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Abstract

Volcanism on Unimak Island, Alaska represents a microcosm o f Aleutian arc 

volcanism in general. This work focuses on two o f the most significant features on 

Unimak Island, Fisher Caldera and Shishaldin Volcano. Despite frequent activity and 

potential for violent, hazardous eruptions, these volcanoes have been relatively unstudied. 

The present work details the processes occurring within Shishaldin and Fisher volcanoes, 

and highlights the complexities of their magma storage systems.

Fisher Caldera began as a scattered series o f independent stratocones formed from

■a
small, independent, non-communicating reservoirs. The 100 km caldera-formmg 

eruption (CFE) resulted from injection o f three chemically distinct magmas, one being 

the largest magma batch to have passed through this system. Extensive fracturing during 

the CFE destroyed the pre-caldera infrastructure, and subsequent magmatism formed a 

single mixed reservoir. Post-caldera activity, stemming from this centralized chamber, 

produced several structurally controlled stratocones that erupted into the newly formed 

caldera lake. A tsunami generated by an explosive intra-caldera eruption catastrophically 

drained the caldera lake. Current activity is largely hydrothermal.

The progression through which the Fisher system developed is similar to those 

seen in other caldera systems, yet has not been put forth in the literature as a common 

process. I suggest the Fisher sequence is an end-member in the spectrum of worldwide 

caldera formation, and present this process in a global context.

Shishaldin Volcano has been formed through the concurrent activity o f two 

separate magma systems, the products o f each o f which are compositionally distinct.
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Parental magmas for each series are both basalt, but have different trace-element 

signatures that require separate protoliths. Furthermore, distinct paths o f subsequent 

chemical evolution are also required. One series shows evidence o f ponding at high 

pressure prior to final ascent, whereas the magmas of the other series are directly 

emplaced in several small, shallow reservoirs.

Results from both volcanoes tend to support a view involving complex magma 

storage: discrete magma batches with limited interaction rather than simple 

differentiation in a central chamber.
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Chapter 1: Introduction

Analogies can be made between complex volcanic systems at Unimak Island and 

other systems across the Aleutians and worldwide. The underlying theme o f these 

investigations is to develop an understanding of the eruptive history and magmatic 

plumbing systems o f two adjacent volcanic features with very different morphologies, 

highlighting the different plumbing processes that control long-term eruptive behavior. 

This line o f questioning applies to volcanic arcs worldwide, as nearly every subduction 

zone on Earth contains caldera systems juxtaposed with stratocones.

Unimak Island contains every type o f volcanic feature observed in the Aleutian 

volcanic arc in Alaska. All volcanic forms, structures and depositional environments are 

represented on Unimak Island, including stratocones, calderas, cinder cones, maars, 

shield cones, domes, and phreatomagmatic, sub-aerial, sub-aqueous, and sub-glacial 

eruption deposits. Because Unimak Island is in essence a microcosm o f the Aleutians, a 

detailed investigation o f volcanism on Unimak Island can serve as a proxy to the entire 

arc, at least in terms o f magmatic processes. The work presented here focuses on two o f 

the most prominent features o f Unimak Island, Fisher Caldera and Shishaldin Volcano, 

and offers results that bear on volcanic processes across the Aleutian arc and, indeed, 

volcanic systems worldwide.

Unimak Island is the easternmost island in the Aleutian archipelago. The only 

populated area on the island is False Pass, a fishing community of -8 0  people on the 

eastern Unimak coast. Cold Bay, the next closest community, lies on the Alaska 

Peninsula -90  km east o f Shishaldin and -120  km east o f Fisher Caldera. The 120-km-

1
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long island was formed through the activity o f six volcanoes, one of the highest densities 

o f volcanoes in the Aleutian arc. Unimak lies within the region where the angle of 

convergence between the subducting Pacific plate and the overriding North American 

plate is closest to 90°. This region, extending roughly from Unalaska Island in the east to 

Pavlof Volcano in the west, also marks where the most active volcanism in the Aleutian 

arc occurs. As o f this writing, Shishaldin Volcano erupted last in 1999 (Stelling et al., 

2002), Westdahl Volcano in 1992, Isanotski Volcano in 1845 (?), Fisher Caldera in 1826, 

Pogromni in 1826 (?), and Roundtop -9,500 ypb (Simkin & Siebert, 1994; Miller et al., 

1998; Miller, 1999).

The crust below Unimak Island is -35  kilometers thick, based on Fliedner (1996). 

Although Unimak Island also overlies the approximate boundary between oceanic and 

continental crust (Kay et al. 1982; Kay and Kay 1994), this transition is not obviously 

manifested in the products or eruptive behaviors o f Unimak Island volcanoes. A 

boundary between two major tectonic segments along the arc runs through Unimak 

Island, which may be partially responsible for subtle variations within Shishaldin 

Volcano.

Fisher Caldera is the largest o f 12 Holocene Aleutian calderas. Prior to this study, 

only topical investigations have been conducted, and the overall eruptive history or 

nature of this volcanic system had not been described in detail. Chapter three o f this 

work presents the eruptive history o f Fisher Caldera, highlighting the production o f small, 

independent stratocones before and after the caldera-forming eruption 9,400 years ago 

and the recurrence o f dacitic magma throughout its history. This chapter has been

2
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submitted to the Journal of Volcanology and Geothermal Research under the title 

“Eruptive history o f Fisher Caldera, Alaska, USA,” co-authored with Drs. Jim Gardner 

and Jim Beget. Dr. Beget contributed to the Fisher field investigation, particularly with 

respect to the draining of the intracaldera lake, and also prepared and submitted samples 

for 14C dating. Dr. Gardner contributed significantly to the Fisher field campaigns, the 

interpretations of field and compositional data, and the aforementioned editing process.

Chapter four focuses on the caldera-forming eruption (CFE) itself and the many

-5 t

effects this event had on the Fisher system. The CFE produced -100 km o f material that 

was derived from three compositionally distinct magmas, at least one o f which was likely 

the largest batch o f magma in the history o f this system. The intense fracturing resulting 

from the intrusion of the caldera-forming magmas transformed the plumbing system from 

discrete, independent reservoirs to a single mixed magma chamber. This portion o f my 

dissertation is being prepared for submission to Bulletin o f Volcanology. My co-authors 

are Drs. Jim Gardner and John Eichelberger, both o f whom have contributed greatly to 

the interpretation o f data. In addition, Dr. Gardner contributed substantially to field 

expeditions. This project was further enhanced through the fieldwork o f Dr. Alain 

Burgessier.

The fifth chapter focuses on Shishaldin Volcano. Apart from surficial features 

that define this volcano (such as a nearly perfectly conical form, the presence o f 55 flank 

vents, and continual steaming from the central crater), the plumbing of Shishaldin is 

equally distinct. Two separate magmatic series are present at Shishaldin, one relatively 

depleted in incompatible trace elements (low Rb group, or LRB) and one relatively

3
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enriched (high Rb group, or HRB). Although both series have overlapping ranges of 

major-element compositions, trace-element characteristics o f each group separate 

samples with similar major element compositions, indicating that different source 

material is required to form each series. Furthermore, additional compositional evidence 

suggests that magmas from each series evolved independently, increasing the differences 

between each series. My co-authors, Dr. Chris Nye and Dr. Jim Gardner, and I are 

submitting this chapter to the Journal o f Petrology. Whereas I have conducted all o f the 

research and writing that comprises this dissertation, the guidance and advice o f these co

authors have been instrumental in my research directions and conclusions.

4
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Chapter 2: Introduction to Fisher Caldera

Geologic investigations o f Aleutian volcanism are becoming increasingly detailed 

and geographically widespread. The majority o f our background geology information in 

the Aleutians stems from work conducted after WWII, during the military occupation of 

these islands. A host o f geologists conducted the fieldwork throughout the late 1940’s 

and early 1950’s, and the resulting publications form the US Geological Survey Bulletin 

1028 series.

Dr. Frank Byers led the geologic campaign on Vsedidof, Recheshnoi, and Okmok 

volcanoes on Umnak Island and BogoslofVolcano on Bogoslof Island (Byers 1959), and 

was assisted by two young geologists, Dr. David Hopkins and Dr. Bernard Fisher. Dr. 

Hopkins went on to a successful career in geology, becoming a professor emeritus at the 

University of Alaska Fairbanks before passing away in 2001. Dr. Fisher did not enjoy 

such success. On June 22, 1946, Fisher and two army men journeyed by skiff to 

investigate Ship Rock, a small island off the eastern shore o f Umnak Island and Okmok 

Caldera. The skiff was found several days later washed on shore o f Ship Rock with no 

apparent survivors. Disheartened, Byers cut short the campaign to return home. En 

route, Byers’ ship passed by an unnamed volcanic feature in the broad lowlands of 

Unimak Island. Byers named this feature Fisher Caldera in honor o f his fallen colleague.

During the summer o f 1999,1 was fortunate enough to be invited to give a talk to 

tourists visiting Denali Wilderness Lodge at the base o f Mount Deborah, Alaska. During 

the course of my presentation, an older gentleman asked why Fisher Caldera has such an
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uncharacteristically non-Aleut, non-Russian name. After relaying the above story, the 

gentleman let out his secret; that he is Ernie Fisher, Bemie Fisher’s nephew. Ernie, who 

worshiped his uncle, studied geology not out o f love of the subject (he hates geology) but 

in homage to his favorite uncle. Ernie knew that his uncle had died in the Aleutians in 

1946, but was unaware that there was a volcano named after him.

Since then, Ernie Fisher and I have been in contact and have shared information 

about Fisher, the man and the volcano. I am honored to present the first detailed 

investigations o f Uncle Bemie’s volcano, and hope that both Fishers enjoy the results o f 

this work as much as I have enjoyed conducting it.

6
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Chapter 3: The Eruptive History of Fisher Caldera, Alaska, USA1

3.1 Introduction

Fisher Caldera, Unimak Island, Alaska is the largest o f 12 Holocene calderas in 

the Aleutian volcanic arc, yet, apart from a handful o f topical studies, relatively little is 

known about it. Foumelle (1990) presented a brief overview o f the Fisher volcanic 

system, describing it as generally erupting andesite and high-alumina basalt. Smith and 

Miller (1977) discussed the remarkable mobility o f the caldera-forming eruption deposits. 

Miller and Richter (1994) suggested the original edifice was a single large stratocone, 

estimated to be 300 km3. Funk (1973), Dochat (1997), Carson (1998) and Bindeman et 

al. (2001) have conducted work on tephra deposits near Cold Bay, Alaska (120 km east 

o f Fisher Caldera), attributing a compositionally bimodal ash-fall deposit to the Fisher 

cataclysm. Carson went on to suggest that multiple small eruptions had produced the 

scalloped rim of Fisher Caldera. These studies provide some information about Fisher’s 

caldera-forming eruption, but little insight into the complex eruptive history and eruptive 

tendencies o f the system. The present investigation is the first detailed study of Fisher 

Caldera, including the sequence o f pre- and post-caldera eruptions, and the character of 

the caldera-forming eruption.

Fisher Caldera is one o f five volcanoes on Unimak Island, the easternmost island 

in the Aleutian archipelago (Fig. 3.1). It is in the center o f the most active portion o f the

1 Pete Stelling, Jim Gardner and Jim Beget have submitted this work to the Journal of
Volcanology and Geothermal Research under the same title. In this chapter, “we” refers to these authors.
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Aleutian arc, where the angle o f incidence between the Pacific and North American 

plates is closest to 90°, resulting in a subduction rate o f more than 7 cm/yr (Shimin and 

Ren 2001; Fohlmeister 2002). This region of highest convergence rate correlates with the 

region o f greatest volcanic activity. Volcanoes that neighbor Fisher Caldera have been 

recently active, Westdahl to the west last erupting in 1991-2, and Shishaldin to the east 

last erupting in 1995-6 and 1999. In contrast, Fisher has exhibited little historic activity, 

leading researchers to suggest that volcanic activity at Fisher has declined in the 

Holocene. Our study shows that this is not the case, and details a history of frequent 

explosive and effusive eruptions o f basalt and andesite, punctuated by repeated eruption 

o f dacite.

The present study combines new detailed geologic mapping, 40Ar/39Ar and 14C 

dating, electron microprobe, and XRF analyses to characterize the physical development 

of the Fisher volcanic system from the mid-Pleistocene to the present. Several structures 

were covered or destroyed in the caldera-forming event. We have endeavored to recreate 

the environment o f those structures by estimating their size and location, as well as the 

distribution o f their deposits as accurately as possible. The sizes o f the pre- and post- 

caldera volcanoes are then used to constrain magmatic eruption rates through time.

3.2 Methods

During the summers o f 1999-2001, an investigation o f the Fisher Caldera volcanic 

system was carried out at 248 field localities. A preliminary geologic map resulting from 

this work is presented in Fig. 3.2. A total o f 130 samples have been examined 

petrographically. Eighty-two samples were analyzed by X-ray fluorescence (XRF) at

8
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Figure 3.1: Location o f Fisher Caldera on Unimak Island. Heavy box highlights 
Fisher Caldera. Digital elevation map also highlights the location o f the other five 
volcanoes on the island. False Pass is the only permanent habitation on the island, with 
a population of -80.

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



10

Washington State University, following the method of Johnson et al. (1999). Analytical 

error for XRF major-element analyses was determined by repeated analysis o f nine 

internal working standards, standards treated as unknowns, and random unknowns, and is 

<0.5% at two standard deviations for all elements (Johnson et al. 1999). Analytical error 

and representative analyses are presented in Table 3.1.

40Ar/39Ar analyses were conducted at the Geochronology Laboratory at the 

University of Alaska Fairbanks. Whole rock samples and standards Bern 4B (17.25 Ma) 

and Taylor Creek rhyolite sanidine (TCR-2, 27.87 Ma) were irradiated in the uranium- 

enriched nuclear reactor of McMaster University in Hamilton, Ontario, Canada. Samples 

and standards were heated using a 6 -watt argon-ion laser, following the methods of York 

et al., (1981), Layer et al., (1987) and Layer (2000). For all samples, 4-8 small whole- 

rock chips were fused in a single step. Between 5 and 15 separate analyses were 

performed on each sample. For sample FC-98, 5 o f the 12 analyses consisted o f a series 

of steps at different laser power (e.g. 700, 1300, and 9,000 mW, each for 60 seconds) on 

4-8 chips o f material (see Layer 2000). Argon purification was achieved using a liquid 

nitrogen cold trap and a SAES Zr-Al getter at 400 °C. The extracted argon was then 

measured on a VG-3600 mass spectrometer. For each analysis, isotopic ratios were 

measured and measured argon isotopes were corrected fo r37Ar a n d 39Ar decay, Ca, K and 

Ar reactor-induced interference reactions, as well as system blanks and mass 

discrimination, following the procedures outlined in McDougall and Harrison 

(McDougall and Harrison 1999). Results are reported in appendix A and summarized in 

Table 3.2a.
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Figure 3.2: Map o f major geologic deposits. See text for descriptions.
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Table 3.1: Representative major-element analyses for Fisher Caldera samples
Sample Location SiOj a i2o 3 TiOj FeO, MnO CaO

average error: 0.31 0.09 0.03 0.10 0.00 0.06
Mid-Pleistocene volcanics

FC-160 SW mound, base 54.36 17.54 1.25 8.36 0.18 8.98
FC-158 youngest 56.27 16.19 1.75 8.88 0.20 7.10

Late Pleistocene volcanics
FC-152A Cone #1 49.97 18.62 1.29 11.05 0.20 11.27
FC-172 Cone #1 58.56 16.23 1.34 9.41 0.24 6.07
FC-187 Cone #2 49.95 18.26 1.12 9.44 0.19 9.66
FC-190 Cone #3 50.27 19.66 1.10 9.47 0.17 10.10

FC-167C Cone #3 54.10 17.75 1.58 9.56 0.19 8.49
FC-143 Cone #4 52.30 17.28 1.17 9.14 0.18 10.13

FC-146B Cone #4 52.58 17.03 1.18 8.58 0.18 10.09
FC-151 Cone #5 51.61 18.98 1.53 9.99 0.20 10.94

FC-131D Cone #6 61.95 16.58 1.02 5.91 0.14 4.75
FC-184 Cone #7 48.71 19.03 1.27 10.10 0.19 11.97
FC-191 Cone #8 63.75 16.47 0.81 5.71 0.13 4.38
FC-98 North wall dike 71.84 13.91 0.29 2.92 0.11 1.27

Caldera-forming eruption deposits
FC-07C Southern Dacite flow 62.67 16.68 0.89 4.86 0.18 4.24

FC-155E* Pumice top 65.97 15.18 0.69 4.80 0.20 2.68
FC-155A* Pumice base 65.43 15.16 0.67 4.52 0.20 2.73
FC-314B-2 scoria in N. pyro flow 52.94 16.15 1.59 11.42 0.22 8.81
FC-163B scoria in N. pyro flow 60.97 15.48 1.04 7.40 0.21 5.13

FC-321A-1 scoria in N. pyro flow 66.58 15.16 0.65 4.70 0.20 2.63
Holocene volcanics

FC-32 Turq. Cone lava 47.24 18.55 1.06 9.77 0.18 13.07
FC-28 Turq. Cone lava 65.27 15.10 0.77 5.40 0.21 3.00
FC-36I Turq. Cone tephra 64.21 15.75 0.83 5.24 0.20 3.04
FC-45A Mt. Finch lava 53.93 17.20 1.27 9.26 0.18 8.85
FC-45E Mt. Finch lava 60.34 15.62 1.40 7.77 0.21 5.33
FC-44 Eastern mound 60.97 15.52 1.33 7.44 0.20 4.85
FC-35 Monogenetic vent 50.73 16.76 1.33 10.18 0.19 10.38
FC-75 Neptune Cone 49.38 16.06 1.18 10.61 0.20 10.27

Notes: All data obtained by XRF analysis at Washington State University (error <0.5 wt.% At 2 standard deviations; 
Johnson et al., (1999). FeO,indicates all Fe is reported as FeO. Mg#=Mg(Mg+Fe,). Cone numbers refer to text 
descriptions; Turq. Cone = Turquoise Cone.
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Table 3.1 continued
Sample Location MgO K 20 Na20 P205 Total Mg#

average error: 0.43 0.02 0.09 0.01 0.04
Mid-Pleistocene volcanics

FC-160 SW mound, base 4.62 1.15 3.23 0.35 100.03 0.50
FC-158 youngest 3.21 1.55 4.06 0.70 99.90 0.39

Late Pleistocene volcanics
FC-152A Cone #1 4.10 0.53 2.83 0.18 100.04 0.40
FC-172 Cone #1 2.11 1.28 4.45 0.35 100.03 0.29
FC-187 Cone #2 4.95 0.83 3.15 0.22 97.76 0.48
FC-190 Cone #3 4.65 0.76 2.75 0.19 99.13 0.47

FC-167C Cone #3 2.89 0.96 3.17 0.24 98.93 0.35
FC-143 Cone #4 6.34 0.69 2.88 0.21 100.31 0.55

FC-146B Cone #4 6.51 0.71 2.89 0.20 99.95 0.57
FC-151 Cone #5 2.90 0.66 2.81 0.23 99.85 0.34

FC-131D Cone #6 2.12 2.11 4.80 0.33 99.72 0.39
FC-184 Cone #7 4.87 0.47 2.76 0.17 99.53 0.46
FC-191 Cone #8 1.68 2.35 4.87 0.20 100.35 0.34
FC-98 North wall dike 0.24 3.48 5.17 0.04 99.26 0.13

Caldera-forming eruption deposits
FC-07C Southern Dacite flow 1.63 1.92 4.90 0.28 98.25 0.37

FC-155E* N. Pumice base 0.84 2.31 5.53 0.17 98.36 0.24
FC-155A* N. Pumice base 0.80 2.28 5.36 0.19 97.34 0.24
FC-314B-2 scoria in N. ignimbrite 4.06 0.89 3.62 0.33 100.03 0.39
FC-163B scoria in N. ignimbrite 2.13 1.72 4.80 0.25 99.12 0.34

FC-321A-1 scoria in N. ignimbrite 0.75 2.46 5.49 0.16 98.77 0.22
Holocene volcanics

FC-32 Turq. Cone lava 6.39 0.34 2.19 0.11 98.89 0.54
FC-28 Turq. Cone lava 0.97 2.16 5.55 0.23 98.66 0.24
FC-36I Turq. Cone tephra 0.88 2.05 5.47 0.25 97.92 0.23
FC-45A Mt. Finch lava 4.36 0.97 3.97 0.22 100.21 0.46
FC-45E Mt. Finch lava 2.31 1.71 4.74 0.38 99.79 0.35
FC-44 Eastern mound 2.04 1.83 5.10 0.43 99.71 0.33
FC-35 Monogenetic vent 5.09 0.76 3.04 0.17 98.62 0.47
FC-75 Neptune Cone 7.88 0.81 2.30 0.18 98.87 0.57
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The multi-step runs of FC-98 did allow for separation o f initial and radiogenic 

40Ar by isochron analysis, and hence, a precise isochron age o f 26 ± 7 ka ( la )  and initial 

40Ar/36Ar ratio o f 288.1 ± 2.6 were obtained (Table 3.2a). Several other samples dated by 

single-step fusion (e.g., FC-157, FC-160, FC-124), also yielded ages significantly greater 

than 0 ka. However, single-step fusion of samples did not, in general, provide enough 

isotopic variation to allow for calculation of precise isochron ages. A traditional method 

of calculating an age o f a sample analyzed as individual whole-rock chips or minerals, for 

which isochron analysis is not possible, is to calculate an age for each analysis and then 

to determine a weighted average (McDougall and Harrison 1999). This weighted average 

is usually calculated assuming an initial ratio o f atmospheric composition (40Ar/36Arj = 

295.5). However, the isochron analysis for FC-98 and several other samples for which 

precise initial 40Ar/36Ar values could be calculated, indicate that the initial ratio for the 

Fisher samples is significantly less than 295.5. A weighted average o f all isochron 

analyses yields a “best initial” o f 291.1 ± 1.4. This low ratio may reflect mass 

fractionation during cooling o f the lavas (preferential loss o f 36Ar over 40Ar) or it may 

reflect an artifact o f the analyses associated with the instrumentation (although mass 

discrimination is routinely calibrated and samples were run at different times with 

different irradiations). In either event, we feel that model ages calculated with this lower 

initial ratio provide a better estimate o f the eruption age of the flow.
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Table 3.2: Results from  dating of Fisher magmas
Table 3.2a: '*“Ar'J!'A r dating results.

sample ID location Ca/K Cl/K n

FC-157 SW mound base 1.28 0.00849 6
FC-156B SW mound top 8.36 0.0631 10

FC-160 SE mound base 4.31 0.0718 11
FC-126 SE mound top 3.31 0.0276 5

FC-174 Southern Wall 7.44 0.0129 8

FC-124 Western Mid Pleist. (base) 7.97 0.0219 11
FC-123A Western Mid Pleist. (top) 10.07 0.0143 13

FC-72 Cone #7 (Northeast) base 24.3 0.051 8
FC-184 Cone #7 (Northeast) top 14.6 0.0403 11

FC-131D Cone #6 (East Wall) 1 0.00754 7

FC-191 Cone #8 (South Wall) 1.18 0.00514 10

FC-166 Cone #3 base 5.7 0.0264 6
FC-147 Cone #4 middle 6.72 0.0172 10

FC-98 North Caldera Wall dike 0.0803 0.0218 18 (12)*
All samples analyzed at Univ. Alaska Fairbanks geochronology lab.
n indicates number of analyses. Ca/K and Cl/K are determined from Ar analysis.
* 18 analyses were run on a total of 12 samples of FC-98. Weighting was based on 12 samples.

Table 3.2b: C dating results
location age (14C years) +/-

Under P.F. 9430 240
Under P.F. 9300 340
Within P.F. 9330 160
Within P.F. 9400 160

Weighted average: 9372 198
All l4C analyses conducted by Beta Analytic Inc.
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Table 3.2a: A r Ar dating results (continued)

sample ID
Isochron age 

(ka)
+/-

Initial
40Ar/36Ar

+/- MSWD
Model Age 

(ka)**
+/- % rad . 40Ar

FC-157 595 286 292.0 3.7 0.6 661 71 2.9
FC-156B -151 289 308.5 7.7 3.0 460 80 3.7

FC-160 661 143 282.5 6.6 0.4 478 18 7.2
FC-126 397 210 304.4 32.9 0.3 481 19 20.9

FC-174 302 134 293.0 2.2 3.2 384 68 1.8

FC-124 208 86 289.8 18.5 0.8 202 12 13.1
FC-123A -71 177 310.3 15.7 0.4 143 20 4.2

FC-72 702 833 282.3 12.8 0.3 130 73 0.6
FC-184 83 114 295.2 8.3 0.9 137 24 3.2

FC-131D 66 144 293.5 23.1 0.4 82 14 4.4

FC-191 38 18 291.1 9.4 0.6 38 S 6.5

FC-166 74 46 285.8 4.1 0.8 21 23 0.0
FC-147 -133 160 302.7 13.0 0.6 7 26 0.4

FC-98 26 7 288.1 2.6 0.5 17 4 2.2

**Model age is weighted average of individual analyses with an initial 40Ar/36Ar = 291.1 +/- 1.4, obtained from isochron 
analysis (see text). Bold values indicate preferred age estimate. All error reported to 1 std. dev.; MSWD is mean 

square weighted deviation of isochron age.___________________________________________________________________
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To calculate model ages, the ratio of radiogenic 40 Ar to 39Ar from potassium 

(40Ar*/39ArK) was calculated assuming an initial 40Ar/36Ar ratio o f 291.1 ± 1.4. For each 

sample, the 40Ar*/39Ar ratios were averaged, weighted by the inverse o f the variance of 

the analysis. This weighted average ratio and error was then used along with the 

irradiation parameter (J) and its error to calculate a model age. All ages are reported at 

the ± la  level. All samples have ages less than 500 ka, and most are characterized by low 

radiogenic 40Ar percentages (less than 10%) and low K/Ca ratios.

Accelerator mass spectrometry radiocarbon dating was conducted at Beta 

Analytical on four samples of charcoal incinerated by the Fisher Tuff (Table 3.2b). Two 

samples were collected from plant material buried and incinerated by the ash flow, and 

the other two were charcoalized plant material collected from the interior o f the ash flow. 

The samples were collected at field sites by excavating into the exposure to obtain burned 

material that had not been oxidized or otherwise affected by surface weathering or 

modem plant growth. The samples were cleaned and examined in the laboratory, and 

small (~0.5-2.0 g) pieces o f charcoal were identified for dating. The simple carbon in the 

samples was then reduced to graphite. The 14C content o f the samples was determined by 

accelerator mass spectrometry, and a combination o f seven additional primary oxalic acid 

standards, international standards, and background standards were simultaneously run, 

providing inter-calibration on the individual samples. The four AMS dates are identical 

at one sigma counting error. The excellent agreement between the dates suggests the 

samples were all o f good quality and the dates themselves are reliable, accurately dating 

the time of the eruption.

17
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Compositional relationships between deposits resulting from fractional 

crystallization, assimilation, and magma mixing processes were evaluated through least- 

squares calculations. In the case o f multiple whole-rock analyses from the same deposit, 

the average composition is used in order to avoid sample heterogeneities. In order to 

reduce biases associated with the dominance o f SiC>2 and AI2Q3, these elements were 

weighted by factors o f 0.4 and 0.5, respectively (Carr 2000). All other major elements 

were equally weighted by factors o f 1.0. Partition coefficients used are those o f Gill 

(1981). Sum-of-squares results greater than 0.1 were rejected.

3.3 Eruptive history

Eruptions have occurred from the Fisher volcanic system since at least 660 ka 

(Table 3.2a). Stratigraphic relationships and radiometric age data suggest that the 

eruptive activity o f Fisher can be divided into four phases: mid-Pleistocene, late 

Pleistocene, the caldera-forming eruption, and Holocene. The mid-Pleistocene deposits 

consist of remnants o f lava packages distributed around the caldera. Late-Pleistocene 

eruptive deposits are primarily stratocones and sediments that form much o f the caldera 

walls that are distinctly younger than the mid-Pleistocene deposits, forming between 

-140 ka and the time o f the caldera-forming eruption. The caldera-forming eruption 

occurred 9,372 (+/-198) yr B.P. (Table 3.2b), and this event defines an approximate 

temporal boundary for late Pleistocene and Holocene deposits. The caldera-forming 

eruption produced three major deposits that are collectively termed the Fisher Tuff: a
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dacitic pumice fall, a dacitic pyroclastic flow to the south, and a mixed composition 

pyroclastic flow to the north. The post-caldera period includes the formation and partial 

collapse of Turquoise Cone, and the development o f other mono- and poly-genetic vents 

both inside and outside the caldera. The most recent eruption was in 1826 (Simkin and 

Siebert 1994), which deposited a thin (0.5 cm) layer of scoriaceous ash inside the caldera.

3.3.1 Erosional and Eruptive Breccias

Wet environmental conditions and frequent eruptive activity in the Aleutian 

Islands have formed extensive breccia deposits. In order to classify the eruptive 

capacities o f Fisher Volcano, we have generally grouped these voluminous deposits at 

Fisher Volcano into “erosional” and “eruptive” categories. Evidence o f an eruptive 

origin includes surge bedding, lapilli, and juvenile material present in the deposit (Fig. 

3.3a). Erosional breccias lack these features and clasts tend to be reworked and 

heterolithologic (Fig. 3.3b). Maar breccias are a specific type o f eruptive breccia, and are 

typically highly fragmented and contain abundant lapilli. Limited exposures and 

hydrothermal alteration (Fig. 3.3c) often obscure breccia details, making classification 

difficult or impossible in some cases. Where appropriate, we include the descriptors 

“erosional” or “eruptive.” If  classification is uncertain, these terms are omitted.

19
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Figure 3.3: Fisher breccias. (A) Eruptive breccias contain abundant juvenile material 
(pumiceous here) and may or may not be monolithologic. (B) Erosional breccias are 
heterolithologic and lack juvenile material. (C) Alteration in breccia is common, often 
hiding depositional details. This photo is from breccia exposed in the north caldera 
wall. Hammer is 45 cm long.
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3.4 Mid-Pleistocene Eruptive Products

The oldest recognized rocks associated with the Fisher volcanic system occur in three 

broad mounds distributed around the present caldera (Fig. 3.4a). These mounds are 

erosional remnants o f interlayered lava flows and breccias. Two o f these three mid

Pleistocene packages (southeastern and southwestern) have been dated (Table 3.2a). The 

oldest o f these is the southwestern mound (SWM), having formed -660 (+/-71) ka. The 

southeastern mound (SEM) formed -480 (+/-19) ka. The strata in these mounds and the 

northeastern mound (NEM) dip generally shallowly (<10°) away from the present day 

caldera, suggesting that their sources were located inside the modem caldera. The 

orientations and disparate ages o f each mound suggest that the packages were produced 

from independent vents. Mid-Pleistocene lavas show a limited compositional range (51

59 wt.% SiC>2) o f products, with no obvious temporal trends (Fig. 3.5).

