reduction is difficult at low magnetic 

latitudes, since some bodies have no detectable magnetic anomaly at zero magnetic 

inclination.
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Figure 25: The first horizontal derivative is rather noisy, but does enhance the
bounds or edges of the anomaly, which are mapped as highs, with the anomaly itself 
being mapped as a minimum.



Reducing the magnetic field data to the pole has successfully smoothed the 

areas surrounding the anomaly, as well as creating a smoother, but lower amplitude 

anomaly (Figure 26). The anomaly is perhaps the easiest to see and follow in this 

particular map view, and the high associated with Falling Mountain has also had a 

reduction in amplitude.
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11.0 Predicted Intrusion Cooling Parameters

Johnston (1997) has suggested that a magnetic anomaly due to a magmatic 

intrusion will migrate laterally away from the center of the intrusion and undergo a 

reduction in amplitude as it cools. During cooling, heat is transferred to the 

surrounding materials by thermal cracking with both gas and fluid movement, causing 

an increase in the temperature above the Curie Point in the area surrounding the 

intrusion. The area of increased temperature can be altered both hydrothermally and 

oxidized, creating material with a higher magnetic susceptibility. Lateral migration 

of the anomaly could explain the large width of the anomaly in this study. The use of 

thermal modeling will allow mapping of the lateral extent of heat transfer in the 

region surrounding the dike, and allow for the comparison of the thermally effected 

area and the magnetic anomaly.

Using the program HEAT (Wohletz and Heiken, 1992), a model of the 

expected temperature and cooling history of the intrusion can be made. HEAT is 

designed to study 2-D transient thermal regimes in and around magmatic and volcanic 

intrusions, and can model a variety of geologic structures based on rock properties 

and their effects on both conductive and convective heat flow (Wohletz and Heiken, 

1992). HEAT employs a graphical interface, which allows the user to build and 

design the geologic structure and the magma intrusion that they wish to study.

The modeling carried out by the HEAT program goes well beyond what can 

be achieved by the analytical solution of 1-D linearized expressions of thermal 

diffusion in that it calculates the non-linear effects of heterogeneous media, temporal,



spatial, and thermally varying properties. HEAT employs an explicit finite 

differencing scheme rather than an alternating direction implicit scheme. This is done 

to ensure that the original differential equation solved is exactly reproduced by the 

finite difference equation when time and spatial steps are infinitesimal. Using double 

precision numbers minimizes truncation errors that might evolve when using very 

short time steps. Continuous thermal gradients are assigned along the boundaries and 

initial conditions use a designated regional thermal gradient. Latent heats of 

fusion/crystallization are solved for all rocks including magma where temperatures 

are in the supersolidus to subliquidus range. Convective heat transfer in the magma is 

calculated as a function of temperature and composition, with the Nusselt number 

approximating convective heat transfer in fluid-saturated rocks. New magmas may be 

introduced into the model at any time during the simulation. The user assigns all rock 

and magma properties, including: density, heat capacity, initial temperature, spatially 

and thermally varying thermal conductivities, and location of rock units and magmas. 

The thermal conductivity of the rock units is the most significant variable in the 

model, which in this case is dominated by conductive cooling.

The thermal modeling was carried out using a three layer earth model, with a 

vertical magma intrusion. The three layers of the model (Figure 27) consist of the 

unwelded portion of the ignimbrite to a depth of 90 m, the welded portion of the 

ignimbrite to a depth of 300 m, and the Naknek shale through the base of the model at 

a depth of 600 m. The lateral extent of the model is 1 km, with the intrusion centered 

at 0.5 km, and reaching a minimum depth of 120 m. The physical properties assigned

66



Figure 27: Stratigraphy used for the Valley of Ten Thousand Smokes in the thermal 
modeling of the dike. The stratigraphy is a layered earth model consisting of three 
units. The brown unit is the unwelded portion of the 1912 ignimbrite, the green unit 
is the welded portion of the 1912 ignimbrite, and the yellow unit is the Naknek shale, 
with the dike of silicic magma being red.



to the unwelded portion of the ignimbrite were a density of 1100 kgm'3 from (Kienle, 

1991), a thermal conductivity of 1 W/mK, in both the X, and Y directions based on 

the work of Clauser and Huenges (1995). The welded portion of the ignimbrite is 

assigned a density of 1900 kgm'3 (Kienle, 1991), a thermal conductivity of 2.5 W/mK 

