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differentiated basaltic to andesltic ma % maa• 
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CHAPTER ONE 

INTRODUCTION 

Most studies of andesitic volcanic chains, such as 

the Cascade Range of southern British Columbia, Washington, 

Oregon, and northern California, have been restricted to 

the andesitic cones and the sore silicic products of the 

volcanoes* The cinder cones sssociated with the andesitic 

volcanoes have for the most part, been ignored* 

Most cinder cones are monogenetic, i* e* they erupt 

only once, mnd tend to be active for a few months or at 

most a few years* They are composed of pyroclastlc 

material mnd commonly erupt lava flows* The maximum basal 

diameter of cinder cones is 2 to 2.5 km (Wood, 1980a)* 

Cones larger than this are rare, perhaps because larger 

cinder cones may evolve into composite volcanoes (Crowe* 

Halleck, and Nolf, 1978). 

In some cases a cinder cone is the initial stage in 

the evolution of a composite cone* With continued 

eruptions, the basal diameter, mechanical strength, height, 

and volume of the cinder cone increase* Injection of dikes 

and sills increases the mechanical strength of the cone 

(Crowe, Halleck, and Nolf, 1 9 7 8 ) , nnA facilitates the 

transition from cinder cone to composite cone* 

Aspects of the early history of composite cones may be 
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revealed by study of cinder cones. Because their rocks 

represent some of the most primitive magmas found in a 

region of andesitic volcanlit, they are important element a 

in understanding the evolution of larger magmatic aystems* 

Objectives 

Crater Lake National Park is ttn Ideal location to 

atucy a classic Cascade andesitic volcano and its 

aasoclated cinder cones* The area la young geologically 

and the volcanic products are relatively fresh* The area 

has remained almost undisturbed by man since Crater Lake 

National Park was established in 1902 to preserve the 

spectacular scenery surrounding the lake in the callers of 

ancestral Mount Mazaaa. The presence of the caldera 

provides an unusual opportunity to study the past history 

^nd Internal structure of Mount Mazama. The Intermediate 

fkt\d silicic products of the volcano have been studied 

comprehensively (Williams. 1942; Ritchey, 1979; Bacon. 

1983). 

Twenty cinder cones are located within the boundaries 

of Crater Lake National Park. The thirteen cones that are 

the subject of this study can be divided into two groups on 

the basis of age: 

I. Four cinder cones associated with the older. 

pre-Mount Mazama volcanoes. Union Peak and 
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Timber Crater, which are basaltic shield 

volcanoes within the boundaries of Crater 

Lake National Park. 

2. Nine cinder cones associated with Mount Magassa. 

A. Kignt pre-caldera cinder cones 

B. One post-caldera cinder cone 

The phrase Crater Lake cinder cones will be used to refer 

to the thirteen cinder cones in this study* The term Mount 

Mazama cinder cones will be used to refer to the nine 

cinder cones associated with Mount Mazama. 

The objectives of this study are, first, to describe 

the morphological, miner alegica1, and geochemlcai 

characteristics of cinder cones associated with mn 

andesltlc volcano of the High Cascade Range, and, second* 

to determine the ages and genetic relationships, if any, 

between their magmas and that of Mount Mazana* 

Locat ion 

Crater Lake National Park is located in Klamath 

County, Oregon, and is part of the Southern Oregon High 

Cascade Range (Figure 1 ) . The Park cnn be reached frost 

Highways 97 and 138 from the north (north entrance), »r\4 

Highway f i 2 from the south (south entrance). Access Is 

limited to the south entrance during the winter. 
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The Cascade Range extends from Hount Carahaidi In 

British Columbia, to Mount Lassen in California, and can be 

divided into two parts, the Western Cascade Range an-d the 

High Cascade Range* Crater Lake National Park is located 

on the axis of the High Cascade Range (Figure I ) * The 

Klamath Mountain Province is located southwest of Crater 

Lake National Park, Rocks similar to those found in the 

Klamath Mountains are believed to underlie the Crater Lake 

area. The Klamath Mountain structure Is believed to 

continue into the Crater Lake area (Barnes and Ritehey* 

1978) and to have had some affect on the tectonics $f the 

Crater Lake area* The Basin And Range province of southern 

Oregon is east And southeast of Crater Lake National Park 

(Figure 1 ) * Basin and Range style of faulting and extension 

may extend into the Crater Lake area (Blank, 1968), The 

following is a brief discussion of the regional setting 

for t he area . 

Western Cascade Range 

Ca1c-alka1lne volcanism in the Western Cascad^a began 

In the Ollgocene (McBirney, 1978)* The vents for this 

#»ariy activity w*re located west of the present axis of the 

Cascades* A change in eruptive products with time can be 



5 

observed in the Western CABcade sequence. And e a i t e and 

rhyollte were predominant before the mid-Miocene, andesite 

became dominant in the mid- 1 ate-Miocene t and basalt was 

more important during the Pliocene and Pleistocene (White 

and McBirney, 1978), when coalescing shield volcanoes 

formed the platform upon which the High Cascades are built. 

High Cascade Range 

Rocks of the Western Cascade Range are u n c o n f o m a b l y 

overlain by rocks of the High Cascade Range* The High 

Cane ad en are the result of Quaternary volcanic activity 

concentrated along a north-south trend. 

Early Pleiatocene activity consisted mainly of 

basaltic cones, flows, and overlapping shield cones* The 

lavas were olivine basalts and ollvine-bearing basaltic 

andesltes* Basaltic eruptions continued after the 

andesitic cones began to build* 

Construction of the andesitic cones of the High 

Cascades began about one million years ago; the cones 

formed in a relatively short time. One known constraint on 

the agen Is provided by observations of magnetic 

polarities* Few reversely polarized lavas have been found 

in the High Cascades* The most recent magnetic reversal 

occurred approximately 700,000 years ago. Therefore, the 

majority of the material exposed in the High Cascades has 
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been erupted within the preceding 700,000 years* 

Basalt is volumetrically predominant in the ceatral 

part of the Cascades, whereas andesite is relatively more 

abundant to the north and south. This may be because the 

central Cascade volcanoes (The Three Sisters, Mount 

Jefferson) are underlain by thin, oceanic crust of tertiary 

age* The volcanoes of the northern and southern parts of 

the chain are underlain by thick, crystalline, continental 

crust of pre-Tertiary age. 

The High Cascade volcanoes can be divided into three 

groups based on composition: (1) volcanoes composed largely 

of andesite with small amounts of dacite erupted in the 

final stages of activity, e. g., Mount Rainier, Mount Hood 

and Mount Jefferson; (2) volcanoes composed largely of 

basaltic andesite, e. g», North Sister and Mount Thleleen; 

and (3) volcanoes largely composed of andesite »,nd dacite, 

with eruption of divergent magmas during later stages of 

activity, e# g», South Sister, Mount Mazama, and Mount 

Shasta• 

A second classification scheme describes the High 

Cascade volcanoes as coherent or divergent volcanoes on the 

basis of the composition of eruptive products (McBlrney, 

1968). Coherent volcanoes erupt largely andesite or 

basaltic andesite with a small range in composition. The 

lack of rhyoiite is characteristic* Mount Rainier, Mount 

H O T ! , Mount Jefferson, an ! Mount Thielsen <nr*» *x*?npt*»«t of 
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coherent volcanoes. 

Divergent volcanoes initially erupt andeslte Atkd 

daclte, but later eruptions produce basalt and rhyolite. 

In the Cascades, divergent volcanoes are found in the 

northern part of the Range, and south of North Sister, and 

Include Mount St. Helens, South Sister, Mount Mazama, mnd 

Mount Shasta. 

A correlation can be made between the type of volcano, 

coherent or divergent, and its position along the axis of 

the Cascade Range. Hughes, Stoiber, and Carr ( 1 9 8 0 ) , 

divided the Cascade chain into six segments based on the 

distribution and alignment of the volcanoes (Figure 2 ) . 

The Cascade Range consists of six segments that taaka up the 

volcanic front, and three divergent centers, Slttcoe 

Volcanic Field, Newberry Volcano, and Medicine Lake 

Highlands, that lie behind the volcanic front. 

Coherent volcanoes are located within segments along 

the volcanic front. Divergent volcanoes are located along 

or near segment boundaries, or behind the volcanic front 

(Figure 2 ) . Volcanoes nmar segment boundaries exhibit a 

wide range of composition Bt\d evidence of explosive 

eruptions, e. g., Glacier Peak, Mount St. Helens, Mttd Mount 

Mazama. 