The southeastern (-3.0 km3), southwestern (-2.5 km3), and northeastern (-1.5 

km3) mounds are similarly constructed o f plagioclase- and clinopyroxene-phyric basalt to 

basaltic andesite lavas interstratified with erosional and possibly eruptive breccias. The 

only mid-Pleistocene aged rocks exposed in the caldera wall occur in a >150 m high cliff 

in the southem-most region o f the caldera (Fig. 3.4a). Thick (>800 m) arrays o f 

vesiculated pillow basalts and lava flows with highly contorted columnar jointing are 

exposed in the outer portions o f the caldera wall. These deposits yield an 40Ar/39Ar age 

o f -384 (+/-6 8 ) ka (Table 3.2a). The exact source for the lavas is unknown, but their 

thicknesses imply that they have not traveled far.
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Figure 3.4: Fisher Caldera deposits through time. (A) Mid- and late-Pleistocene 
eruptive centers and deposits. Shaded areas are mid-Pleistocene aged deposits; vertical 
stripes fil late Pleistocene stratocones; dashed where approximate; dash-double-dot 
curve outlines modem caldera rim; numbers refer to text descriptions; NEM=northeast 
mound, SEM=southeast mound, SWM=southwest mound, SW=southem wall, WM= 
western mound. (B) Caldera-forming emption deposits (9.4 ka). Solid curve is modem 
caldera outline; dash-double-dot curve is inferred original caldera; isopachs, triangle 
symbols and thickness data in parentheses are for northern pumice fall deposit, in 
meters. Diagonally striped areas and circle symbols are minimum extent and thickness 
of the southern pumice fall and flow deposit, in meters. Shaded-stippled area and square 
symbols are minimum extent and thickness o f northern ignimbrite, in meters. Black 
hexagons are estimated vent locations. (C) Flolocene eruptive centers and selected 
deposits. TC=Turquoise Cone; MF=Mt. Finch, EM=eastem mound, NC=Neptune 
Cone, Ma=maar, M=monogenetic cone, NEC=northeast monogenetic cone, SEC= 
southeast monogenetic cone. Outburst flood canyon and southeastern wall are labeled. 
Dashed oval is minimum extent o f accretionary lapilli-rich maar deposits.
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Figure 3.5: Compositional variations through time. S i0 2 vs. estimated age (in ka). 
Vertical lines refer dated samples to the abscissa, and solid horizontal lines indicate 
error at 1 standard deviation. Relative ages of undated smaples are based on field 
relationships. Data for these figures are in Tables 3.1 and 3.2. (A) Mid- and late 
Pleistocene samples. (B) Late Pleistocene through present; note break in scale on 
horizontal axis.
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3.5 Late Pleistocene Eruptive Products

An apparent hiatus occurred between the mid- Pleistocene southern wall activity and the 

late Pleistocene western mound formation, perhaps as long as 20 ky (2a of model age, 

Table 3.2a). The younger boundary of late Pleistocene activity at Fisher is defined by the 

caldera-forming eruption. Based on our field investigations (described below), we have 

found that prior to this event, the -650 km2 area that now contains the caldera may have 

been a broad, relatively flat region comprised of several small (-3 km3), overlapping 

stratocones (Fig. 3.4a, Fig. 3.6) in the northwest, a few separate stratocones in the east 

(Fig. 3.7) and an alluvial plain to the southeast. This is in contrast to previous work that 

suggested the Fisher volcanic system might have been a single large edifice (Miller and 

Richter 1994). The following describes the pre-caldera regions and briefly describes 

significant explosive deposits emplaced prior to the caldera forming eruption.

3.5.1 Northern and Western Regions

The majority o f late Pleistocene pre-caldera volcanic centers were distributed across what 

is currently the northwestern two-thirds o f the Fisher caldera (Fig. 3.4a). The first 

material produced in the late Pleistocene formed a bench o f older volcanic material 

(western mound, “WM” in Fig. 3.4a) outside the western caldera wall. This plateau was 

formed between 143 (+/-20) and 202 (+/-12) ka and consists predominantly o f 

plagioclase-, pyroxene-, and olivine-phyric lava flows o f various thicknesses and

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



25

Figure 3.6: Photograph and schematic drawing o f western caldera wall. The photo 
looks west from near the caldera center. Stratocone numbers refer to text descriptions. 
The small peak between cones #1 and #2 is part o f  the older western lavas (WM in 
Fig. 3.4a). Intracaldera structures are Turquoise Cone (TC), Mt. Finch (MF), and a 
monogenetic cone (MC).
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looks east from near the caldera center at the remnants o f cone #6 . EL=eastem lava; 
EB=eastem breccia; P=pumice from the caldera-forming eruption (>10 m thick; 
FT=welded ignimbrite from the caldera-forming eruption (>2 m thick).
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orientations. Several lavas near the base o f the southwestern mound have contorted 

columnar j ointing, possibly indicating sub-glacial or shallow marine emplacement.

The western portion of the broad pre-caldera area was composed of a cluster o f at 

least five stratocones (Fig. 3.6). These cones were more or less bisected during caldera 

collapse, exposing their internal structures. There is little inter-fingering of deposits 

between adjacent stratocones, suggesting that activity at one vent had largely ceased 

before the next cone became active. Lava packages from cones #1-4 slightly overlap 

each other such that lavas from each southern cone are overlain by those from the 

northern neighbor. This suggests a temporal progression from southwest to northeast for 

much o f the western stratocone cluster.

Semicircular topographic contours, steeply dipping beds exposed in the caldera 

wall, and flat-lying lavas visible at the rounded summit all suggest that the first cone in 

the western sequence was severed roughly in half by caldera collapse. As with most of 

the pre-caldera cones, the exposed core of cone # 1  shows interbedded layers o f breccias 

and lavas occasionally incised by cross-cutting dikes o f the original conduit. In contrast 

to the other cones, however, cone # 1  is almost entirely eruptive breccia in its lower half 

and only the upper half is composed o f inter-stratified lavas, erosional and eruptive 

breccias. Lavas from cone #1 are plagioclase-rich basalts and andesites with varying 

amounts of clinopyroxene, olivine and magnetite, and range in composition from 49-58 

wt.% SiC>2.

Directly overlapping the products from Cone #1 is a small package o f lavas that 

appear to have a different source vent (Cone #2), based on the change in lava orientation.

27
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These lavas dip shallowly away from the caldera center, suggesting that they represent a 

small remnant limb of a larger edifice that was almost completely destroyed by caldera 

collapse. If the original edifice is assumed to be similar in size to cone #4 (described 

below), which is the most complete o f the pre-caldera cones, then the center of cone # 2  

would have been roughly two kilometers east-northeast o f the current remnant (Fig.

3.4a). Lavas from cone #2 are basalts (-51 wt.% S i0 2), richly plagioclase phyric with 

coarse (up to 2  mm) plagioclase and smaller, subordinate clinopyroxene and olivine 

phenocrysts.

Cone #3 is north of, and stratigraphically above, cone #2. The southeast quadrant 

o f cone #3 was removed during caldera collapse, exposing interstratified lavas and 

breccias that dip steeply away from the present summit in all directions, as well as 

multiple interwoven dikes that served as the conduit. This indicates that the present peak 

is in fact the original summit, and that only -30%  of the cone was lost during caldera 

formation. Argon dating yielded a near zero age for a lava sample at the base o f this cone 

(21 +/- 23 ka; Table 3.2a, Fig. 3.5), indicating that this cone is young with respect to 

those of the other regions o f the caldera (see below). Deposits o f younger cones overlap 

their older neighbors with little to no intervening erosional breccia, suggesting that the 

rest o f the western cones may be similarly young. The lavas o f cone #3 are generally 

very plagioclase-phyric basalts and basaltic andesites with minor amounts o f olivine and 

pyroxene (50-55 wt.% S i02).
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Perched on top o f the western caldera stratigraphic column is cone #4 (formally 

known as Eickelberg Peak), the largest and youngest remnant o f the pre-caldera system. 

Argon dating yielded a near-zero age (7 +/-23 ka, Table 3.2a; Fig. 3.5), similar to that 

obtained for cone #3, corroborating the young age o f the western pre-caldera system.

Less than 25% of the edifice appears to have been destroyed in the formation of the 

caldera. Eickelberg Peak is composed o f numerous lava flows, with few overlying 

breccias. Lava flows are generally plagioclase phyric +/-pyroxene, and +/-olivine, with 

52 wt.% SiC>2. Notably absent are widespread colluvium deposits that mantle the lower 

slopes of other pre-caldera volcanoes, suggesting that cone #4 is the youngest of all pre- 

caldera edifices.

Cone #4 lies on top o f a two-km-long exposure o f flat-lying lavas that total 50 m 

in thickness. These highly weathered, richly plagioclase-phyric lavas (51 wt.% SiCb) are 

not continuous across the rest of the western wall, and pinch out rapidly to the east. It is 

likely that these represent a remnant o f a stratocone centered somewhere inside the 

present caldera (cone #5 in Fig. 3.4a, 3.6). Their age relative to cones #1-3 is uncertain, 

as any contact between the lavas and cone #3 is obscured by an apron o f colluvial 

material at the base o f Eickelberg Peak (Fig. 3.6).

There were far fewer Pleistocene stratocones to the northwest o f the flat-lying 

lavas beneath cone #5, although evidence for older volcanic features is present. The flat- 

lying lavas o f cone #5 ramp up against a 500-m-high mound of highly hydrothermally 

altered, light brown erosional breccia (Fig. 3.3c). The age o f this breccia is unknown, but
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the presence o f lava clasts in it indicates that it was formed through erosion o f an older 

stratocone. Exposure o f the breccia is too limited to infer its possible source. Because 

the hydrothermal alteration o f the breccia does not extend into the overlying lavas, much 

o f the western and northern deposits are likely younger than this deposit.

The northern caldera wall also shows remnants o f several cinder cones, breccias 

(both eruptive and erosional), and dikes (1-2 m thick). All o f these units were exposed 

only through caldera collapse and subsequent caldera wall erosion. These deposits show 

that the multiple Pleistocene-aged stratocones were accompanied by at least a few 

monogenetic vents as well. It is unclear if  these monogenetic vents were truly 

independent, monogenetic cones or were flank vents o f a pre-caldera volcano destroyed 

during caldera formation.

The majority of the eastern caldera wall is a near vertical exposure o f the 

remnants o f four thick (up to 1 0  m each) sparsely plagioclase pyroxene phyric dacitic 

lavas (62-63 wt.% SiCh), capped by up to 14 m of pumice and ignimbrite from the 

caldera-forming eruption. Those lavas dip shallowly away from the caldera, suggesting 

they represent a distal portion o f a moderate-sized edifice (cone # 6  in Fig. 3.4a; also see 

Fig. 3.7). If this cone were comparable in size to Cone #4, the summit would be ~2 km 

west o f the cliff wall, in what is currently the eastern caldera lake. Between the youngest 

flow and the caldera-forming deposits lie several thick (up to 50 m; see Fig. 3.7) eruptive 

breccias. The caldera-forming deposits dip gently down the northern portion o f the 

eastern wall, mantling the erosional surface present just prior to the caldera-forming
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eruption. Farther to the north, the caldera-forming deposits and the underlying breccias 

are covered by the modem surface and do not resurface for five kilometers to the 

northwest. The caldera wall in this area was thus subdued and has since been buried by a 

Holocene scoria pile. The lowermost lava flow has been dated at -82  +/-14 ka (Table 

3.2a, Fig. 3.5).

Cone #7 is the only late Pleistocene-aged volcanic edifice outside the modem 

caldera (Fig. 3.4a), and has been dated to be 137 +/-24 ka (Table 3.2a; Fig. 3.5). The 

lavas produced by cone #7 form flow remnants on the north side of the edifice. The 

majority of this lava flow package is surrounded and capped by an -50-m-thick layer of 

poorly sorted, moderately to densely welded Fisher Tuff. Cone #7 lavas are some of the 

most mafic products of Fisher Volcano (49 wt.% SiC>2, Mg# =0.46), and are coarsely (up 

to 2 mm) plagioclase phyric with minor pyroxene and olivine.

3.5.2 Southeastern Region

A single exposure in the southeastern half o f Fisher Caldera has been dated as late 

Pleistocene (82 +/-14) ka. The remainder o f this region has few exposures o f late 

Pleistocene volcanic rocks and is largely composed of alluvium. The rounded ridge-like 

structure that appears to be the southern and southeastern caldera walls are made up of 

easily eroded clay-, lava- and scoria-rich detritus, possibly derived from erosion o f mid- 

and late-Pleistocene lavas and breccias combined with localized scoriaceous eruptions. 

Two -1-m-thick pumice fall deposits exposed near the base o f the southeastern wall 

compositionally correlate with nearby and distal products from an intracaldera stratocone
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dated at a maximum of -6000 yr. and a minimum of -3500 yr. BP (Dochat 1997; Carson

1 o
1998), and were shown to be from a Fisher intracaldera eruption by its unique 8  O 

signature (Bindeman et al. 2001). Additionally, no material from the caldera-forming 

eruption has been found on or exposed within this ridge, and fault scarps from caldera 

collapse have not been observed. These observations indicate that a large portion o f the 

southeastern and southern “wall” may be Holocene in age. This suggests that the 

deposits in this area have draped over any caldera collapse scar that may have existed, 

and thus the caldera “wall” in this region should be more accurately termed a “bounding 

ridge.” Because no higher pre-caldera structures are visible in the region, we suggest that 

at the time of caldera collapse this southeastern region was probably a topographically 

low area, similar to the northeast comer north o f cone #6 . Scoria clasts prevalent within 

the ridge suggest deposits from localized Holocene eruptions may have formed much of 

this feature.

Unlike the subdued topography o f most of the southern bounding ridge, a small, 

steep walled exposure o f coarsely plagioclase and clinopyroxene phyric dacitic (63 wt.% 

SiC>2) lava flows, agglutinated spatter, and breccias, exists in the southwestern region of 

the caldera rim. The lava flows, one o f which has been dated at -3 8  +/-5 ka (Table 3.2a, 

Fig. 3.5), dip to the south and are not exposed beyond the caldera wall exposure. The 

topography to the south is subdued, implying that these lavas had a limited distribution. 

The missing edifice was thus most likely a stratocone (cone # 8  in Fig. 3.4a) centered -1 

km northwest (within the caldera). This cone may have been slightly smaller in size than 

cone #4, based on the limited distribution of its remnant flows. Cone # 8  was probably
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located slightly apart from the dense cluster o f stratocones in the northwestern pre- 

caldera region, and the age o f the lava flow from this cone suggests that this may have 

been the first to form in the western cluster o f cones.

3.5.3 Other Notable Late-Pleistocene Deposits

There are several isolated exposures o f Pleistocene pyroclastic-flow deposits 

outside the modem caldera. Approximately one kilometer southwest o f cone #8 , a -6 0  m 

thick scoria-bearing, lithic-rich ash-flow deposit is exposed in the lowermost walls o f the 

southern canyon (“SC” in Fig. 3.4a). This deposit thins to about 20 m -5  kilometers to 

the south, and beyond this distance the ash-flow is likely covered by alluvium. Glacial 

till overlies the deposit, which in turn is overlain by ash-flow deposits o f the caldera- 

forming eruption, indicating the earlier ash-flow is older than -1 0  ka. An isolated lens of 

the deposit is present below the base o f cone #1. Localized exposures o f the deposit 

ramping onto the base of the southwestern mid-Pleistocene mound (SWM) show that it is 

younger than -661 +/-71 ka (Table 3.2a).

A thin (-2.5 m) pumice-rich ash-flow deposit in the south canyon wall is 

stratigraphically above the scoria-bearing ash flow described above. Another separate 

ash flow deposit has been identified outside the caldera to the north. Each o f these 

deposits has been found only locally, suggesting relatively minor extents. This ash flow 

is overlain by as much as 11 m of glacial till and alluvium, confirming its Pleistocene 

age. No evidence o f older caldera walls is visible in the steep exposures of the kilometer-
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long southern canyon or in the walls o f the 9.4 ka caldera, potentially suggesting that 

these deposits were not associated with caldera formation.

Late-Pleistocene samples vary widely in composition (Fig. 3.5b; Fig. 3.8). The 

majority o f the western stratocones are plagioclase-phyric basalt to basaltic andesite, with 

the most mafic from cone #7. In contrast, both cone # 6  in the east and cone # 8  in the 

southwest erupted relatively silicic material (63 wt.% Si0 2 ). The only rhyolitic sample 

from Fisher Caldera (72 wt.% SiC^) is from a ~ 5 m  wide dike exposed in the northern 

caldera wall, dated at -17  +/-4 ka (Table 3.2a, Fig. 3.5). The dike material is aphyric but 

rich with microcrystalline plagioclase.

3.6 Caldera-Forrning Eruption (CFE)

A single, three-phased eruption -9,400 years ago formed Fisher Caldera. Each 

phase produced a distinct deposit, collectively called the Fisher Tuff: a dacitic pumiceous 

fall deposit dispersed to the northeast, a dacitic pyroclastic flow distributed to the south 

and west, and a voluminous pyroclastic flow containing banded pumice of mingled dacite 

and basalt distributed to the north. The relative timing o f the events is not clear, although 

the northern flow at the caldera rim directly overlies the dacitic fall deposit (Fig. 3.4b).

The northeastern fall deposit has features that indicate that it resulted from a sustained 

Plinian column. The basal portion o f the deposit is a thick (up to 6  m) layer of reddish- 

tan dacitic pumice distributed to the east and northeast (Fig. 3.4b). In the most proximal 

location the deposit shifts abruptly up-section to a slightly coarser, gray dacite
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that is up to 4 m thick. These two pumice layers are compositionally identical (67 wt.% 

SiC>2), and the change in color may reflect differences in the degree o f oxidation. 

Although a thorough analysis of the caldera-forming deposits is still in progress, the 

abrupt coarsening o f pumice clasts at the color break may be indicative of a change in 

eruption dynamics, suggesting greater eruptive vigor during the production o f the gray 

pumice.

A predominantly dacitic (63 wt.% SiOa) pyroclastic flow deposit blankets the 

southern and western regions outside the caldera (Fig. 3.4b). This ash flow deposit is 

compositionally distinct from the other products o f the caldera-forming eruption, 

particularly with respect to SiC>2, AI2O3 content and Mg# (Fig 3.8; Fig. 3.9). The 

character o f this relatively thin (>3 m) flow ranges from densely welded to non-welded. 

The most densely welded portion is restricted to within 2 kilometers o f the caldera rim. 

Presently there is no indication o f the timing o f this event with respect to the other 

caldera forming events due to the restricted flow distribution. This deposit forms the cap 

rock of the caldera walls in the south and west and lies stratigraphically above the most 

recent glacial till exposed in the southern canyon. These observations indicate that either 

the southern dacitic pumice was deposited during the caldera forming eruption or was 

emplaced during the short time between the last glacial episode and the 9.4 ka cataclysm 

(<1,000 years?). The distribution and extent o f the southern pyroclastic flow deposit 

suggest it was erupted from a vent located near the southwestern end o f the caldera 

(southwestern hexagon in Fig. 3.4b).
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The third and most voluminous product o f the caldera-forming eruption is a thick 

(>50 m) pyroclastic flow that traveled almost exclusively to the north (Fig. 3.4b). The 

flow was able to surmount the 700-m-high Tugamak Mountains after traveling 15 km to 

the north (Miller and Smith 1977). Deposits o f highly indurated pumice- and scoria- 

bearing ignimbrite on the far side o f the Tugamak range at the Bering Sea coast are >20 

m thick. The restricted distribution of this portion o f the Fisher Tuff suggests the flow 

was either the result of a partial Plinian eruption column collapse or a directed explosion. 

The vent locations for the three phases o f the caldera-forming eruption are not known 

precisely. Extrapolation o f isopachs o f the fall deposit and the distribution o f the largest 

lithic fragments within it suggest, however, that the vent for the pyroclastic fall deposit 

was located in the northeastern half o f the caldera (northeast hexagon in Fig. 3.4b). The 

thickening, degree of welding, and overall distribution o f the northern ignimbrite 

suggests a similar source. In contrast, the restricted distribution o f the southern 

pyroclastic flow, particularly the densely welded portion, suggests that its source may 

have had a more southerly location (southwestern hexagon in Fig 3.4b).

The compositional range o f the caldera-forming eruption deposits spans most o f 

the range o f Fisher Volcano products (Figs. 5, 8 , and 9), and these deposits also show the 

widest compositional range o f any single Fisher event. The three different deposits can 

be identified by their compositional differences. The southern CFE pyroclastic flow is 

uniform in composition consisting o f low-silica dacite (63 wt.% SiCh) with slightly 

elevated AI2O3 and Mg# (Table 3.1, Fig. 3.8). The thick northern pumice fall deposit is 

also homogeneous, consisting o f high-silica dacite (67 wt.% SiCh). In contrast, the
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northern pyroclastic flow ranges continuously from 53 to 67 wt.% SiC>2 (Fig. 3.4). This 

compositional gradation, however, appears to be the result o f varying degrees o f mingling 

o f a mafic (53 wt.% Si0 2 ) and silicic (67 wt.% SiOa) magma, seen as banded pumice 

clasts in hand sample. Details o f these relationships are given in chapter 4 of this thesis.

Previous studies o f Fisher Caldera have suggested that its scalloped caldera 

outline is the result o f multiple, small, caldera-forming eruptions (Miller and Richter 

1994; Carson 1998; Bindeman et al. 2001). However, there are no other voluminous 

pyroclastic deposits to relate to collapse events besides the Fisher Tuff. Additionally, the 

caldera walls show no evidence of prior caldera collapse events, and incisions into the 

caldera walls (e.g., the southern canyon) also lack evidence o f older cataclysms. Thus, 

our investigation does not support the assertion that there have been multiple caldera 

collapses at Fisher Volcano.

Syn-eruptive scalloping o f the caldera wall has been observed in several systems 

(Lipman 1976; Bacon 1983), in which the caldera floor collapses more or less vertically 

and the unsupported caldera walls collapse inward, creating embayments in the caldera 

outline. Evidence o f such wall collapse includes megabreccia (breccia deposits on the 

caldera floor, especially at the caldera perimeter, containing massive lithic clasts up to 75 

m which result from large-scale inward collapse o f the caldera wall; Lipman, 1976) 

inside the caldera and fractures concentric to the caldera rim outside the caldera (Bacon 

1983). No megabreccia deposits have been observed at Fisher, either on the caldera floor 

or near the caldera walls. Although post-caldera volcanic and lake deposits cover
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intracaldera Fisher Tuff (and therefore possible megabreccia deposits), megabreccia 

deposits would likely be exposed along the caldera wall if  they exist. Outside the caldera 

rim, no faults have been observed that would be considered concentric to the rim. These 

observations suggest that the embayments within the Fisher Caldera walls were not 

formed through syn-eruptive collapse. We propose instead erosional widening of the 

caldera after the eruption. In deeply scalloped areas, the caldera floor is covered in thick 

slopewash deposits composed o f caldera wall material that intermingle and overlie lake 

floor deposits, suggesting these deposits formed after caldera formation. In fact, the more 

dramatic the caldera rim scalloping, the thicker the slopewash deposit. The transfer of 

material from boundary ridges to the caldera floor implies that the ridge crest is migrating 

outward from the caldera center. The degree o f headwall erosion is largely dependent on 

the stability o f the wall rock, and the thickest erosional deposits are just within the 

southern and eastern boundary ridges and in the northeast comer, areas of greatest 

scalloping. The northern wall shows similar erosion and deposition, although the slightly 

more competent material in these walls has slowed headwall erosion. The western and 

eastern walls are formed from sheared stratocones, preventing significant erosional 

migration in these directions.

We use the innermost occurrences of competent material to estimate o f the 

original caldera dimensions (Fig. 3.4b). The northern rim has migrated outward, possibly 

as much as 500 m, and the sturdy eastern and western walls have likely receded <200 m. 

As much as 2 km o f ridge crest migration has occurred along the southern and eastern 

boundary ridges, presuming these ridges formed along the original caldera scar. This
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suggests that the original caldera was highly elongated to the NE/SW, with dimensions of 

roughly 8 x 1 6  km.

3.7 Holocene Eruptive Chronology

3 .7.1 Intra-Caldera Lake

Deposits from the caldera-forming eruption are not exposed within the caldera. 

Instead, the deepest stratigraphic sections within the caldera expose thick (>6 m) 

lacustrine deposits. These deposits consist o f clays and silts that become increasingly 

interbedded with well-sorted scoria and fine pumice deposits up-section. This 

stratigraphy suggests that at some point after the caldera formed it sustained a single large 

lake. The gradual introduction o f thin localized scoria fall deposits interbedded with the 

lake sediments suggests that volcanic activity resumed slowly from one or more post- 

caldera sources. This also implies that many subaerial eruptions occurred while the lake 

was present. As the intra-caldera stratocones grew above the lake surface, the lake was 

partitioned into northern and southern sections. A wave-cut terrace (elevation -200 m) 

has been incised as much as 5 m into colluvial fans and soft volcaniclastic rocks around 

the southwest caldera wall and marks the high water level o f the lake. The difference in 

elevation between this terrace and the uppermost clay bed indicates a water depth o f - 1 0 0  

m. The lake drained by cutting a valley through a low-lying part o f the southern caldera 

rim. The presence o f volcanic deposits exposed in the uppermost lake bottom sediments 

suggests this event may have been triggered by a mid-Holocene eruption. Breaching of 

the caldera wall lowered the water level in the northern lake to current levels and
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completely emptied lake in the southern part o f the caldera. The details of this event are 

described in section 3.7.6.

3.7.2 Polygenetic Vents

Post-collapse eruptive activity has been largely concentrated at two intra-caldera 

cones, as well as one cone outside the caldera to the northwest. The western intracaldera 

center has been informally termed “Turquoise Cone” after it’s turquoise colored crater 

lake (Fig. 3.4c). A bench low on the southern flank o f Turquoise Cone connects with the 

wave-cut terrace on the southern caldera wall, indicating that the Turquoise Cone edifice 

extended above lake level. The growth o f Turquoise Cone was largely responsible for 

separating the large caldera lake and ultimately damming the northern lakes before the 

southern lake drained. The erupted products o f Turquoise Cone show great 

compositional diversity, ranging from plagioclase-, olivine- and clinopyroxene- phyric 

high-alumina basalt to sparsely plagioclase-phyric dacite (47 to 6 6  wt.% SiCh). The 

oldest deposits from Turquoise Cone are the most mafic, whereas the last eruptions from 

this vent are the most silicic.

The present-day amphitheater-like form of Turquoise Cone resulted from a 

significant collapse event. Through geometric extrapolation o f existing deposits, the pre

collapse volume o f Turquoise Cone is estimated to have been ~4 km3, and slightly more 

than half of that volume has been removed. No deposits from the collapse have been 

recognized, and we believe that they are buried beneath subsequent eruptions from 

Turquoise Cone and other intra-caldera vents. Thus, we are unable to constrain the
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trigger or structure o f the collapse. Several pumice fall layers exposed inside and outside 

the caldera, and a dacitic lava flow on the northern flanks o f the cone probably represent 

some o f the last eruptions o f Turquoise Cone (Table 3.1). We believe that these 

eruptions may have resulted in the collapse of Turquoise Cone. The pumice fall layers 

correlate compositionally with a tephra layer near Cold Bay, Alaska (120 km east), not 

only in major-element chemistry but S180  signature as well (Bindeman et al. 2001), and 

exposures o f these pumice deposits in the southeastern caldera wall are ~ 1  m thick, 

suggesting a violent explosive event. Collapse from this eruption may not have been 

sufficiently large to remove the entire missing portion o f Turquoise Cone, and removal of 

additional material may have occurred through subsequent phreatomagmatic eruptions. 

The Cold Bay deposit, bracketed between 6,070 and 3,600 years old (Funk 1973; Dochat 

1997; Carson 1998), provides an approximate time frame for the collapse.

The collapse o f the Turquoise Cone was not the last activity in this region o f the 

caldera. Thick blast surge deposits exposed on the eastern shore o f Turquoise Lake were 

emplaced after collapse. Several young cinder cones have developed adjacent to the 

remnant arcuate ridge o f Turquoise Cone. Currently, hydrothermal plumes within the 

Turquoise Lake are stirring sediment, providing the notable water color. The intensity 

and distribution of this hydrothermal system is variable, as plumes in the western caldera 

lake appear and disappear within one year.

Mt. Finch is a 1 -km3 edifice in the geographic center o f the caldera composed of 

numerous interbedded plagioclase-, pyroxene-, and olivine-phyric andesite lava and
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scoria layers (Fig. 3.4c). Intermittent fumarolic activity has hydrothermally altered the 

entire western flank o f Mt. Finch. Its flat summit has a raised rim around its outside 

edge, and a symmetrical ~70-m-deep central depression at the summit contains large 

down-dropped blocks (Fig. 3.6). These features suggest a partial summit collapse, 

although deposits from such an event are not recognized. Samples from Mt. Finch are 

compositionally less diverse than those o f Turquoise Cone (54-60 wt.% Si0 2 ; Table 3.1). 

Although young spatter agglutinate at the cone’s summit is the least silicic, there are too 

few samples to create a reliable time sequence.

Mt. Finch appears less eroded than Turquoise Cone, and the pumice fall layers

from Turquoise Cone are not found on the flanks o f Mt. Finch, suggesting that Mt. Finch

is younger. Erosional and effusive eruptive deposits from the two vents appear to

intermingle, suggesting that some activity has overlapped. Several small monogenetic

# 2
eruptive centers are located around the flanks o f Mt. Finch, and deposits from an ~4 km 

field o f small cones have covered much of the region between Turquoise Cone and Mt. 

Finch.

Just ~2 kilometers northeast o f Mt. Finch is a broad, low mound of cinders and 

lavas (4.7 km2, 0.08 km3, “EM” in Fig. 3.4c). Exposures at the base o f this modest 

edifice show cross-bedded, lapilli-rich surge beds, resulting from a phreatomagmatic 

component o f the initial eruption. Lava flows overlie the surge beds, and are mostly 

capped by maar breccia from a nearby vent. Only a small cinder pile on top o f the
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mound is free o f breccia. The Eastern Mound has only produced richly plagioclase 

phyric andesite (Table 3.1).

An isolated polygenetic stratocone outside the caldera to the northwest (Fig. 3.4c) 

lacks deposits from the caldera-forming eruption, suggesting a Holocene age. The most 

recent eruption from this cone, here named Neptune Cone (“NC” in Fig. 3.4c), was a 

fissure eruption that produced a ~4-km-long linear ridge o f mafic (49 wt.% SiC>2, Mg# 

=0.57), oxidized scoria and spatter, extending to the north o f the cone. The age o f this 

eruption is unknown. The sharp, angular deposits o f the ridge contrast, however, with the 

relatively smooth morphology of Neptune Cone, suggesting a significantly younger age 

o f the fissure eruption.

3.7.3 Monogenetic Vents

O f the 19 monogenetic vents associated with Fisher Caldera, three have made a 

noteworthy impact on the morphology of the caldera. In the northeastern end o f the 

caldera a large monogenetic cinder cone (“NEC” in Fig. 3.4c) has buried the Fisher Tuff 

and generated much o f the hummocky topography in that area. Erosion of this scoria pile 

has created an arcuate drainage basin that empties into the eastern caldera lake. The ridge 

crest of this cone also gives the false impression that it is the continuation o f the caldera 

wall.