(Clauser and Huenges, 1995), The Naknek shale was given a density of 2500 kgm'3 

based on the average value for a shale from Telford et al. (1990), with a thermal 

conductivity of 3 W/mK (Clauser and Huenges, 1995). The intrusion has a density of 

2300 kgm'3 based on the densities of the Novarupta dome rocks (Curtis, 1968), and a 

thermal conductivity of 3.4 W/mK (Clauser and Huenges, 1995) in both the X, and Y 

directions, with an initial temperature of 850° C (Coombs and Gardner, 2001). The 

model was run for 92.4 years such that the thermal results are roughly coincident with 

the time of the magnetic survey.

11.1 92.4 Years

The thermal structure (Figure 28) of the region after 92.4 years shows that the 

lateral extent of the area effected thermally by the intrusion is approximately 150 m 

either side of the dike. The surface thermal gradient (Figure 29) reaches a minimum 

of roughly 6° C/km, and a maximum of 26° C/km. The area effected by the surface 

gradient reaches a maximum distance of 350 m from the location of the intrusion. 

The thermal profile of the intrusion (Figure 30) shows that an equilibrium 

temperature has been reached by the dike in the welded portion of the ignimbrite. 

The portion of the intrusion in the Naknek is still undergoing significant cooling, and
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Figure 28: Surface plot of temperature distribution of the dike after 92.4 years,
showing that the dike has undergone significant cooling. Thermal diffusion now 
reaches to about 150 m from the dike.



Figure 29: Profile of the thermal gradient at the surface shows the effects of the dike 
are widely felt, with an area of about 350m from the location of the dike having an 
increased thermal gradient. This is similar to the width of the magnetic anomaly. 
The amplitude of the thermal anomaly reaches a maximum of 26°C.
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Figure 30: The thermal profile vertically through the dike shows that an equilibrium 
temperature has been reached by dike in the welded portion of the ignimbrite. The 
portion of the intrusion in the Naknek is still undergoing significant cooling, and has 
not reached internal equilibrium.



has not reached internal equilibrium. The vertical thermal gradient (Figure 31) 

through the intrusion shows almost no variations with a small negative peak at the 

contact between the two portions of the ignimbrite, and a slightly larger positive 

anomaly following the contact between the base of the 1912 ignimbrite and the top of 

the Naknek. The lateral extent of the area warmed by the intrusion matches quite 

closely with the lateral extent of the magnetic anomaly seen in the surface plots of the 

magnetic field strength (Figure 7).

Comparing the results of the thermal modeling at the 92.4-year iteration with 

the width of the magnetic anomaly indicates that the anomaly width is nearly 

identical to the width of the area that has been heated by the dike. This similarity in 

the two different properties, one numerically determined and one empirically 

measured, indicates that the dike and the area that has been thermally affected by the 

intrusion create the anomaly. Coupling the results of the thermal modeling and the 

magnetics also provides an estimate of the width of the dike. Using this method the 

dike width is in the order of 10 m.
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Figure 31: The vertical structure of the thermal gradient through the dike shows that 
cooling is still occurring within the portion of the dike in the Naknek shale, while the 
portion of the dike in the ignimbrite has reached a steady-state temperature. A small 
amount of heat flow is still occurring vertically from the top of the intrusion into the 
ignimbrite.
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12.0 Discussion
12.1 Implications of Magnetic Data

Modeled sections of the surface magnetic data show that the anomaly is best 

fitted by a vertical dike-style intrusion. The dimensions of the linear surface anomaly 

suggest that the source of the anomaly is shallow, on the order of 100 m depth, and 

that the top of the source of the anomaly is likely in the products of the 1912 eruption. 

The trouble with fitting the data in the sections modeled was that the thickness (~100 

m) of the intrusion was greater than what would be reasonable for a silicic dike. To 

fit the data with a dike that has more realistic thickness, a magnetic susceptibility 

must be chosen that pushes the dike into being a hybrid of andesitic enclaves and 

rhyolitic host. A composition that is predominantly rhyolitic is favored though not 

required for the intrusion, as propagation of rhyolite magma initiated the eruption and 

rhyolite was last extruded during the eruption as Novarupta. The mechanism for 

which rhyolite would be the initial and final product with a batch of un-erupted 

andesite following the terminal extrusion of the rhyolite dome in the eruptive 

sequence in either the case of a single zoned chamber (Hildreth, 1983) or in a multi 

chamber geometry (Coombs and Gardner, 2001: Hammer et al., 2002) does not seem 

plausible.