The composite volcanoes of the C»ncMd€ chain, as well 

as cinder cones and boundary faults of the Cascade Craben, 

follow a north-south frond ( F! ct u r o 1 ) . Mid-Mine*»ne 
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Figure 2. Segment boundaries of the Cascade Range* 
Abbreviations as in Figure I and, c-coherent 
volcanoes, d-divergent volcanoes* 
Circles-volcanoes, heavy lines-volcanic 
front, stippled area-segaient boundary cones* 
\ f f «.-» r U ,. ' v , q ^ f r» ! Si. r rin ! P^f r | 0 9(1 
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Figure 3# Index map shoving major structures of southern 
Oregon* Abbreviations as in Figure 1 and 
KG- Klamath Cribtn. Heavy lines-normal faults, 
dashed lines-strike-slip faults, hachured lines 
boundary faults of the Klamath Craben* Dashed 
pattern-inferred extension of the Klamath 
Mountain block (from flame* and Ritcheyf !•?§)• 
After * - 1979 
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block-faulting cauaed uplift and weatward tilting of the 

Weatern Caacadea* with aynchronoua aubaldence of the 

baaem«»nt beneath the High Caacadea (McHirney* 1978 ) . This 

aubaldence rerulted In formation of the Cascade Graben* 

moat of which la now filled by producta of High Caacade 

volcanism* 

Klamath Mountain Province 

The Klamath Mountain Province* located touthvelt of 

Crater Lake (Figure 3 ) t conalata of folded* faulted* and 

deformed metalgneoua9 metaaedlmentary* ultramaflc* mnd 

plutonlc rocks. Fold axe a And fault traces trend northeast 

to north-northeaat. Cryatalllne rocka of the same age mm 

the Klamath Mountain Province are found In the Blue 

Mountain Province of Eastern Oregon (Figure 3 ) * suggesting 

that theae rocka are contlnuoua beneath the Cascades* If 

this la the caaet then the volcanic rocks should reflect 

the structure of the underlying rocks* The trend of faults 

of the Cm»cade Range south of latitude 43°30 is north-

northeaat to northweat* and this area la under an 

extenslonal regime (Barnea, 19 7ft) . The north-northeast 

trending faults parallel the trend of the Klamath Mountain 

Province. Barnes nnd Ritchey (1978) outlined a block they 

believe to be underlain by rocks of the Klamath Mountain 

Province (Figure 3 ) . 
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Gravity data support this interpretat ion• A steep 

gradient parallels the boundary of the block, and the 

Bouger gravity values decrease eastward, indicating either 

thinner crust east of the outlined area, or a thick crust 

composed of low density material, such mm sediments or 

volcanic material (Barnes, 1 9 7 8 ) . 

Basin &nd Range Province 

The Basin and Range Province extends into southern 

Oregon, and terminates against the eastern margin of the 

Cascades* Topographically, the Basin and Range is 

characterized by block-faulted mountains and the adjacent 

valleys* Normal faulting as a result of crustal extension 

produced horsts and grabens. Basaltic and blmodal 

volcanlsm is characteristic of the region. The Basin and 

Range of south-central Oregon is characterized by culc-

alkaline volcanoes and younger and more mafic volean ism 

than the Nevada-Utah Basin and Range (Armstrong, 19 7ft >• 

Several of these volcanoes have been studied (Figure 3)» 

including Medicine Lake Highland (Mertzmann, 1 9 7 7 ) , 

Newberry Volcano (MacLeod, Sherrod, Chitwood, and MeKee, 

1981), Yamnay Mountain (Hering, 1 9 8 1 ) , and Gearhart 

Mountain (Brikowski, 1 9 8 3 ) . 

Medicine Lake and Newberry Volcano are basaltic shield 

volcanoes with calderas, located along the boundary between 
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the Cascades and the Oregon Basin and Range* Both 

volcanoes lie behind (to the east of) the Cascade volcanic 

front, along segment boundaries. Thus, by the schf»e of 

Hughes, Stoiber, and Carr (I960), these volcanoes are 

divergent* Recent volcanisra at both centers w&* 

predominantly basaltic cinder cones and rhyolitic flows* 

Rhyolite is present, both as pumice and obsidian flows, and 

hypersthene andeslte is rare or totally absent. These 

characteristics distinguish Newberry and Medicine take from 

the Cascade volcanoes* 

Faulting and shearing characteristic of the Basin and 

Range province extend into the Crater Lake area* In 

southern Oregon, the normal faults of the Basin and Range 

trend northwest. The northwest trending faults in southerr 

Oregon are eji echelon faults that define more extensive 

fault zones* Three major fault zones, the Brothers Fault 

Zone, the Kugene-Denio Fault Zone, and the Mount McLoughlin 

lineament (Lawrence, 1976; Figure 3 ) , separate blocks 

broken by normal faults* South of Crater Lake, the 

northwest trend of the normal faults swings to the north to 

form the boundary faults of the Klamath Graben. If 

extended northward, the faults appear to converge beneath 

Crater Lake (Figure 2 ) . 

Barnes (1978) suggested that the Diamond Lake Basin 

occupies a graben that if projected to the south, would 

pass beneath Crater Lake. A graben extending *outh from 
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Diamond Lake is suggested by a chain of vents an«l cinder 

cones that extends from near the rim of the Crater Lake 

cal<'era northward to Diamond Lake* Two cinder c<&ne§ 

Included in this study, Red Cone and Desert Cone, are 

located along this trend (Figure 3 ) . The Diamond Lake and 

Klamath Graben appmar to be related to a north-south 

trending extenslonal feature that passes beneath Crater 

Lake and may be a part of the Cascade Graben. 

Blank (1968) conducted gravity and tn&gnetic studies of 

the Crater Lake region, and observed that the dominant 

lineaments trend northwest, while a lesser lineament trenda 

northeast* The north-south lineament characteristic of tha 

High Cascades is not apparent in the gravity or magnetic 

surveys* The northwest lineament may reflect either an 

extension of the Basin and Range into this region, or 

shearing related to the Brothers Fault Zone* The northeast 

lineament may reflect either tension associated with 

shearing, or an extension of Klamath Mountain structure 

into this region* 

A major northwest-trending structure comes iato the 

Crater Lake region from the southwest and is truncated by a 

northeast-trending structure near the northwest wall of the 

caldera* This structure is visible on the gravity and 

magnetic surveys* Blank (1968) proposes that the location 

of this structural intersection may have contributed to 

formation of the Crater Lake caldera* If these structures 
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represent some sort of intersecting fracture system, a 

greater volume of magma could have moved into the #rea and 

facilitated collapse of the caldera. 

MacLeod, Walker, and KcKee (1976) observed a decrease 

in the age of rhyolitlc volcanism from southeast td 

northwest along the eastern edge of the High Cascades; the 

youngest volcanism is located just west of Newberry 

Volcano. On the basis of the symmetry of ages and the 

decrease in ages toward the northwest, MacLeod et# al., 

propose that extension is occurring along a northwest** 

propagating rift. Both Newberry Volcano and Crater Lake 

are situated near the edges of this zone of extension 

(Ritchey, 1979). The similarity in setting may be one 

reason for the similarities in composition and eruptive 

history between Crater Lake and Newberry Volcano. 

In summary, Crater Lake National Park is located in 

the High Cascade Range of Oregon, The Klamath Mountain 

Province, located southwest of Crater Lake, is composed of 

crystalline rocks similar to rocks believed to underlie the 

Cascade Range. The Oregon Basin and Range abuts against 

the eastern nargin of the Cascade Range. Basin and Range 

type faulting and shearing extend into the Crater Lake area 

and may have influenced the structural regime of Crater 

Lake National Park, and the movement of magma into Mount 

Maz -ima • 
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Previous Work 

Diller and Patton (1902) published the first geologic 

study of Crater Lake National Park. Their study Included a 

brief petrographic discussion of the following cinder 

cones: Bald Crater, Crater Peak, Desert Cone, Red Cone, 

Timber Crater, and Wizard Island* 

Howe I Williams (1942) published a comprehensive study 

of Crater Lake National Park and Mount Mazama* He included 

major-element analyses and petrographic descriptions of 

Crater Peak, Forgotten Crater, Red Cone, Timber Crater, and 

Wizard Island* 

The divergent magmas associated with the climactic 

eruption of Mount Mazama were studied by Ritchey (1979). 