The southeastern region of Fisher Caldera has been similarly modified during the 

Holocene. As previously discussed, the southeastern caldera “wall” is a ridge largely
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composed of pyroclastic and epiclastic Holocene deposits. Significant components, and 

perhaps the core o f this ridge, are primary and secondary deposits from multiple post- 

caldera monogenetic fissures and scoria cones. Analogous to the northeastern comer, 

erosion of this ridge has given it the false appearance o f an extension o f the caldera rim.

A complex o f one large and two small cinder cones outside the southeastern 

caldera (“SEC” in Fig. 3.4c) sent lava flows southward toward the Pacific coast. These 

cinder cones, along with the Neptune cone and ridge complex, represent the only 

Holocene activity outside o f the caldera rim. Vegetative cover on the lava flow suggests 

it erupted at least several hundred years ago. Intermingled with scoria o f the cones are 

~ l-2  cm diameter lapilli from an intra-caldera maar (section 3.4.4), suggesting that these 

two events were contemporaneous.

3.7.4 Phreatomagmatic Eruptions

Foumelle (1990) first identified deposits from several Holocene phreatomagmatic 

eruptions inside Fisher Caldera. A patchy carapace of accretionary lapilli-rich fall and 

surge deposits caps most o f the ridges and high points in the eastern half of the caldera. 

These yellow, stratified deposits are the result o f a recent maar eruption whose vent is 

located just south o f the eastern caldera lake (“Ma” in Fig. 3.4c). Deposits from this 

eruption are ~3 m thick in the northeast, ~5 km from the vent.

Other abundant, thick accretionary lapilli-rich deposits are seen elsewhere outside 

the caldera. A maar deposit ~3 km outside the northern caldera rim is >100 m thick, and
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thins to -6 0  cm over a distance o f 13 km to the north. An exposure o f similar material 

south of the caldera is >15 m thick. Arcuate features and surge deposits on the shores of 

Turquoise Lake suggest that Turquoise Cone is a potential source for one or more of 

these deposits. Because maar breccia and surge beds have been deposited on top o f the 

inner portion o f Turquoise Cone, the edifice must have collapsed prior to these 

phreatomagmatic eruptions. As previously mentioned, phreatomagmatic eruptions may 

have contributed to the removal o f portions o f Turquoise Cone. We have not been able to 

establish relationships between the various maar deposits, but combined they affected a 

-450 km2 area around the caldera (Fig. 3.4c). Highly variable deposit thicknesses and 

exposures prohibit reasonable volume estimates

3.7.5 Recent Activity

The most recent eruption o f the Fisher volcanic system, documented by Russian 

explorers, was in 1826 (Grewingk 1850). The most likely deposit related to this eruption 

is a thin, fine-grained, black scoria caught within the vegetation mat distributed across the 

central portion o f the caldera. The fresh appearance o f the summit o f Mt. Finch and the 

limited dispersal o f the scoria layer suggest that the eruption was located at this 

stratocone. Current activity at Fisher is largely hydrothermal, heating springs south of 

Turquoise Cone up to -4 4  °C, compared to temperatures o f  the larger intracaldera lakes 

o f -5  °C. Actively overturning plumes within Turquoise Lake have raised the lake 

temperature to 13 °C, and Foumelle (1990) recorded a pH o f 2.1. New hydrothermal 

plumes formed in the western caldera lake between the summers o f 1999 and 2000, but
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have since dissipated. These outlets for the hydrothermal system generate strong 

sulfurous (H2S?) fumes, noticeable up to several kilometers away.

3.7.6 Draining o f  the Intra-Caldera Lake

After the collapse o f Turquoise Cone, only a small arcuate ridge remained above 

the caldera lake level. A relatively recent explosive eruption from this vent created a 

small mound of red-orange scoria that extended the southern limb of the Turquoise Cone 

amphitheater. Hydrothermally altered lithics associated with this event are found strewn 

across the caldera, suggesting a phreatic component to the eruption. We believe this 

eruption generated a tsunami in the caldera lake that spread radially. Wave deposits from 

this wave are found at the north shore o f the modem west lake and on the base of the 

small isthmus cinder cone (IC), along with erosional scars from the wave itself. The 

most dramatic evidence for this wave appears on the southern caldera wall. Cobbles 

from the wave-cut terrace on the southern wall are found - 2 0  m higher, where they 

overtop the lowest part o f the caldera rim. The densely welded pyroclastic flow from the 

caldera-forming eruption that caps the southern caldera wall has been deeply incised at 

this point. Within the southern canyon, large boulders (up to 5 m in diameter) o f welded 

tuff are found several kilometers downstream from the nearest densely welded exposure 

o f the flow. These relationships suggest that the tsunami broke over the southern caldera 

rim and quickly eroded through the welded tuff cap rock. A narrow slot canyon was 

carved into the caldera wall, catastrophically draining the lake. Our hypothesis o f rapid 

lake draining is supported by the lack o f additional wave cut terraces below the one
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marking the upper lake surface. A gradual removal o f water would likely contain periods 

o f lake-level stability, allowing additional terraces to be formed.

3.8 Discussion

3.8.1 Growth o f  Fisher Volcano and Formation o f  Fisher Caldera

Through this investigation, Fisher Volcano is now known to have formed in 

episodic bursts o f volcanic activity, separated by what appear to be significant quiescent 

periods. The majority of the modem Fisher system developed in four distinct periods: 

mid-Pleistocene to -250 ka (with 2a  error o f model ages), late Pleistocene from -225 -

9.4 ka, the caldera-forming emption, and the Holocene (Fig. 3.10).

As o f eighty thousand years ago, only two o f Fisher’s pre-caldera stratocones had 

developed (Figs. 5, 10a). These cones, # 6  and #7, were located in the eastern portion of 

the pre-caldera region. After the basaltic material o f  cone #7 was produced, cone # 6  

empted several dacitic lavas. Least squares modeling o f fractional crystallization 

relationships between these magmas yield poor results (Er2>0 .1  and liquid magma 

fractions -25%). This suggests that the sources for these cones may have been small, 

independent reservoirs in the shallow crust. No new volcanic structures apparently 

developed in the following -5  ka (2a on model age; Table 3.2), with the possible 

exception o f cone #5 whose age is uncertain.

A flurry o f volcanism began -4 0  ka (Figs. 3.5b, 3.10b). The locus o f this activity 

shifted from the eastern portion of the system to the west. This period began with the

49

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



50

A 100 ka 
0 2 4 km
b b • .a

1
<§}6  

/  8 * I/ A <2>
W M % /

B 40-10 ka

( 7)

/Jl ($T *r'

a!  r
C 9.4 ka northern 

dacite
northern / A 7  pmnice f 

ignimbrite /

dacite

D 9 ka - 0

O

T<#"X
^ T C  J T

Figure 3.10: Schematic diagrams o f the development o f Fisher Caldera. Dotted curve 
outlines modem caldera; darker shading indicates older relative age. Numbers refer to 
cone number in text. (A) 100 ka. Only two stratocones active and western lavas form; 
(B) 40-10 ka. Multiple western cones active; (C) Caldera-forming eruption. Original 
collapse area shown by solid line, imferred vent location denoted by stars; (D) 9-0 ka. 
Many polygenetic stratocones (gray stars) and monogenetic vents (open circles) are 
active.
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development o f cones # 8  and #5. Shortly after these two cones formed, the western 

caldera stratocones began to develop. The discrete, progressive formation o f cones in 

this region suggests either that a single magma reservoir was sporadically active or that 

multiple individual, compositionally distinct magma reservoirs were independently 

active. Compositional trends with time (Fig. 3.5) show that the late Pleistocene 

stratocones become increasingly mafic with time, a trend not expected o f a single large 

reservoir. Least squares calculations suggest that neither fractionation nor mixing o f 

other western stratocone products can produce the western magmas. Moreover, modeling 

also indicates that fractionation and/or mixing o f the eastern magmas (cone # 6  or #7) 

cannot produce the products o f the western cones. Thus, we suggest several independent 

magma chambers were active beneath Fisher during the late Pleistocene. The western 

pre-caldera cones produced a wide compositional array, highlighted by the eruption o f 

dacite from the southernmost vent (#8 ). During this time, cones # 6  and #7 were 

apparently inactive. The presence of several late-Pleistocene andesitic pyroclastic flows 

suggests that Fisher was a repeatedly violent system just prior to the large cataclysm of 

9,400 years ago.

The caldera-forming eruption probably began with the dacitic Plinian eruption 

that deposited pumice to the north and east (Fig 3.10c). The vent for this eruption was 

most likely only a few kilometers from cone #6 , based on isopach data. Before the 

intensity of the Plinian eruption column began to diminish, a large pyroclastic flow was 

sent to the north. This flow may have come from the same vent as the dacite pumice, 

based on radial distributions o f ignimbrite welding around this region. The northern flow
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contains a diverse population o f juvenile products, the vast majority o f which are more 

mafic than that of the pumice fall deposit. We suggest that at some point during the 

eruption, a separate dacitic pyroclastic flow was sent to the south, although this deposit 

may have been produced some time immediately (< 1  ka?) prior to the caldera forming 

eruption. If the southern dacite pumice is part o f the caldera forming eruption, the 

distinct composition and localized nature of this deposit may indicate that a second vent 

in the southwestern portion o f the caldera was opened.

The northern pyroclastic flow ranges continuously from 53 to 67 wt.% SiC>2 (Fig. 

3.4) as a result o f varying degrees o f mingling o f a mafic (53 wt.% SiCb) and silicic (67 

wt.% Si(>2) magma (likely that o f the northern dacitic pumice; Fig. 3.9). The southern 

dacite lies off o f the mixing trend between the other two magmas o f the caldera-forming 

eruption. Our initial investigation suggests that significant mixing of two magmas has 

formed the majority o f the caldera-forming eruption deposits and a third, compositionally 

independent magma formed a volumetrically minor portion.

Initially we speculated that the northern dacite pumice resulted from fractionation 

o f residual magma beneath cone #6 , and the southern pyroclastic flow dacite resulted 

from fractionation of magma underneath cone #8 . This hypothesis is based on the 

observation that the caldera-forming eruption dacites seem to have vented from areas 

where dacitic material had previously erupted. Extending this hypothesis, andesite 

erupted in the caldera-forming eruption, which represents most of the volume erupted, 

may have been formed by coalescing reservoirs beneath the western cluster o f cones.
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This hypothesis is not supported by preliminary least squares fractionation or mixing 

models, however. The dacitic magmas o f the caldera forming eruption (assuming the 

southern dacite is such a component) in particular appear to be compositionally 

independent o f the pre-caldera magma system (Fig. 3.9).

Abundant Holocene activity indicates reactivation o f  the system (Fig lOd). The 

three major stratocones (Turquoise Cone, Mt. Finch, and Neptune Cone) have made the 

greatest volumetric contribution. Turquoise Cone, Mt. Finch, and the Eastern Mound 

form a line along the major axis o f the elliptical caldera, suggesting a linear zone of 

weakness is present. These intra-caldera vents appear to have developed more or less 

sequentially, migrating to the east. This is consistent with geodetic investigations that 

suggest recent contraction along a linear trend that exactly matches the Holocene 

intracaldera cone alignment within Fisher Caldera (Mann et al., 2002 #357).

Least squares calculations are able to relate some, but not all, post-caldera 

deposits. For example, lavas from the Eastern Mound and the southeastern flank vent can 

be produced by fractionation o f the most mafic Mt. Finch lava, but no mixing or 

fractionation relationships are possible between Turquoise Cone magmas and any other 

post-caldera eruptive deposit. This suggests that more than one magma reservoir is 

present beneath Fisher, and the magmatic complexity o f the Pleistocene has persevered 

after the caldera forming eruption.
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3.8.2 Volume Estimates and Eruption Rates

An important question to evaluate for caldera systems, such as Fisher Caldera, is 

whether eruptive output changed before and after the caldera-forming eruption. We have 

estimated Fisher Volcano eruption rates for the pre- and post-caldera periods. For our 

purposes, cones # 6  and #7 are omitted from these calculations because the time required 

to generate these magmas is uncertain, and the pre-caldera period includes magma 

erupted in the 9.4 ka caldera-forming eruption. The post-caldera period includes 

everything erupted afterward. Volumes o f pre- and post-caldera eruptive volumes 

assume that the stratocones represent the only significant erupted products because we 

are unable to trace many tephra deposits back to their source. This assumption is unlikely 

to result in a large error in our estimate, because tephra deposits older than the Fisher 

Tuff appear minimal volumetrically. Only the two dacitic pumice deposits from 

Turquoise Cone appear to be volumetrically important and are the only non-caldera- 

forming tephras included in these estimates.

Eruption rates for volcanism between 82 (+/-14) and 9.4 (+/-0.2) ka were 

calculated using volumes o f the eight identified cones (details in Appendix J). We 

believe that cones #1, #3, #4, and #7 are intact enough to make reasonable estimates of 

their volume through geometric extrapolation: 3, 2.5, 3.4 and 0.4 km , respectively. For 

the other cones, we assume their volume to be either 3.4 or 0.4 km , establishing 

reasonable ranges for maximum and minimum eruption rates. The cumulative late 

Pleistocene erupted volume, excluding the Fisher Tuff, thus ranges from 11 to 24 km .
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The erupted volume of the caldera-forming eruption has been calculated in two 

approaches: summing the estimated volumes o f mapped deposits, and calculating the

-3
volume o f caldera collapse. Whereas the former technique yields ~10 km dense rock 

equivalent (DRE), this method is not appropriate as ignimbrite deposits >20-m-thick on 

the Bering Sea coast confirm a substantial volume of the northern pyroclastic flow was 

deposited off shore. Therefore, we have estimated the erupted volume using the original 

caldera dimensions o f 8 x 16 km (section 3.4; Fig 4b), and a vertical drop o f 775 m based 

on the internal relief of cone # 1  (plus 1 0  m to account for sediments on top o f caldera 

floor Fisher Tuff deposits) to calculate the volume o f caldera collapse. These values 

yield a caldera collapse volume o f ~ 1 0 0  km3, which is in general agreement with an 

earlier estimate o f >50 km3 by Miller and Smith (1987). Miller and Richter (1994) 

estimated that if  pre-caldera Fisher were a single stratocone it would have been ~300-400 

km3. If the volume of remaining pre-caldera structures (~10 km3) is subtracted from this 

volume the estimated volume loss, and therefore erupted volume, is significantly greater 

than our estimate. We propose that, despite the discrepancy between our caldera collapse 

volume estimate and the volumes of pyroclastic deposits, our collapse model represents a 

more accurate erupted volume estimate as it accounts for the mapped pre-caldera 

structure.

Most o f the post-caldera erupted volume is contained in Turquoise Cone, Mt. 

Finch, and the other mono- and poly-genetic cones. The volume of Turquoise Cone, 

based on a topographic reconstruction o f the pre-collapse cone, was ~3 km . The two 

collapse tephras are 50 to 80 cm thick more than 15 km from the vent, suggesting their
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volumes were on order o f 1 km3 (DRE), which agrees with an estimated collapse volume 

o f the cone o f -3  km3. We thus assume that the total volume o f magma erupted from 

Turquoise Cone is - 6  km3. The other post-caldera structures are nearly complete and 

give volumes o f -1  km3 (Mt. Finch) and -1  km3 (all other cones combined). In all, ~ 8  

km3 o f magma has erupted from Fisher Caldera in the last 9,400 years.

Because magma production rate calculations are inherently ambiguous (i.e., 

estimates of volume estimates that are based on assumptions), these rates serve as an 

order-of-magnitude assessment o f magmatic activity. The total pre-caldera erupted 

volume ranges from -80  and -9 0  km3 over a length of 18.2 km, giving a magma eruption

rate o f -0.15 km3ky'1km '1. These are comparable to post caldera rates of -0.1 km 3ky'

1 1km‘ , using a post-caldera eruptive length o f 14 km. It appears that the long-term 

eruption rate has remained constant (within an order of magnitude) over the last 82 ka. 

Similar estimates o f Holocene activity from neighboring Shishaldin volcano (the second-

3 1 1most active volcano in the Aleutian arc) give comparable results o f -0.1 km ky' km' 

(Beget et al. 1998). These data suggest that Fisher is a vibrant system, and the potential 

for eruption from Fisher Caldera may be high. This is particularly important considering 

that the last documented eruption of Fisher occurred in 1826, suggesting that Fisher may 

be overdue for an eruption.

3.8.3 Recurrence o f  Silicic Magma

A remarkable feature o f the Fisher volcanic system is the recurrence o f dacitic 

magma in a region dominated by basalt and basaltic andesite eruptions. Because o f the
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lack o f detailed volumetric data, we cannot estimate silicic eruption rates, but we have 

estimated the recurrence interval o f silicic eruptions. Rhyolitic and dacitic magma has 

erupted at least seven times over the past 82 ka (Fig. 3.5; Table 3.1). These deposits 

range from 63 to 72 wt.% SiC>2, and include a dike, effusive and explosive eruptions from 

stratocones before and after the caldera-forming eruption, and the caldera-forming 

eruption itself. We use the mean o f the bracketing ages o f Dochat (1997) and Carson 

(1998) to estimate the age o f the pumiceous eruption o f Turquoise Cone at 4.8 ka. The 

recurrence o f silicic eruptions appears to be shortening, as time spans between silicic 

eruptions have reduced from -2 6  ka to 4.5 ka since the late Pleistocene. This sequence is 

highlighted by the eruption o f dacite magma in the last 3 -  6  ka.

Eruptions o f silicic andesite (60 -  62 wt.% Si(>2) appear to have increased as well, 

suggesting an even greater increase in the eruption o f silicic magma in the Holocene. 

Although sampling bias toward younger samples may influence calculations of 

recurrence intervals, the increasing frequency of silicic eruptions suggests that the next 

eruption may be dacitic in composition.

The most silicic products (the pumice from the caldera-forming eruption, the 

Turquoise Cone dacites, and the rhyolite dike) are each compositionally distinct (Figs. 8 

and 9). Least squares modeling o f fractional crystallization and/or mixing cannot relate 

these three magmas. This suggests that the generation o f silicic magma may have 

followed separate evolutionary paths. Whereas development o f petrologic models will be 

the focus of further research, these observations suggest that the dacites erupted from

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



58

Fisher Caldera represent separate genetic events, rather than eruptions from a single, 

long-lived magma body, and imply a complex magmatic structure beneath Fisher 

Volcano.

3.9 Conclusions

Based on field studies, compositional data, and geochronology, we have re

evaluated the Fisher volcanic system and conclude that:

1. The preferred structure for this system appears to be small (~3 km3) stratocones. 

There is evidence for these features in the mid-Pleistocene, late Pleistocene, and 

Holocene.

2. The caldera-forming eruption produced up to three major deposits: a southern 

dacitic pyroclastic flow, a Plinian dacitic fall deposit, and a voluminous, 

compositionally mixed, northern pyroclastic flow. Each o f these deposits was 

produced in a separate phase o f the eruption. The southern pyroclastic flow may 

have resulted from an event immediately prior to the caldera forming eruption. 

The two northern deposits are anomalously large for this system. The estimated 

erupted volume is - 1 0 0  km .

3. Multiple magma reservoirs have existed beneath Fisher since at least 82 ka, and 

that more than one of these compositionally independent magmas have erupted 

during the same general time period.
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4. Magmatic eruption rates before and after the caldera-forming eruption were 

similar.

5. There has been repeated eruption o f silicic material throughout the history of the 

system. Some of these dacitic magmas cannot be related through simple 

fractionation or mixing, implying multiple dacite generating events. The 

recurrence of silicic material has become significantly more frequent over the last 

82 thousand years.
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Chapter 4: Birth of Caldera Systems: Petrological and Structural Constraints on 

the Caldera-Forrning Eruption of Fisher Caldera, Alaska, USA2

4.1 Introduction

The catastrophic eruption of Fisher Volcano 9,400 years ago is its only caldera- 

forming emption and therefore the most significant event in the history of this system. 

Because this eruption is the only large eruption from Fisher, the investigation o f this 

eruption is important in both understanding this particular system as well as 

understanding the birth o f a caldera system. The origin o f  caldera systems has been a 

focus o f volcanologic debate since calderas were first recognized. Over the past 

centuries, and most significantly in the last half century, investigations o f 138 known 

calderas (Newhall and Dzurisin 1988; Simkin and Siebert 1994) have proposed several 

potential methods o f formation. One end-member process (e.g., Bacon 1983), entails 

differentiation and stratification of magma resident in a large, long-lived, shallow 

reservoir. A comparatively small eruption initiates a chain o f events that lead to the 

collapse of an unsupported reservoir roof and caldera formation. This process can form 

ring vents and circular collapse features resulting from a piston-like subsidence o f the 

caldera floor (e.g., Komuro 1992). Subsequent magmatic activity recharges the large, 

shallow reservoir, and the process is set to repeat. Alternative methods of caldera 

formation include the injection o f unusually large batches o f magma into an existing
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reservoir (Eichelberger et al. 2000; Bergantz and Breidenthal 2001; Dreher 2002). In this 

case, the sudden overpressure resulting from the large magmatic intrusion and subsequent 

removal of this pressure can fracture the surrounding country rock and the caldera floor 

(Komuro 1992), forming a chaotic collapse feature (Roche et al. 2000).

The sequence o f events at Fisher Caldera, Alaska USA, may represent another 

end member process in which no large magma reservoir is present prior to the caldera- 

forming eruption (CFE). Fisher Caldera is the largest o f 12 Holocene calderas in the 

Aleutian arc, and results from the largest Holocene eruption in this region. This study 

represents the first detailed investigation o f the Fisher CFE o f 9,372 +/- 192 years ago 

(chapter 3 o f this manuscript, also Stelling et al. in review). The Fisher system began as a 

series o f small stratocones derived from equally small, discrete reservoirs with no 

apparent communication (chapter 3)(Stelling et al. in review). Intense fracturing o f the 

subsurface resulting from the intrusion of large, compositionally diverse CFE magmas 

effectively destroyed the infrastructure o f small, discrete reservoirs. As a result, post- 

caldera volcanism stems from a single reservoir, likely utilizing the dense network of 

fractures to accumulate magma in centralized location. The CFE is the only catastrophic 

eruption of this system (Stelling et al. in review), and thus is an important location for 

the study of first-time caldera formation.

In this work we first describe the three major deposits o f the Fisher CFE and put 

constraints on the timing, vent locations, and compositional relationships between the 

CFE magmas. We then discuss the nature o f shallow crustal residence o f these magmas
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and the pre- and post-caldera magmatism. Finally, we discuss the effect o f the CFE on 

the Fisher system and the relationship to other caldera systems.

4.2 Location and Geologic Background

Fisher Caldera is one of five volcanoes on Unimak Island, the easternmost island in the 

Aleutian archipelago and near the tip of the Alaska Peninsula (Fig. 4.1). Unimak Island 

lies within the most active portion of the Aleutian arc, where the angle of convergence 

between the Pacific and North American plates is closest to 90°, resulting in a subduction 

rate of more than 7 cm/yr.

Prior to the caldera-forming eruption 9,400 years ago, the volcanic system consisted 

o f a cluster o f several moderate-sized (~3 km3) stratocones, which were independently 

active between 56 ka and 9.4 ka (Stelling et al. in review). These pre-caldera stratocones 

are distributed across an area broader than the present-day caldera, although most are 

clustered in the western and northwestern portion of the caldera. The majority of 

volcanism that has occurred is basaltic to basaltic andesitic in composition, although 

several dacitic eruptions are noted before, during and after the CFE. The CFE produced 

three major deposits and is the subject o f this chapter. After the cataclysmic eruption, a 

lake filled much o f the caldera for a significant quiescent period. Volcanic activity from 

intracaldera vents gradually resumed, producing thick successions o f scoria fall 

interbedded with lake sediments. Several post-caldera stratocones have developed, one 

o f which (Turquoise Cone) has had a major collapse event. The caldera lake
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Figure 4.1: Digital Elevation Map (DEM) showing the location o f Fisher Caldera. 
Fisher is highlighted by heavy box. Also shown are the locations o f the five other 
volcanoes on the island as well as the Tugamak Range. False Pass is the only 
permanent habitation on the island, with a population o f -80. Also noted is the village 
o f Cold Bay, -120  km east o f Fisher.
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catastrophically drained when a phreatomagmatic eruption generated a tsunami that broke 

through the southwestern caldera wall. Multiple accretionary-lapilli-bearing deposits 

inside and outside the caldera suggest significant post-caldera phreatomagmatic activity. 

The most recent eruptive activity from the Fisher volcanic system was a small explosive 

eruption in 1826, and current activity is largely hydrothermal (Stelling et al. in review).

4.3 Methods and Techniques

Forty-eight CFE samples have been examined petrographically and 43 have been 

analyzed by X-ray fluorescence (XRF) and inductively coupled plasma mass 

spectrometry (ICP-MS) at Washington State University. XRF analyses (Appendix D) 

were acquired following the method o f Johnson et al. (1999). Analytical error for XRF 

major-element analyses (Appendix D) was determined by repeated analysis o f nine 

internal working standards, standards treated as unknowns, and random unknowns, and is 

<0.5% at two standard deviations for all elements (Johnson et al. 1999). ICP-MS 

detection limits are less than half chondrite levels. Precision is concentration dependent, 

and is generally <1% of the amount present for all trace elements except and Pb (-10%) 

(Knaack, pers. comm., 2001).

Analyses o f phenocrysts and groundmass glasses were obtained using the Cameca 

SX-50 electron microprobe at the University o f Alaska Fairbanks. All phenocryst 

analyses were performed using a 15 kV accelerating voltage, 10 nA, highly focused (1- 

fim) beam with 10 second (peak) and 5 second (off-peak) count times. Glass analyses 

used a defocused beam of 10-jxm in diameter. Element migration was addressed by
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separately measuring Na in five intervals o f five seconds each prior to each analysis 

(Devine et al. 1995). Precision and accuracy were monitored through repeat analyses o f 

calibration and working standards. Total error on analyses is <0.5 wt.%. Fractional 

crystallization, assimilation, and magma mixing relationships between deposits were 

examined using least-squares calculations. In the case o f multiple whole-rock analyses 

from the same deposit, the average composition is used in order to avoid sample 

heterogeneities. Major elements were weighted equally except for SiCh and AI2O3, 

which were weighted by factors o f 0.4 and 0.5, respectively, in order to reduce biases 

associated with the dominance o f these elements in the whole rock data (Carr 2000). 

Partition coefficients used are those o f Gill (1981). Sum-of-squares results greater than 

0 .1  were rejected.

4.4 Deposits of the C aldera Forming Eruption

The CFE of Fisher Volcano began as a Plinian eruption column that produced an 

extensive dacitic fall deposit highly elongated to the northeast. At some point, the 

vertical energy o f the Plinian column was directed northward, producing a large 

pyroclastic flow. This coincides with the appearance o f basaltic andesite magma, which 

is only seen in the northern ignimbrite, and occurs as scoria clasts or as a component in 

banded pumice.

A third deposit, a southern dacitic pumice fall and flow deposit, is also observed. 

Because the southern dacite pumice deposit is physically isolated from the northern CFE 

deposits, we have not been able to establish a definitive stratigraphic position, and it is
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unclear whether the southern dacite deposit is definitely associated with the caldera- 

forming eruption. The southern dacite, however, is severed by the caldera rim, indicating 

it is not younger than 9,372 +/-198 ka (Stelling et al. in review). Stelling et al. (chapter 3) 

point out that this deposit lies above the youngest glacial till ( 1 0  ka?), providing a 

window of emplacement o f -1,000 years. Because this deposit is close in space and time 

to the caldera-forming eruption, and because this deposit occurs in an area o f significant 

caldera collapse without other major eruptive deposits to which this collapse can be 

associated, we consider the southern dacite a third component o f the caldera-forming 

eruption. The following describes each of the deposits in detail.

4.4.1 Northern Dacite Pumice Fall Deposit

The most laterally extensive deposit o f the Fisher caldera-forming eruption is a 

light pink to light gray dacitic (67 wt.% SiCh; Appendix D) fall deposit that extends at 

least 35 km to the north-northeast (Fig. 4.2), and has formed 35 cm thick deposits 120 km 

east near Cold Bay, Alaska (Funk 1973; Dochat 1997; Carson 1998; Jordan 2000; 

Bindeman et al. 2001; Carson et al. in press). Proximal deposits are up to 10 m  thick and 

are reversely graded. The largest pumice clasts are as large as 9 cm and lithics have 

dimensions o f up to 81 mm long. Isopachs for this deposit are highly elongate to the 

northeast, suggesting a highly sheared Plinian eruption column, likely resulting from high 

winds. The northern dacite pumice is not recognized west o f the caldera and has a very 

limited distribution to the south.
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Figure 4.2: Simplified map o f CFE deposits. Northern dacite fall deposit distribution 
is shown by isopach curves (in meters, dashed where approximate). The northern 
ignimbrite distribution is denoted by gray stippled area. The southern dacite fall and 
flow deposit distribution is denoted by gray diagonally striped area. Sample locations 
and measured thicknesses (in meters) are marked by triangles (N. Dacite, data in paren
theses), squares (N. Ignimbrite) and circle (S. Dacite). Dashed-double-dot curve is 
inferred caldera collapse feature; hexagons indicate inferred vent locations.
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At most localities, the northern dacite is composed of two portions: the lower -2/3 

composed o f a light pink pumice o f relatively constant clast size, and the upper third a 

light gray pumice that occasionally shows much coarser pumice clasts and lithics. The 

boundary between these two portions is a discrete horizontal layer with no soil layer or 

change in abundance o f lithics or fines, suggesting there was no time gap between the 

deposition of the lower and upper portions. The sparse phenocryst population (<3 vol.% 

crystallinity) of the lower light pink pumice is dominated by plagioclase, with 

subordinate orthopyroxene and degraded (anhedral, embayed) clinopyroxene. The gray 

pumice is also sparsely phyric ( < 2  vol.%), with plagioclase»orthopyroxene>Fe-Ti oxide 

+/- degraded clinopyroxene +/- degraded olivine (Fig. 4.3a). Microlites in the lower pink 

pumice are slightly more abundant than in the upper gray pumice. The lower pink pumice 

and the upper gray pumice are compositionally similar. The pink pumice has whole rock 

(67 wt.% SiCE; Fig. 4.5) and component compositions (interstitial glass - 6 8  wt.% SiCh; 

An2?-49 plagioclase; Eni 7-44FS16-40Wo 16-45 clinopyroxene; En27-51FS43-69W02-5 

orthopyroxene; UIV49.62 magnetite; Fig. 4.3) typical o f dacitic material with low water 

contents. Crystallinity o f the lower pumice is low (<2 vol.%) as is vesicularity (-25 

vol.%). Phenocrysts are generally euhedral with little to no zoning and very limited 

disequilibrium textures (Fig. 4.4a).