12.2 Implications of Thermal Data

The thermal modelling of an intrusion that has the physical properties of a 

rhyolitic dike gives some insight into the nature of the anomaly source. The initial



dike conditions area a thickness of 10 m, and a temperature of 850° C the later based 

on the work of Coombs and Gardner (2001) for the temperature of the rhyolite 

extruded during the 1912 eruption. In looking at the area that has been heated by the 

intrusion at t = 90 years when the magnetic data was collected, one finds that lateral 

extent of the magnetic anomaly matches quite closely with the region predicted to be 

affected thermally by the rhyolite intrusion.

This matching of the size of the anomalies suggests that the magnetic anomaly 

could be a result of the thermally effected area of a 10-m wide hybrid intrusion. This 

type of magnetic anomaly has been observed by Dzurisin et al. (1990) for Mount St. 

Helens, and Tanaka (1995) for Mt. Unzen, in which it is suggested that as an intrusion 

cools and heat diffuses into the surrounding rocks, the anomaly observed in a 

magnetic field study should also increase in lateral extent, while the amplitude of the 

anomaly should decreases.

Results of the thermal modelling and magnetic field study suggest that a 

similar mechanism has occurred in the VTTS, and that the magnetic anomaly is a 

result of both the dike and the area affected by diffusion of heat from the intrusion of 

a 10 m thick hybrid dike. The region then creating the magnetic anomaly is then both 

the 10-m thick dike, and the area effected thermally by the intrusion, and as such the 

red unit depicted in the magnetic stratigraphy (Figure 8 & 9-11) is not solely the 

1912 intrusion but rather the region of effect of the 1912 intrusion.

A follow up study could be carried out in which several benchmarked 

locations are reoccupied over several years, to study any diffusion of the magnetic
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anomaly. If the magnetic anomaly experiences a reduction in amplitude and an 

increase in horizontal extent that would favor a cooling dike with a predominantly a 

rhyolitic composition. If the magnetic anomaly does not diffuse over time a 

predominantly andesitic dike composition or some other ssource for the anomaly is 

implied.

12.3 Comparison with Previous Data Sets

Previous work using potential methods in the area of Novarupta in the VTTS 

was carried out by Goodliffe et al. (1991), which focused on characterizing the vent 

area of the 1912 eruption and comparing the ‘geophysical vent’ dimensions with the 

‘geomorphic vent’ dimensions. Nonetheless, comparing the results of Goodliffe et 

al., (1991) with those obtained in this study allows for improved understanding of the 

mechanism of magma transport during the 1912 eruption.

The magnetic data (Figure 32) used in the Goodliffe et al., (1991) study was 

aeromagnetic data that was flown at 1100 m above sea level. The 1100 m 

aeromagnetic data set is similar to a 145-point ground-based magnetic survey also 

reported by the same authors, and as such only the aeromagnetic data is presented 

here. The area to the west of Novarupta shows a linear magnetic high in roughly in 

the same position as the anomaly found during this study. However, the high to the 

west of Novarupta in the Goodliffe et al., (1991) study does not have purely east-west 

strike but rather is slightly south of west. There is a slight lineation east of Novarupta
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Figure 32: The aeromagnetic data of Goodliffe et (1991) shown (A) has a two 
linear magnetic lineations (1) and (2). The area that was covered in our survey is 
marked with the yellow box, and the location of the magnetic anomaly that we 
discovered is displayed as a solid red line, with the proposed trace of the dike 
continued by a dashed red line. The second magnetic lineation (2) in the Goodliffe 
al. (1991) data supports our inference that the dike and therefore the magnetic 
anomaly may be extended to the east and Mount Katmai. The ground-based gravity 
presented by Goodliffe et al. (1991) shown (B) presents no anomalies that cannot be 
correlated to topography. Modified form Goodliffe et al. (1991).



in the data that has an east-west strike, and is lined up with both Mount Katmai and 

anomaly found during this study. The similarities of the strike of these linear features 

support the results of the ground-based study, and allows the notion of the dike being 

present on either side of Novarupta dome, rather than just being present in the area to 

the west (the area covered in this study).