He included major and trace element studies of Red Cone and 

Wizard Island, and proposed that Red Cone lavas were 

similar in composition to the parental magmas proposed for 

the divergent magmas* 

Bacon (1983) studied the eruptive history of Mount 

Mazama. Included in his study is a brief discussion of the 

Williams Crater Complex and Red Cone* 
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CHAPTER TWO 

THE GEOLOGY OF CRATER LAKE NATXOMAL PARR 

Summary of the Geologic History of Mount Matama 

Crater Lake was discovered by white men June 12, I ft 5 3• 

A party of three gold miners, including John Wesley 

Hillman, came upon the lake while looking for the Lost 

Cabin gold mine. William Steel, founder of the Mazama 

Mountaineering Club, first visited Crater Lake in 1885. 

Known as the Father of Crater Lake, Steel proposed that the 

extinct volcano be named Mount Mazama, after the club, and 

was largely responsible for the establishment of Crater 

Lake as the nation's fifth national park in 1902. 

Mount Mazama was a composite cone of the High 

Cascades, composed largely of hypersthene-auglte andesite, 

which reached a height of approximataly 3,500 meters* 

Mount Mazama was not a single symmetrical cone like many of 

the other Cascade volcanoes such as Mount St. Helens or 

Mount Hood, but was a cluster of as many as twelve 

overlapping cones with different vents active at different 

times (Bacon, 1983). No reversely magnetized lavas have 

been found from Mount Mazama; therefore, the volcano Is 

younger than approximately 700,000 years, the time of the 

most recent magnetic reversal. 
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The oldest rocks in the caldera walls are exposed at 

the base of Dutton Cliff (Figure 4 ) # These rocks are the 

remnants of a pre-Mount Mazama volcano, Phantom Cone, with 

an age of approximately 400,000 years, (Bacon, 1983). 

Phantom Cone was buried by the products of Mount Ktsaai, 

and subsequently exposed by the collapse of the caldera. 

Phantom Ship, located within the caldera, is composed 

largely of andesitic dikes radial to Phantom Cone. The 

remainder of Phantom Ship consists of tuff (Williams, 

1942). 

Hillman Peak on the western rim of the caldera (Figure 

4 ) , is the remnant of Hillman Cone. Hillman Cone was the 

westernmost cone of the group making up Mount Mazama, and 

has an age of approximately 67,000 years (Bacon, 1983). 

The collapse of the caldera bisected Hillman Cone. The 

Williams Crater Complex (discussed in Chapter 3} lies on 

the edge of Hillman Flow, a thick andesitic lava, that 

moved westward from Hillman Peak. 

Llao Rock is a thick flow of rhyodaclte located on the 

western edge of the caldera (Figure 4)* Llao Rock is 

underlain by air-fall pumice erupted about 701S years ago 

from the same vent (Bacon, 1983). 

The Cleetwood Flow is a rhyodacitlc lava on the 

northern rim of the caldera (Figure 4)« Its age li between 

6845 and 7800 years (Bacon, 1983). The Cleetwood Flow is 



Figure 4 # Geologic map of Crater Lake National Park* 
Cinder cones included in this study 
Indicated by underlining of name* Includes 
xsmv^t changes since 1942. From Williams, 1942 
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only a few months older than the pumice fall from the 

caldera-forming eruption of Mount Mazama* This is shown by 

the following observations (Bacon, 1983): (i) the air-fail 

pumice from the climactic eruption is oxidized and welded 

on top of the Cleetwood Flow near the caldera, atid (2) the 

Cleetwood Flow had not cooled completely at the time of the 

caldera collapse* The flow was still plastic at the time 

of the caldera collapse, and was able to flow down the 

caldera walls* In the Cleetwood Cove area, the lava flowed 

down the caldera walls to lake level* 

The climactic eruption began soon after the eruption 

of Cleetwood Flow* The eruption was triggered by the 

extrusion of four to twelve km of magma, the preclimactic 

rhyodacite flows of Llao rock, Crouse Hill, ftedcloud Cliffy 

and Cleetwood Flow, over a period of time possibly as short 

as 100-200 years (Bacon, 1983). 

Removal of this amount of magma is thought to have 

reduced the pressure within the magma chamber, mnd 

triggered veslculatlon of the magma at depth* Am gases 

exsolved, the magma was driven up and out of the magma 

chamber, causing the magma to leave the chamber 

explosively* The magma chamber was emptied very rapidly 

leaving the roof of the chamber unsupported and causing it 

to collapse to form thi? caldera (Figure ^ ) . 
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The climactic eruption began with an explosive 

eruption that hurled ash high into the atraospher®. Air-

fail pumice was blown in two main directions, *&nt and 

northeast, by the prevailing winds. The pumice fail was 

followed by pumice flows in the form of glowing avalanches* 

These flows scoured the upper flanks of the volcano mnd 

were deposited in valleys downslope. In places, the 

deposits reached thicknesses of several hundred meters. 

For example, the Pinnacles deposit is about 65 meters thick 

(Figure 4 ) . 

Cinder cones and dacitlc domes are located in and 

around Crater Lake National Park (Figure 6 ) . Con

temporaneous eruption of divergent magmas (basalt and 

dacite in this case) is common in the later staget of 

activity of many andesitic volcanoes throughout th€ world, 

and has been observed in other Cascade volcanoes (Williams, 

1942). Williams (1942) believed: (I) the dacitlc domes and 

basaltic cinder cones in the Crater Lake area are of 

approximately the same age, and (2) the eruptions that 

produced the cones ^nd domes w*re among the last activity 

to occur before the climactic eruptions of Mount Mmaama 

began. 

The dacitlc domes were of the Pel^an type (Williams, 

1942). The largest concentration of domes is found nm&t of 

Mount Scott. Most form clusters; a few are aligned &lon% 
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Fiftur* 6. Location of clnd#r C O H M and dacitic doii>i in 
tha Cratar Lake arra. From Wllllaaa, 1942. 
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trends radi.il to Mount Mazama. Weathering appears to have 

had little effect on the domes* The rocks appear to be 

relatively fresh and the associated lava flown have steep 

fronts (Williams, 1942). 

The cinder cones Included In this study are located 

within the boundaries of Crater Lake National Park* Other 

cinder cones occur outside the Park, with the larg 

concentration to the east and south* Williams (1942) 

believed these cones to be of the same age and erupted from 

the same magma reservoir as those cones located within the 

Park • 

Post-Caldera Volcanism 

Post-caldera volcanisn within the caldera produced 

lava flows on the floor of the caldera and two cones have 

been constructed* Merriam Cone is located near the 

northern end of the lake (Figure 7 ) , below lake level* thm 

cone Is 40 2 meters high and lacks a summit crate* 

(Williams, 1961)* The large angle of repose of the ejects 

(31°-33°) indicates that Merriam Cone was erupted under 

subaerlal conditions (Williams. 1 9 6 1 ) . It is likely, 

therefore, that Merriam Cone formed soon after tfce 

formation of the caldera* Wisard Island ta a ciader cone 

composed of basaltic andeslte to andeslte, and t$ located 

radi.il


2 5 
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near the southwestern caldera wall (Figure 4 , 7 ) , Wizard 

Inland will be discussed in Chapter 3# 

Other Volcanoes Within The Park Boundaries 

Union Peak Is a shield volcano with a tuaalt cinder 

cone located southwest of Crater Lake (refer to Figufre 

4 ) • It is composed of olivine basalt and olivine^bearing 

basaltic andeslte and Is topped by a craggy peak formed 

by Intrusion of a plug of norlte (Williams* 1942}* fhe 

Intrusion of the plug disturbed the bedding of the summit 

cinder cone and carried pieces of the cone upward; pieces 

of scoria can be seen in the walls of the plug* Union 

Peak has been heavily dissected by giaclatlon* From the 

degree of dissection, It seeas likely that activity had 

ceaaed before the onset of Pleistocene glaciation* 

Williams (1942) noted that eruptions at Union Peak had 

largely coae to an end by the tiae activity began at 

Mount Mazaaa* In appearence Union ?$»ak is* very similar 

to Hount Thielsen, a shield volcano north of Crater Lake 

National Park (refer to Figure i)# Union Peak ani Mount 

Thielsen are also similar in terms of their evolution and 

structure (Williams, 194 2) • The summit cinder cone of 

Vnion Peak will be discussed in Chapter J« 

Timber Crater, a shield volcano in the northeastern 
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corner of the Park (Pigure 4)» is composed of olivine 

basalt and basaltic and«site« Mazesa pumice I« found at 

the summit of Timber Cratfr. Evidently, activity at Timber 

Crater had ended by the time of the climactic eruption* of 

Mount Mazama* Timber Crater mut?t have been covered by 

glacial ice at one time, because glacial striae &n6 polish 

can be seen on aome of Its lava flows. Its summit cinder 

cone will be discussed in Chapter 3. 
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CHAPTER 1 