The compositional range o f the upper gray pumice overlaps that o f the lower pink pumice 

(64-67 wt.% whole rock SiC^; 61-71 wt.% SiC>2 interstitial glass; An3o-67 plagioclase; 

En34-4iFs22-26Wo34-43 clinopyroxene; En39.69Fs28-58Wo3̂  orthopyroxene; Ulv52_65 

magnetite). The extended compositional range o f the gray pumice results from only a
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Figure 4.4: Photomicrographs o f plagioclase and mixing textures. (A)Plagioclase in 
the Northern dacite is euhedral and unzoned, suggesting a simple crystallization 
history. (B) Plagioclase in the southern daciteshows oscillatory zoning. (C) Coarse 
disequilibrium textures in northern basaltic andesite plagioclase have large melt 
pockets that channel into groundmass glass without later crystal growth. (D) Banded 
pumice of northern ignmibrite. Dark glass is 55 wt.% Si02, light glass is - 6 8  wt% 
Si02. The discrete boundary shows no chemical or thermal diffusion, indicating very 
short contact times between these two magmas.
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few pumice clasts that were collected from the highest levels within the fall deposit.

These samples contain small amounts (<0.1 vol.%) o f more mafic material (degraded 

olivine and clinopyroxene, dark glass; Fig. 4.3) that compositionally match components 

observed in the northern ignimbrite deposit (section 4.4.2). This may indicate that the 

upper gray pumice incorporated a small amount o f mafic material. The amount o f 

entrained material must be minor, however, in order to preserve the dacitic whole rock 

composition observed in the majority o f the northern fall deposit samples (Fig. 4.5). 

Because the color change between the pink and gray pumice is significant and the 

compositional change is not, the .ray color o f the upper portion may be the result of 

welding resulting from interaction with the overlying ignimbrite. The color change is not 

likely due to vesicularity differences, as the gray pumice has a slightly higher vesicle 

content (33 vol.%), contrary to similar color changes observed at Spurr Volcano (Gardner 

et al. 1998). The color change may be result from increased oxidation in the lower pink 

pumice.

4.4.2 Northern Ignimbrite Deposit

The most voluminous component o f the caldera-forming eruption was a 

pyroclastic flow sent almost exclusively to the north (Fig. 4.2). Topography had little 

constraint over the direction o f the flow. As the flow traveled northward, it surmounted 

the 500-m-high Tugamak Range 15 km away (Miller and Smith 1977), leaving up to >50 

m thick deposits in valleys on top o f these mountains (Fig. 4.1). Deposits on the flanks of
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the Tugamak Range are substantially thinner (<11 cm), but deposits further to the east o f 

these mountains are >10 m. Coastal ignimbrite deposits >20 m thick on the far side of 

the Tugamak Range suggest a substantial volume was deposited in the Bering Sea 

(Stelling et al. in review). The pyroclastic flow expanded laterally as it traveled, and is 

exposed 50 km to the northeast (north o f Shishaldin Volcano; Fig. 4.1). Ignimbrite 

outcrops are highly indurated. Proximal exposures are moderately welded and most 

distal localities (>5 km) are poorly to non-welded.

The ignimbrite is composed primarily o f medium- to fine-grained matrix with 

juvenile material occurring as sparsely distributed scoria and pumice ranging from 53 to 

68 wt.% SiC>2 (Appendix D; Fig. 4.5). Juvenile material within the northern ignimbrite 

ranges from dark gray to black scoria to light pink pumice, with banded pumices 

containing anywhere from <10 to >90% light-colored pumice. Whole-rock SiC>2 

increases linearly with increased pumice component, suggesting the banded pumice clasts 

represent two-component mixing between a dacitic (67 wt.% Si02, best represented by 

FC-321A-1; Appendix D) and a basaltic andesitic magma (53 wt.% SiC>2, best 

represented by FC-314B; Appendix D). The basaltic andesite is dark gray to black and 

highly vesicular in hand sample. Microscopically it is phenocryst-poor (~2.5 vol.% 

crystals), plagioclase-phyric, with subordinate clinopyroxene, olivine, magnetite, and rare 

ilmenite (Fig. 4.3). Although phenocryst compositions o f juvenile ignimbrite material 

span the entire range o f caldera-forming products, the most mafic compositions are those 

within the dark glass, particularly microlites. The groundmass is rich in plagioclase 

microlites that commonly have swallowtail form, suggesting rapid crystallization.
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Interstitial glass (-55 wt.% SiC^) is typically very cryptocrystalline, further supporting 

the interpretation o f rapid crystallization. Plagioclase cores are often mottled with 

disequilibrium textures and surrounded by clean rims o f variable thickness indicative of 

equilibrium growth (Fig. 4.4c). Overprinted on these textures are large melt pockets that 

originate in the core and channel outward beyond the crystal edge without subsequent 

crystal growth.

The dacitic material o f the northern ignimbrite is composed o f light brown to 

clear glass, lacks cryptocrystalline groundmass, and has nearly half the amount of 

microlites o f the basaltic andesite glass. Comparisons o f whole rock (67 wt.% Si02), 

interstitial glass (~ 68 wt.% Si0 2 ) and phenocryst compositions (An29-49 plagioclase; Enn. 

44FS16-40W032-45 clinopyroxene; En27-34FS&2-69W 02-4 orthopyroxene; UIV50-60 magnetite) of 

the northern ignimbrite dacite with those o f the northern dacitic pumice fall deposit 

indicate these are the same material. Mass balance calculations further support this 

conclusion.

Microscopically, the contact between the light and dark glass in the banded 

pumice is typically an undulating, very distinct boundary (Fig. 4.4d), with mingled glass 

typically tapering to a fine point. Crypto- and micro-crystalline material, distinctly more 

abundant in the basaltic andesite than in the dacite magmas, is suggestive o f rapid cooling 

o f the basaltic andesite. Cooling o f the basaltic andesite may have occurred as a result o f 

intimate contact with the cooler dacite magma. The density of cryptocrystalline material 

in the groundmass, however, does not vary with distance from the contact zone with the
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dacite. This suggests that contact with the dacite magma did not significantly cool the 

basaltic andesite magma. Thermal diffusion in magma can be rapid, as much as two 

orders o f magnitude faster than chemical diffusion (Martin 1987). The lack o f thermal 

diffusion between these magmas suggests that they were not in contact for any extended 

period prior to the caldera-forming eruption.

Variable extents o f banding within the pumices o f the northern ignimbrite suggest 

simple mixing between two magmas. The smooth, curvilinear gradient observed in 

whole-rock compositions o f ignimbrite samples (Fig. 4.3b-f; Fig. 4.6b) is consistent with 

calculated mixing curves between the basaltic andesite and dacite end members. These 

mixing relationships have been corroborated through least-squares mixing calculations.

4.4.3 Southern Dacite Pumice Fall and Flow Deposit

The only southern deposit o f the caldera-forming eruption is a light yellow dacitic 

(63 wt.% SiC>2; Fig. 4) pumice fall and flow deposit that radiates outward from the 

southwestern comer o f the caldera nearly five kilometers (Fig 4.2). The deposit is cut by 

the caldera dm  and forms the southern cap rock. No primary deposits o f this material are 

seen within the caldera. At the caldera rim, the deposit has a basal layer >1 m thick of 

white pumice clasts (up to ~4 cm) directly overlain by a black, densely welded (glassy), 

crystal- and lithic-rich pyroclastic flow deposit ~4 m thick. Flattened fiami are present 

within the base o f the glassy flow. The densely welded portion o f the southern deposit 

rapidly thins to the south, and within 300 meters o f the caldera rim the deposit is an 

entirely non-welded, low-silica dacite pumice deposit up to 2 m thick with pumice clasts
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Mg# (Mg / Mg + Fe)
Figure 4.6: Mg# versus K 20. (A) Pre-caldera samples show no temporal trend (colors 
become cooler with time). Fractionation (heavy curve) cannot relate any cones to each 
other, but can relate mafic cone #4 to evolved cone #4 samples (dotted curve). (B) CFE 
magmas are well modeled by mixing (dotted curve) and not fractionation (solid curve). 
Note southern dacite lies well off mixing curve. (C) Post-caldera samples are welt 
modeled by mixing, with very little overprint o f  fractionation processes. Fractionation 
calculations use 60% plagioclase, 20% clinopyroxene, 10% olivine, 10% magnetite.
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as large as 13 cm. The pumiceous portion o f the deposit thins outward from the 

southwest comer o f the caldera. Additional deposits of moderately and densely welded 

material are seen in valleys between several western pre-caldera stratocones (Fig. 4.2). 

These deposits are highly localized, and underlying pumiceous deposits are absent in 

these areas. Lithics within the southern pumice deposit tend to be more abundant and 

larger than those in the northern deposits.

The southern dacite pumice is significantly more crystalline (~8 vol.% crystals) 

than the northern dacite magma, with plagioclase >magnetite =clinopyroxene 

>orthopyroxene (Fig. 4.3a). The groundmass is predominantly brown glass with ~2 

vol.% plagioclase microlites. Phenocrysts are generally euhedral with minor 

disequilibrium textures. Plagioclase phenocrysts are often normally zoned with 

occasional oscillatory zoning. Component compositions are similar to that expected o f 

low-silica dacitic material (62-67 wt.% SiCh interstitial glass; A n ^ o  plagioclase; En29- 

33FS18-26W 043-49 clinopyroxene; E1147-51FS46-50W 03.4 orthopyroxene; UIV32-35 magnetite).

Southern dacite compositions lie distinctly off the trend defined by the northern 

ignimbrite data (Fig. 4.5; Fig. 4.6b). This implies that none o f the southern dacite magma 

was incorporated into the northern caldera-forming emption deposits. We have 

previously described that the southern and northern eruptive deposits are physically 

separated. These data suggest that the magmas represented by these deposits were 

chemically distinct as well.
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4.5 Constraints on the Caldera-Forrning Eruption

4.5.1 Timing o f  Eruptive Components

In all proximal localities the northern pumice fall deposit lays on top o f a thick, 

white, regional deposit o f highly indurated alluvium and erosional material, suggesting 

this was the first CFE deposit in these areas. Where the base o f the northern pyroclastic 

flow deposit is exposed it lies directly on top o f the northern dacite pumice fall deposit. 

The contact between the pumice fall deposit and the ignimbrite shows no indication o f a 

time gap between the pumice and ignimbrite deposition, indicating that the transition 

from the Plinian eruption column to the pyroclastic flow was uninterrupted. Outside the 

deposit area of the northern dacite pumice, the base o f the northern ignimbrite has not 

been found. Because the ignimbrite lies above the northern dacite pumice and the 

pumice lies on erosional material, we suggest that the northern dacitic fall deposit was the 

first material produced from the CFE, and there were no earlier eruptive deposits in this 

region.

As previously discussed, the isolated southern deposit cannot be stratigraphically 

related to the northern deposits. Although we are uncertain o f the timing o f this event, 

but for the purposes o f this study we are including this deposit as a third component of 

the CFE.

4.5.2 Vent Locations

Extrapolation o f isopachs for the northern dacite pumice suggests the source o f 

the northern dacite was located <5 km inboard o f the eastern and northern modem caldera
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walls (northeast hexagon in Fig. 4.2). The distribution o f lithic clasts sizes lends further 

support to this conclusion, but is less accurate because o f fewer data.

The distribution and thickness of the northern ignimbrite also suggests a source 

located in the northeastern caldera (Fig. 4.2). The degree o f welding within the 

ignimbrite decreases with distance from the northeastern caldera, lending further 

credence to this conclusion. It is possible that the northern dacitic pumice and the 

northern ignimbrite were erupted from the same vent. The combined observations of an 

exclusively northern ignimbrite distribution and the broad portion o f the northern caldera 

rim covered by the ignimbrite, however, are somewhat difficult to explain using circular 

vent geometry (e.g., sharing the Plinian vent o f the northern dacite). The elongate 

ignimbrite distribution along the northern caldera rim is consistent with a vent o f similar 

geometry, suggesting the source o f this portion o f the eruption may have been a partial 

ring fracture system in the northern caldera. No field evidence o f a ring fracture system 

has been found, however, and the exact vent location for this portion o f the CFE remains 

uncertain.

The restricted distribution o f the southern dacitic pumice and the northern 

eruptive deposits suggest a separate source vent for the southern deposit. The deposit 

surrounds the southwestern region of the modem caldera and thins with distance from 

this area. The densely welded portion o f the southern deposit is only seen very near the 

southwestern caldera rim. All o f these observations indicate that the vent for the southern 

dacite was likely <4 km inward o f the southern and western caldera rim (southwestern 

hexagon in Fig. 4.2).
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4.5.3 Volume Estimates

We have used two techniques to quantify the volume o f material erupted during 

the Fisher CFE. Initially we summed the estimated volumes o f each deposit. For the 

northern dacite pumice fall deposit we used the two-line method of Fierstien and 

Nathanson (1992), which produced and estimate o f ~1 km3 dense rock equivalent (DRE), 

using a measured density of 2400 kg m' . The northern ignimbrite and southern dacite 

pumice fall and flow deposit volumes were estimated by placing a 1-kilometer grid over 

the mapped deposit and assigning an average thickness to each grid. This technique 

yielded 10.5 and -0.5 km3 DRE for the northern ignimbrite for the southern deposits, 

respectively, assuming a density o f  1 0 0 0  kg m ‘3 for the ignimbrite itself and 2600 for the 

bulk rock density. Densely welded portions were assumed to have a density o f 2600 kg 

m"3. The sum of these volumes is -1 2  km3. This volume is substantially smaller than the 

estimated volume of the original caldera collapse o f -100 km (Stelling et al. in review) 

The discrepancy between the mapped deposit volumes and the caldera collapse is quite 

large, but may be reconciled in several ways. First, the estimate o f the northern 

ignimbrite (the most voluminous portion o f the CFE) is a minimum, as a significant 

portion of the ignimbrite is estimated to be in the Bering Sea, based on >20 m thick 

ignimbrite deposits on at the coast. Ignimbrite thicknesses do not necessarily decrease 

linearly from source (e.g., the 1883 eruption o f Krakatau, Mandeville et al. 1996), and 

thicker deposits may be expected offshore. Additionally, the Tugmak Range provides a 

considerable impediment to sediment flow, and significant deposition can occur on the 

front edge o f such an obstacle, up to 50% o f the flow volume (A. Burgisser, pers. comm.,

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



2003). The base of deposits on the near side o f the Tugamak range have not been found,

implying that our estimated thicknesses may be minimums. Co-ignimbrite clouds may

also be responsible for the removal o f a large amount o f erupted material (Sheridan 1979;

Bursik and Woods 1996). Because multiple eruptive, transport and depositional

mechanisms have significantly limited the available surface exposures o f the CFE

deposits, it is not unrealistic to believe that the majority o f the CFE deposits would not be

represented in deposits exposed on Unimak Island. Additionally, the estimated erupted

volume of 1 0 0  km3 is based on estimates o f the original caldera collapse geometry, which

■2 ,
is difficult to constrain, and we stress that the value o f 1 0 0  km is an estimate.

4.6 Discussion

4.6.1 Genetic Relationships Between the CFE Magmas

4.6.1.1 Northern Masmas

We have established that two compositionally distinct magmas were erupted to 

form the northern ignimbrite. Fractional crystallization and assimilation models have 

been unable to link the northern basaltic andesitic and the northern dacitic magmas (Fig. 

4.6b), despite implementing a variety o f phase assemblages and assimilant compositions. 

Specifically, the observed difference in K2O content between the northern daCite and 

basaltic andesite would require -70%  fractionation. The fractionating assemblage would 

have to contain little to no plagioclase in order to minimize AI2O3 depletion (Fig. 4.5), 

which contradicts observed phase assemblages in both the basaltic andesite and dacite 

magmas. This process also produces unrealistic M g#’s (<0.04). We conclude that the
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northern basaltic andesite and the northern dacite magmas are genetically unrelated. 

Furthermore, textural evidence o f banded pumice (lack o f chemical and thermal diffusion 

between glasses) indicates that these two magmas were physically separated from each 

other until immediately prior to the caldera-forming eruption.

4.6.1.2 Southern Dacite Pumice

The southern fall and flow deposit is physically independent o f the northern CFE 

components. Least-squares calculations of assimilation and fractional crystallization 

(AFC) and/or mixing o f various compositions cannot relate the southern dacite and the 

northern basaltic andesite. Most notably, the elevated A I2O 3, La/Y and low FeOt, MnO 

concentrations o f the southern dacite cannot be reproduced (Fig. 4.5; Fig. 4.6b; Appendix 

D). Fractional crystallization relationships between the southern and northern dacites are 

more tenable, but fail for similar reasons, particularly La/Y values. These calculations 

further suggest that assimilation o f wall rock is not a feasible solution (Zr2>2.25). 

Ultimately, we conclude that the southern dacite is not genetically related to either o f the 

northern CFE magmas.

In summary, three separate magmas were erupted during the caldera-forming 

eruption, each apparently compositionally independent from the others. It is unlikely that 

a single magma reservoir would contain three compositionally independent bodies, and 

we therefore suggest that multiple magma reservoirs exist beneath Fisher Caldera. This 

is consistent with the multiple-reservoir infrastructure developed in the pre-caldera 

system (Stelling et al. in review).
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4.6.2 Shallow Magma Residence

Because the phase assemblages o f all Fisher Caldera samples preclude most 

geobarometric techniques, we are unable to estimate the depth at which the caldera- 

forming magmas were formed. Petrographic evidence, however, provides relative 

constraint as to the duration of shallow (<5 km?) residence. For example, the 

comparatively high crystallinity o f the southern dacite magma suggests longer times for 

crystal nucleation and growth relative to less crystalline magmas. Combined with the 

presence o f normal- and oscillatory-zoned plagioclase (Fig. 4.4b), the southern dacite 

magma likely experienced extended shallow residence.

In contrast, the northern magmas contain little evidence of prolonged shallow 

residence. The northern dacite is nearly aphyric, and consists o f small, euhedral, unzoned 

phenocrysts with little to no disequilibrium textures (Fig 5a). These features are all 

suggestive o f an ephemeral shallow system. The northern basaltic andesite is similarly 

crystal-poor, although the phenocrysts are more complexly formed. The coarse 

disequilibrium textures observed in plagioclase from the basaltic andesite are features 

inferred to result from rapid decompression (Nelson and Montana 1992), and are likely 

associated with rapid ascent through the crust. The lack o f crystal growth on top o f the 

melt channels indicates that any stagnation period after ascent was very short. Thus, we 

suggest that the basaltic andesite rose quickly through the shallow crust into the Fisher 

system immediately prior to the caldera-forming eruption.
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4.6.3 Structure o f the Pre- and Post-Caldera System

Before and after caldera collapse, the typical structures o f the Fisher system are

-j

small (~3 km ) stratocones formed through small effusive and explosive eruptions 

(Stelling et al. in review). At least eight o f these small cones were distributed throughout 

the pre-caldera area and four have formed since the caldera-forming eruption (Fig. 4.7a, 

c). The caldera-forming eruption, however, ejected an enormous amount o f material in a 

single eruption. Stelling et al. (in review) discovered no evidence indicating that any 

other large-volume eruptions have occurred in the history o f this system. Thus, the large 

volume of the caldera-forming eruption is an anomaly for Fisher Volcano. Because the 

system returned to forming small stratocones following the caldera-forming eruption, it is 

uncertain whether it would require an equally unique set of circumstances to generate 

another caldera-forming eruption at Fisher.

The pre-caldera magmatic system has a broad compositional scatter with no 

apparent trend with time (Fig. 4.6a). Simple and combined fractional crystallization, 

assimilation and magma mixing models cannot relate the products o f individual vents to 

one another. Fractional crystallization can, however, describe the compositional 

variation observed within the products o f a single vent (dashed curve, Fig. 4.6a). These 

observations imply that prior to the caldera-forming eruption, the Fisher magmatic 

system was not based upon a single, large magma chamber, but instead was composed of 

multiple, discrete reservoirs with little to no communication (chapter 3).
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Figure 4.7: Proposed model for Fisher Caldera development. (A) Multiple independent 
reservoirs o f the pre-caldera system. (B) Intrusion of large magma body extensively 
fractures region and disrupts pre-caldera infrastructure. Southern dacite is derived from 
independent reservoir. (C) Post-caldera magma utilized fracture network to accumulate
in a single, centralized reservoir.
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Post-caldera compositional trends are highlighted by a large compositional gap 

(Fig. 4.6c), as was originally discussed in chapter 3. The oldest post-caldera stratocone, 

Turquoise Cone, has a significant compositional gap (53-64 wt.% SiC^). Subsequent 

post-caldera products show a similar but smaller compositional gap (54-59 wt.% SiC>2). 

Such compositional gaps may result from magma mixing (Eichelberger et al. 2000) or 

from complex fractionation processes (Baker 1968; Bonnefoi et al. 1995; Thompson et al. 

2001). The compositions o f all post-caldera products define a curve that is best explained 

by simple mixing of post-caldera end-member compositions (48 and 66 wt.% Si02, both 

from Turquoise Cone). This implies that post-caldera Fisher magmas are related through 

mixing-dominated processes, although other subordinate processes may occur. The 

compositional gap within the post-caldera magmas decreases through time, perhaps 

indicating homogenization through time. More importantly, these observations indicate 

that the post-caldera system is composed o f a single reservoir containing a continually 

recharged magma body. This is a significant departure from the pre-caldera system of 

independent reservoirs.

4.6.4 Implications fo r  the Development o f  the Fisher System

4.6.4.1 Southern Dacitic Magma

Despite other dacite magma erupted in the southern caldera region prior to the 

caldera-forming eruption (Stelling et al. in review), the southern dacite does not appear to 

be genetically related to any observed pre-caldera magmatic composition. We suggest 

that the southern CFE dacite magma was a small, independent magma reservoir, typical
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of the pre-caldera system (Fig. 4.7b). This reservoir may have been emplaced just before 

the cataclysm without prior eruptions. Because the southern dacite is chemically and 

physically distinct from the northern magmas, this portion of the caldera-forming 

eruption may be incidental to the larger northern CFE components. The southern 

eruption may have been induced through increased stress resulting from events 

immediately to the north. Alternatively, the southern dacite may have been erupted 

immediately prior to the northern magmas, spurring the events to the north.

4.6.4.2 Northern Magmas

Important characteristics o f the northern CFE magmas are that 1) they are 

anomalously large for the Fisher system, 2) they do not show evidence of extended 

shallow residence, with the basaltic andesite containing textural evidence of rapid 

decompression immediately prior to the cataclysm, and 3) these two magmas were not in 

contact with each other until immediately before or during the eruption. These 

observations imply that the two large magma batches entered the Fisher system 

immediately prior to the caldera-forming eruption (Fig. 4.7b). Because 1) no juvenile 

material in the caldera-forming eruption deposits can be ascribed to the pre-caldera 

system, 2) models o f simple mixing accurately explain the compositional range o f the 

northern ignimbrite, 3) the northern dacite pumice is compositionally homogeneous, and 

4) least-squares calculations indicate no genetic relationship exists between any pre- 

caldera magma and the CFE magmas (including coalescence o f independent reservoirs), 

there is no indication o f involvement with any o f the pre-caldera magma reservoirs.

Apart from the southern dacite, any pre-caldera magma was erupted during the CFE must
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be volumetrically insignificant as it has not been observed in the CFE deposits. Thus, we 

propose that the voluminous magmas of the caldera-forming eruption were independent 

o f the existing pre-caldera magmatic system.

The rapid introduction o f vohuninous magma bodies into the shallow crust below 

Fisher would have placed considerable stress on the pre-caldera system, likely resulting 

in significant fracturing o f the sub-caldera region (Fig. 4.7b). This tenuous, high-stress 

state was apparently short-lived. The small southern dacitic magma chamber may have 

erupted as a result o f compressional stress and strain induced by the emplacement o f the 

northern magmas, or as a consequence o f decompression during the Plinian eruption, or 

more likely a combination o f these processes. The northern portion o f the CFE likely 

began with the injection o f the recently resident dacite reservoir by the newly arrived 

basaltic andesite. This produced an initial Plinian eruption column that partially drained 

the dacitic reservoir. Mixing o f the two magmas occurred en route to the surface, 

permitting enough time for intimate mingling yet insufficient to allow thermal diffusion 

between the magmas. As the basaltic andesite reached the surface, the eruption changed 

from vertically oriented to northerly oriented (partial ring fractures?), generating a 

pyroclastic flow. The limited mixing and the resultant depositional sequence (silicic 

pumice fall followed by mixed Plinian or pyroclastic flow deposits) observed at Fisher is 

consistent with fluid dynamical models (Bergantz and Breidenthal 2001). The 

pyroclastic flow was produced either through the formation of ring fractures in the 

northern caldera or through column collapse from a single vent, and the subsequent rapid
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removal of material destabilized the pre-caldera region, resulting in collapse of the 

caldera.

4.6.5 Consequences fo r  the Post-Caldera System

After the caldera-forming eruption, Fisher resumed the formation of small, 

individual stratocones. Compositional evidence suggests post-caldera volcanism is 

derived from a single mixed magma reservoir (Fig. 4.7c). The newly-formed dense 

network o f fractures resulting from caldera collapse may have allowed new magma 

batches to accumulate in a single (centralized?) location rather than form independent 

magma reservoirs, as would have occurred prior to the cataclysm. Within this new 

reservoir, multiple magmas are allowed to mix and produce a series o f small stratocones.

This transformation o f magmatic systems as a result o f the first CFE is not unique 

to Fisher Caldera. Similar trends have been observed in various volcanic systems, 

including Newberry Caldera, Oregon (Iyer 1987; Linneman 1990), the Deception Islands, 

Antarctica (Smellie 2001), Kuwae caldera, Vanuatu (Monzier et al. 1994), and Sierra 

Quemada Caldera, Texas (Duex and Tucker 2000). Although many o f these systems are 

understudied and the complexity of each plumbing system is not well understood, there 

are several common themes among these and other systems: 1) multiple pre-caldera 

volcanic centers with varying degrees o f intercommunication, 2) the first caldera-forming 

eruption at these centers was anomalously large (~102 larger than any previous eruption), 

3) post-caldera volcanism often occurs along structurally-controlled features within the 

collapse area, and 4) post-caldera volcanism generally shows evidence (structural or
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compositional) o f stemming from a single magma reservoir. The most studied o f these 

systems is Newberry Caldera. Petrographic (Linneman 1990), seismic tomography (Iyer 

1987), and self-potential studies (Fitterman and Grette 1983) all suggest multiple magma 

reservoirs beneath Newberry Caldera prior to the CFE.

Striking similarities are observed at Aniakchak Volcano on the Alaskan Peninsula 

(Dreher 2002). Prior to the caldera-forming eruption -3,400 years ago, Aniakchak 

produced a series o f magmas that includes five occurrences o f dacite which evolved 

simultaneously in spatially independent reservoirs. The caldera-forming eruption 3,400 

years ago involved the injection o f an anomalously large pulse o f rhyodacitic magma into 

a resident andesitic chamber, producing a large, compositionally zoned ignimbrite. 

Following this event, the Aniakchak system returned to frequent eruptions o f small 

volumes of magma that more or less follow a simple binary mixing trend (Dreher 2002).

The eruption o f multiple magmas during a caldera-forming eruption is a common 

observation across the globe. In many cases, these different magmas have been shown to 

be unrelated to each other except for erupting simultaneously (e.g., Katmai/Novarupta, 

Ceberruco, Mexico). In this regard, Fisher Caldera shares characteristics with a large 

number of volcanic systems, and further detailed investigations of the Fisher CFE will 

undoubtedly provide insights to these systems. More specifically, the astounding 

similarities in development patterns between Fisher, Aniakchak, Newberry Caldera, and 

other large caldera systems around the globe suggest that these events may be a process 

common among large caldera systems worldwide.
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C hapter 5: Multiple M agmas at Shishaldin Volcano: Implications for Subduction 

Zone Magma Genesis3

5.1 Introduction

Multiple magma series have been observed at nearly every convergent margin. In 

the Aleutians, arc-wide magmatic variations have been suggested to result from either 

tectonic controls, which allow fractionation paths o f a common parental magma to vary 

depending on the proximity to the edge of major rotational blocks (Kay 1978; Kay et al. 

1982; Kay and Kay 1985; Miller et al. 1992; Kay and Kay 1994; Miller and Richter 

1994; Singer et al. 1996), or as the result o f differing degrees o f partial melting of the 

subducting slab resulting from thermal inhomogeneities in the mantle wedge (Defant and 

Drummond 1990). These important studies have been conducted largely independent of 

detailed investigations of each volcanic system. Comprehensive studies of individual 

volcanoes are essential, as they outline compositional arrays within a given volcano and 

put perspective on the contributions of that volcano to the larger system.

Variations within individual Aleutian volcanic systems have been attributed to a 

multitude of origins, including massive stratified reservoirs (Hildreth 1983), incursion o f 

foreign magma into an existing chamber (Miller et al. 1999), or multiple magma 

reservoirs that interact only during violent eruptions (Eichelberger and Izbekov 2000). If

3 The work is being submitted for publication in the Journal o f  Petrology. Authorship will be 

Stelling, Dr. Chris Nye and Dr. Jim Gardner. In this chapter, “we” refers to these authors.
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the issue of formation o f multiple magmas is broached, most models attribute variations 

between the different magmas to differing evolutionary paths, and rarely show evidence 

for multiple parental magmas.

Products from Shishaldin Volcano, on Unimak Island, Alaska, have been 

incorporated in several arc-wide studies of volcanism, and yet few studies have been 

conducted that detail the compositional variation from this system. Shishaldin has a 

complex magmatic assemblage that cannot be described through any single model 

mentioned above. Whereas the overall compositional suite from Shishaldin appears to 

represent a single magmatic assemblage, petrographic and major- and trace-element 

modeling indicates that two distinct magma series are present at Shishaldin. These 

magma series show compositional differences that require at least two separate protoliths 

and further require substantially different paths from source to surface. Both magma 

series have been active throughout the history o f the volcano, indicating that the 

mechanisms and protoliths that form each magma series have been persistent since mid

Pleistocene time. In this paper we will present evidence that distinguish the two magma 

series, followed by discussions o f the origins o f each series and temporal and spatial 

paths taken from source to surface.

5.2 Background and Geologic Setting

Shishaldin is one o f five volcanoes on Unimak Island, the easternmost island in 

the Aleutian archipelago (Fig. 5.1). This region is in the center o f the most active portion
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Figure 5.1: Location of Shishaldin Volcano and Unimak Island. Dashed lines in inset 
indicate boundaries of major rotational blocks (Kay, 1994). Unimak has at least six 
volcanoes (at least two of which are frequently active, see text for details). False Pass, 
-6 0  km from Shishaldin, is the only permanent habitation on the island (pop. -80).
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of the Aleutian arc, where the angle o f subduction is nearly trench-normal. Unimak 

Island lies on the edge o f the continental crust, which is locally 30-35 km thick (Fliedner

1996). The boundary between two o f the four major tectonic arc segments in the 

Aleutians (Cold Bay and Four Mountain segements, Kay and Kay 1985; 1994, Fig. 1) 

runs through the center o f Unimak Island.