The data collected by Goodliffe et (1991) does not record the magnetic 

anomaly that is present in the ground based survey results, but rather the anomaly 

measured above ground. To see if the two data sets are consistent, an upward 

continuation of the ground-based data was carried out (Figure 33). The result of 

upward continuing the ground-based magnetic survey data is that the linear anomaly 

disappears, as it arises at too shallow a depth to be seen by a survey being carried out 

at the elevation flown in the aero-magnetic survey Goodliffe et al. (1991). Upward 

continued ground magnetics results do reproduce the bulls-eye feature present near 

Novarupta in the Goodliffe et al. (1991) results (Figure 32). This result indicates that 

the two surveys are consistent with one another and that the lineation seen in the 

Goodliffe et al. (1991) data is good evidence that the anomaly seen in the ground- 

based survey may indeed be present between Novarupta and Mount Katmai.
'I

The gravity (Bouguer) anomaly map using a density of 1800 kgm' (Figure 

32), shows that most anomalies correlate with topography. A small anomaly in the 

Novarupta region does not correspond to any variations in topography and as such is 

interpreted to be a real anomaly, while the anomaly around the Turtle (T) shows a
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Figure 33: Surface map showing the ground magnetic survey upward continued to 
1100m the elevation, where the aeromagnetic survey of Goodliffe et al. (1991) was 
conducted. The results of upward continuing the ground based survey is that the 
linear anomaly has disappeared. It is thus a shallow feature that would not be seen in 
the aeromagnetic data. The bulls-eye that is seen in the south-east comer of the 
surface map is consistent with the high seen near Novarupta in the aeromagnetic data 
(Figure 32).
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marked increase in the correlation with topography when higher reduction densities 

are used. The area to the west of Novarupta shows a generally north-south 

curvilinear gradient.

12.4 Mechanism of Magma Transport and Storage

The results of this study allow for some speculation on the hydraulics and 

mechanics of the connection between Mount Katmai and Novarupta. Results 

presented here indicate that the connection is a dike that tapped the magma chamber 

underneath Mount Katmai and then transported this magma to Novarupta where it 

breached the surface. Hammer et al. (2002) estimates the pre-eruptive storage depths 

to be 0.9-1.9 km for the dacite and 2.8-3.8 km for the andesite, and the minimum 

depth of the rhyolite to be 3.8 km. The minimum depth reported by Hammer et al. 

(2002) is greater than that of Coombs and Gardner (2001), who determined that the 

rhyolite last equilibrated at a depth of between 1.6 and 4 km, or with a Ph2o -  0.9 

Ptotal a slightly deeper range of 1.8-4.4 km. The minimum estimate of the rhyolite 

storage depth by Hammer et al. (2002) falls within the range of the depths listed by 

Coombs and Gardner (2001) and is in rough agreement with the average depth 

estimate given.

The results obtained by Hammer et al. (2002) suggest that the rhyolite could 

not have been stored in the same magma chamber as the andesite and dacite, as it 

would represent the base of the system, which is not physically sensible. The 

densities of the three magmas require any rhyolite in a single chamber to be at the top
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of the system. Rather, it is likely that the rhyolite evolved separately from the 

andesite and dacite, possibly at a greater depth and then migrated vertically as a dike, 

which then re-equilibrated at a depth of about 4 km. The equilibration at the 4 km 

depth could have been achieved by the vertically propagating dike reaching its level 

of neutral buoyancy, at which point the propagation direction would have switched 

from vertical to horizontal.

The propagating rhyolite dike then somehow had to intersect the andesite and 

dacite of the Mount Katmai magma chamber. This required the dike to either strike 

the chamber itself, or to encounter the ascent path that the andesite and dacite melt 

travelled to the chamber. A portion of the rhyolite could have ascended this same 

path to replenish or intersect the Mount Katmai magma chamber. In either situation 

the interaction of the rhyolite magma from the dike and the basic magma from the 

chamber would create a vertical gradient in which the denser magmas of the chamber 

could flow down into the rhyolite body (Wiebe, 1987). This could trigger lateral 

transport of these magmas from Mount Katmai to Novarupta where they were erupted 

along with the rhyolite. The location of the new vent at Novarupta could result from 

this location being a topographic low where the propagating dike necked up and 

breached the surface. The magnetic trace of the proposed dike matches the strike of a 