CINDER CONES 

Introduction 

Cinder cones are the most common subaerlal volcanic 

features, yet are among the least studied. Notable studies 

of cinder cone eruptions include those of Paricutin* Mexico 

(Poshag and Gonzalez, 1956; Wilcox, 1948), Lunar Volcanic 

Field, Nevada (Scott and Trask, 1971), Pincate, Mexico 

(Gutmann, 1979), and Colima, Mexico (Luhr and Carvsichaet, 

1981). Porter (1972), in a study of cinder cones on Mauna 

Kea, Hawaii, introduced a quantitative method for 

morphological studies. Pike (1978), Settle (1979), Wood 

(1979, 1980a), and Pike and Clow (1981), used Portetfs 

(1972) morphological measurements in statistical studies of 

cinder cones. Wood (1980b) and Scott And Trask (1971) 

studied the morphology of cinder cone degradation* 

The discovery of cone-shaped edifices of possible 

volcanic origin on Venus, Mars, the Earth's moon, and to 

has lead to an increased interest in morphological studies 

of terrestrial volcanic features, which, in turn, has lead 

to a better understanding of those in oth**r parts of the 

* o 1 a r «*ynt*m. 
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General Charactar istles of Cinder Conei 

Cinder cones are products of Strombolian eruptions, 

and most are formed by a single eruption lasting from a few 

days to a few years* Wood (1980a) noted that fifty percent 

of observed eruptions last less than thirty day*, mnd 

ninty-flve percent are over in less than one year* The 

cones are small and have a summit crater* Lava flows* 

commonly erupt from the summit or near the base of the 

cone* Lava flows may become interbedded with thm scoria* 

Cinder cones are composed mainly of well-stratified 

pyroclastic ejects with a size range from bombs and blocks 

to ash* The majority of the ejecta is lapiili* Variations 

in the size of the ejecta indicate changes in the strength 

of the eruption, or changes in the direction ot strength of 

wind (Williams and McBirney, 1979, p* 185)* The erupted 

fragments fall close to the vent as a result of following 

short or high-angle trajectories (Wood, 1980a). then tumble 

downslope and come to rest at the angle of repose, usually 

between 30 to 33 * Electa also are deposited beyond the 

slopes of the cone to form a blanket around the cone* 

In this way, a cinder cone forms by the accumul4tion 

of ejecta around a vent. The shape of the cone is governed 

by many factors including vent location* prevailing wind 

direction* presence of groundwater* and the volume* 
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viscosity, and gas content of the magm&» If the eruption 

occurs along a fissure, an elongated cone will result* All 

asymmetrical cone will be built if the prevailing %flnds 

blow in one direction during the eruption, with the 

resulting cone skewed in the direction the wind was 

b lowing• 

If the rising magma encounters groundwater, features 

characteristic of phreatomagmatlc eruptions, such ae tuff 

cones, ash cones, or maars, are constructed* These cones 

are composed of fine, ash-size particles and glassy ejecta. 

Tuff rings and cones are similar in origin* A tuff ring is 

a crater surrounded by a low ring of ejecta* The crater 

floor is above the topographic level of the surrounding 

terrain* A maar is similar to a tuff ring, but the crater 

floor lies below the topographic level of the surrousdlftg 

terrain • 

The eruption of spatter occurs as a result of a 

volatile decrease in the magma during a volcanic eruption* 

Spatter is sticky fragments of lava that fall near the vent 

because they are not blown high into the air. If enough 

heat is retained in the fragments this spatter may be 

welded when deposited. If welding occurs, the cinder cone 

is topped by a ring of spatter or "agg lut inate*'• 
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Comparisons of Cinder Cone Eruptions 

Wood (1980a) compared the following eruptione ; ( I ) 

Paricutlnt Mexico, 1943-1952; (2) Gorschov's cone, 

Toibachik volcano, Kamchatka, U*S.S.R., 1975; <3) Mt#D« 

Fiore Superior, Mt• Etna volcano, Italy, 1974; and (4) 

Cratere Ducrot, located in the caldera of Piton de la 

Fournaise, Reunion, 1972 (Table 1)* In all cases, an 

Increase in seismic activity, followed by a decrease, 

preceded the eruptions. Activity began along fissures with 

the eruption of gaseous clouds* Within a few hours after 

the eruption began, the intensity of the eruption 

Increased, explosions began (0*5 to 1 explosion/sec), and 

large amounts of pyroclastic material were ejected* The 

cinder cones reached full height within a few days* Lava 

flows were erupted one to two days after the eruption 

began. The intensity of the eruption decreased as the cone 

approached its f'nal height. The volume of ejecta 

decreased, and the volume of la^a flows Increased, with a 

decrease in eruption Intensity* In general, the total 

volume of lava flows is greater than the total volume of 

the cinder cone* For larger cinder cone eruptions, the 

total volume of pyroclastic material (the cinder come plus 

electa deposited beyond the slopes of the cone) is greater 

than the total volume of lavs flows* 
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Tlie volume** of Paricutln and Corschov's cone are very 

si ailar even though the eruption o! Parlcutifl lasted much 

longer (Table I). Wood (1980s) attributes the phenomenon 

to a difference In the viscosity of the mag**** N« 

proposes that the Paricutln magmas were more viscous, and 

that the system was less energetic* Lover heights of boiabs 

and the eruptive column, lower gas velocities, and • 

smaller gas/solid ratio for the Paricutin eruption support 

Wocd's deduction (Table 1 ) . 

Morphology 

Cinder conea evolve in four stages, of which the 

first, third And fourth, may not occur at every cone* 

1* Basal lava flows precede the Strombo11 an 

eruptions that build the cone, 

2. Pyroclastic material accumulates 

around the vent forming the cinder cone* 

3* Lava lakes form at the summit of the cons} 

diki»« and sills are Injected* 

4* The cone is breached by summit and/or flank 

lava flows* 

The maximum observed basal diameter of a cinder cone 

ia 2*0-2*5 km# Two factors control this narameterr 
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1) evolution of the cinder cone into a composite cone 

(Crowe, Halleck, and Nolf, 19 7 8), and 2) crustal thickness 

(Wood, 1980a). 

The injection of sills and dikes in the later stages 

of cone growth Increases the strength of a cinder cone. 

The Increasing strength allows the cone to grow by summit 

eruptions. If activity continues and the basal cone 

diameter becomes greater than 2.5 km, the cinder cone 

evolves into a composite cone, by definition. This will be 

true only for cinder cones with the characteristics of a 

larger cone. In other words, the cone must have a large 

volume and rate of growth and effusion, and the eruption 

must be such that it continues beyond the few days or vetki 

characteristic of a monogenetic eruption. 

Cinder cones occur in two volcanic provinces (Settle, 

1979): (I) cone fields on the flanks of volcanoes srhere the 

clusters of cones tend to be aligned along radial trends, 

And (2) cone fields on relatively flat platforms vhcr« the 

cones are associated with widespread lava flows. There may 

be no systematic arrangement of the cones; they tend to be 

scattered throughout the field. 

Morphological characteristics of cinder con«s can b« 

used to distinguish the two provinces. Porter (1972), in a 

study of cinder cones on the flanks of Hauna Xea, 

j ?i r r - > '* •! r * r», 1 i rt v s f *• m o f fi #* a q % i r i n £ t h *» s #» r h ^ r a r t * > r i « t i r < « 
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The Important parameters are (Figure 8): 

W • crater width 
cr 

D • crater depth 
c r 

H • cone height 
W - basal cone diameter 
o£ • maximum slope angle The following values of H *xW have been reported: 

co co 

H -0.18W , Porter (1972), 30 Mauna Kea cinder co co' 
cone s f 

H -0.1BW , Wood (1980s), 83 cinder cones from 
various parts of the world, 

H -0.19W , Bloomfieid (1975), young Pleistocene 
cinder cones, central Mexico, find* 

H -0.21W , Bloomfieid (1975), Holocene cinder 
CO CO % %M A 

cones, central Mexico, 

Settle (1979) plotted H versus W (note that Settle 
co co 

uses D instead of W ) for two cinder cone fields on the co co 

flanks of Mauna Kea and Mount Etna, and two cinder cone 

fields on platforms, the San Francisco Field and Nunivak 

Island (Figure 9 ) . The line H -0.20 W Is plotted for 
co co r 

reference. Comparison of H /W values suggests that this r co co 

line may represent the initial shape of cinder cones in 

both types of cone fields, before any degradation occurs 

(Settle, 1979). 