Shishaldin is the second-most active volcano in the Aleutian arc, having erupted nearly 

40 times in the past 250 years (Nye et al. 2002), and most recently in the spring o f 1999 

(Stelling et al. 2002). This large (2865 m high, 10 km diameter) stratocone has been 

active at least since the mid-Pleistocene. It is composed of a symmetrical cone that sits 

atop, and almost completely buries, an ancestral volcano (or somma, Foumelle 1988).

The older cone was partially destroyed -10,000 years ago, resulting in a large debris 

avalanche on the northern side o f the volcano (Beget and Nye 1998). The summit of 

Shishaldin is a small crater (-250 m diameter) that dips steeply inward to a depth >100 

m. Fifty-three monogenetic cinder cones and two maars are dispersed around the edifice, 

the majority of which occur on the northwestern flank. Products from Shishaldin are 

generally basalt and basaltic andesite, with minor volumes o f dacites and rhyodacites 

(Stelling et al. 2002).

The first reports on Shishaldin were largely compilations o f records o f explorers 

and local residents (Veniaminov 1840). Hubbard (1935) provided some o f the first 

geological observations, noting that a lava lake had completely filled the summit crater in 

1931. Finch (1933) provided a general description, and Coats (1950) described 

Shishaldin’s rich eruptive history. Beget et al. (1998) conducted extensive field
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campaigns and determined much of the Holocene and late Pleistocene eruptive history of 

the volcano. The most recent investigations have focused on the sub-Plinian and 

Strombolian eruptions in 1999 (Dehn et al. 2002; Moran et al. 2002; Nye et al. 2002; 

Stelling et al. 2002; Thompson et al. 2002).

Foumelle (1988) conducted the first detailed petrologic work on Shishaldin. His 

study o f the northwestern deposits o f the volcano described three basaltic types: high-Al, 

high-Mg, and FeTi. Foumelle (1988; 1991) proposed that high-Al basalt does not result 

from plagioclase accumulation, and instead is the parental magma for the Shishaldin 

system. He suggested that assimilation of mantle lithosphere into the high-Al parent 

produces high-Mg basalts, and that fractionation o f the parent produces FeTi basalts. 

Continued fractionation o f FeTi basalt produces andesites and rare dacites and 

rhyodacites.

5.3 Analytical Techniques and Methods

One hundred and forty-seven representative samples have been collected from 

throughout the exposed portions o f the volcano during mapping campaigns (Nye et al., in 

prep.). The majority o f samples are from lava flows, although cinder cones and tephras 

were also systematically sampled. Thirty-three o f the 55 known flank vents were 

sampled (the remaining 22 could not be reached due to weather or snow cover). 

Petrographic analysis o f Shishaldin samples includes modal analyses based on 500- or 

1,000-point counts.
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Electron microprobe analyses were conducted at the University of Alaska 

Fairbanks Advanced Instrumentation Laboratory, using the Cameca SX-50 maintained by 

Ken Severin. All phases were analyzed using a focused (~1 pm), 10 nA beam with 15 

kV accelerating voltage and 10-second count times. Element migration was addressed by 

separately analyzing mobile elements (e.g., Na) in five intervals o f five seconds each 

prior to every analysis. Accuracy was assessed and maintained through repeated analysis 

o f internal working standards throughout data acquisitions. Precision depends on 

elemental concentration, but is <0.5 wt.% for all major elements analyzed.

Whole rock analyses for 43 elements were obtained from 116 Shishaldin samples, 

which were unweathered and unoxidized. Samples were crushed to <1 cm and sent to 

Washington State University for X-ray fluorescence (XRF) and inductively coupled 

plasma analysis using mass spectrometry (ICP-MS). XRF analyses were conducted 

following the procedures outlined in Johnson (1999). Analytical error for XRF analyses 

was determined by repeated analysis o f two internal working standards, and is <0.1 wt.% 

at 2 standard deviations for all major elements (Johnson et al. 1999). ICP-MS detection 

limits are less than half chondrite levels. Precision is concentration dependent, but is 

generally <1% for all elements except Pb (~10%) (Knaack, pers. comm., 2001).

40Ar/39Ar analyses for 10 Shishaldin samples were conducted at the 

Geochronology Laboratory at the University o f Alaska Fairbanks. Whole rock samples 

(and standards) were irradiated in the uranium-enriched research reactor of McMaster 

University in Hamilton, Ontario, Canada. The samples and standards were fused under
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vacuum using a 6-watt argon-ion laser, following the methods o f York et al. (1981) and 

Layer et al. (1987). Argon purification involved a liquid nitrogen cold trap and a SAES 

Zr-Al getter at 400° C. The samples were then analyzed in a VG-3600 mass 

spectrometer. The measured argon isotopes were corrected for calcium, potassium, and 

chlorine interference reactions, as well as system blank and mass discrimination, 

following procedures outlined in McDougall and Harrision (1999). Calculations are 

based on the Bern 4 biotite constants ofFlisch (1982) using an age o f 17.25 Ma.

Least-squares calculations o f fractional crystallization, assimilation, and magma 

mixing involved dividing each magmatic series into 5 groups whose composition 

spanned the range o f Shishaldin products and averaging each. Calculations were 

conducted in four steps, progressing from the most basic to the most silicic group. Major 

elements were weighted equally except for Si02 and A I2O 3, which were weighted by 

factors of 0.4 and 0.5, respectively, in order to reduce biases associated with the 

dominance o f these elements in the whole rock data. Partition coefficients used are those 

o f Gill (1981). Sum-of-squares results greater than 0.1 were rejected.

5.4 Shishaldin Volcanics—Multiple Magmatic Populations

Shishaldin samples are typically rich in plagioclase with occasional olivine and 

clinopyroxene. Compositions plot within the tholeiitic field (Miyashiro and Shido 1974) 

and range from basalt to rhyodacite (48 - 68 wt.% SiC>2), with the majority being basalt 

and basaltic andesite (50 -  53 wt.% SiC>2; Fig. 5.2). Decreases in compatible mafic 

components, such as FeOt, MgO, CaO, Sr, Sc, Cr, and Ni, correlate with increases in
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Figure 5.2: Diagrams o f whole rock chemistry for Shishaldin samples. (A) Total 
alkalies and (B) FeOt/MgO versus Si02. Symbols: circles=HRB (red=HRB-l, 
maroon=HRB-2); triangles=LRB; small crosses=data removed through statistical or 
petrologic reasoning. CA=calc-alkaline; TH=tholeiitic. Most Shishaldin samples lie in 
the tholeiitic field o f  both plots. See text for discussion. Field data after Miyashiro 
(1974) and LeMaitre (1989).
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concentrations o f incompatible elements, such as K2O, the rare-earth elements (REE’s), 

and most high-field-strength elements (HFSE; Appendix D). Ni and Cr concentrations 

are low, however, even in the most basic samples. Mafic samples show a tight linear 

array of trace element concentrations versus fractionation indicators (SiC>2, Rb, K, Th), 

but more scattering occurs in more silicic samples.

Thirteen samples believed to be cumulates have been removed from the data set. 

These samples have elevated modal olivine, clinopyroxene, and/or orthopyroxene, little 

to no modal plagioclase, and elevated Cr and Ni concentrations. Despite this lhertzolitic 

phase assemblage, olivine phenocrysts in these samples have compositions of ~Fo65 and 

NiO concentrations o f 0.1 wt.%, which are less primitive than expected for mantle 

xenoliths (Dawson 2002). Additionally, olivine core compositions are not in equilibrium 

with the bulk rock, suggesting these phenocrysts have been entrained in the erupted 

magma. Therefore, we suggest these samples are enriched in cumulate material and do 

not represent magmatic assemblages. These cumulate samples are comparable to the 

high-Mg magmatic series o f Foumelle (1988).

Before we can resolve the petrogenesis of Shishaldin magmas, we must first 

eliminate any bias resulting from alteration. The lack o f serpentinization and 

saussuritization o f olivine suggests alteration has been minimal. Compositional tests for 

alteration relate fluid mobile elements to fluid immobile and major element 

concentrations. In particular, irregular variations o f Ba, Rb, and Sr relative to CaO, K2O, 

and Th can be used to indicate alteration, whereas linear variations between those 

elements and CaO (for more mafic rocks) and K2O (for more felsic rocks) suggest
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minimal alteration has occurred (Hansen et al. 2002, and references therein). Figure 5.3 

shows K2O, CaO and Th variations with Rb, Ba and Sr. The apparent linear correlations 

are confirmed through high correlation coefficients. This is particularly evident in Fig.

5.3c, CaO vs. Sr. The tight linearity o f the Shishaldin data in Fig. 5.3 suggests minimal 

alteration o f the Shishaldin products has occurred. Cumulate data are also presented in 

Fig. 5.4, which are more variable than the end-member data.

5.5 Statistical Separation

Detailed investigation of compositional data indicates that more than one 

magmatic population is present. The identification o f two series was initially based on 

plots o f Rb vs. HFSE, particularly Pb and Y (Fig. 5.4a and b), in which a gap in Rb 

content between 22 and 25 ppm is highlighted by different slopes above and below these 

values. Other trace element groups (REE’s, Light Ion Lithophile elements, or LILE’s) 

have similar changes in slope and in the degree o f scatter on either side of the 

compositional break (Fig. 5.4b). Indeed, differences exist between these two series 

throughout the compositional data set, and so we divide the series in our discussion 

below, referring to them as high-Rb (HRB) and low-Rb (LRB) series.

We tested the presence of multiple magmatic populations at Shishaldin using 

several statistical methods (detailed descriptions o f the four statistical methods used are 

in Appendix 1). Each technique applied to the Shishaldin data indicates the presence o f 

two main groups. Bimodal distributions on histograms o f trace element compositions
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Figure 5.3: Variations in elements affected by secondary alteration. Alteration produces 
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Figure 5.4: Variation with Rb for selected elements. Symbols as in Fig. 5.2, in addition 
large gray diamond is the projected most mafic composition for LRB; large red 
diamond is projected most mafic composition for HRB; large yellow diamond is 
projected assimilant composition. See text for explanation.
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initially suggest two magmatic populations. Iterative runs of hierarchical cluster analyses 

using all 43 analyzed elements were used to establish end-member groups (LRB and 

HRB) and to remove weakly assigned samples (17 such cases). We then ran similar 

iterative runs o f discriminant analyses on the entire compositional data set, with nearly 

identical results (18 cases removed, 17 o f which equal those removed through 

hierarchical cluster analysis). The samples removed from the data set are listed in Table 

5.1. It is important to note that all 43 analyzed elements were used in both methods and 

produced nearly identical groupings, indicating that the differences seen between the 

LRB and HRB groups are systematic and not based solely on the concentrations o f a 

single element. We then conducted factor analyses (Appendix A) on the two end- 

member groups. Three main factors were produced to describe the majority of the 

compositional variation within the 43 analyzed elements. Plots o f factor loading scores 

show distinctly different slopes for the two groups, suggesting a significant difference 

between the two populations (Fig. 1 in Appendix A).

Samples removed from the data set because of weak group membership were 

examined in closer detail. Compositions for each o f the 18 samples were compared to the 

compositional ranges o f each o f the statistically established end-member groups. For two 

of the 18 culled samples, a substantial number o f elements fit into only one o f the two 

compositional ranges, and were thus added to that end-member group. The remaining 16 

samples were considered too ambiguous to be included in further interpretation.

Ultimately there are four main groups present: LRB (n-57), HRB (n=30), 

cumulates (n-13), and ambiguous (n=16). Approximately 75% of all samples can be

103

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



104

Table 5.1: Samples removed f r o m  e n d -m e m b e r  groups
Run # Samples removed Analysis method Description

prior to
analyses

97SPS-06a

97SPS-06b
97SPS-18
97SPS-19
97SPS-36
97SCN-06
97SCN-16
97SCN-36
97SCN-39
97SCN-40
97SCN-03
98SCN-03

Graphical, modal Cumulate (excess Cr, Ni and phase 
assemblage)

N/A

98SPS-28

98SCN-04
98SPS-23
98SPS-11
97SCN-37
97SPS-33
97SCN-27
FC-195a**

98SCN-07**
98SCN-19

97SPS-17**

hierarchical cluster*, 
discriminant analysis'1 All samples included

hierarchical cluster*, Less than 95% confidence in group 
discriminant analysis* membership

i m

IMt
mt
t t t t

( t t i

ttn
tin
t t t t

97SCN-05**

97SCN-07
97SCN35

97SPS-35**
98SCN-02**
98SCN-21**

hierarchical cluster*, Less than 95% confidence in group 
discriminant analysis* membership

t t t t

t t t t

97SPS-25 discriminant analysis’*
Less than 95% confidence in group 

_________ membership_________
"" indicates repeat of above comment directly above.
*Details of these techniques are in Appendix B
**These samples were later re-added to their respective end-member group. See text.
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placed in either the LRB or HRB magmatic series. Those 87 samples will be the focus o f 

the discussion below.

5.6 Description of End-Member Magmas

5.6.1 Location and Age Comparisons

A comparison o f vent locations for samples within each magma series suggests 

that LRB samples were erupted preferentially from flank vents (Fig. 5.5a). No such 

preference is evident for HRB samples. Further inspection o f flank vent locations does 

not suggest any systematic variation o f magma type produced with distance from, or 

azimuth around, the central vent. In one location, a single flank vent erupted lavas from 

each magmatic series at different times, suggesting the same path to the surface may be 

used by both magma series. In fact, both magma series were erupted simultaneously in a 

single eruption. This deposit (Fig. 5.8) consists o f up to 1.5 m of HRB rhyodacitic 

pumice (97S-PS-34a; 6 8  wt% SiC>2, 50 ppm Rb) overlain by up to 3 m o f basaltic LRB 

scoria (97S-PS-34b; 53 wt% SiCU,19 ppm Rb). The contact between the two layers is ~5 

cm of finely banded pumice, suggesting limited interaction o f two liquid magmas 

immediately before or during eruption.

Deposit ages have been determined largely by relative stratigraphy and the nature 

and extent of erosion (e.g., glacial scouring). Quantitative dating methods have been 

hampered by the lack o f dateable carbon on flank vents and large errors associated with 

our 40Ar/39Ar analyses (Table 5.2). These large errors result in part from very gas-rich 

samples with low radiogenic Ar concentrations. Therefore, only qualitative age estimates
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Figure 5.5: Histograms for LRB and HRB magma series. (A) Vent location (summit 
and flank) for each series. (B) General age o f deposits from each series.
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Figure 5.6: Deposit from simultaneous eruption o f both magma series. HRB dacite is 
overlain by LRB basalt. Contact (in inset) is a narrow zone o f banded pumice, 
indicatingphysical interaction o f two liquid magmas immediately prior to eruption.
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Table 5.2: Results from  dating of Shishaldin magmas.

Sample
Predicted

Age Si02 Ca/K n # Fractions
97S-CN-13 Late-Pleist 57.71 3.66 4 1 0

97S-CN-19 mid-Pleist 58.36 3.34 5 16
97S-CN-20 mid-Pleist 63.47 2.05 5 9
97S-CN-38 Pleistocene 54.07 4.15 3 15
97S-PS-21 mid-Pleist 53.14 10.72 5 9
97S-PS-25 Late Pleist 52.04 7.94 3 19
98S-CN-02 mid-Pleist 49.53 6.81 5 14
98S-CN-05 mid Pleist 63.55 1.93 3 5
98S-CN-16 mid-Pleist 50.96 12.42 5 13
98S-PS-13 Late Pleist 51.52 12.59 5 1 2

Initial Isochron Age Qual. Age
Sample 40Ar/36Ar (ka) +/- (ka)*

97S-CN-13 289.6 40.2 60.2 < 2 2 0

97S-CN-19 292.3 -6 6 .1 70.5 <145
97S-CN-20 291.5 18.7 23.1 <88
97S-CN-38 278.3 564.7 105.35 <881
97S-PS-21 275.6 185.5 75.6 <412
97S-PS-25 289.8 -2 2 1 .6 103.4 <88
98S-CN-02 306.4 -306.9 189.2 <260
98S-CN-05 286.9 -2.3 56.1 <166
98S-CN-16 289.8 -57.1 93.3 <222
98S-PS-13 288.1 -31 93.9 <250

All samples analyzed at the University of Alaska Fairbanks geochronology lab. N 
indicates the number o f analyses. S i02 is whole-rock XRF data; Ca/K ratio is 
determined by Ar analysis. All error reporte to 1 standard deviation. Bold values 
indicate preferred age estimates.
* Qualitative age assumes a maximum age fo the isochron age estimate plus three (3) 
standard deviations, and is preferred only if  ishchron age has large error.
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for these samples are warranted. We have divided Shishaldin’s eruptive history into five 

general age categories (Fig. 5.5b) and have observed three major characteristics. First, it 

is apparent that both magma series have been erupted throughout the known history o f 

the volcano. Second, HRB lavas tend to be older than LRB, and the HRB magma series 

appears to have peaked in activity during the late Pleistocene to early Holocene. Third, 

activity o f the LRB series has steadily increased since the mid-Pleistocene and now 

dominates. Although deposits of most o f the historic eruptions o f Shishaldin have not 

been precisely located, LRB magma erupted in 1999 and in 1825 from a large flank vent.

5.6.2 Mineralogy

Both magma series contain plagioclase, olivine, clinopyroxene, and magnetite, 

but in different proportions (Fig. 5.7). LRB samples tend to be more crystalline than 

those o f the HRB, and more silicic samples (all HRB) have crystallinities as low as <1%. 

Olivine is a minor component in samples with Si0 2  <58 wt.% and absent in more silicic 

samples. Orthopyroxene is a minor component only in some dacitic samples. Hydrous 

phases (amphibole, biotite) have not been identified in any Shishaldin samples, as also 

found by Foumelle (1988).

5.6.2.1 Plasioclase

Plagioclase varies widely in composition (Ang5 to An2s), with rim compositions 

ranging from Angs to Ati27 (Table 5.3). Approximately one third o f plagioclase

109
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Figure5.7: Modal histogram for Shishaldin samples. Vertical axis is void-free modal 
fraction, horizontal axis is Rb content in ppm, heavy vertical line at ~22 ppm divides 
LRB and HRB series. Downpointing arrows indicate samples removed for petrologic 
reasons. Gray=groundmass; maroon=unseived plagioclase; green=sieved 
plagioclase; blue=olivine; biack=ciinopyroxene; yeliow=oxide; gray with 
horizontal lines=orthopyroxene.
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Table 5.3: Representative phenocryst analyses ____________________
Sample: 99CNS1-1 97S-CN-23 97S-CN-18
Series: LRB LRB LRB

core rim core rim core rim
Plagioclase

S i0 2 53.2 52.4 49.6 51.6 52.8 53.8
T i0 2 — — — — — —

A120 3 30.2 30.6 31.0 29.5 30.0 29.1

FeOt 0.7 0.7 0 .6 0 .6 0.5 0.7
MnO — — — — — —

MgO — — — — — -
CaO 1 0 .8 11.3 13.4 1 2 .0 1 2 .2 11.3

Na20 4.7 4.5 3.6 4.4 4.5 4.9
k 2o 0.4 0.3 0 .2 0 .1 0 .2 0.3
Total 1 0 0 .0 99.8 98.4 98.3 100.3 1 0 0 .1

An 0.55 0.57 0.67 0.60 0.59 0.55

Olivine
S i0 2 37.2 37.2 36.8 36.6 — —

T i0 2 0 .0 0 .1 0 .1 0.3 — —
a i 20 3 0 .0 0 .0 0 .0 0 .2 — —
FeOt 27.9 27.6 27.5 29.7 — —

MnO 0.7 0.5 0.7 0.7 — —

MgO 33.5 34.1 34.2 32.0 — —
CaO 0.3 0.3 0 .2 0.3 — —

Na20 — — 0 .0 0 .1 — —

Cr20 3 0 .0 0 .0 0 .0 0 .0 — —
NiO 0 .0 0 .1 0 .0 0 .0 — —

Total 99.6 99.8 99.7 99.9 — —
Fo 0 .6 8 0 .6 8 0.69 0 .6 6

ZAF and Phi-Rho-Z corrections from Donovan and Tingle (1996); Probe for Windows 
software from Advanced Microbeam. An=Anorthite; Fo=forsterite; En=enstatite; Fs= 
Ferrosillite; Wo=wollastmite; Ulv=ulvospinel; Ilm=ilmenite.
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Table 5.3: Representative phenocryst analyses (cont.)
Sample: 97S-CN-19 97S-CN-20 97S-PS-34a
Series: HRB-1 HRB-1 HRB-1

core rim core rim core rim
Plagioclase

S i0 2 54.5 55.8 55.5 56.7 57.8 50.3
T i0 2 — — — — — —

A120 3 29.1 28.0 28.8 27.6 26.7 23.9
FeOt 0.4 0 .6 0 .6 0.7 0.7 0.4
MnO — — — — — —
MgO — — — — — —
CaO 10.7 9.9 1 0 .2 8.9 8.3 7.5

Na20 5.3 5.9 5.6 6 .2 6.5 5.7
k 2o 0.3 0.3 0 .2 0.4 0.5 0.3
Total 100.3 100.5 100.9 100.4 100.4 8 8 .2

An 0.52 0.47 0.49 0.43 0.40 0.39

Olivine
S i0 2 36.2 36.2 — — — —

T i0 2 0 .2 0 .1 — — — —

a i 20 3 0 .0 0 .2 — — — —

FeOt 34.0 34.7 — — — —

MnO 0 .8 0.9 — — — —

MgO 29.4 28.2 — — — —

CaO 0 .2 0 .2 — — — —

Na20 0 .0 0 .0 — — — —

Cr20 3 0 .0 0 .0 — — — —

NiO 0 .1 0 .0 — — — —

Total 100.9 100.7 — — — —

Fo 0.61 0.59
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Table 5.3: Representative phenocryst analyses (cont.)
Sample:
Series:

FC-06c
HRB-1

core rim

97-SPS-17 
HRB-2 

core rim

97S-CN-05 
HRB-2 

core rim
Plagioclase

S i0 2 59.5 59.2 — — 48.5 50.2
T i0 2 — — — — — —

A120 3 26.1 26.5 — — 33.5 32.0

FeOt 0.3 0.4 — — 0.5 0 .6

MnO — — — — — —

MgO — — — — — —

CaO 7.0 7.3 — — 15.5 14.0
Na20 7.5 7.3 — — 2.7 3.5

k 2o 0.4 0.3 — — 0 .1 0 .1

Total 1 0 0 .8 1 0 1 .0 — — 1 0 0 .8 100.3
An 0.33 0.35 — — 0.76 0.74

Olivine
Si02 — — 36.2 36.4 0 .0 0 .8

T i0 2 — — 0 .1 0 .2 31.9 30.0

A120 3 — — 0 .0 0.3 37.7 37.9

FeOt — — 33.5 34.3 0 .0 0 .0

MnO — — 0.7 0 .8 0.9 1 .0

MgO — — 29.9 28.2 0 .2 0.3
CaO — — 0.3 0.4 32.5 32.9

Na20 — — 0 .0 0 .1

Cr20 3 — — 0 .0 0 .0 0 .0 0 .0

NiO — — 0 .0 0 .1 0 .0 0 .0

Total — — 1 0 0 .8 100.7 103.2 102.9
Fo 0.61 0.59 0.63 0.62
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Table 5.3: Representative phenoeryst analyses (cont.)
Sample:
Series:

99CNS1
LRB

core

-1

rim

97S-CN-23 
LRB 

core rim

97S-CN-18 
LRB 

core rim

Clinopyroxene
S i0 2 50.4 51.2 48.8 49.9 51.6 51.8
T i0 2 1 .1 0.9 1.5 1 .2 0 .8 0 .6

A120 3 2.5 1.7 3.8 3.8 2 .1 1.9
FeOt 11.9 12.5 11.3 10.9 10.3 10.3
MnO 0 .6 0.5 0.5 0.4 0.5 0.4
MgO 14.7 15.5 14.3 14.2 14.2 14.2
CaO 18.3 17.4 18.5 18.0 2 0 .0 2 0 .0

Na20 0.4 0.3 0.4 0 .6 0.3 0.3

Cr20 3 0 .0 0 .0 0 .0 0 .0 0 .1 0 .0

NiO
Total 99.8 1 0 0 .0

0 .1

99.1
0 .0

99.0
0 .1

99.9
0 .0

99.6
En 0.42 0.44 0.42 0.42 0.41 0.41
Fs 0.19 0 .2 0 0.19 0.18 0.17 0.17

Wo 0.38 0.35 0.39 0.39 0.41 0.41

Orthopyroxene 
S i0 2 -

T i0 2 — — — — — —

a i 2o 3 — — — — — —

FeOt — — — — — —

MnO — — — — — —

MgO — — — — — —

CaO — — — — — —

Na20 — — — — — —

Cr20 3 — — — — ~ —

NiO — — — — — _ _

Total — — — — — —

En — — — — — —

Fs — — — — — —

Wo — — — — — —
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Table 5.3: Representative phenocryst analyses (cont.)
Sample:
Series:

97S-CN-19 
HRB-1 

core rim

97S-CN-20 
HRB-1 

core rim

97S-PS-34a 
HRB-1 

core rim

Clinopyroxene
S i0 2 -  - 51.4 51.7 50.9 51.5
T i0 2 — — 0.7 0.5 0 .1 0.7

AI2O3 —  — 1.7 1.3 0 .8 1 .1

FeOt — 12.4 2 0 .1 16.8 15.1
MnO _ _ 0 .6 1 .0 1 .1 1 .1

MgO —  — 14.1 14.3 11.7 1 2 .8

CaO -- — 18.6 1 0 .0 17.7 18.3
Na20 —  — 0.3 0.3 0.3 0.3
Cr20 3 _ _ 0 .0 0 .0 0 .0 0 .0

NiO - 0 .0 0 .0 0 .0 0 .0

Total —  — 99.8 99.2 99.5 1 0 1 .0

En —  — 0.41 0.43 0.34 0.36
Fs — — 0 .2 0 0.34 0.27 0.24

Wo — -- 0.38 0 .2 1 0.37 0.38

Orthopyroxene
S i0 2 -  - 52.6 52.3 51.1 51.9
T i0 2 — -- 0 .2 0.3 0 .1 0 .2

A120 3 — — 1 .2 0 .8 0.5 0.9
FeOt — 2 1 .0 23.3 27.5 26.3
MnO __ — 1 .0 1 .1 1 .8 1 .6

MgO —  — 2 0 .1 20.3 17.2 17.8
CaO -- — 3.7 2 .0 1.9 1.7

Na20 —  — 0 .2 0 .0 0 .0 0 .2

Cr20 3 _ _  — 0 .0 0 .0 0 .0 0 .0

NiO _ _ 0 .0 0 .0 0 .0 0 .0

Total —  — 1 0 0 .0 1 0 0 .2 1 0 0 .1 1 0 0 .8

En —  — 0.57 0.57 0.49 0.51
Fs —  _ _ 0.34 0.37 0.44 0.43

Wo —  — 0.07 0.04 0.04 0.04
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Table 5.3: Representative phenocryst analyses (cont.)
Sample: FC-06c 97-SPS-17 97S-CN-05
Series: HRB-1 HRB-2 HRB-2

core rim core rim core rim

Clinopyroxene
S i0 2 50.9 51.5 50.8 50.4 — —
T i0 2 1 .0 0 .6 1 .2 1 .6 — --

A120 3 0 .8 0 .8 1.5 2 .2 — —
FeOt 18.7 15.7 12.4 11.9 . .  _ _

MnO 1.5 1.3 0.4 0.5 —

MgO 12.4 1 2 .1 14.6 14.4 — —
CaO 15.2 17.9 17.2 16.6 —  . .

Na20 0 .2 0 .2 0.3 0.3 — —

Cr20 3 0 .0 0 .0 0 .0 0 .0 _ _  —

NiO 0 .0 0 .0 0 .0 0 .1 _ _  —

Total 100.7 1 0 0 .1 98.6 98.0 — —
En 0.36 0.35 0.43 0.43 —  _ _

Fs 0.30 0.25 0 .2 0 0 .2 0 —

Wo 0.32 0.37 0.36 0.36 — —

O rthopyroxene
S i0 2 51.6 51.3 — — — —
T i0 2 0 .1 0.3 — — — —

A120 3 1 .0 0.5 — — -- —
FeOt 26.9 27.5 — — -- —
MnO 1 .6 1.9 — — —  _ _

MgO 16.4 17.0 — — — —
CaO 1 .8 1 .8 — — —  _ _

Na20 0 .2 0 .0 — — — —
Cr20 3 0 .1 0 .0 — — — —
NiO 0 .0 0 .0 — —

Total 99.9 100.4 — — — —
En 0.49 0.49 — ~ — —
Fs 0.45 0.44 — —  —

Wo 0.04 0.04 — — — —
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Table 5.3: Representative phenocryst analyses (cont.)
Sample: 99CNS1 -1 97S-CN-23 97S-CN-18
Series: LRB LRB LRB

core rim core rim core rim
Magnetite

S i0 2 — — 0 .1 0 .1 — —
T i0 2 13.8 13.9 15.3 12.5 — —

a i 2o 3 4.7 4.6 3.6 3.5 — —
FeOt 72.4 71.1 69.9 72.5 „  „

MnO 0.5 0.5 0.4 0.5 . .  -
MgO 4.7 4.7 2.3 2 .2 -- —
Cr20 3 0 .1 0 .1 0 .0 0 .1 — --
Total 96.4 95.1 91.7 91.4 — —
Ulv 0.37 0.38 0.44 0.36 — —

Ilmenite
S i0 2 — — — -- —

T i0 2 — — — — — —
a i 20 3 — — — — — --

FeOt — — — — — —
MnO — — — — — —
MgO — — — — — —
Cr20 3 — — — — -  --
Total — ~ — — _ _  _ _

Ilm — — — — — —
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Table 5.3: Representative phenocryst analyses (cont.)
Sample:
Series:

97S-CN-19 
HRB-1 

core rim

97S-CN-20 
HRB-1 

core rim

97S-PS-34a 
HRB-1 

core rim
Magnetite

S i0 2 0 .1 0.4 0 .1 0 .1 0 .2 0 .1

T i0 2 7.7 1 0 .6 2 1 .6 2 1 .6 19.3 18.8
A120 3 3.0 2.7 1 .8 1 .8 2 .1 2 .1

FeOt 82.8 79.6 72.1 71.9 73.4 73.1
MnO 0.4 0.5 0 .8 0 .8 1 .1 1 .0

MgO 1.5 1 .6 1.4 1.4 1.9 1 .8

Cr20 3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0

Total 95.5 95.3 97.9 97.6 97.9 96.9
Ulv 0 .2 1 0 .2 0 0.60 0.60 0.53 0.52

Ilmenite
S i0 2 0 .0 — 0 .0 0 .0 0 .0 0 .1

T i0 2 50.1 — 50.5 51.5 50.6 49.5
A120 3 0.4 — 0 .2 0 .1 0 .2 0 .2

FeO, 45.5 — 46.6 45.9 46.1 45.5
MnO 0 .8 — 0.9 0.9 1.4 1.4
MgO 4.0 — 1.9 2 .0 2 .6 2.9
Cr20 3 0 .0 — 0 .0 0 .0 0 .0 0 .0

Total 1 0 0 .8 — 1 0 0 .2 100.5 100.9 99.6
11m 0.91 — 0.94 0.96 0.91 0.93
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Table 5.3: Representative phenocryst analyses (cont.)
Sample:
Series:

FC-06c
HRB-1

core rim

97-SPS-17 
HRB-2 

core rim

97S-CN-05 
HRB-2 

core rim
Magnetite

SiQ2 0 .1 0 .1 0 .1 0 .1 — —
T i0 2 21.4 21.3 18.7 18.8 — —

a i 20 3 1.9 1.9 2 .0 1.9 — —
FeOt 72.6 72.4 73.6 72.2 _ _

MnO 1 .1 1 .2 0 .6 0 .6 . .  _ _

MgO 1 .6 1 .6 2.4 2.3 — —
Cr20 3 0 .0 0 .0 0 .1 0 .0 — —
Total 98.8 98.5 97.5 96.1 . .  _ _

Ulv 0.58 0.58 0.51 0.52 — —

Ilmenite
S i0 2 — — 0 .0 0 .0 — —
T i0 2 — — 52.1 51.1 -- —

A120 3 — — 0 .1 0 .1 — —
FeOt — — 44.5 45.2 — —
MnO — _ _ 1 .0 0 .8 —

MgO — — 3.5 3.7 — —
Cr20 3 — — 0 .0 0 .1 -- —
Total — — 101.3 1 0 1 .0 _ _  —

Ilm — — 0.95 0.93 — —
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phenocrysts are zoned significantly (core to rim variation >Ans), and the majority of 

those are normally zoned. Zonations are slightly more common in the LRB series, and 

tend to span a broader range. Despite disequilibrium textures (typically sieved-textured 

cores with clear rims) in more than half of all plagioclase phenocrysts, only 35% of sieve- 

textured phenocrysts are zoned significantly. Zoning is also present in crystals with no 

disequilibrium textures. Low modal fractions o f plagioclase correlate with less sieve 

texturing for both series, although this relationship is more pronounced in HRB samples. 