fault seen in the buttress range, which may have created preferable conditions for 

both the lateral path of the rhyolite-filled dike and the location where the dike necked 

up to breach the surface at Novarupta.
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Coombs and Gardner (2001) propose that the rhyolite was stored in a separate 

chamber below Novarupta for a time of at least ~4 months based on plagioclase 

growth rates (Swanson, 1977; Dowty, 1980; Brandeis and Jaupart, 1987; Cashman 

and Marsh, 1988), with transport of the Katmai magma along a bedding plane or a sill 

at the basal contact of the Naknek. However, their model for magma storage and 

transport is unsatisfying. The model proposed by Coombs and Gardner (2001) 

accounts for the different storage depths of the andesite and dacite magma as 

determined by Hammer et al. (2002) as compared to those determined from their 

study for the rhyolite. Two separate magma storage locations with different cooling 

histories can also account for the differences in crystal contents and phenocryst sizes 

(Hildreth and Fierstein, 2000). However, such a model does not explain how the 

magma stored 10 km away under Mount Katmai was involved in the eruption!

If the 0.5-1.0 mm plagioclase crystals do indeed reflect equilibration at 4 km 

(Coombs and Gardner, 2001), which was probably the last chance for equilibration 

anyway as rapid water loss would occur above this depth, the authors 4 month storage 

time may be too long or protracted lateral flow at that depth may have occurred.
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13.0 Conclusions and Implications

The results of our study show that ground-based magnetic studies are a viable 

and useful tool for imaging the structure of the subsurface in a volcanic region, given 

a favorable geologic setting for the study. Requirements for magnetics to be 

successful in a volcanic setting are a non-magnetic basement material and a surface 

that is not overly complicated with highly magnetic lava flows.

The orientation and location of the magnetic anomaly studied here are 

consistent with lateral magma transport between Katmai and Novarupta via a dike 

during the 1912 eruption (Figure 34). The implication of the hydraulic connection 

between Katmai and Novarupta being a dike is consistent with there being two 

discrete magmas involved in the 1912 eruption, as suggested by the chemical data 

(Eichelberger and Izbekov, 2000). The source of the andesite and dacite of the 

eruption is understood to have originated from the Mount Katmai magma chamber 

(Hildreth and Fierstein, 2000). However, there is much contention as to where the 

rhyolite originated and was stored prior to the eruption. Hildreth (Hildreth, 1983, 

1987; Hildreth and Fierstein, 2000) has long argued that it evolved as a thin cap atop 

the Katmai andesite-dacite magma chamber, and therefore could only have been 

cleanly tapped by a sill. Eichelberger and Izbekov (2000) propose that the rhyolite 

involved in the 1912 eruption intersected the shallow andesite-dacite chamber under 

Mount Katmai, triggering the eruption. According to previous work (Coombs and 

Gardner, 2001; Hammer et al., 2002), it is unlikely that the rhyolite originated via



84

Novarupta

1912 Non-welded 
Ignimbrite

Magnetic Substrate 

1 1912 Intrusion

W

► 50 m 

VE = 100x

Figure 34: Cartoon showing possible cross section along strike of the magnetic
anomaly, past the extent of the survey to include the 1912 vent Novarupta. The 1912 
rhyolite dike has a ragged undulating top, the variations in the depth of the dike may 
account for the slight variations in the strength of the observed anomaly. A series of 
fumaroles along the surface mirrors the location of the magnetic high suggesting that 
the high is a result of an intrusive dike. The upper-most portion of the dike may 
actually sit in the 1912 ignimbrite, as result of continued vertical propagation after the 
onset of the eruption, or it may lie entirely in the Naknek shales, if  the ignimbrite is 
thinner than expected.
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crystal fractionation from the Mount Katmai magmas. It is possible that the rhyolite 

had a deeper source of origin.

The exit point of magma in the ascending dike was at Novarupta Dome. 