H /W values decrease as degradation increases. One co co 

result of degradation is a decrease in cone height &txd an 

Increase in basal cone diameter, which result* in a 

decrease in H /W values. Settle (1979) notes that the co co 
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Figure 8. Diagram iliuatratlng raeaaureiaer 11 of cinder con* 
parameter*. Abbreviationa : W -crater width, 
D ^ - c r a t e r depth, H^-coni* height, W -haaat 
cone diameter, and a< ^maximum «lope angle* 
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Figure 9. Cone height versus basal cone diameter for 
two cone fields on volcanoes, Mauna Ke& and 
Mt. P,tnaf and two platform cone fields* San 
Francisco field and Nunivak I aland* The 
straight line represents 11 * 0.20 W . 
(From Settle, 1 9 7 9 ) . 
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majority of the Mauna K m cinder cones plot he low the 

H /W -0.20 line, suggesting that the above type of 
CO CO 

degradatim is occuring. 

In eummary, morphological characteristics of cinler 

cones can be used to distinguish the two types of fields 

(Tsble 2). The ratio of cone height to basal cone diameter 

is smaller for cone fielda on volcanoes, whereaa basal eons 

diameter and cone separation dietance are smaller for cofie 

Melds on volcanoes. 
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Degradation of Cinder Cones 

Morphological studies of cinder cones can be used to 

examine the effects of weathering Mt%6 erosion* Four 

factors influence the modification of cone shape: 1) 

Climate which controls the weathering environment, 2 ) the 

movement of materials downalope, 3) cone size which affects 

the rate of erosion because smaller cones erode at s faster 

rate, and 4) the burial of the cone flanks by subsequent 

Ijva flows* Rrosional processes result in an increase in 

W values, and a decrease in H . ex • and H /W 
co f co* ^ f co co 

values* W /W values are relatively unaffected by 
c r co 7 7 

weathering, chemical composition, or particle size (Wood, 

1 9 8 0 b ) . 

Scott and Trask (1971) studied the degradation of 

cinder cones at Lunar Crater Volcanic Field, Nevada* They 

Introduced measurements used in degradation studies (Figure 

1 0 ) , r-basal cone radius, calculated as 1/2 basal cone 

diameter, and s-length of the maximum slope. Other values 

are the same S B those described on pa%e 1^* Values for 

r/H increase and H / W decrease as age increases for 
co c o c o 

the cinder cones at Lunar Crater Volcanic Field (Scott and 

Trask, 1 9 7 1 ) . The smaller H /W may be du« to the 
CO CO 

elevation of the surrounding terrain as a result of the 

#• m t» 1 A r r» m #* n t o f !;iv/i f 1 o w H ( •? r n t f ;i n d T r a s V , I 9 7 1 ) , o r t h •* 
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Figure 10. D i a g r a m i l l u s t r a t i n g m o r p h o l o g i c a l 
c h a r a c t e r i s t i c s used in d e g r a d a t i o n 
s t u d i e s (after Scott and T r a s k , 1 9 7 1 ) 
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result of degradation, a a Mentioned earlier* 

The relative ages determined through the use of 

m o r p h o 1 .) g 1 < i 1 characteristics c ^n be affected by a variety 

of factors (Scott nnd T r a s k , 1 9 7 ! ) . Any change that 

results In the cinder cone not having a normal shape &nd 

structure will affect the pattern of erosion • This s in 

turn, affects the ages determined. The most Important 

factors to consider are the internal structure of the cone, 

irregular cone shape, and the original shape of the cone* 

Emplacement of Cinder Cone Fields 

The alignment and distribution of cinder cones tan 

provide information about regional structures. The 

distribution of cinder cones Is largely controlled by near-

surface fractures (Settle, 1979). Magma intruded into a 

platform cone field encounters a series of fractures in the 

crust. The magma is channelled into fracture intersections 

producing a scattered distribution of cinder conea (Settle, 

1979). Magma moving into a volcano encounters the fracture 

system of that volcano and will be channelled along these 

fractures. At the surface, the cinder cones will tend to b 

distributed along fractures radial to the volcano. Studies 

Porter (1972), Settle (1979), And Wood (1980a), show that t 

distances between cinder cones are, in most cases, larger f 
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Crater Lake Cinder Conet 

The Mount Manama cinder cones are located on or near 

the flankj of Mount Mazaraa, or, in the case of Wizard 

Island, within the caldera (Figure ! ! ) • Many of these 

cones are aligned along trends radial to Mount Mazama, 

perhaps the surface expression of basement fracture 

systems* Three groups of cinder cones and the Williams 

Crater Complex are aligned along trends that suggest • 

structural control (Figure 11)* 

The aligment of cinder cones associated with Timber 

Crater and Union Peak (Figure 11) also suggest* control by 

underlying structures* Castle Point and the summit cinder 

cone of Union Peak are aligned northwest-southeast* Hill 

6902 and both vents of the summit cinder cone of Timber 

Crater are aligned north-south* 

Most of the Mount Mazaraa cinder cones are concentrated 

south and west of Crater Lake* The cones ar# cuefiogenetic 

and are composed mainly of pyroclastlc ejecta, although 

small lava flows are visible on some of the cones* The 

ejecta are predominantly scorlaceous, with a size range of 

fragments from bombs and blocks to iapilli and ash* The 

lapllll and ash form a loose matrix in which th^ bombs and 

blocks are deposited (Figure 12)* Hed is the mo&t common 

color of ejecta; black and brown ejecta are subordinate* 
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Most, if not all, of the cinder cones probably 

erupted lava flows, but for various reasons the flows 

are no longer visible* Three probable burial 

mechanisms are: subsequent volcanic activity, soil 

formation, and slides* First, the flows may have 

erupted low on the flanks of the cones, or near the 

base* These flows would have been buried by younger 

activity from the cone or from Mount Mazama* So»e of 

the ash flow deposits from the climactic eruption of 

Mount Mazama are known to be hundreds of aieters thick* 

Many of the cinder cones were partly buried by these 

flows. Second, most of Crater Lake National Park is 

heavily wooded* It is likely that many lava flows have 

been covered by soil and vegetation* Third, scoria 

slides have occurred on many of the cinder cones* The 

material deposited by the slides has totally or partly 

burled some lava flows* 

Most samples collected from each cinder cone are 

11thologically similar* A brief description of each 

rock type, scoria snd lava flow, will be included here* 

The scoriaceous samples are porphyritlc with a glassy 
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ground mans* The vesicles range from 1 e a n than 0.1 mm 

to 3 cm, and compoae forty to ninety percant of the 

rock (Figure 1 3 ) . The vealclea are smaller near the 

out aide of the aample and increase In size toward the 

center. In some samples the vealclea nr e flattened »n6 

aligned. In both rock typea plagioclape ia the moat 

commonly obaerved phenocryst, followed by olivine and 

pyroxene. The amount of vlaible phenocryst© decrease* 

BB the amount of vesicles increases. 

In hand sample, many of the lava flows realisable a 

typical basalt (Figure 1 4 ) . Most are gray in color; 

others are black or red. The rocks are porphyrinic BW4 

some contain ten to twenty percent vealclea. 

The cinder conea included in thia study are 

similar in appearance. Thoae of Mount M a z a « a will be 

described first before turning to the Timber Cratfr and 

Union Peak cones. See Figure II for location and Table? 

5 for the physical characteristics of the cinder cones* 

Table 3 shows the relationship between rock name »nd 

percent S10 . 
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Mount Mazama Cinder Cones 

Bald Crater (BC) (Letters in parentheses are used to 
Identify cones In Figures, Tables, 
and Appendices.) 