In general, sieve-textures are more common in the LRB samples. Glass inclusions are 

common and occur as individual pockets or in rings o f inclusions. Plagioclase rims are 

generally clear and sharp, with only rare embayments.

5.6.2.2 Pyroxene

Pyroxene is the second most abundant phase, being present in roughly 2/3 o f all 

samples and in every LRB sample (Fig. 5.8). Augite is the most common pyroxene 

(ranging from E1142FS15W43 to En38Fs30Wo32; Fig. 5.8). Orthopyroxene (En5iFs42Wo7 to 

En61Fs36Wo3) is a rare accessory mineral in the more silicic HRB samples and not 

observed in the LRB series. No significant zoning is seen in either pyroxene type. Glass 

inclusions are rare and are seen as independent blebs. Crystal rims are occasionally 

jagged and clinopyroxene rarely shows thin orthopyroxene rims.

5.6.23 Olivine

Olivine is present in -90%  of LRB samples, forming up to 5 vol.% (Fig. 5.7). 

Olivine never exceeds 2 vol.% in HRB samples, however, even in the most mafic
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Figure 5.8: Mineral compositions versus S i02. Crosses indicate core compositions, 
open triangles indicate rim compositions o f LRB phenocrysts, gray circles indicate 
rimcompositions o f HRB phenocrysts. An=anorthite plagioclase end-member; Fo= 
forsterite olivine end-member; En=enstatite pyroxene end-member.
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samples. Olivine phenocrysts are typically subhedral to anhedral with moderate 

fracturing and no serpentinization. Glass inclusions are rare, and occur individually, 

commonly containing vapor bubbles. Crystal rims are often jagged and occasionally 

embayed, suggesting physical and/or chemical disequilibrium.

Olivine phenocrysts show a broad range in composition, both in cores (F051 to 

F091) and rims (F052 to F089; Fig 5.4). Olivine composition shows little variation with 

whole-rock Si0 2  content (Fig. 5.8). Approximately 20% of olivine phenocrysts are 

zoned by greater than F0 5 , the majority o f which are normally zoned. As with 

plagioclase, zonation is more common in LRB samples, yet the magnitude o f zonation is 

equal between the series.

5.6.2.4 Oxides

Magnetite is present as both phenocrysts and microlites in nearly every sample. 

Ilmenite is rare, and never in contact with magnetite. Both are more common as 

groundmass phases, and often occur attached to olivine or clinopyroxene phenocrysts. 

Magnetite phenocrysts are subhedral to anhedral, and often contain exsolution lamellae of 

ilmenite. Whereas ilmenites show a restricted compositional range (Ilmgo to Ilmg?), 

magnetites are much more diverse (U IV19 to UIV70), even within a single sample 

(variations up to U IV 31). No significant zoning (core-rim <Ulvs) within phenocrysts has 

been observed. Magnetites tend to become more ulvospinel-rich as whole-rock SiC>2, 

MgO and A I2O 3 contents increase. At a given Si0 2  concentration, LRB samples tend to 

have a higher modal percentage
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of magnetite, whereas Ilmenite is more common in the HRB series. Exsolution lamellae 

in magnetite phenocrysts and Mg/Mn ratios (Bacon and Hirschmann 1988) indicate that 

the majority o f magnetite and ilmenite coexisting within samples are not in equilibrium.

The LRB contains no ilmenite in equilibrium with coexisting magnetites, which may 

indicate that this phase is xenocrystic.

5.7 M ajor-Elem ent Compositions

Important systematic differences occur between the two series in major-element 

concentrations, with the LRB series compositions restricted relative to the HRB series 

(Appendix D; Table 5.4). Over a span o f only 8 wt.% Si0 2  (49 -  57 wt.% Si0 2 ) little 

variation is seen in other LRB major elements (particularly FeOt, MgO, CaO, Na2 0 , K 2O 

and FeOt/MgO ratio; Fig. 5.9). The only major element that has greater compositional 

variability in the LRB series is AI2O3. AI2O3 content ranges from -1 6  -  22 wt.%, but the 

majority of this variation occurs over a Si0 2  range o f only 3 wt.%, resulting in the 

dramatically steep slope Fig. 5.9. The HRB series has a much broader range in major 

element contents (Si0 2  range 49 -  6 8  wt.%), yet variations in FeOt, MgO, and AI2O3 with 

Si0 2  content are less than those in the LRB. Ti0 2  and P2O5 concentrations decrease with 

increasing Si0 2 , in contrast with the LRB series (Fig. 5.9).

Perhaps the more important observation in comparing major-element contents is 

that both series contain basalt, and that these basalts differ compositionally. HRB basalts 

have consistently greater concentrations o f  K 2 O , Ti0 2 , FeOt and P2O 5 relative to LRB
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Table 5.4: Summary of series characteristics
Component LRB HRB Table or Figure

Number of Samples 
Location

65
Predom. younger; flank vents

30
Predom older; no vent preference

Appendix C 
Fig. 5.5

Commonalities Both series active throughout; can use the same vent; same eruption Fig. 5.5, text

Mineralogy
Diagnostic Phases 

Zoning 
Plagioclase 

Olivine Fo content

Gemerally more crystalline

more zonation; wider ranges 
Ang6-An32, zoned, sieving common 

Fo76 - Fo59; generally >HRB

Generally less crystalline 
+/-opx, +/-ilm 

less zonation; smaller range 
An83-An27, less sieving 

Fo71-Fo51; generally <LRB

Fig. 5.7 
Fig. 5.6 

text 
Figs. 5.7, 5.8 
Figs. 5.7, 5.8

Major Elements
Si02

ai2o3 
Ti02 
FeO 
CaO 

FeO*/MgO ratio 
Mg#;
k2o

48-57 wt.% (range=9) 
higher at given Si02 
lower at given Si02 
lower at given Si02 
higher at given Si02 

lower at given Si02 (1.9 - 3.1) 
range from 37-49 (most = 38-42) 

much lower at given Si02

49-68 wt.% (range=19) 
lower at given Si02 
higher at given Si02 
higher at given Si02 
lower at given Si02 

higher at given Si02 (2.3-6.8) 
smooth range from 20-38 
much higher at given Si02

Fig. 5.9 
Fig. 5.9 
Fig. 5.9 
Fig. 5.9 
Fig. 5.9 
Fig. 5.2

Fig. 5.9

Trace Elements

LILE’s 
REE's 

LREE / HREE 
Eu anomaly 

HFSE’s 
Heat Producing Elements 

(U, Th, Pb)

2.5x increase in incompat. elements

less scatter; low conc. at same Si02 
low conc.; low scatter 

-low ratios; steep slope vs. Si02 
0.9-1.16; >anom. at same % plag. 

much less scatter

lower at given Si02

2.4x increase in incompat. elements

wide spread; high conc. at same Si02 
high conc.; high scatter 

high ratios; low slope vs Si02 
0.79-0.96; <anom. at same % plag. 

Large scatter

higher at given Si02

Appendix C, 
Figs. 5.10, 5.11, 5.12 

Fig. 5.10 
Fig. 5.12 
Fig. 5.12 
Fig. 5.13 
Fig. 5.11

Fig. 11
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basalts for a given SiCL concentration. This suggests that the two series are distinct over 

the entire spread of compositions.

5.8 Trace-EIem ent Compositions

5.8.1 Light Ion Lithophile Elements (LILE)

LILE concentrations in the HRB series are greater than the LRB series at a given 

SiC>2 composition (with the exception of Sr), particularly in basaltic samples (Fig. 5.10). 

Variations in Sr content are more linear with SiC>2 content in both series, yet exhibit a 

steeper negative slope for LRB samples. This difference is highlighted in Sr/La ratios 

(Fig. 5.10), in which the near vertical array o f LRB is controlled largely by Sr 

concentration. In contrast, the HRB series shows relatively little variation in Sr/La, 

despite a broad compositional range.

5.8.2 High-Field-Strength Elements (HFSE)

High-field-strength element (HFSE) concentrations are scattered widely in the 

HRB series relative to those o f the LRB series, particularly when viewed in relation with 

SiC>2 (Fig. 5.11). All HFSE increase with increasing SiC>2, with the exception of Sc. 

Concentrations o f Sc increase with increasing Rb in the LRB series, but decrease in the 

HRB series. Interestingly, however, HFSE/LILE ratios are similar between the two series 

(Fig. 5.1 Id).
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5.8.3 Rare-Earth Elements (REE)

Variations in REE concentrations with Si0 2  and Rb contents clearly separate the 

two groups. Moderate scatter o f the LRB series overlies a positive, somewhat linear 

trend (inset A  in Fig. 5.12). In contrast, the HRB series show no apparent systematic 

variation in REE contents. Ratios o f LREE to HREE are slightly greater in the HRB 

series (inset B in Fig. 5.12).

An important difference between the LRB and HRB series is observed in Eu 

anomaly (Fig. 5.13). The LRB series shows a wide variety in Eu anomaly, both positive 

and negative, over a narrow range in SiC>2 . The HRB series only displays negative Eu 

anomalies, despite the much broader range in SiC>2 .

5.9 Additional Classification

The sub-parallel distributions on a plot o f FeOt/MgO vs. SiCh (Fig. 2b) indicate 

modest FeOt enrichments in the LRB series, relative to that in the HRB series. At the 

same SiC>2 concentration, LRB basalts have consistently lower concentrations of K2O,

TiC>2, FeOt, and P2O5 than those in the HRB series. Samples in the LRB series 

also have higher crystallinities and greater modal percentages o f zoned phenocrysts and 

sieve-textured plagioclase. These features o f the LRB series are consistent with 

characteristics o f more calc-alkaline magmas, although all Shishaldin lavas are generally 

tholeiitic (Miyashiro and Shido 1974; Kay et al. 1982; Kay and Kay 1985; 1994). 

Furthermore, ratios o f LREE/HREE vary less with Si0 2  in the HRB series and with
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uniformly negative Eu anomalies (e.g., below <1; Fig. 5.13), all characteristics used to 

describe tholeiitic magma sequences (Kay and Kay 1985; 1994). Thus, although all 

Shishaldin samples are generally tholeiitic, the two magma series follow different trends, 

one showing more calc-alkaline-like tendencies relative to the other.

5.10 Discussion

We have conducted several statistical investigations o f Shishaldin compositional 

data, each of which have produced two major compositional groups: the LRB and HRB 

series. Phase assemblages for both series are dominated by plagioclase, clinopyroxene, 

magnetite and glass. Olivine is much more common in LRB samples, and rare 

orthopyroxene occurs only in dacitic HRB samples. Plagioclase sieve textures are 

slightly more common in the LRB series. Compositional differences between the LRB 

and HRB series are evident in nearly all major and trace elements. The HRB series has 

elevated concentrations of all incompatible elements and shows a greater degree of 

scatter in most variation diagrams relative to the LRB series. The only components that 

deviate significantly from this generalization are A I2O 3, Sr and Eu anomaly. Here we 

will present our interpretations o f these data, outlining what materials may have 

combined to form these magmas and what processes may have acted on these magmas 

after their formation.
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5.10.1 Multiple Populations Within the HRB Series

The broad scatter within the HRB series suggests that a single process cannot be 

responsible for the entire range o f products. Close inspection o f major elements, 

compatible HFSE (V, Cr and Ni), and incompatible HFSE (Nb, Ta, Hf, ZR) suggests that 

the HRB is composed o f two groups. These groups are most evident in Rb vs. SiCh (Fig. 

5.3), where one set of data increases in Rb with little SiCh enrichment, whereas another 

set increases in both Rb and SiC>2. Once identified, the two groups persist in all 

compositional diagrams and explain much o f the broad scatter in the HRB. For clarity, 

the main HRB group (greater Si0 2  enrichment with Rb in Fig. 5.3) is termed HRB-1 and 

the smaller group (little Si0 2  enrichment) is termed HRB-2.

There is no apparent systematic surface expression o f HRB-1 or HRB-2 samples. 

They have erupted from both the summit and flanks, and the flank vents from which 

these samples have erupted occur at all azimuths o f the volcano. The estimated ages o f 

these deposits range from mid-Pleistocene to recent, suggesting no temporal clustering.

5.10.2 Determination o f  End-Member Compositions

It is our goal to determine which o f several contributing sources have combined to 

form the Shishaldin magmas. In this effort, it is desirable to study the composition o f the 

parental magma. Depletion in Cr, Ni, and Mg, the scarcity o f olivine and abundance of 

plagioclase in all Shishaldin samples suggest however that significant fractionation has 

taken place, and none of the Shishaldin samples can be considered to be primary. Rather 

than using the most mafic composition collected from each series, we have chosen to
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extrapolate the narrowing trends within the compositional data (Figs. 3, 8 , 9, 10) in order 

to estimate the parental composition. Compositional trends in each magma series project 

to a single compositional point for each series (e.g., variation diagrams for all elements 

project to the same SiCh; a mafic point for LRB and a mafic and silicic point for the 

HRB). Concentrations o f each element at the projection point were noted for all elements 

on plots verses SiC>2, Rb, Mg#, Th, and K2O, thus eliminating biases generated through 

projection to high SiC>2 resulting from the dominance of silica. The composition o f the 

projected point was within a range o f < 1% for all elements, strongly indicating uniform 

agreement of the end-member compositions (Appendix D). Although errors introduced 

through this process are difficult to quantify, the high degrees o f correlation o f the 

projected compositions for all elements suggest errors are estimated to be approximately 

equal to double the analytical uncertainty. The estimation o f the HRB mafic magma 

composition is somewhat less precise, because the scatter among the data prevents 

tracing linear trends. In the majority o f diagrams both the HRB-1 and HRB-2 series 

project to a similar basic point, suggesting a common parent for those series.

The two projected mafic compositions share characteristics o f the magma series 

they represent. Both projected compositions have similar SiCL concentrations,

(Appendix D) but the projected HRB mafic composition has higher concentrations of 

K2O, Na2 0 , FeOt, and MnO, as well as all incompatible trace elements and FeO/M gO 

ratio.

The projected compositions are inferred to more closely approximate the parental 

magmas for the LRB and HRB series than the most mafic samples analyzed, despite
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errors introduced through the projection process. The projected mafic compositions do 

not, however, contain sufficient concentrations o f Ni or Cr to be considered primary.

Below, we use the three projected end-member compositions to interpret the petrogenesis 

o f Shishaldin magmas.

5.10.3 Origin o f  the LRB and HRB series

5.10.3.1 Fractional Crystallization

In order to determine the origin o f these magma series, we have focused on the 

most mafic portions o f each series. Figures 5.3, 5.8, 5.9, 5.10, and 5.11 show that the 

HRB samples contain significantly greater concentrations o f all incompatible trace 

elements than LRB samples at the same SiCh content and Mg# (Appendix D), in some 

cases more than double. In order to double concentrations o f incompatible trace elements 

without increasing SiC>2 or altering the Mg#, a minimum of 60% crystallization o f strictly 

plagioclase would be required. In seems unlikely that this extent o f fractionation would 

occur without crystallization o f additional phases. The presence of modal olivine, 

pyroxene, and ubiquitous magnetite further indicates this is not a valid scenario.

Trace-element modeling yields similar results. The similar bulk distribution 

coefficients (K d)  for Zr and H f allow fractionation to increase incompatible element 

concentrations while not altering Zr/Hf ratios. Although the bulk K d ’s for these elements 

vary with the fractionating assemblage, we have not been able to construct a fractionating 

assemblage that can account for observed differences in Zr/Hf ratios shown in Fig. 5.14 

while not altering Th content. This modeling has ignored the previously mentioned
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Th
Figure 5.14: Partial melting o f a homogeneous source. Black square is pyrolite, gray 
square is subducted MORE; yellow square is subducted sediments; open crossed 
hexagon is lower crust; gray diamond is projected LRB mafic composition; red 
diamondis projected HRB mafic composition. Thick black curve depicts calculated 
modal batch melting o f pyrolite (70% olivine, 10% orthopyroxene, 10%clinopyroxene, 
10% sphene, data from McDunough and Sun, 1995) and dashed curve is the same for 
subducted MORB (~53% plagioclase, 20% magnetite, 17% clinopyroxene, 10% 
amphibole and 0.4% rutile residuum, data from Plank and Langmuir, 1998). Dashed 
arrows indicate direction and extent o f  60% fractionation o f 50% plagioclase, 40% 
olivine and 10% clinopyroxene from projected LRB and HRB compositions.
Increasing degrees o f partial melting o f pyrolite result in lower Zr/Hf ratios. The 
HRB projected parent has lower Zr/H f ratio than the LRB (gray diamond), suggesting 
higher degrees of partial melting for the LRB, yet elevated trace-element concentrations 
in HRB parent requires lower degrees o f partial melting. The LRB and HRB magmas 
cannot be derived from different degrees o f partial melting or fractionation o f a single, 
common source.
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restrictions based on major-element compositions that only plagioclase could be 

fractionated. Similar results have been obtained for Nb/Ta and La/Y as well. These 

results support our conclusion that the LRB and HRB magmas are not related by 

fractional crystallization alone.

More complicated models of recharge, assimilation, and/or fractionation 

processes have also failed to successfully link these two magma series. Every 

combination o f processes (fractionation, assimilation using the projected HRB silicic 

composition, recharge using either or both the projected mafic compositions) produced 

unacceptable model residuals (>1) when trying to relate LRB series to either HRB series. 

Thus, these series cannot be directly related to each other through closed-system 

fractional crystallization o f one magma series in order to generate the other.

Furthermore, the two series cannot be related by fractionation of a common source in 

order to generate both o f the series.

5.10.3.2 Partial M eltins o f  a Homoseneous Source

The fundamental characteristic o f HRB series is its relatively greater 

concentrations in incompatible high field strength elements. This suggests that if  the 

differences between the LRB and HRB series are derived from different degrees of 

partial melting o f a common, homogeneous parent, then the HRB series requires lower 

degrees o f partial melting. Magmatic diversity in arc systems has often been explained 

by differing degrees of partial melting o f a homogeneous common parent. For example, 

differential partial melting o f the mantle wedge caused by progressive dehydration of
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subducted material, such that one magma series is produced high along the subducting 

slab near the apex o f the mantle wedge (e.g., low degrees o f partial melting) and another 

series produced deeper along the slab/mantle interface (e.g., higher degrees o f partial 

melting), have been suggested for the Mariana, Tonga-Kermadec and New Britain arcs 

(Woodhead and Johnson 1993; Price et al. 1999).

Saunders et al., (1980), McCulloch & Gamble (1991) and Elliot et al., (1997), 

among others, have suggested that the degree o f partial melting o f a mantle source can be 

evaluated through comparisons o f ratios of highly incompatible and fluid immobile 

elements. Ratios o f HFSE/LILE in the mantle are high relative to subducted sediment 

(Plank and Langmuir 1998) indicating that HFSE concentrations represent background 

mantle composition (Perfit et al. 1980; Gill 1981; McCulloch and Gamble 1991;

Woodhead et al. 1993; Price et al. 1999; Class et al. 2000). Variations in HFSE 

concentrations are therefore indicative o f partitioning o f incompatible elements through 

partial melting o f the mantle wedge. In particular, ratios o f Zr/Hf can discriminate 

between small differences in the degree o f partial melting (Woodhead et al. 1993; Price et 

al. 1999; Class et al. 2000).

The projected mafic HRB and LRB samples show characteristically broad 

compositional separation in Zr/Hf, but the projected FLRB mafic composition (dotted 

diamond) lies further along the partial melting curve (e.g., closer to pyrolite 

composition), indicating that greater degrees of partial melting are required to generate 

the HRB series than the LRB (Fig. 5.14). This relationship is seen in other similar 

variation diagrams, and is exactly opposite to trends required to generate the observed
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trace element signatures o f the two series. We therefore conclude that these series cannot 

be related through differing degrees of partial melting o f a single homogeneous source.

5.10.4 Protoliths o f  the LRB and HRB Series

We have established that the HRB and LRB series cannot be derived from a 

single protolith. Arc environments are rich with potential protoliths (subducted fluids, 

mantle pyrolite, slab eclogite, lower and upper crust, etc.), and as such, it is easy to 

envision the two Shishaldin magmas being formed by either tapping completely separate 

protoliths or different combinations o f the similar protoliths. Here we review evidence 

for the contribution o f several potential protoliths. Although quantitative assessment of 

the contributions from each potential protolith is not possible because of the overprint of 

fractional crystallization and assimilation on each series, the LRB and HRB series appear 

to have been formed through different combinations o f similar protoliths, including a 

protolith that we have not yet identified for the LRB series.

5.10.4.1 Mantle Wedge

Metasomatism of the mantle wedge through dehydration o f the subducted slab 

and associated sediments is generally accepted as a primary component of arc magma 

genesis (Kay 1978; Gill 1981; Miller et al. 1992). As previously described, variations in 

Zr/Hf (Fig. 5.14) can be used to constrain the background mantle wedge composition.

The projected LRB mafic composition lies higher along the pyrolite melting curve 

than the HRB, suggesting either lower degrees o f pyrolite partial melting for the LRB, 

less contribution from crustal and terrigenous components (based on the plotted

139

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



compositions o f potential protoliths in Fig. 5.14), or both. The projected HRB mafic 

composition lies away from the mantle pyrolite toward crustal and terrigenous 

compositions. This suggests that the parental HRB magma contains a greater component 

o f one or more of those sources. Below we will attempt to resolve which component(s) 

has been added.

5.10.4.2 M eltins o f  the Subductins Slab

Melting o f the subducting oceanic plate has been considered to be an important 

component the generation o f certain arc magmas, often termed adakites (Defant and 

Drummond 1990; Yogodzinski and Kelemen 1998; Samaniego et al. 2002). Generally, 

slab melting occurs in regions with young, hot subducting crust (Conrey et al. 2001; 

Samaniego et al. 2002), although high geothermal gradients and favorable geometries can 

result in melting o f older, colder crust (Yogodzinski and Kelemen 1998). High 

concentrations o f A I2O 3, Na20, Sr, and Ba, and low HREE contents characterize adakitic 

magmas (Defant and Drummond 1990; Conrey et al. 2001; Samaniego et al. 2002).

These yield elevated La/Yb (>20), Ba/La (>~50) and Sr/Y (>40) values, largely because 

o f residual garnet in the eclogitic residuum (Rupke et al. 2002; Samaniego et al. 2002). 

The HRB series has none o f these characteristics, whereas the LRB series has A I2O 3, 

Na20, and Sr concentrations consistent with adakitic compositions. Both the LRB and 

HRB series, however, have lower Sr/Y (50 and 20, respectively) and significantly lower 

La/Yb (4 and 5) and Ba/La (30 and 25) values than expected for adakites. Slab melting 

thus appears to be an unimportant component in the formation o f magmas from either 

Shishaldin series.
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5.10.4.3 Subducted Fluids

By exploiting the fluid immobility o f HFSE with respect to more fluid mobile 

elements, such as LILE and Pb (Kay et al. 1982; Hawkesworth et al. 1997), we can 

determine the relative contribution of subducted fluids. The high mobility o f Pb, Ba, and 

Sr in fluids allows fluids to enrich magmas in these elements, lowering Nb/Ba, La/Ba, 

and La/Sr ratios relative to those of mantle melts (Price et al. 1999; Class et al. 2000).

Ligure 5.14 shows Nb/Ba, La/Ba and La/Sr ratios for the Shishaldin magma series 

and various potential sources. Although both the LRB and FIRB series may have been 

affected by a fluid component, Fig. 5.15 shows that the LRB series has been affected to a 

larger extent. The projected LRB mafic composition lies consistently below the 

projected HRB mafic compositions. Although contributions from another source (e.g., 

MORB-like mantle, lower crust, subducted sediment) may affect some o f these ratios, 

only larger contributions o f subducted fluid into the LRB series is able to explain the 

observed compositional disparities between these series. Thus, we conclude that the LRB 

series has a greater contribution from a fluid phase. We have not, however, determined 

the source o f this fluid (e.g., dehydration, interstitial water in subducted sediment, etc.).

5.10.4.4 Subducted Sediments

The immobility o f Th and most REE in fluid (Brenan et al. 1995; Elliott et al.

1997) result in negligible inputs o f these elements from subducted or dehydration fluid 

(Johnson and Plank 1999; Class et al. 2000). The budgets o f these elements in arc 

magmas is therefore controlled by the composition o f the mantle wedge, the subducted
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Figure 5.15: Trace element ratios affected by fluid addition. Symbols as in Fig. 5.14, 
in addition gray crossed hexagon is upper crust (data from Taylor and Mclennan, 
1995) and dotted curve indicates modal partial melt o f  subducted sediments. All ratios 
decrease with increasing fluid content. The projected LRB mafic composition has 
lower ratios relative to HRB, indicating a larger fluid component. See text for 
explanation.
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slab, and associated sediments. Concentrations o f La and Th are much greater in 

subducted sediments than in the mantle wedge, whereas concentrations o f Nd are only 

slightly elevated in sediments relative to the mantle (Johnson and Plank 1999; Class et al. 

2000). Elevated ratios of La/Nd and Th/Nd have thus been suggested to reflect 

subducted sediment in Mariana (Elliott et al. 1997) and in Aleutian (Class et al. 2000) 

magmas. Although isotopic evidence has shown that contributions from sediment is <5 

wt.% arc magmas, sediment contributions may be inferred through trace element 

signatures (Kay 1980).

Variations in Th/Nd and La/Nd for Shishaldin magmas are shown in Fig. 5.16.

The projected HRB mafic composition lies somewhat higher than the projected LRB 

mafic composition, but only just outside the margin o f uncertainty (assumed to be double 

analytical uncertainty; see “methods” section). This suggests that if  sediment has been 

added to the two Shishaldin magmas, it has been added to similar degrees. This does not 

imply that the source o f fluid input to these magmas cannot be from subducted sediments. 

Rather, the fluid added to either magma is likely not related to partial melting of 

subducted sediments. Fluid can be produced from dehydration of hydrous sediments 

during the transition from blueschist and/or amphibolite to eclogite during subduction, or 

may be interstitial in subducted sediments.
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Figure 5.16: Trace element ratios affected by sediment addition. Symbols as in Fig. 
5.13 and 5.15. Higher ratios indicate increased sediment contribution. Contributions 
from subducted sediments to each series is either similar or insignificant, or both. 
See text for discussion.
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5.10.4.5 Crustal Assimilation

The enrichment o f LIL elements in the crust can provide a mechanism for 

determining the degree o f crustal assimilation in a magma (Conrey et al. 2001). Figure 

5.16 shows variations in Sr/Rb and Ba/K, for which decreases indicate may indicate 

elevated contributions from upper crustal components. Whereas Fig. 5.17 suggests that 

both magma show some upper crustal melt addition, the projected HRB mafic 

composition has lower values than the LRB, especially Ba/K ratio, indicating a greater 

contribution from a Rb- and K-rich, Sr- and Ba-poor source, such as partially melted 

upper crust, into the HRB magma. The HRB-1 and LRB series appear to be more 

affected by the addition of a crustal component. The HRB-2 series appears to be less 

affected by contributions through assimilation. Although the chemical signatures 

imparted by crustal assimilation may be similar to that o f fluid addition, least squares 

modeling, presented in section 5.10.5, suggests contributions from the HRB assimilant 

are important in both o f these magma series.

The projected LRB mafic composition and the compositional field o f the LRB 

series lie much closer to that o f the lower crust, suggesting that assimilation o f the lower 

crust m aybe an important component of the LRB series. Assimilation of crustal material 

in two locations (deep and shallow) may imply a two-stage magma system.

5.10.4.6 Summary o f  Protolith Contributions

Ultimately, we have not been able to quantify the extent o f involvement o f the 

various protoliths that may have formed the Shishaldin magmas, but we have been able to 

qualify the relative contributions o f these sources. The LRB series has greater mantle and

145

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



146

120

100

80

§  60 
m

40

20

0 

0.08

0.07

0.06

S3

H  0,05

0.04 

0.03

0.02

Figure 5.17: Trace element ratios affected by assimilation o f upper crust. Symbols as 
in Fig. 5.2,5.4 and 5.14. Contributions from upper crust will decrease these ratios. 
HRB series appears to have greater additions o f upper crust, although these 
signatures are similar to those generated by fluid addition. See text for discussion.

• A j a . <$>

imiiffiniiliiiililiirl I I -  I A ..

10 15

Nb

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



147

fluid signatures, and a lower crustal assimilation signature. The crustal signature in the 

HRB is most obvious in the HRB-1 series, and the HRB-2 series has little, if  any, crustal 

component. Contributions from melting o f the subducted slab and associated sediments 

appear to be equally distributed between the two series, and overall these protoliths do 

not appear to have much influence over the composition of the parental Shishaldin 

magmas.

The projected LRB mafic composition lies outside o f the area defined by the 

protoliths presented (Fig. 5.14; 5.14). In particular, the high Zr/Hf, low Th and low 

Nb/Ba cannot result from any protolith we have discussed. Another component is thus 

required, one that has generally low HFSE contents (most notably Hf, and Th to a lesser 

extent) and high Ba content. The anomalously high Sr content could be related to this 

other source, although we suggest the excess Sr is derived from process rather than 

source, as presented below.