However, the dike could have continued ascending after eruption began, and even 

well after the explosive eruption had finished, intruding its own eruption products to 

shallow depth. The final stopping of the dike near surface (Figure 9-11) is proposed 

to be the result of degassing and cooling of the magma causing the viscosity to 

increase to a level at which the magma could no longer propagate towards the 

surface.
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14.0 Expected Results of Further Surveys
14.1 Gravity

Gravity studies have often been used as a follow-up study of magnetic and 

electromagnetic anomalies in base metal and iron surveys. Like magnetics, gravity is 

a natural source method where local variations in densities of rocks near the surface 

cause minor variations in the gravity field (Telford et al., 1990). Gravity and 

magnetic surveys are often carried out together, and are referred to as potential 

methods. The corrections applied to gravity data are more complicated and of more 

importance than those applied in magnetics (and other geophysical tools). Fieldwork 

required to carry out a gravity survey is more precise and time consuming than that of 

magnetics and requires a more skilled field team.

A micro-gravity survey would likely be successful, yet rather labor intensive 

as the terrain correction would be daunting for the survey area. The local geology 

would provide a significant density variation between the tephra 1000-1900 kgm'3 

(Kienle, 1991), the intrusive rhyolite based on the dome rock density of 2250-2300 

kgm'3 (Curtis, 1968), and the Naknek shales 2500-2600 kgm'3 (Kienle, 1970). We 

would thus expect to detect significant anomalies. The foreseeable difficulty with a 

gravity survey, aside from the reduction of the data being difficult, is the same as the 

possible problem with continued magnetic work in the area: that is that in the region 

between the Mt. Katmai and Novarupta where the intrusion is thought to be deeper 

there may not be enough suitable area to carry out a large enough survey to penetrate 

to the depth of the intrusion.
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14.2 Seismic

Seismic methods are by far the most common in use today, as a result of the 

high level of accuracy and great depth of penetration of the method. Exploration 

seismic methods involve essentially the same set of measurements as earthquake 

seismology. However, the energy sources are controlled and movable (Telford et al., 

1990). Seismic exploration consists of generating seismic waves, and measuring the 

time that it takes for the waves to travel to a series of geophones. Given the travel 

times and knowledge on the velocity of the waves, one may attempt to reconstruct the 

path taken by the wave.

A seismic survey in the valley would likely shed a great deal of light on 

constraining both the size and location of the intrusion. The concern of not being able 

to penetrate to the expected depth of the dike between Mt. Katmai and Novarupta is 

not as significant as it is with potential methods. The study could also provide 

interesting information on the pre-eruptive topography of the valley, and would 

provide an interesting method of estimating thickness and volumes of the ignimbrite. 

The inferred contact within the ignimbrite of a welded and non-welded portion could 

also be mapped and estimates of the depth at which welding ceased to occur could be 

made. Unfortunately, there are several problems with carrying out a seismic study in 

the Katmai area. The first and most significant would be the extensive Environmental 

Impact Statement that would undoubtedly be necessary as a prelude to such work.
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The second is the expense of carrying out seismic work which is by far the most 

costly of the geophysical exploration methods.

14.3 Ground Penetrating Radar (GPR)

Ground penetrating radar (GPR) is the general term applied to geophysical 

techniques that employ radio (electromagnetic EM) waves in the 1 to 1000 MHz 

frequency range to probe the subsurface. GPR is a viable method for imaging 

subsurface volcanic deposits because they usually form relatively thin deposits 

(<100m thickness), have homogeneous properties, and have high resistivity (Russell 

and Stasiuk, 1997). Contrasts in physical properties such as dielectric constant, 

conductivity, and EM wave velocity may cause reflections.

Airborne Radar was used by Clarke and Cross (1989) to examine the volcanic 

history of Mount Wrangell in Alaska. Gilbert et al. (1996) used GPR in another study 

to determine the intra-caldera ice thickness at Volcan Sollipulli in Chile. Two-way 

travel time and propagation losses were used to estimate the power reflection 

coefficients with changes in depth and deposit type. Historically, GPR has been used 

for mapping structure in the subsurface. However, more recently it has been used in 

non-destructive testing of non-metallic structures. GPR data records resemble those 

of seismic methods, resulting in many of the seismic data processing techniques being 

applied to GPR data (Daniels, 1996). GPR records of time versus position may be 

used to locate and identify both flat and dipping reflectors and discontinuous features



in the subsurface. Initial depth interpretations may be made from two travel times by 

applying common values of EM wave velocity for the given subsurface materials.

Although GPR sounds like an ideal tool for delineating the position and depth 

of the intrusion, it is not suited for use in this type of climate and local geology. 