Bald Crater Is a heavily vegetated cinder cone 

located in the northwest part of Crater Lake National 

Park. The cone was partly burled by ash flows fro* the 

c aldera-f oraiing eruption of Mount Mazama. Lava flows 

have been exposed near the summit by scoria slides* 

The summit of the cone is nearly flat with no trace of 

a vent, mnd the flanks are composed of scoria with a 

few lava flows. All samples analysed from this cone 

contain about 54% S i 0 ~ • 

Desert Cone (DC) 

Desert Cone is located in the Pualce Desert, mnd 

has been partly buried by ash flows from Mount Manama. 

The cone is heavily vegetated, hut slides have exposed 

scoria and lava flows. The ejecta consist of bombs mnd 

lesser amounts of lapilli. A shallow depression at the 

summit may mark the vent. Figure 15 shows two bombs 

from Desert Cone. Samples from Desert Cone contain 

about 531 S10„, 
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Red Cone (RC) 

Red Cone Is located south of Desert Cone, also it* the 

Pumice Desert* Red Cone Is among the least vegetated cones 

In the Park, and Is easily Identified as a cinder cone* 

The cone Itself Is nearly symmetrical and has a shallow 

summit crater breached on the north* Glacial striae *nd 

polish on Its flows show that Ice was once present on the 

cone* it Is also likely that the lower flanks of Red Cone 

were scoured by ash flows from the climactic eruption of 

Mount Mazama* The cone is composed of ejecta and lava 

flows* Agglutinate is abundant near the summit* The 

ejecta are predominantly red scoria bombs, blocks, mnd 

lapllll, although ash Is present In small amounts* Bombs 

have a variety of shapes and sizes (Figure 1 6 ) . Samples 

from Red Cone contain 53 to 54% SICK. 

Hill 6545 (65) and Scoria Cone (SC) 

Hill 6545 and Scoria Cone are located south of Crater 

Lake, and stand on lavas of Union Peak* These cones are 

regarded as Mount Mazama cinder cones, because they lie on 

a fissure radial to Mount Mazama (William??, 1 9 4 2 ) , mnd are 

similar in petrographlc characteristics and chemical 



51 



;;2 

composition to the other Mount Mazama cinder cones. 

Hill *545 is small and covered by vegetation* The 

cone consists largely of small fragments of red eject** 

An analyzed sample contains 53% S10 . 

Scoria Cone is also vegetated but not as heavily* 

it consists of red scoria bombs and lapilll with tinor 

aah. Agglutinate Is abundant near the summit. A double 

crater Is present at the summit* The larger crater is 

t'le older crater and explosive In origin (Hertzian, 

1980). This is the vent from which Scoria Cone was 

built* The Inner crater was formed by collapse, 

analogous to Hawaiian pit craters (Williams, 1942)* 

Samples from Scoria Cone contain 54 to 55X 510^* 

Crater Peak (CP) 

Crater Peak stands on the southern flank of Mount 

Mazama. It Is a symmetrical, vegetated cone with a 

shallow, summit depression. The cone consists of red, 

black, and brown bombs and lapilll. Red agglutinate is 

found at the summit, and lava flows were erupted from 

near the base of the cone. Crater Peak samples contain 

5 6 to 591 S 1 0 o . 
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Maklaks Crater (MC) 

Maklaks Crater Is a syuiaptricai cone on Grayback Ridge 

In the southeastern corner of Crater Lake national Park* 

The cone Is heavily vegetated andt although not tuch rock 

is exposed, scoria is exposed near the summit and Isolated 

outcrops of andesltlc basalt can be found on the flanks of 

th«» cone* The exposed material is red scoriaceous bombs 

with some agglutinate and a few lava flows* The summit is 

flat. The rocks contain 52 to 531 SICK* 

Wizard Island (WI) 

Wizard Island, located in the Crater Lake caldera. Is 

a symmetrical cone with a well-preserved summit crater 

(Figure 1 7 ) . Lava flows surround the cone and extend 

westward from the base (Figure I B ) . The cone consists of 

blocks and lapllll, with lesser amounts of bombs and little 

ash. Red and black agglutinate is abundant at the crater 

rim and In the crater. The majority of the ejects is black 

scoria but smaller amounts of red and brown ejects are 

found. Most of the ejecta Is angular to subangular, 

Indicating that the fragments were nearly solid «t the time 

of eruption. Many of th samples contain volcanic 
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inclusions, some of which were ripped from the conduit as 

the magma rose to the crater. The summit crater is 

approximaieiy thirty meters deep. On the crater floor, the 

location of the vent is marked by black, icoriaceoui lava 

filled with inclusions. 

After the cone was built lava flows erupted from vents 

near the base* An mm flow spread to the west of Wizard 

island with consplcoua concentric ridges (Figure I S ) . A 

second, younger flow that spread to the northwest is more 

^coriaceous and brown on weathered surfaces. Samples from 

Wizard Island contain 58 to 60* S102» 

Williams Crater Complex (WC) 

The Williams Crater Complex is located near the west 

rim of the Crater Lake caldera (Figure 19). Williams 

Crater differs from the other cinder cones in thla study In 

that It consists of a basalt flow and a fissure vent 

system, flows or domes of mixed, andesltlc to dacitlc lavas 

(Bacon, 1983), and a cinder cone. The cinder cone, fiasure 

vent, and the vents for the mixed lava flows, are oriented 

N70 W. The basaltic flow lies near the base of the cinder 

cone, and may be older than the cone. The mixed lavas 

overlie the basalt flow and the cinder cone and are 

presumably younger. 
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Mixed lavas, dacitlc in composition, were erupted from 

the cinder cone, and east of the cone near the Rim Ro&d• 

These lavas contain andeslti<: bands and basaltic 

inclusions* There is a question an to whether the lavas 

near the Kin Road are domes or parts of lava flows, but 

further work may resolve this question* 

The cone is built on the western edge of Hi IIman Fl$w, 

an indesltlc lava that issued from Hlllman Peak* The 

summit of the cone is marked by a shallow crater that 

contains two shallow depressions that are separated by a 

small ridge* The rim of the crater is marked by a ridge of 

red scoria and agglutinate, except on the eastern aide 

where the rim has been destroyed* The south side of the 

crater was breached by a dacitic lava flow (Figure ! $ ) • 

The cone itself consists of ejecta and lava flows* 

The ejecta are red, scorlaceous bossbB and lapilli, with 

agglutinate and smaller amounts of black scoria* A few 

bombs have cores of basalt, andeslte, and dacite, some of 

which are pumlceous* Mixed lavas are also found as scorlt-

coated bombs or cores of bombs (Figure 20). Samples from 

Williams Crater contain 51 to 68% SICK. 
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Bacon (1983) Inferred that a norma! fault with a trend 

of N10°E was burled by the products of the ca Idera~formtng 

eruption* The beginning of the basaltic flow lies near the 

projection of this fault (Bacon, 1 9 8 1 ) . This structural 

intersection played an Important part in the development of 

the Williams Crater Complex. Activity probably began with 

eruption of basaltic magma. A fracture system developed, 

o! existing fractures radial to Mount M a z a m a reopened, 

alter activity began* This led to tapping of the zoned 

magma chamber of Mount Mazama. The scoria-coated bombs of 

mixed magma are Interpreted as evidence that the magma 

chamber was zoned when it was tapped* The interaction 

between the basaltic magmas and the zoned magmas produced 

the wide variety of complex lavas seen at Williams Crater* 

Timber Crater Cinder Cones 

Two cinder cones are associated with Timber Crater* 

Hill 6902 and an unnamed summit cinder cone* Activity sit 

Timber Crater began at Hill 6902, then shifted southward to 

the summit of Timber Crater. 

Hill 6902 (69) 

Hill 6902 is a heavily wooded hill located on the 

northern flank of Timber Crater. Little of the cone Is 

preserved, nnd no summit depression in visible* Red and 
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black scoria And agglutinate are exposed in a feu places. 

A sample from Hill 6902 contains about 582 SiO^. 

Summit Cinder Cone 

Thl* cone is located at the summit of Timber Crater. 