5.10.5 Recharge (R), Assimilation (A), and Fractional Crystallization (FC) Models

5.10.5.1 HRB series

Using the projected HRB silicic composition as a hypothetical wall rock 

assimilant and the respective projected mafic compositions as recharge magmas, we can 

successfully model the overall trends observed in the Shishaldin magma series (Fig. 5.18; 

Table 5.5). The HRB-1 series is best modeled by calculations o f assimilation and 

fractional crystallization (A-FC; Fig. 5.18 d-f; Table 5.5). This requires high degrees o f

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



148

LRB HRB

30

20

10

0
1000

800

600

400

200

0
10

8

6

4

2

0

40 Rb

A A

Ba

# « s

AtA A 1 
A A  j

...................................

A A  |

I MgO

46 48 50 52 54 56 58 60
Si02

45 50 55 60 65 70 75
Si02

Figure 5.18: Least-squares modeling plots. Left side is LRB data, right side is HRB 
data. Open right-side up triangle are LRB data, black circles are HRB-1 data, black 
circles are HRB-2 data. Red=recharge (R)+assimilation (A)+£ractionation (FC); 
bhie=R+FC. For HRB: green=A+FC; yellow=FC; white inverted triangles with 
black iine=R+FC. The LRB series is well modeled through R-A-FC (red curve); 
HRB-1 series is successfully modeled by A-FC (green curve); HRB-2 is successfully 
modeled only by FC.

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



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

Table 5,6: Modeling results for Shishaldin magmas_______________________________________________________________________________

Crystallizing Phases ^  Fraction A* Fraction R* avg Sr2 Comments

L R B

FC 47% An73; 15% En44; 18% Fo76; 19% Ulv44 0.89-0.807 -  -  0.08 Trace elem. off, no An 1st step
A-FC 54% An68; 32% En44; 18% Ulv58 0.792-0.652 0.086-0.227 -  0.103 No ol, >70% cpx, high residuals
R-FC 64% An76; 12% En42; 6% Fo75; 21% Ulv30 0.778-0.862 -  0.305-0.059 0.0315 Cr, Ni, V, Ba, Sr >25% off

R-A-FC 64% An74; 11% En42; 7% Fo75; 20% Ulv28 0.676-0.803 0.052-0.08 0.24-0.09 0.016 preferred model
R-A Not possible - Requires removal of recharge magma or residuals >20.0

H R B - 1

FC 63% An55; 24% En42; 2.9% Fo81; 12% Ulv43 0.856-0.841 -  -  0.215 unacceptable residuals
A-FC 60% An55; 25% En42; 14% Ulv44 0.958-0.931 0.195-0.535 -  0.077 preferred model
R-FC Not possible - Requires removal of recharge magma and resorption of fractionated phases

R-A-FC Not possible - Requires removal of recharge magma and resorption of fractionated phases
R-A — — 0.56-0.82 0.44-0.18 1.304 very high residuals

H R B - 2

FC 66% An64; 30%En42; 10% Fo72; 13% Ulv38 0.818-0.775 -  -  0.041 preferred model
A-FC Not possible - Requires removal of assimilated magma
R-FC 52% An64; 25% En42; 9% Fo76; 16% Ulv36 0.884-0.923 -  0.515-0.136 0.018 Trace elem. off >30% in all

R-A-FC Not possible - Requires removal of recharge magma and resorption of fractionated phases
R-A Not possible - Requires removal of assimilated magma

LRB-HRB
FC 95% An76; 5% Fo81 0.775 — -- 0.429 High residual, bad assemblage

A-FC Not possible - Requires removal of assimilated magma
R-FC Not possible - Requires removal of assimilated magma

R-A-FC Not possible - Requires removal of recharge magma and resorption of fractionated phases
R-A Not possible - Requires removal of recharge magma or residuals >3.5_______________________________________________________________

FC=Fractionation; A=assimilation; R=recharge. An=Ca/(Ca+Na+K) in plagioclase; Fo=Mg/(Mg+Fe*) in olivine; En= 
Mg/(Mg+Fe+Ca+Mn) in pyroxene; Ulv=Ti in magnetite. Calculation techniques are discussed in methods section 5.3. 
* Range of added component from most mafic to most silicic step 
- - indicates component not applicable.
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assimilation (up to 60%) and fractionation (liquid fractions as low as 0.67). No other 

model calculations gave acceptable results, including models requiring recharge o f the 

HRB-1 series. These results agree with our conclusions from Fig. 5.17, suggesting that 

fractionation and assimilation have played important roles in the development o f the 

HRB-1 series, and that recharge o f the HRB-1 series either is extremely limited or does 

not occur.

HRB-2 series trends are best modeled by fractional crystallization (FC; Table 5.5; 

Fig. 5.18 d-f). Models o f recharge plus fractional crystallization (R-FC) also yield low 

least-squares residuals, but anomalous trace-element concentrations suggest this model is 

not appropriate for the HRB-2 series. Least squared residuals for FC models range from 

0.005 to 0.068, and liquid fractions ranging from 0.78 to 0.94. Modeled fractionating 

assemblages are similar to observed modal abundances with respect to composition and 

relative abundance. These conclusions match those from Fig. 5.17, which indicate that 

the HRB-2 series has developed almost exclusively through fractional crystallization, 

without assimilation or recharge.

5.10.5.2 LRB series

The LRB series is best modeled by calculations o f assimilation plus R-FC (R-A- 

FC). Calculations of R-FC also provide low residuals for major-element concentrations 

(Table 5.5), but R-FC calculations require up to 35% magnetite fractionation, and most 

trace elements (Cr, Ni, V, and Ba) are inaccurate by >25% in each step. The addition of 

~5% wall rock reduces residuals slightly (sum of squares range between 0.005 to 0.034)
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and rectifies Ba and Ni concentrations (Table 5.5). The degree o f fractionation 

systematically decreases with each modeling step from least to most silicic (liquid 

fractions o f 0.68 to 0.80, respectively), as does the amount o f recharge required (24% - 

9%), but the amount of assimilant increases (3 -  8 %). Modeled trace-element 

concentrations are within 10% of the observed value, except for Cr and V, which are 

overestimated by up to 100%. Because Cr and V are readily incorporated in to 

magnetite (KDmt-Cr=153 and KDmt-V 26, Rollinson 1993), minor variations in the 

amount of fractionating magnetite can have dramatic effects on Cr and V concentrations. 

We thus consider the disparities between calculated and observed Cr and V contents to be 

insufficient to reject the model.

The elevated AI2O3 and Sr concentrations o f the LRB suggest these lavas may 

have formed through plagioclase accumulation. Foumelle (1991) showed, however, that 

adding plagioclase to Shishaldin dacites (which fit into our HRB classification) or high 

MgO basalts (our cumulate assemblages) cannot produce the observed assemblages and 

compositions. Foumelle (1988; 1991) also showed that low- to moderate-pressure 

fractionation ( ~ 8  kbar) o f An?7 plagioclase o f the high Al basalts can form the Fe-Ti 

enriched and other basalts. Although we do not observe the Fe-Ti enriched basalts, our 

LRB basalts are similar to other basalts o f Foumelle (1988). Figure 5.19 shows that 

addition of An75 plagioclase to the low-Al samples from the LRB series satisfies the CaO 

composition o f the LRB samples. Aluminum concentrations, however, require 

significantly less anorthitic plagioclase (<An4o) in order to generate the
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Figure 5.19: Effects o f  plagioclase accumulation on LRB and HRB compositions. 
Symbols as in Fig. 5.2. Lines indicate expected changes in bulk composition with 
addition o f plagioclase o f a given composition. See text for discussion.
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compositions o f the LRB series. This suggests that plagioclase accumulation cannot 

account for the variations in the LRB series data.

5.10.6 Petrogenesis o f  Shishaldin Magmas

5.10.6.1 LRB Series

Although we have not modeled the exact composition o f the protoliths from 

which the LRB parental magma is derived, we have shown that, relative to the HRB 

parent, the LRB parental magma has greater contributions from a partially melted 

pyrolitic mantle, lower crust, a fluid source, and a “mystery component” enriched in Ba 

and depleted in H f and Th. Partially melted subducted slab and sediments may also 

contribute, but these contributions are small. Addition o f a lower crustal component 

suggests that the initial parental magma rises through the mantle wedge and ponds at the 

base o f the crust, and entrains wall rock material from that environment (Fig. 5.20).

Least squares models indicate that the LRB magma also incorporates a silicic 

component, represented by the projected HRB silicic end-member, while fractionating at 

relatively low pressures, requiring substantial residence times in a shallow magma 

reservoir. Model calculations all suggest that this shallow reservoir is periodically re

injected with mafic magma from a deeper source, and also feeds eruptions, primarily o f 

flank vents but also o f the summit.
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Figure 5.20: Model o f Shishaldin magma petrogenesis. Approximate depths are listed 
on left. LRB series (blue): Stage 1) formation o f parental magma. Stage 2) LRB 
magma ponds at the base o f the crust below plagioclase stability depth. Stage 3) Ascent 
of LRB magma allows plagioclase to form. Deep long-period earthquakes occurred 
near this depth ~9 months prior to the 1999 LRB eruptiont. Stage 4) Shallow ponding, 
low-pressure fractionation. Lateral spreading suggested by proclivity for flank eruptions 
HRB series (red): Stage 1) same as LRB. Stage 2) repeated shallow emplacement o f 
independent magma bodies (some fractionation must occur prior to this). Stage 3) 
recharge pathways seal during or after emplacement. Stage 4) Low-pressure AFC 
occurs. Both series can erupt from separate vent, re-use a single vent, and be erupted 
simultaneously from the central vent. See text for discussion.
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Fundamental characteristics o f the LRB series are substantial increases in AI2O3 

and Sr and variable Eu anomalies, all of which suggest the variations in plagioclase 

crystallization. We have shown, however, that these characteristics cannot result from 

plagioclase accumulation, and so another explanation must be invoked. Moderate to high 

water contents (2.5->8 wt.% H2O) can inhibit plagioclase formation and bring Fe-oxide 

phases nearer the liquidus along with olivine and pyroxene at a range o f pressures (2 - 1 0  

kbar), prompting a calc-alkaline liquid line of descent (Ford et al. 1972; Sisson and Grove 

1993b; 1993a). Water concentrations required for these conditions are proportional to 

pressure, and Muntener et al. (2001) have shown that at 12 kbar (appropriate for the 

contact between igneous crust and residual mantle pyroxenite below Shishaldin), 

plagioclase formation is suppressed in magmas with >3 wt.% H2O. Water contents o f up 

to > 8  wt.% have been recognized in the Aleutians (Sisson and Grove 1993b; 1993a; 

Muntener et al. 2001) and H20  concentrations o f > 3 wt.% are readily envisaged for LRB 

magma that shows strong subducted fluid enrichment. If  plagioclase formation is 

delayed and Fe-oxide phases are encouraged in this manner, periodic recharge would 

simultaneously increase plagioclase components (AI2O3, Sr) while maintaining relatively 

constant FeOt/MgO ratios. Water contents of 3% are also sufficiently low that amphibole 

would not be stable (Sisson & Grove, 1993b; 1993a), which is important, as this phase is 

absent from all Shishaldin samples. This scenario is consistent with ponding o f LRB 

magma at the base o f the crust suggested in Fig. 5.20. Fractionation o f mafic phases in a 

deep reservoir also explains the generally low concentrations o f olivine, clinopyroxene, 

orthopyroxene, Cr, and Ni in Shishaldin magmas.
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Depressurization during ascent would stabilize plagioclase and begin to 

fractionate from the multiply-saturated magma (Sisson and Grove 1993b; 1993a;

Muntener et al. 2001), and continued decompression could form sieve textures in 

plagioclase phenocrysts formed between the base o f the crust and a shallow (-4  km) 

reservoir (Nelson and Montana 1992). Subsequent residence in the shallow reservoir 

would allow small, clean (i.e., no sieve textures) plagioclase phenocrysts to form. Glass 

inclusions within olivine phenocrysts in the 1999 magma contain <1.5 wt.% H20  

(Stelling et al. 2002). Inclusions could have been incorporated into the olivine structure 

after ascent and subsequent low-pressure degassing, and thus not be representative of 

H20  concentrations at depth.

The presence o f a deep magma reservoir is supported by geophysical evidence. 

Approximately nine months prior to the start o f the 1999 eruption o f LRB magma, a 

swarm of long-period earthquakes occurred at -35 km depth directly below the edifice.

A second, smaller series o f similar events occurred five weeks after the 19 April 1999 

eruption (Power et al. 2002). Deep, long-period earthquakes have been linked to 

movement o f basaltic magma at Mammoth Mountain in 1989, Pinatubo in 1991, and 

Spurr in 1992 (Power et al. 2002). These earthquakes are comparable in depth to the 

seismic moho in the Aleutians. Magma leaving a reservoir at the base o f the crust (i.e., 

below plagioclase stability depth), possibly en route to a shallow reservoir, could 

generate these seismic signals (Power et al. 2002). The swarm o f deep long-period 

earthquakes prior to the 1999 eruption links the LRB magma system with these type o f 

events (Fig. 5.20).
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As with the LRB series, the HRB parental magma is a composite of a variety of 

protoliths, although combined in different proportions. The lesser signal from a lower 

crustal component relative to the LRB suggests the HRB may not have spent significant 

time at depth. Using the arguments presented for the presence o f a deep LRB reservoir, 

the low initial concentrations and steady decrease o f AI2O3 and Sr with SiC>2 in the HRB 

series, as well as the consistently negative Eu anomalies, suggests that the reservoir depth 

and water content of the HRB magma is such that plagioclase saturated earlier. Muntener 

et al. (2 0 0 1 ) suggest this corresponds to a depth above the seismic moho, or <~35 km in 

the Aleutians (Fliedner 1996). Although Ni and Cr contents in HRB magmas are low, 

suggesting fractionation o f olivine clinopyroxene, our observations suggest that no deep 

reservoir for HRB magmas exist (Fig. 20b)

O f the potential protoliths we have discussed, the HRB parental magma has likely formed 

from the same protoliths as the LRB, but received smaller contributions o f all sources 

except for upper crustal material, relative to the LRB. This suggests that either the HRB 

magma is substantially hotter, allowing for greater degrees o f partial melting o f the upper 

crust, or that the HRB magma reservoir is substantially smaller, and minor additions of 

wall rock would have a greater affect on the HRB series composition. Although the 

phase assemblages for both the LRB and HRB magma series do not permit 

geothermometry, the LRB series contains higher proportions of refractory minerals, 

suggesting that if  either o f the Shishaldin magmas were hotter it would likely be the LRB. 

Also, least squares modeling of crustal processes suggest extensive fractional
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crystallization for the HRB series, which could also be explained by the presence of a 

smaller magma reservoir.

Least squares modeling o f both HRB series indicates that recharge o f this system 

does not occur. This pseudo-closed system behavior suggests that either the HRB magma 

was emplaced in the middle crust en masse and disconnected from the source to evolve as 

a pluton, or that the HRB system has been emplaced as a series of small magma “blobs,” 

that evolve independently. In the former scenario, compositions within a sealed pluton 

should become more silicic through time, and this is not reflected in the composition of 

erupted material. Additionally, although the high degrees o f assimilation required for the 

HRB-1 series can be explained in this model, it is difficult to imagine how the HRB-2 

series, which requires no assimilation, could develop within the same pluton.

The second scenario, in which multiple magma blobs are emplaced, answers 

many questions. Emplacement o f discrete blobs throughout the history of the volcano 

would account for the variation of S i0 2 through time, and the high degree of 

compositional scatter in variation diagrams could be explained through the independent 

evolution o f each blob. Additionally, if  the size, and therefore thermal mass, o f a blob 

were sufficiently large, melting o f the surrounding wall rock could occur, forming the 

HRB-1 series. Smaller blobs, having less thermal mass, would be unable to melt the 

surrounding upper crust, and the blob would be left to evolve by fractional crystallization 

alone, forming the HRB-2 series. Because the blobs would be relatively small, 

significant compositional effects could result from relatively small degrees of 

assimilation and fractionation. Furthermore, blob emplacement could occur nearly
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anywhere below the Shishaldin edifice, and thus no preference between flank and summit 

vent eruptions would be expected. We feel that the scenario o f multiple, discrete magma 

reservoirs explains the characteristics o f the HRB series, and is our preferred model (Fig. 

5.20).

5.11 Conclusions

The presence o f multiple, long-lived magma series at a single volcano is 

important. Shishaldin Volcano provides a rare case in which multiple tholeiitic magmas 

are formed, not only from separate protoliths, but following separate paths from source to 

surface. A variety of different models have been postulated to explain compositional 

variations between adjacent volcanoes (Miller et al. 1992) or within a single volcano 

(Hildreth 1983; Eichelberger et al. 2000; Hammer et al. 2002; Izbekov et al. 2002).

Though rarely are these models able to trace the origins and followed the paths of 

magmas to the surface. The style o f magma development at Shishaldin may also provide 

a mechanism for the generation o f multiple magmas seen throughout island arc systems 

as mixed magma suites or in compositionally zoned caldera-forming eruption deposits.

Shishaldin Volcano has erupted two series o f magma, one (HRB series) having a 

broader compositional range and being enriched in incompatible trace elements relative 

to the other (LRB). These series have been identified and described through a 

progression of statistical and graphical techniques. Both magma series contain basalts, 

yet the HRB basalts have up to double the incompatible element concentrations. These 

magma series cannot be related to each other through fractional crystallization, nor can
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they be related through fractional crystallization of a common parent to produce both 

series. In addition, the two magma series cannot be related through partial melting o f a 

single source, and the observed compositional variations require separate protoliths for 

the LRB and HRB magma series.

The LRB and HRB series appear to be formed through a combination of 

protoliths, with the LRB series showing evidence for combination o f mantle, lower crust, 

subducted fluid, and a “mystery source” that we have not been able to identify.

Enrichment in plagioclase components (AI2O3, Sr, Eu) in the LRB suggests this magma 

ponds at depth, such that Ph2o was high enough to delay plagioclase formation (deeper 

than ~35 km). Mafic phases fractionate at this depth, but periodic recharge restricts the 

FeOt/MgO ratio and other major element concentrations. The presence of a deep magma 

chamber is supported by the occurrence of a swarm of deep long-period earthquakes 

about 9 months prior to eruption of LRB basalt in 1999. Eventual ascent decompresses 

the magma into plagioclase stability, and plagioclase begins to crystallize and fractionate 

from the LRB magma. Ponding in the shallow crust allows assimilation of upper crustal 

material.

The HRB magma takes a different path to the surface, and is emplaced in the 

shallow crust as a series o f discrete magma bodies throughout the history o f the volcano. 

After emplacement, the pathway for recharge is sealed, and so each magma body evolves 

independently, with larger ones being able to assimilate significant amounts o f wall rock, 

but smaller ones evolving only through fractional crystallization.
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Volcanism on Unimak Island is diverse and complex, and specifically, the 

Shishaldin and Fisher systems show complexity beyond all my initial expectations. The 

remaining volcanic systems on Unimak Island are likely equally intricate, and, at the time 

of this writing, these enticing systems remain largely unstudied.

A common model for caldera development is the over-pressurization o f a large, 

shallow reservoir. Fisher Caldera represents a different case, in which the centralized 

reservoir was formed as a result o f the cataclysm and the other way around. Because 

volcanism at Fisher Caldera is now derived from a single, centralized reservoir, over- 

pressurization o f this system may yield another caldera-forming eruption, but through a 

mechanism more in line with standard models. If  this holds true, then the Fisher 

sequence, the transition o f the Fisher system from a complex arrangement o f 

independent, non-communicating reservoirs to a single, central reservoir as a result o f the 

caldera-forming eruption, may provide a new view on the birth o f caldera systems. The 

process through which the Fisher system transformed is not unique, and examples are 

seen throughout the Aleutians and the globe. Aniakchak Caldera on the Alaska Peninsula 

shows evidence o f multiple, independent reservoirs prior a caldera-forming eruption, and 

subsequent volcanic activity appears to be derived from a single, mixed magma reservoir 

(Dreher 2002). Volcanism within the Atka system in the western Aleutians has been 

inferred to stem from at least three independent, non-communicating reservoirs (Myers et 

al. 2002). Studies o f other calderas worldwide suggest similar features o f the Fisher trend, 

and other less-studied systems possess similar surface characteristics, such as Okmok in
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the central Aleutians. This may be a process endemic in first time caldera systems. If 

so, this work is one of the first investigations to present this as a process rather than a 

series o f observations.

The complexity o f the Shishaldin magmatic system is intriguing. Adjacent 

volcanic systems producing calc-alkaline and tholeiitic magmas between the two systems 

is well documented (Kay et al. 1982; Miller et al. 1992). The presence of multiple 

magma systems within a single volcano is less common but has been observed in other 

volcanoes. Aniakchak Caldera has also produced tholeiitic and calc-alkaline magmas 

that from separate magma series. The presence o f two different tholeiitic magma series 

within a single volcano is rare. The HRB series at Shishaldin shows calc-alkaline 

tendencies relative to the LRB, but both series are decidedly tholeiitic. The subtle 

differences that define these two series are hidden at first glance, suggesting that this 

process may be more widespread than originally thought.

Despite the vastly different morphologies between Shishaldin and Fisher 

Volcanoes, these two systems share a substantial amount o f characteristics. Both 

systems have multiple vents. Shishaldin has 55 known flank vents in addition to the 

central crater. Fisher was composed o f at least eight pre-caldera stratocones before the 

CFE, and has formed four stratocones in the last 9,400 years. In addition, Mt. Finch, the 

central intracaldera cone, has had at least three flank vent eruptions in its history. Both 

Fisher and Shishaldin show evidence for having multiple small, independent magma 

reservoirs in their history. Additionally, both systems are characterized by repeated small 

eruptions throughout the history o f each system. To a first order approximation, the
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largest difference between these two systems is that Fisher was intruded by an enormous 

quantity of magma, and that event has defined much of the morphologic differences 

between the two systems.

Compositional ranges o f Fisher and Shishaldin overlap substantially. The two 

systems are very similar in major-element composition, as both systems are generally 

tholeiitic (Fig. 6.1). Trace-element variations show similar overlap (Fig. 6.2). Scatter 

within the data from both volcanoes preclude all but the most general comparisons, the 

most general of which is that these two volcanoes are, to a first order, very similar. Slight 

differences are seen in Zr/Hf ratio, as the H f content o f the LRB series is sufficiently low 

that it can be distinguished in variation plots.

The overlapping compositions between these two systems may indicate that these 

two systems are dependent on each other. That the Fisher samples fill in gaps within the 

Shishaldin data may result from divergence o f the two magma systems at great depth. 

Furthering this idea, perhaps the unidentified source of the LRB magmas is not a source, 

but a sink, and the compositional signature o f the LRB is generated by removal of 

material into the Fisher system at great depth. A more reasonable interpretation is that 

these two systems are ultimately formed from similar processes, and the compositional 

overlap results from both Fisher and Shishaldin being volcanoes on Unimak Island.

The compositional overlap between Fisher and Shishaldin makes it difficult to see 

the original characteristics that have formed the bulk o f this investigation. This shows 

that the devil is in the details, and the complexity o f these two systems is completely lost 

in comparisons between Shishaldin and fisher. This highlights the necessity o f detailed
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Figure 6.1: Major-element comparison of Shishaldin and Fisher. Red triangles are 
Shishaldin; blue circles are Fisher. Fields and reference lines are as in Fig. 5.2
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Figure 6.2: Trace-element comparison o f Shishaldin and Fisher. Symbols as in 
6.1. See text for discussion.
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investigations o f volcanic systems before including samples from these systems in larger, 

more widespread investigations. A single sample from Shishaldin or Fisher used as a 

representative sample from the eastern Aleutians or from the entire Aleutian arc could 

significantly bias comparisons based on these compositions. Unless a sample is 

understood within the context o f the system from which it was erupted, it cannot be 

understood in a large, grander context.
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Appendix A: Supplementary Argon Dating Data

This appendix provides additional data obtained in 40Ar/39Ar analyses. Because this 

appendix is large, it is only presented in digital form on the CD in the back pocket o f this 

thesis.

40Ar/39Ar analyses were conducted at the Geochronology Laboratory at the 

University o f Alaska Fairbanks. Whole rock samples and standards Bern 4B (17.25 Ma) 

and Taylor Creek rhyolite sanidine (TCR-2, 27.87 Ma) were irradiated in the uranium- 

enriched nuclear reactor o f McMaster University in Flamilton, Ontario, Canada. The 

samples and standards were degassed using a 6-watt argon-ion laser. Between 5 and 15 

separate analyses were performed on each sample. For sample FC-98, 5 of the 12 

analyses consisted o f a series o f steps at different laser power (e.g. 700, 1300, and 9,000 

mW, each for 60 seconds) on4-8 chips o f material (see Layer 2000). Argon purification 

was achieved using a liquid nitrogen cold trap and a SAES Zr-Al getter at 400 °C. The 

extracted argon was then measured on a VG-3600 mass spectrometer. For each analysis,

nn

isotopic ratios were measured. The measured argon isotopes were corrected for Ar and 

39Ar decay, Ca, K and Ar reactor-induced interference reactions, as well as system blanks 

and mass discrimination, following the procedures outlined in McDougall and Flarrison 

(1999).
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Initially, histograms for Rb concentration o f the entire data set show a bimodal 

distribution with a small gap between 22 and 25 ppm. Because more than a single 

element must determine multiple populations, we then ran hierarchical cluster analyses 

on the non-cumulate samples based on all compositional data available (43 elements). 

Hierarchical cluster analysis was chosen as an initial test as it does not require a 

predetermined number of groupings. All hierarchical cluster analysis runs used an 

agglomeration schedule and between-groups (average) linkages o f squared Euclidean 

distance. Two populations were determined, largely in agreement with the graphically 

discriminated groups. O f the 104 samples, a handful showed weak membership in either 

group (defined as clustering with the final group >8 units away from the origin). These 

samples were removed and the analysis was re-run. This process was repeated, and after 

four iterations a total o f 17 samples were removed based on weak group membership and 

no weakly assigned samples remained. Two distinct groups were present, with a break in 

Rb concentration between 20 and 26 ppm, slightly larger than estimated from the 

graphical separation. This indicates that the two suggested populations can be 

distinguished using all 43 elements available, not just Rb.

To verify these results, we conducted similar iterative tests using discriminant 

analysis. We included all compositional data for each non-cumulate sample. Because 

discriminant analysis requires pre-determined groupings, we chose two groups based on 

Rb concentration, which we have justified through hierarchical cluster analysis. Each

Appendix B: Statistical Separation of Shishaldin M agm a Populations
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sample was given an equal probability o f prior group membership and all independent 

variables were included simultaneously. As with the hierarchical analyses, any samples 

not strongly assigned to a group (in this case, <0.98 probability) were removed and the 

analysis was repeated. After four iterations, 18 weakly assigned samples were removed 

(of which 17 were identical to those removed through hierarchical clustering). The 

remaining 87 samples were strongly classified in one o f two compositional end member 

groups, based on overall composition.

Factor analysis o f the end member groups further supports our claim that there are 

two magmatic populations at Shishaldin (Fig. A). All non-cumulate samples were 

included as a single group. The 43 elements input to the function were reduced to four 

essential factors (groups of elements that covary with eigenvalues>l) using principle 

component extraction and varimax rotation with Kaiser normalization. Each factor 

represents multiple compositional features (e.g., factor 1 accounts for variance in REE’s, 

A I2O 3, MnO, P2O 5, and some HFSE, all o f which covary to some degree). Factor 

loadings (linear regression scores) for each sample were determined. Bivariate plots of 

factor scores (Fig. A) show a tendency to separate the data into two groups, the members 

of which correspond well very with results from hierarchical and discriminant analyses. 

Although r2 coefficients are low, linear regressions for each group show distinctly 

different slopes, indicating strong compositional differences. The factor loading scores 

further support the statistical separation o f the Shishaldin end member data into two 

groups.
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Figure B-l: Factor loading plots o f LRB and HRB series. Factor scores established 
through factor analysis based on 43 elements for all non-cumulate samples. Open 
triangles are LRB; gray circles are HRB; crosses are samples removed due to weak 
affinity to either group. See text for discussion.
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Appendix C: Shishaldin Whole-Rock Compositional Analyses

Shishaldin whole-rock compositional data used in this study was obtained from 

the geoanalytical lab at Washington State University between 1997 and 2000. Analyses 

through XRF followed procedures outlined by Johnson (1999). Analytical error for XRF 

analyses was determined by repeated analysis of two internal working standards, and is 

<0.1 wt.% at 2 standard deviations for all major elements (Johnson et al. 1999). Analyses 

using ICP-MS techniques were conducted by Charles Knaack. ICP-MS detection limits 

are less than half chondrite levels. Precision is concentration dependent, but is generally 

<1% for all elements except Pb (-10% ) (Knaack, pers. comm., 2001). Because this 

appendix is very large, it is present only on the CD in the back pocket o f this thesis.
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Appendix D: Fisher Whole-Rock Compositional Analyses

Fisher whole-rock compositional data used in this study was obtained from the 

geoanalytical lab at Washington State University between 1999 and 2002. Analyses 

through XRF followed procedures outlined by Johnson (1999). Analytical error for XRF 

analyses was determined by repeated analysis of two internal working standards, and is 

<0.1 wt.% at 2 standard deviations for all major elements (Johnson et al. 1999). Analyses 

using ICP-MS techniques were conducted by Charles Knaack. ICP-MS detection limits 

are less than half chondrite levels. Precision is concentration dependent, but is generally 

<1% for all elements except Pb (-10% ) (Knaack, pers. comm., 2001). Because this 

appendix is very large, it is present only on the CD in the back pocket of this thesis.
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Appendix E: Plagioclase Analyses

Plagioclase analyses were obtained using a Cameca SX-50 electron microprobe in 

the Advanced Instrumentation Laboratory run by Dr. Ken Severin at the University of 

Alaska Fairbanks. Analytical conditions were 15 keV accelerating voltage, 10 nA current 

and a highly focused beam (~lpm ). All Fe reported as FeO. Only analyses with totals 

between 98 and 100.5 are considered. Latitude, longitude and sample descriptions can be 

found in appendix K.

Because this appendix is very large, it is present only on the CD in the back 

pocket o f this thesis. For “distance” column, crystal core = 1, crystal rim = 2, and 

numbers between these values indicate relative distance from crystal core to rim. “An” 

indicates anorthite end-member concentration, and is calculated as An=Ca/(Ca+Na+K), 

where all elemental concentrations are in atomic percent. CFE = caldera-forming 

eruption magmas, each type is identified. “Tur. Cone” indicates Turquoise Cone. The 

symbol “ -  “ indicates that element was not analyzed.
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Appendix F: Olivine Analyses

Olivine analyses were obtained using a Cameca SX-50 electron microprobe in the 

Advanced Instrumentation Laboratory run by Dr. Ken Severin at the University of Alaska 

Fairbanks. Analytical conditions were 15 keV accelerating voltage, 10 nA current and a 

highly focused beam (~lpm ). All Fe reported as FeO. Only analyses with totals between 

98 and 100.5 are considered. Latitude, longitude and sample descriptions can be found in 

appendix K.