Ground water is the most significant problem, as radar waves do not propagate well 

through water. The local geology, in particularly the blocky nature of fall deposit in 

the study region, will cause a large portion of the initial wave energy to be scattered 

and reduce the depth of penetration of the study. The loss of penetration depth, 

coupled with the expected depth of the dike nearing the maximum penetration depth 

of the technique in ideal conditions, indicates that the dike may be below the level to 

which GPR data could be successfully resolved.

14.4 Natural Electrical Source Methods

14.4.1 Self-Potential

Self-potential (SP) anomalies generated by thermoelectric and/or 

electrokinetic coupling have been observed during surveys for geothermal sources 

(Corwin and Hoover, 1979). The mechanism by which these SP anomalies are 

generated is poorly understood but may be a result of different rates of thermal 

diffusion for ions in pore fluids and electrons with donor ions in the rock matrix. The 

ratio of voltage difference to temperature difference (AV/AT) is known as the 

thermoelectric coupling coefficient. The electrokinetic coupling coefficient, Ek/AP, 

depends on fluid flow, which may be due to both the thermal as well as the pressure
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gradient. Corwin and Hoover (1979), described two SP surveys over geothermal 

sources (shallow coal fires) that produced distinctive SP anomalies.

The successes of this method in locating geothermal areas gives promise to 

this as a great tool for investigating near surface intrusions, as long as they are 

sufficiently recent as to still be ‘hot’. The intrusion associated with the 1912 eruption 

may have become too cool for a significant and clearly defined SP anomaly to be 

present. An SP study would perhaps be better suited to a location of more recent dike 

emplacement, such as Akutan in 1996, Karmysky in 1996, or Miyakajima in 2000.

14.4.2 Magnetotellurics

Magnetotellurics employs large-scale (low frequency) magnetic fields, which 

have their sources outside the earth (Telford et al., 1990). Periodic and transient 

fluctuations can be correlated with diumal variations in the earth’s magnetic field, 

caused by solar emission, aurora, and electrical storms. These magnetotelluric fields 

can penetrate into the earth’s surface to produce telluric currents. Measuring the 

amplitudes of orthogonal horizontal components of the electric and magnetic fields at 

the surface, for various frequencies, allows the determination of (apparent) resistivity 

or conductivity with depth. With the choice of low frequencies, the depth of 

penetration may be very great.

A magnetotelluric study has the potential to be highly successful, in that the 

depth of penetration can be very large if the proper frequencies are chosen. This 

would eliminate the problem of the potential methods for the area between Novarupta
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and Mount Katmai. The large depth of penetration does not come as a result of 

setting off charges like in seismic studies, and as such the possibility of getting such a 

study permitted in this Wilderness Area and National Park may be higher. 

Magnetotellurics has not been used significantly in volcanic studies, but is an ideal 

tool for investigating volcanic plumbing systems as variations in conductivity in 

magmas and partial melts are large when compared to the cold host rock in which 

they reside.

14.5 Electromagnetic Methods

Use of electromagnetic methods is second only to magnetic studies in 

exploration geophysics, and is best suited for detecting good electrical conductors at 

shallow depth. The method involves the propagation of continuous waves, or 

transient electromagnetic fields, in and over the earth (Telford et al., 1990). EM may 

be used to carry out vertical (or depth) soundings, by maintaining a fixed spacing 

between the transmitter and receiver units and varying the frequency.

An electromagnetic survey would not give much in the way of new results. 

Vertical soundings are more useful in identifying horizontal strata contacts than 

narrow vertical intrusions, such as a dike. The method may provide information to 

help constrain the depth of the dike top in the area to the west of Novarupta. 

However, in the area between Novarupta and Mount Katmai, the depth of penetration 

and the location of the intrusion may again not match, due to the topographic confines 

of the survey area.
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14.6 Resistivity

Resistivity studies employ an artificial source of current, which is introduced 

to the ground through point electrodes (Telford al., 1990). Potentials are then 

measured at other electrodes in the vicinity of the current flow. Because the current is 

measured as well, it is possible to determine an effective (or apparent) resistivity of 

the subsurface. The biggest problem of resistivity is the high sensitivity to minor 

variations in conductivity near surface, which means that the noise level may be 

large.

A resistivity survey would be difficult in the VTTS, as the layer of material 

near surface is likely to have dramatic local conductivity variations. Getting good 

contacts in the ignimbrite may prove difficult. Additionally getting a large enough 

spacing between the electrodes in the region between Katmai and Novarupta to image 

deep enough to resolve the dike may be difficult.