Most of the cone is covered by vegetation* A depression Is 

present at the summit* The cone consists of black, 

scorlaceous bombs and Impilll, And a few lava flows* 

Samples from the cone range from 54 to 59% SiO-» 

Union Peak Cinder Cones 

Several cinder cones are associated with Union Peak 

(Williams, 1942). Two of these. Castle Point and thm 

summit cinder cone, are included in this study* 

Castle Point (CPT) 

Castle Point is located on a ridge near the northern 

flank of Union Peak* The cone is heavily vegetated* partly 

destroyed, and has no summit depression* Near the summit* 

slides have exposed the underlying rock* The cone consists 

of red, black, And brown lapilli and bombs* A few bosjbs 

have ropy, Iridescent rinds. Samples from Castle Point 

contain 50 to 54Z Si<>„. 
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Summlt CInder Cone 

The #niramit cinder cone erupted Into the crater of 

Union Peak, and conaiata of red »nd black ejecta with a fayaj 

lava flows. The ejecta are mainly bombs and lapllli, with 

subordinate ash* Agglutinate becomes more abundant near 

the summit of the cone. After the cinder cone formed It 

vas Intruded by the plug that for*ts the summit pinnacle of 

Union Peak. The plug carried parts of the cinder cone with 

it as it moved upward* Patches of red and black scoria are 

visible in the plug* Samples from the cinder cone contain 

53 to 55X SiO . 

Ages of Cinder Cones 

Few agea have been determined for the Crater Lake 

cinder cones* The cones appear to be younger than about 

50,000 years, judging from the amounts of weathering they 

have suffered, the amount of soil cover, and the material 

on which the cones stand* Ha zama ash and pumice are found 

on moat of the cinder cones* Therefore, activity at these 

cones ended before the climactic eruption of Mount Maxama* 

Two relative and four radiometric ag*>$ have been determined 

for the Crater Lake cinder cones (Table 4 ) . 
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Morphological Characteristics of the 
Mount Mazama Cinder Cones 

Morphoaetrlc measurements were determined for the 

eight cinder cones associated with Mount Mazama • 

Measurements were determined from the 1956 Crater Lake 

National Park and Vicinity topographic map• The map scule 

Is 1:62500 and the contour interval 50 feet* The 

measurements were made In feet then converted to meters. 4 

perfect cone shape was assumed for the volume calculations* 

2 
The equation for the volume of a cone, V • 1/3 IT r" h, 

where r - radius and h * height, was used to determine cone 

volume* 

The pre-caldera Mount Mazama cones are found In three 

groups separated hy thousands of meters* Measured cone 

height is the height of the cone above its base* Flank 

width is the cone radius. The values for these two 

parameters are presented as the average of the measurement 

of the long and short dimensions (Refer to Figure 8 ) . 

A plot of cone height (H ) versus basal cone diameter 
c o 

(W ) Is plotted on Figure 2 1 . The curves H •» 0*18 W f co r co co* 

reported for fresh cinder cones (Porter, !972, Wood, 1900a) 

and H • 0.20 W 9 believed to represent the initial shape 
co co 9 r 

of a cinder cone (Settle, 1979),have also been plotted* 

The values of H /W for the Mount Mazama cones range 
c o c o n 
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from 0.14 to 0.21 (Table 5 ) , and appear to fall betwtta the 

two curves plotted on Figure 21, in agreement ^ith other 

studies of young, less than 100,000 years?, cinder cones. 

Wizard Island plots above both curves as is expected for a 

young, unweathered cinder cone. Desert Cone and Hill 6545 

plot below both curves. These cones are heavily vegetated, 

and may be older and wore degraded than the other cones. 

Desert Cone is known to be older than about 200,000 years 

(refer to Table 4 ) , and would be expected to plot below 

both curves on Figure 21. However, Bald Crater and tfaklake 

Crater appear to be as vegetated, yet have greater ratios. 

Subsequent volcanic activity nay have affected the H /W 
CO CO 

ratio. The flanks of sost of the cone® vere undoubtedly 

burled by the pyroclastic flows from the climactic eruption 

of Mount Mazama. 

Table 3 shows values of r/H snd o^ for the Mount 
CO 

Mazama cinder cones. The values give some idea of the 

amount of degradation and relative age of the individual 

cones. Recall that values of r/H increase mnd values of Ot 
CO 

decrease as age increases. This can be seen in a general 

way in the Mount Mazama cones. Wizard Island is known to 

be the youngest cone, and has the smallest r/H value mt%6 
CO 

the steepest slope. Red Cone &nd Scoria Cone, cortea for 

which ages have been determined (refer to Table 4 ) , have 

r/H values that are greater than that of Wizard Island, 
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and smaller angles, again in agreement with measured ages* 

The value for Desert Cone is greater than that of Red Cone 

and Scoria Cone, and Maklaks Crater has the greatest value 

of all of the Mount Mazana cinder cones* D**s«rt Cone is 

known to be older than both Red Cone and Scoria Cone* 

Relative ages of the Mount Mazana cinder cones can he 

inferred from consideration of the morphological 

characteristics and measured ages of the cinder cones* 

Based on the above discussion, the following relative ages 

are proposed: 

Wizard Island (youngest) 
Williams Crater 
Bald Crater, Crater Peak 
Red Cone 
Scoria Cone, Hill 6545 
Desert Cone 
Maklaks Crater (oldest) 



CHAPTKR 4 

PKTROGRAPHIC AND GKOCHEMICAL FEATURES 

Pet rogrsphy 

The petrographic characteristics of the Mount Mazaaa 

cinder cones will be discussed first, followed by those o 

the Timber Crater and Union Peak cindrr cones* In the 

following descriptions the phases are discussed in order 

decreasing abundance* All mineral compositions were 

determined optically. Refer to Figure 11 for cinder cone 

location and Appendix A for thin section description*. 

Mount Mazama Cinder Cones 

In Chapter 3, the Mount Mazama cinder cones were 

classified according to chemical composition. The rocks 

can also be classified on the basis of their phenocryst 

phases. Figure 22 shows the agreement between the 

classification based on observed mineralogies! composItio 

and that based on chemical composition. 

Basaltic samples contain phenocrysts of sodic to 

subcalclc labradorite, olivine, Bnd magnetite, with lesse 

amount of hypersthene •_ augite. The phenocryst phases in 

the andesitic basalts are sodic labradorite, olivine. 
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Figure 22. Relationship between rock name and abundance 
of phenocryst phases for the Mount Mazisa 
cinder cones. Weight percent of SiO^ end 
rock names as in Table 2. 
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hypersthene9 augite, and magnetite* Apatite appears aa an 

accessory mineral and persists through dacite* Hypersthene 

and augite begin to increase in abundance over olivine* 

Augite first increases, then decreases in abundance aver 

hypersthene in andesitic basalt. 

A definite change in phenocrytt phases is seen In the 

transition from andealtic basalt to basaltic andeslte* In 

basaltic andeslte, the phenocryst phases are Ca-

labradorite, hypersthene, augite, magnetite, nnd olivine. 

Olivine and augite decrease in abundance* Augite decreases 

to less than hypersthene, but remains greater than olivine* 

Olivine diaappears as a phenocryst phase in the 

andesitic rocks* The andesitic rocks contain andesitt* and 

calcic labradorite, hypersthene, magnetite, augite, Mtid 

little or no olivine. 

Dacites were collected only from Williams Crater* The 

samples contain phenocrysts of calcic labradorite, augite, 

magnetite, hypersthene, and hornblende* Magnetite appears 

as an euhedral phenocryat and is more abundant than In the 

other rock types* 

The groundraass differs little in the sample® studied* 

The samples are porphyritic with a range of groundm&ss 

textures from hyalophitic through hyalopilitic to 

intersertal, and the amount of glass decreases from «righty 

to five percent of the rock* The greatest variation Is in 
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the amount of glass* The groundmass phases In the glass-

rich samples are glass, opaques, plagioclase, and pyroxene* 

In a few casea, the order la glass, plagioclase, opaques, 

mnd pyroxene* In glass-free aanpies, plagioclase is the 

dominant mineral In the groundmass. Pyroxene la rHTm1J 

observed In the groundmass of basaltic samples but 

Increases In abundance as the amount of $10- Inerepaes* In 

most samples the plagioclase mlcrolites and pyroxene 

crystala are too small for optical determination of 

compos 1tIon. 

Mlneraloglc features 

Olivine 

Olivine is a euhedral to anhedral phenocryst In most 

of the samples studied (Figure 2 3 ) . It is commonly altered 

to iddingslte, magnetite, and lesser amounts of hematite* 

The most extensive alteration of olivine is observed In the 

scorlaceous samples, where olivine is partly or totally 

replaced by granular magnetite* Olivine is unstable In 

most of the samples* Evidence for this includes embayed 

crystals, crystals with resorbed edges, and crystals rimmed 

with pyroxene and/or magnetite* Crystals larger than one 

millimeter are fractured, poaslbly as a result of pressure 

changes encountered as the crystal rose from depth 



77 



(Ritchey, 1979). 