Because this appendix is very large, it is present only on the CD in the back 

pocket o f this thesis. For “distance” column, crystal core = 1, crystal rim = 2, and 

numbers between these values indicate relative distance from crystal core to rim. “Fo” 

indicates forsterite end-member concentration, and is calculated as Fo=Mg/(Mg+Fe), 

where all elemental concentrations are in atomic percent. CFE = caldera-forming 

eruption magmas, each type is identified. “Tur. Cone” indicates Turquoise Cone. The 

symbol “ -  “ indicates that element was not analyzed.
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Pyroxene analyses were obtained using a Cameca SX-50 electron microprobe in 

the Advanced Instrumentation Laboratory run by Dr. Ken Severin at the University of 

Alaska Fairbanks. Analytical conditions were 15 keV accelerating voltage, 10 nA current 

and a highly focused beam (~lpm ). All Fe reported as FeO. Only analyses with totals 

between 98 and 100.5 are considered. Latitude, longitude and sample descriptions can be 

found in appendix K.

Because this appendix is very large, it is present only on the CD in the back 

pocket o f this thesis. For “distance” column, crystal core = 1, crystal rim = 2, and 

numbers between these values indicate relative distance from crystal core to rim. “En.” 

“Fs,” and “Wo” indicate enstatite, ferrosilite, and wollastinite end-member 

concentrations, respectively. These are calculated as En-Mg/(Mg+Fe+Ca+Mn), Fs= 

Fe/(Mg+Fe+Ca+Mn), and Wo= Ca/(Mg+Fe+Ca+Mn), where all elemental 

concentrations are in atomic percent. CFE = caldera-forming eruption magmas, each 

type is identified. “Tur. Cone” indicates Turquoise Cone. The symbol “ -  “ indicates that 

element was not analyzed.

Appendix G: Pyroxene Analyses
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Oxide analyses were obtained using a Cameca SX-50 electron microprobe in the 

Advanced Instrumentation Laboratory run by Dr. Ken Severin at the University of Alaska 

Fairbanks. Analytical conditions were 15 keV accelerating voltage, 10 nA current and a 

highly focused beam (~lpm ). All Fe reported as FeO. Only analyses with corrected 

totals between 97 and 100.5 are considered (larger range due to slight ambiguity in 

correction calculation). Latitude, longitude and sample descriptions can be found in 

appendix K.

Because this appendix is very large, it is present only on the CD in the back 

pocket o f this thesis. For “distance” column, crystal core = 1, crystal rim = 2, and 

numbers between these values indicate relative distance from crystal core to rim. “Ulv” 

indicates ulvospinel end-member concentration, and is calculated as the Ti concentration 

after correcting for Fe2+/Fe3+ ratio, based on a cation total o f 3 for magnetite. Fe2+/Fe3+ 

ratios for ilmenite are based on cation totals o f 4. Ilmenite end member concentrations 

are not presented. CFE = caldera-forming eruption magmas, each type is identified.

“Tur. Cone” indicates Turquoise Cone. The symbol “ -  “ indicates that element was not 

analyzed.

Appendix H: Oxide Analyses
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Glass analyses were obtained using a Cameca SX-50 electron microprobe in the 

Advanced Instrumentation Laboratory run by Dr. Ken Severin at the University o f Alaska 

Fairbanks. Analytical conditions were 15 keV accelerating voltage, 10 nA current and a 

defocused beam ("-10pm). All Fe reported as FeO. Only analyses with totals between 98 

and 100.5 are considered. Latitude, longitude and sample descriptions can be found in 

appendix K.

Because this appendix is very large, it is present only on the CD in the back 

pocket o f this thesis. CFE = caldera-forming eruption magmas, each type is identified. 

“Tur. Cone” indicates Turquoise Cone. The symbol “ -  “ indicates that element was not 

analyzed.

Appendix I: Glass Analyses
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Appendix J: Fisher Stratocone Volume and Rate Calculations
Post-Caldera features (Pi * r2 * fa) / 2x109

Cone Radius (m) Height (m) Volume (km3)
#3 1500 719 2.5
#4 1800 671 3.4
#7 750 495 0.4
#1 1800 671 3.4
#2 {assumed} {assumed} {assumed}
#5 {assumed} {assumed} {assumed}
#6 {assumed} {assumed} {assumed}
#8 {assumed} {assumed} {assumed}

(assumed volume=Cone#4) max volume (km3): 23.5
(assumed volume=Cone#7) min volume (km3): 11.6

{plus CFE volume} 100
Max. pre-caldera volume: 124.0

Formation Linear extent Production Rate
Time (ka) (km) (km3ka'1km1)

42 18 1.56E-04

Post-Caldera features (Pi * r2 * h) / 2xl09
Cone Radius (m) Height (m) Volume (km3)

Turq. Cone 1600 762 3.1
Mt. Finch 1200 366 0.8
SE cone 480 122 0.0

East Mound 750 91 0.1
Neptune 600 305 0.2

Intra-caldera 600 152 0.1
NE comer 600 305 0.3

Non-conical features
Height(m) Length(m) Width(m) Volume(km3)

Neptune Ridge 183 2800 700 0.4
SE lava flow 15 3600 1850 0.1
Turq. Cone tephra
(using Pyle, 1989)V=T3.08*ToBtA2; To=3 m, Bt=4.8 km) 4.8
Turq. Cone collapse volume 2.8

Total volume (km3): 13
Formation Linear extent Production Rate
Time (ka) (km) (km3ka"1km‘1)

9 14 9.71E-05
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Appendix K: Sample Locations and Notes

Extensive field work conducted for both Fisher and Shishaldin projects were 

supported in full by the Alaska Volcano Observatory, and many thanks go out to that 

organization. The Shishaldin field work was conducted during the summers o f 1997 and 

1998 with a field party consisting o f myself, Chris Nye, Jim Beget, Janet Schaffer, and 

Andy McCarthy. Fisher field work was conducted during the summers o f 1999 and 2000 

by myself and Jim Gardner, and in 2001 by Jim Gardner and Alain Burgessier. All field 

work was conducted through helicopter support, without which we would have only been 

able to reach a fraction of these volcanic terrains. This appendix provides locations 

(latitude, longitude and elevation when possible) and brief location and sample 

descriptions for the localities visited. Due to the large size o f this appendix, it is only 

available in digital form on the CD in the back pocket o f this thesis.
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Appendix L: Modal Analyses and Point Count Data

Modal analyses o f selected thin section from both Fisher and Shishaldin 

volcanoes. The majority o f these are reports o f 1,000 point analyses across a standard 

thin section. Phases reported are plagioclase (sieved and unsieved, also reported as 

“clean” and “dirty” plagioclase, respectively), clinopyroxene, orthopyroxene, olivine and 

oxides. Microprobe investigations (appendix H) indicates the majority o f oxides are 

magnetite. Groundmass crystals o f each o f these phases were also recorded, as well as 

vesicle (void space within a sample) and glass (or groundmass) phases. Because this data 

table is large, these data are available only in digital format on the CD in the back pocket 

o f this thesis.
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Appendix M: Details of Fisher Hydrothermal Activity and Observations

Location Date Feature
Temp.
(oC)

Air
Temp.
(oC)

Notes

Turquoise Lake
N. 54o39.46' 

W. 164o25.33'

7-Aug
1999

Turq. Lake 
Turq. Lake 
Turq. Lake 
Turq. Lake

12.5
12.5
12.5
12.6

9.7
9.7
9.7
9.7

All temperature 
measurements used 

K-type thermocouple 
with a CrAl/Al probe

Turquoise Lake
N. 54o39.46' 

W. 164o25.33'

1999
2001

Turq. Lake One plume in S. part of lake 
is always active, other lake 

plumes vary by day

Turquoise Lake
N. 54o39.46' 

W. 164o25.33'

15-Aug
1999

Turq. Lake 
Turq. Lake

13.1
13.3

9.4
9.4

-

South of 
Turq. Cone
N. 54o36.82' 

W. 164o24.33'

15-Aug
1999

small pool 
small pool 
small pool 
small pool

43.8
43.6
39.5
15.2

9.4
9.4
9.4
9.4

Several warm to hot pools 
at headwaters of warm creek 

Temp, increases toward 
Turquoise Cone.

Western Large 
Caldera Lake
N. 54o40.36’ 

W. 164o23.33'

17-M
2000

W. lake -- -
Up to 3 plumes observed 

just off S. shore of W. caldera 
lake. Injections of warm 

material stirring sediment? 
These plumes were not 

observed last year (1999).

Western Large 
Caldera Lake
N. 54o40.36' 

W. 164o23.33'

1-Aug
2001

W. lake - - No plumes observed in 
western caldera lake in 2001.

Mt. Finch
N. 54o39.77' 

W. 164o21.80'

1999
2001

West flank 
Mt. Finch

Fumerole field noted on upper 
W. flank. Area discolored, 
steaming intermittant, due to 
atmospheric conditions (?)

Inside Mt. Finch
N.54o40.18'

W.164o21.57'

12-Aug 
1999

Finch
crater
lake

9.6
9.8
8.2

9.7
8.2
8.6

Small pond in center 
of Mt. Finch. No signs 

of thermal activity
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Appendix N: M aterials in Digital Form at

The CD in the pack pocket o f this thesis contains digital versions of all materials 

presented in the paper version, as well as lengthy appendices not present in the paper text. 

Text, figures and tables are in .pdf format. Appendices are in .pdf format as well as in 

excel (2000) to facilitate availability o f these data. A “read me” file is present on the CD 

as well, explaining formatting, size and file type issues.

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



183

References Cited

Bacon, C. R. (1983). Eruptive history of Mount Mazama and Crater Lake Caldera,
Cascade Range, USA. Journal o f Volcanology and Geothermal Research 18: 57
115.

Bacon, C. R. and M. M. Hirschmann (1988). Mg/Mn partitioning as a test for equilibrium 
between coexisiting Fe-Ti oxides. American Mineralogist 73: 57-61.

Baker, I. (1968). Intermediate oceanic volcanic rocks and the 'Daly gap'. Earth and 
Planetary Science Letters 4: 103-106.

Beget, J., C. Nye and P. Stelling (1998). Postglacial collapse and regrowth of Shishaldin 
Volcano, Alaska, requires high eruption rates. Transactions o f the American 
Geophysical Union 70: S359.

Beget, J. and C. J. Nye (1998). Probability o f future explosive eruptions at Shishaldin 
Volcano, Alaska, based on historic and prehistoric tephrochronology.
Transactions o f the American Geophysical Union 79: F979.

Bergantz, G. W. and R. E. Breidenthal (2001). Non-stationary entrainment and tunneling 
eruptions: A dynamic link between eruption processes and magma mixing. 
Geophysical Research Letters 28: 3075-3078.

Bindeman, I. N., J. H. Foumelle and J. W. Valley (2001). 9,100 BP Emption o f Fisher 
Caldera, Unimak, Aleutians: low -dell80 zoned tuff, a tehprochronological 
marker. Journal o f Volcanology and Geothermal Research 111: 35-53.

Bonnefoi, C. C., A. Provost and F. Albarede (1995). The 'Daly gap' as a magmatic 
catastrophe. Nature 378: 270-272.

Brenan, J. M., H. F. Shaw, F. Ryerson and D. L. Phinney (1995). Mineral-aqueous fluid 
partitionaing o f trace elements at 900 oC and 2.0 GPa: Constraints on the trace 
element chemistry o f mantle and deep crustal fluids. Geochimica et 
Cosmochimica Acta 59: 3331-3350.

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



184

Bursik, M. I. and A. W. Woods (1996). The dynamics and thermodynamics o f large ash 
flows. Bulletin of Volcanology 58: 175-193.

Byers, F. (1959). Geology ofUm nak and Bogoslof Islands, Aleutian Islands, Alaska.
U.S. Geological Survey Bulletin 1028-L: 369.

Carr, M. (2000). IgPet for Windows. Somerset, NJ, Terra Softa, Inc.

Carson, E. (1998). Holocene tephrochronology of the Cold Bay area, southwest Alaska
peninsula. MS thesis, Department of Geology. Madison, University o f Wisconsin: 
178.

Carson, E., J. H. Foumelle, T. P. Miller and D. M. Mickelson (in press). Holocene
tephrochronology of the Cold Bay area, southwest Alaska Peninsula. Quaternary 
Science Reviews.

Class, C., D. M. Miller, S. L. Goldstein and C. H. Langmuir (2000). Distinguishing melt 
and fluid subductions components in Umnak Volcanics, Aleutian Arc. 
Geochemistry. Geophysics. Geosvstems 1: paper number 1999GC000010.

Coats, R. R. (1950). Volcanic activity in the Aleutian Arc. U.S. Geological Survey 
Bulletin 974-C: 35-47.

Conrey, R. M., P. R. Hooper, P. Larson, J. Chesley and J. Ruiz (2001). Trace element and 
isotopic evidence for two types o f crustal melting beneath a High Cascade 
volcanic center, Mt. Jeffereson, Oregon. Contributions to Mineralogy and 
Petrology 141: 710-732.

Dawson, J. B. (2002). Metasomatism and partial melting in upper-mantle peridotite
xenoliths from the Lashaine Volcano, Northern Tanzania. Journal o f Petrology 
43: 1749-1777.

Defant, M. J. and M. S. Drummond (1990). Derivation o f some madem arc magmas by 
melting o f young subducted lithosphere. Nature 347: 662-665.

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



185

Dehn, J., K. G. Dean, K. Engle and P. Izbekov (2002). Thermal precursors in satellite
imagery o f the 1999 eruption o f Shishaldin Volcano. Bulletin o f Volcanology 64: 
525-534.

Devine, J. D., J. E. Gardner, H. P. Brack, G. D. Layne and M. J. Rutherford (1995).
Comparison o f microanalytical methods for estimating water contents o f silicic 
volcanic glasses. American Mineralogist 80: 319-328.

Dochat, T. M. (1997). Quaternary stratigraphy and geomorphology of the Cold Bay 
region o f the Alaska Peninsula: a basis for paleoenvironmental reconstruction. 
Ph.D. thesis, Department o f Geology. Madison, University of Wisconsin- 
Madison: 330.

Dreher, S. T. (2002). The physical volcanology and petrology o f the 3,400 YBP caldera- 
forming eruption o f Aniakchak Volcano, Alaska. Ph.D. thesis, Department of 
Geology and Geophysics. Fairbanks, Alaska, University o f Alaska Fairbanks: 
174.

Duex, T. W. and D. R. Tucker (2000). Eruptive history o f the Sierra Quemada Caldera, 
Big Bend National Park, Texas. Abstracts with Programs - Geological Society o f 
America 32: 8-9.

Eichelberger, J. C., D. G. Chertkoff, S. T. Dreher and C. J. Nye (2000). Magmas in
collision: Rethinking chemical zonation in silicic magmas. Geology 28: 603-606.

Eichelberger, J. C. and P. E. Izbekov (2000). Eruption o f andesite triggered by dyke
injection: contrasting cases at Karymsky Volcano, Kamchatka and Mt. Katmai, 
Alaska. Philohospical Transactions of the Royal Society o f London 358: 1465
1485.

Elliott, T., T. Plank, A. Zindler, W. White and B. Bourdon (1997). Element transport
from slab to volcanic front at the Mariana Arc. Journal o f Geophysical Research 
102: 14,991-15,019.

Fierstein, J. and M. Nathanson (1992). Another look at the calculation o f fallout tephra 
volumes. Bulletin o f Volcanology 54: 156-167.

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



186

Finch, R. H. (1933). Shishaldin Volcano. Proceedings o f the Fifth Pacific Science 
Congress 3: 2369-2376.

Fitterman, D. V. and R. O. Grette (1983). Self-potential measurements at Newberry 
Crater, Oregon. U.S. Geological Survey Open File Report O F 83-0909: 12.

Fliedner, M. (1996). Composition of an Island Arc: Wide-angle seismic studies in the
Aleutian Islands, Alaska. 7th International Symposium on Deep Seismic Profiling 
of the Continents, Asilomar, California.

Flisch, M. (1982). Potassium-Argon Analysis. In: Numerical Dating in Stratigraphy. G.
S. Odin, Ed. Chichester, Wiley: 151-158.

Fohlmeister, J. F. (2002). Distribution o f mantle up-welling determined from plate
motions; a case for large-scale Benard convection. Pure and Applied Geophysics 
159: 2585-2612.

Ford, C. E., C. W. Biggar, D. J. Humphries, G. Wilson, D. Dixon and M. J. O'Hara
(1972). Role o f water in the evolution of the lunar crust; an experimental study of 
sample 14310; an indication o f lunar calc-alkaline volcanism. Proceedings o f the 
Third Lunar Science Conference 1: 207-229.

Foumelle, J. (1988). The Geology and Petrology o f Shishaldin Volcano. Unimak Island, 
Aleutian Arc. Alaska. Ph.D. thesis, Department of Geology and Geophysics. 
Baltimore, Johns Hopkins University.: 507.

Foumelle, J. (1990). Geology and Geochemistry o f Fisher Caldera, Unimak Island,
Aleutians: Initial Results. Transactions o f the American Geophysical Union 71: 
1,698-1,699.

Foumelle, J. H. and B. D. Marsh (1991). Shishaldin Volcano: Aleutian high-alumina 
basalts and the question of plagioclase accumulation. Geology 19: 234-237.

Funk, J. M. (1973). Late Quaternary geology of Cold Bay, Alaska, and vicinity. MS 
thesis, Department o f Geology, University o f Connecticut: 45.

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



187

Gardner, C. A., K. V. Cashman and C. A. Neal (1998). Tephra-fall deposits from the 
1992 eruption o f Crater Peak, Alaska; implications o f clast textures for eruptive 
processes. Bulletin o f the Geological Society o f America 59: 537-555.

Gill, J. B. (1981). Pro genic andesites and plate tectonics. Berlin, Springer-Verlag: 390
pp.

Grewingk, C. (1850). Contribution to knowledge o f the orographic [topographic] and
geognostic [geologic] condition o f the northwest coast o f America with adjacent 
islands:. Translated from Verhandlungen der Russich-Kaiserlichen 
Mineralogischen Gesellschalt zur St. Petersburg. Jahrgan 1848 ung 1849: 76-342.

Hammer, J. E., M. J. Rutherford and W. Hildreth (2002). Magma storage prior to the
1912 eruption at Novarupta, Alaska. Contributions to Mineralogy and Petrology 
144: 144-162.

Hansen, J., K. P. Skjerlie, R. B. Pedersen and J. De La Rosa (2002). Crustal melting in 
the lower parts o f island arcs: an example from the Bremanger Granitoid 
Complex, west Norwegian Caledonides. Contributions to Mineralogy and 
Petrology 143: 316-335.

Hawkesworth, C. J., S. Turner, F. McDermott, D. W. Peate and P. van Calsteren (1997). 
U-Th isotopes in arc magmas; implications for element transfer from the 
subducted crust. Science 276.

Hildreth, W. (1983). The compositionally zoned eruption of 1912 in the Valley o f Ten 
Thousand Smokes, Katrnai National Park, Alaska. Journal o f Volcanology and 
Geothermal Research 18.

Hubbard, B. R. (1935). Cradle of the Storms. New York, Dodd, Mead and Company: 285
pp.

Iyer, H. M. (1987). Three-dimensional velocity heterogeneities in volcanic areas; a
review ofU .S. Geological Survey research. International Union of Geodesy and 
Geophysics. General Assembly 19: 49.

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



188

Izbekov, P. E., J. C. Eichelberger, L. C. Patino, T. A. Vogel and B. V. Ivanov (2002). 
Calcic cores o f plagioclase phenocrysts in andesite from Karymsky volcano: 
Evidence for rapid introduction by basaltic replenishment. Geology 30: 799-802.

Johnson, D. M., P. R. Hooper and R. M. Conrey (1999). XRF Analysis of Rocks and
Minerals for Major and Trace Elements on a Single Low Dilution Li-tetraborate 
Fused Bead. Advances in X-ray Analysis 41: 843-867.

Johnson, M. C. and T. Plank (1999). Dehydration and melting experiments constrain the 
fate o f subducted sediments. Geochemistry, Geophysics, Geosystems 1: paper 
number 1999GC000014.

Jordan, J. W. (2000). Late Quaternary coastal enironments and human occupation o f the 
western Alaska Peninsula. Ph.D. thesis, Deparment o f Geology. Madison, 
University o f Madison-Wisconsin: 186.

Kay, R. W. (1978). Aleutian magnesian andesites; melts from subducted Pacific Ocean 
crust. Journal o f Volcanology and Geothermal Research 4: 117-132.

Kay, R. W. (1980). Volcanic arc magmas: Implications for melting-mixing model for
element recycling in the crust-upper mantle system. Journal o f Geology 88: 497
522.

Kay, S. M. and R. W. Kay (1985). Aleutian tholeiitic and calc-alkaline magma series I: 
The mafic phenocrysts. Contributions to Mineralogy and Petrology 90: 276-290.

Kay, S. M. and R. W. Kay (1994). Aleutian magmas in space and time. In: The Geology 
o f Alaska. G. Plafker and H. C. Berg, Eds., Geological Society o f America: 687
722.

Kay, S. M., R. W. Kay and G. P. Citron (1982). Tectonic controls on the tholeiitic and 
calc-alkaline magmatism in the Aleutian Arc. Journal o f Geophysical Research 
87: 4051-4072.

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



189

Komuro, H. (1992). Mechanism of caldera formation; experimental approach. 
International Geological Congress. Abstracts 29: 481.

Layer, P. W. (2000). Argon-40/argon-39 age o f the El'gygytgyn impact event, Chukotka, 
Russia. Meteorics and Planetary Science 35: 591-599.

Layer, P. W., C. M. Hall and D. York (1987). The derivation o f 40Ar/39Ar age

spectra o f single grains of hornblende and biotite by laser step heating. Geophysical 
Research Letters 14: 757-760.

Linneman, S. R. (1990). The petrologic evolution o f the Holocene magmatic system of 
Newberry Volcano, central Oregon. Ph.D. thesis, Department o f Geology. 
Laramie, University of Wyoming, Laramie: 293.

Lipman, P. W. (1976). Caldera-collapse breccias in the western San Juan Mountains, 
Colorado. Geological Society of America Bulletin 87: 1397-1410.

Mandeville, C. W., S. Carey and H. Sigurdsson (1996). Sedimentology of the Krakatau 
1883 submarine pyroclastic deposits. Bulletin o f Volcanology 57: 512-529.

Martin, D. (1987). Compositional and thermal convection in magma chambers. 
Contributions to Mineralogy and Petrology 96: 465-475.

McCulloch, M. T. and J. A. Gamble (1991). Geochemical and geodynamical constraints 
on subduction zone magmatism. Earth and Planetary Science Letters 102: 358
374.

McDougall, I. and T. M. Harrison (1999). Geochronology and Thermochronology 

by the 40Ar/39Ar method. New York, Oxford University Press: 269 pp.

Miller, D. M., C. H. Langmuir, S. L. Goldstein and A. L. Franks (1992). The importance 
o f parental magma composition to calc-alkaline and tholeiitic evolution: Evidence 
from Umnak Island in the Aleutians. Journal o f Geophysical Research 97: 321
343.

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



190

Miller, T. P., D. G. Chertkoff, J. C. Eichelberger and M. L. Coombs (1999). Mount
Dutton volcano, Alaska: Aleutian Arc analog to Unzen volcano, Japan. Journal of 
Volcanology and Geothermal Research 89: 275-301.

Miller, T. P. and D. H. Richter (1994). Quaternary volcanism in the Alaska Peninsula and 
Wrangell Mountains, Alaska. In: The geology of Alaska, The geology o f North 
America. G. Plafker and H. C. Berg, Eds. Boulder, CO, Geological Society of 
America. G-l: 759-779.

Miller, T. P. and R. L. Smith (1977). Spectacular mobility o f ash flows around Aniakchak 
and Fisher calderas, Alaska. Geology 5: 173-176.

Miyashiro, A. and F. Shido (1974). Volcanic rock series in island arcs and active 
continental margins. American Journals o f Science 274: 321-355.

Monzier, M., C. Robin and J.-P. Eissen (1994). Kuwae (nearly equal 1425 A.D.); the
forgotten caldera. Journal o f Volcanology and Geothermal Research 59: 207-218.

Moran, S. C., S. D. Stihler and J. A. Power (2002). A tectonic earthquake sequence
preceding the April-May 1999 eruption o f Shishaldin Volcano, Alaska. Bulletin 
o f Volcanology 64: 520-524.

Muntener, O., P. B. Kelemen and T. L. Grove (2001). The role o f H 20  during
crystallization o f primative arc magmas unde uppermost mantle conditions and 
gensis of igneous pyroxenites: and experimental study. Contributions to 
Mineralogy and Petrology 141: 643-658.

Myers, J. D., B. D. Marsh, C. D. Frost and J. A. Linton (2002). Petrologic constraints on 
the spatial distribution o f crustal magma chambers, Atka Volcanic Center, central 
Aleutian arc. Contributions to Mineralogy and Petrology 143: 567-586.

Nelson, S. T. and A. Montana (1992). Sieve-textured plagioclase in volcanic rocks 
produced by rapid decompression. American Mineralogist 77: 1242-1249.

Newhall, C. G. and D. Dzurisin (1988). Historical unrest at large calderas o f the world. 
U.S. Geological Survey Bulletin B 1855: 1108.

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



191

Nye, C. J., T. E. C. Keith, J. C. Eichelberger, T. P. Miller, S. R. McNutt, S. C. Moran, D. 
J. Schneider, J. Dehn and J. Schaefer (2002). The 1999 eruption of Shishaldin 
Volcano, Alaska: Monitoring a distant eruption. Bulletin o f Volcanology 64: 507
519.

Perfit, M. R., H. Brueckner, J. R. Lawrence and R. W. Kay (1980). Trace element and 
isotopic variations in a zoned pluton and associated volcanic rocks, Unalaska 
Island, Alaska: Model for fractionation in the Aleutian calc-alkaline suite. 
Contributions to Mineralogy and Petrology 73: 69-87.

Plank, T. and C. H. Langmuir (1998). The geochemical composition o f subducting
sediment and its consequences for the crust and mantle. Chemical Geology 145: 
325-394.

Power, J., S. D. Stihler, R. A. White and S. C. Moran (2002). Observations o f deep long- 
period (DLP) seismic events beneath Aleutian Arc volcanoes; 1989 to 2002. 
Transactions o f the American Geophysical Union Fall meeting: F1051.

Price, R. C., R. B. Stewart, J. D. Woodhead and I. E. M. Smith (1999). Petrogenesis of 
high-K arc magmas: Evidence from Egmont Volcano, North Island, New 
Zealand. Journal o f Petrology 40: 167-197.

Roche, O., T. H. Druitt and O. Merle (2000). Experimental study o f caldera formation. 
Journal o f Geophysical Research 105: 395-416.

Rollinson, H. R. (1993). Using geochemical data: evaluation, presentation, interpretation. 
Harlow, Longman Group Limited UKpp.

Rupke, L. H., J. P. Morgan, M. Hort and J. A. D. Connolly (2002). Are the regional 
variations in Central American arc lavas due to differing basaltic versus 
peridotitic slab sources o f fluids? Geology 30: 1035-1038.

Samaniego, P., H. Martin, C. Robin and M. Monzier (2002). Transition from calc-alkalic 
to adakitic magmatism at Cayambe Volcano, Ecuador: Insights into smab melts 
and mantle wedge interactions. Geology 30: 967-970.

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



192

Saunders, A. D., J. Tamey and S. D. Weaver (1980). Transverse geochemical variations 
across the Antarctic Peninsula: Implications for the genesis of calc-alkaline 
magmas. Earth and Planetary Science Letters 46: 344-360.

Sheridan, M. (1979). Emplacement o f pyroclastic flows: a review. In: Ash-flow tuffs. C. 
E. Chapin and W. E. Elston, Eds. Albuquerque, Geological Society o f America. 
Special paper: 125-136.

Shimin, W. and W. Ren (2001). Current plate velocities relative to hotspots; implications 
for hotspot motion, mantle viscosity and global reference frame. Earth and 
Planetary Science Letters 189: 133-140.

Simkin, T. and L. Siebert (1994). Volcanoes o f the World. Tucson, Geoscience Press:
349 pp.

Singer, B. S., W. P. Leeman, M. F. Thirlwall and N. W. Rogers (1996). Does fracture
zone subduction increase sediment flux and mantle melting in subduction zones? 
Trace element evidence from Aleutian Arc basalt. In: Subduction top to bottom.
G. E. Bebout, D. W. Scholl, S. H. Kirby and J. P. Platt, Eds., American 
Geophysical Union. 96: 285-291.

Sisson, T. W. and T. L. Grove (1993a). Experimental investigations of the role o f FLO in 
calc-alkaline differentiation and subduction zone magmatism. Contributions to 
Mineralogy and Petrology 113.

Sisson, T. W. and T. L. Grove (1993b). Temperatures and FLO contents o f low-MgO 
high-alumina basalts. Contributions to Mineralogy and Petrology 113: 167-184.

Smellie, J. L. (2001). Lithostratigraphy and volcanic evolution o f Deception Island, South 
Shetland Islands. Antarctic Science 13: 188-209.

Stelling, P., J. Beget, C. Nye, J. Gardner, J. Devine and R. George (2002). Geology and 
petrology o f ejecta from the 1999 eruption o f Shishaldin Volcano, Alaska.
Bulletin o f Volcanology 64: 548-561.

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



193

Stelling, P., J. E. Gardner and J. Beget (in review). Eruptive history of Fisher Caldera, 
Alaska, USA. Journal o f Volcanology and Geothermal Research.

Thompson, G., S. McNutt and G. Tytgat (2002). Three distinct regimes of volcanic
tremor associated with the eruption o f Shishaldin Volcano, Alaska, April 1999. 
Bulletin o f Volcanology 64: 535-547.

Thompson, G. M., I. E. M. Smith and J. G. Malpas (2001). Origin o f oceanic phonolites 
by crystal fractionation and the problem of the Daly gap: an example from 
Rarotonga. Contributions to Mineralogy and Petrology 142: 336-346.

Veniaminov, I. (1840). Notes on the Islands o f the Unalashka District. Kingston, Ontario, 
Limestone Press: 511 pp.

Woodhead, J. D., S. Eggins and J. Gamble (1993). High field strength and transition
element systematics in island arc and back arc basin basalts: Evidence for multi
phase melt extraction and a depleted mantle wedge. Earth and Planetary Science 
Letters 114: 491-504.

Woodhead, J. D. and R. W. Johnson (1993). Isotopic and trace-element profiles across 
the New Britian island arc, Papua New Guinea. Contributions to Mineralogy and 
Petrology 113: 479-491.

Yogodzinski, G. M. and P. B. Kelemen (1998). Slab melting in the Aleutians;
implications o f an ion probe study o f clinopyroxene in primative adakite and 
basalt. Earth and Planetary Science Letters 158: 53-65.

York, D., C. M. Hall, Y. Yanase, J. A. Hanes and W. J. Kenyon (1981). 40Ar/39Ar dating 
o f terrestrial minerals with a continuous laser. Geophysical Research Letters 8: 
1136-1138.

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