14.7 Induced Polarization

Induced polarization is the measure of voltage decay (that is voltage is 

measured as a function of time), in a system similar to the charge and discharge of a 

capacitor. A current is applied to an area for a given amount of time and then the time 

for the system to return to the original state is recorded. During the time of applied 

current, some energy storage takes place in the material. In rocks the dominant form 

of this energy storage is chemical (Telford et al., 1990). Chemical energy storage is



a result of variations in the mobility of ions in fluids throughout the rock structure and 

in variations between ionic and electronic conductivity when metallic minerals are 

present. The depth of penetration would likely be a problem for the region between 

Novarupta and Mt. Katmai, as the intrusion may be deeper than can be imaged given 

the topographic controls of the survey area, while in the area to the west of Novarupta 

a successful result would be more likely.
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15.0 Future Work

Future studies should center on testing lines of evidence for lateral transport 

via a dike in the 1912 eruption, and for evidence that the magmas erupted during the 

1912 eruption were formed in two separate locations. There are several ways to add 

to the present knowledge base, one being the continued study of the area using 

different geophysical tools, the second being similar studies at locations where a 

similar processes is thought to have occurred.

Adding to the suite of geophysical studies carried out in the area would be 

beneficial in that it is highly unlikely that magnetics would be the best suited tool for 

working at other locations. Use of other tools at VTTS would allow us to more 

accurately compare multiple analogous sites. Self-Potential would be a good 

complementary study to the magnetics and has been used on Mount St. Helens 

successfully (Bedrosian and Unsworth, 2000). Given the nature of some of the 

possible sites for comparative studies gravity, although much more labor intensive, 

would potentially provide good results.

There are several locations that would make for good comparative study 

locations, including Karymsky, Akutan, Inyo Domes, and Unzen. Karymsky is an 

attractive site being the closest analog to the Katmai-Novarupta system. The 

simultaneous activity observed at two vents separated by approximately 6 km 

(Eichelberger and Izbekov, 2000), with clear surface evidence of dike emplacement 

between vents. The geologic setting of Karymsky would not be a good candidate for 

a magnetic study, but a gravity and self-potential study may provide fruitful results.



Akutan is believed to be the location of a dike emplacement that stopped near surface, 

as shown by SAR data and surface fractures (Lu 2000,). Akutan may not be a 

favorable location for a magnetic study, but self-potential and gravity would likely 

show some signal at the suggested dike emplacement location. Inyo Domes may be 

the ideal test location, as the physical dimensions of the emplaced dike are known 

from drilling (Eichelberger et al., 1986). A study at Unzen to go along with the 

drilling under way there currently would prove to be very exciting, as physical 

properties of the intrusive dike will be known.

This work could be expanded to looking for time-dependent variations 

associated with dike systems, including the reoccupation of several known 

(benchmarked) sites along the Katmai-Novarupta azimuth (or along the azimuth of 

any of the other possible test sites), and the study of an active system such as 

Stromboli, Soufriere Hills (Montserrat), or Santiguito with a Magnetotelluric 

network.

The reoccupation of benchmarked or ‘virtually benchmarked’ locations using 

high precision differential GPS locations along the Katmai-Novarupta azimuth would 

determine the rate at which the magnetic anomaly is diffusing outwards as the 

intrusion cools. The variations of the field strength should be in the order of nTs to 

tens of nTs and would require reoccupying the sites every 3-4 years for a 15 -20 year 

time period.

The study of an active system with a magnetotelluric network may show a 

relation between conductivity and eruptive activity. A discemable variation in the
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conductivity of these active systems would be expected with changes in the magma 

ascent and supply rate, which could then be compared with eruptive activity, allowing 

much to be learned about how variations in the conduit relate to surface activity and 

what the time sequence is like for changes at depth to become observable at the 

surface. Such an approach might prove useful as a monitoring tool for active centers.

Conclusions reached in this study are consistent with lateral transport of 

magma from Katmai to Novarupta occurring via a dike, and suggest that the dike 

eventually intruded the deposits of this eruption. These insights that could also be 

further studied, both experimentally and numerically. Two questions that now arise 

are whether magma chambers may attract propagating dikes, and what causes the 

stopping of dikes so near to the surface.
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