Normal zoning Is observed In nome crystals, and In a 

few crystals the rare olivine cleavage Is observed. 

Measured compositions of olivine range from ^ 0 g 5 - o n # 

Euhedrai olivine crystals are rare or absent in rock® with 

more than 5bX S10-* The larger euhedrai and subhedral 

crystals are the most fractured mnd embayed, but the least 

altered* inclusions of magnetite, hematite, pyroxeae, mnd 

possibly spinel are found in the olivine crystals* Ritchey 

(1979) noted these spinels also, and Barnes (1978) noted 

the presence of spinel in olivine from Hount Bailey* 

Barnes suggests that they may indicate crystallisation of 

olivine and spinel at pressures greater than seven 

k 1 lobars • 

Pyroxene 

Hypersthene is present a:s a euhedrai to anhedrai 

phenocryst in all rock types studied (Figure 2 4 ) * Euhedrai 

hypersthene Is absent In basaltic rocks. As the amount of 

Si(>2 increases from basalt to andesite, the abundance of 

euhedrai hypersthene increases* In the dacites, 

hypersthene is less abundant than auglte* in samples where 

the hypersthene is seriate in texture, the larger crystals 

are euhedrai* The smaller, subhedral nt\4 anhedral cryntmlm 

are resorbed and surrounded with a narrow rim of pyroxene, 
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opaques 9 and plagloclase. In the scoriaceous samples, 

hyper it hene is surrounded with a rim of opaques* 

Kxsolution parallel to cleavage is observed in a few 

andesltic samples. 

Auglte is absent in basaltic samples but appears as * 

euhedral to anhedrai phenocryst in andesltic batait an& 

persists to daclte (Figure 2 4 ) * In andesltic basalt, the 

crystals are subhedral and embayed, and many crystals have 

resorbed edges or are surrounded by a narrow rim e»f 

pyroxene, opaques, and plagloclase* Auglte Is rimmed with 

opaques In the s coriaceous samples* Euhedral auglte is 

abundant in samples with greater than 55% S i 0 * • and is 

relatively fresh* The subhedral to anhedrai crystals have 

resorbed edges and are surrounded by a narrow rim of 

pyroxene, opaques, and plagloclase* Twinning and zoning 

are observed in some of the euhedral crystal©* 

Plagloclase 

Plagloclase is ubiquitous In the studied samples, 

constituting twenty to forty percent of the rock* Measured 

compositons of ground mass plagloclase range from Anftl ..# 
j I —no 

Two types of phenocrysts are found in the samples* 

Type 1 has been named macrophenocryst (Figure 25 ) • 

Plagloclase macrophenocrysts are present in all th« rock 

types studied* The crystals Tiave a aiate range of 3-tOmm 



and are subhedrai to anhedral with the m&iority rttaining 

the characteristic lath shape* The majority of crystals 

are twinned and exhibit norial} reverse, and oscillatory 

zoning, often in the same rock* Measured compositions ere 

*n,, -.• The crystals are rounded, eitbayed ft and isany have 

resorbed edges. Inclusions of glass, opaques, dust, 

pyroxene, olivine, hematites and apatite a n found in Zh® 

raacrophenocrysts• In some case®, the inclusions are 

controlled by cleavage or twin planes, or the edges of an 

earlier crystal. 

Four types of inclusions are observed (Figure 26)* 

Inclusions of Type I comprise a small part of the crystal, 

and are scattered randomly throughout the crystal* Type 2 

inclusions are found as a ring of fine, "dusty* inclusions 

surrounded by an inclusion-free risi and core* 

In crystals with Type 3 inclusions the inner part of 

the crystal contains numerous inclusions, surrounded by a 

thin, inclusion-free rim* The inner, inclusion-rich part 

appears to be an earlier, partly resorbed crystal, 

surrounded with a later, inclusion-free overgrowth 

(Bortinga, Kudo, and Weill, 1966)* The dusty appearance o 

the Type 2 and 3 inclusions suggests rapid growth of the 

crystal. Liquid was incorporated in the rapidly growing 

crystal and subsequently crystallized to forsi the 

inclusions. 
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Type 4 inclusions are "blebs" of dark-brown 

glass. These inclusions are larger in sire than the 

three other types. Plagioclase crystals with Type 3 

And 4 inclusions have a spongy or moth-eaten 

appearance as a result of the large abundance of 

Inclusions. 

Pheiiocrysts of the second type are tailler, 

1.Omm-0•05mm, and are euhedral to anhedral, with lath 

shaped crystals conon. Labrador! te is the dominant 

feldspar, the measured composition being An.n^,.,# 

Zoning is less prevalent in these crystals mnd is 

normal. inclusions of glass, opaques, pyroxene, 

olivine, hematite, and apatite are observed* The 

inclusions occur as patches or small rings, or 

scattered randomly throughout the crystal. The 

abundance of Inclusions is less than that observed it! 

the macrophenocrysts• 

Differences in size, inclusion habit, toning, and 

resorption features suggest different origins for th* 

two types of plagioclase phenocrysts. The 

macrophenocrysts are clearly not in equilibrium with 
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the liquid (groundmass) in which they now occur* The 

crystals have rounded and resorbed edges, and mont are 

rimmed with an inclusion-free overgrowth. These 

observations suggest that these crystals were 

transported into the melt where they now reside* 

Horn blende 

Hornblende is present as phenocrysts in dacltel 

from Williams Crater and as xenocrysts in a l*v» flaw 

from Wizard Island. The most mafic rock in which 

hornblende first appears is a dacite with 6 41 S4 0 -

from Williams Crater. The hornblende Is unstable a$ 

evidenced by the rim of opaques that surround tht) 

crystals. Hornblende is a stable phase in the nample 

with 682 S l ^ ' T n * crystals are nearly euhedral and 

are not rimmed with opaques. 

Apat i te 

Apatite appears as an accessory mineral in 

andesltlc basalt and persists to dacite* The crystals 

are euhedral to subhedral and have the characteristic 

high relief and needle shape. 



Magnetite 

Magnetite is ubiquitous in the rocks of the 

cinder cones. It is found as a phenocryst and In the 

groundmass. The crystals are euhedral to anhedrai 

with a size range of about 0,50-1.0mm. The size and 

abundance of the magnetite phenocrysts increase as the 

amount of SiO^ increases. Magnetite is also present 

as an inclusion in each of the other phenocryst 

minerals, suggesting that magnetite is an early phase. 

Cinder Cones of Timber Crater and Union Peak 

Samples from the cinder cones of Timber Crater 

and Union Peak are similar in appearance to the cinder 

cones of Mount Mazama. Therefore, the mineral 

descriptions presented above will not be repeated. 

Differences are observed between the rocks of the two 

groups of cinder cones, particularly in texture mnd 

phenocryst size and abundance. These differences will 

be discussed below. 

The Union Peak cinder cones are basalt to 

andesltlc basalt in composition. Plagloclase, 

olivine, auglte, and hypersthene are present as 

phenocrysts. Pyroxene is more abundant than olivine 

in all rocks rhat are more silica rich than the 
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andeaific basalt. The pyroxene and olivine 

phenocrysts are altered to a red, iron-ox ide phase, 

probably lddingslte* Plagioclase is ware abundant 

than in the rocks of the Mazsisa cinder cones* 

Textures observed in the g r a n d m a s * are intergranuliir 

and pilotaxitic to trachytlc* 

Samples from the Timber Crater cinder costl are 

basaltic andeslte to andesite in composition* 

Plagioclase. auglte, hypersthene, and olivine are 

present as phenocrysts* Olivine If ' ent or present 

in only small amounts* The olivine abundance 

decreases, and the hypersthene abundance Increases 

from basaltic andesite to andesite* The groundmas$ 

texture is interstitial to intergranular, and 

pilotaxitic to trachytlc. The Timber Crater cones 

differ from those of Mount Masama in their smaller 

modal proportion of phenocrysts, larger abundance of 

hypersthene, and the 1ntergranular and trachytlc 

g round mas s • 



Cheileal Var tat ton 

For the purpose* of this discussion, the cinder cone* 

have been divided into two groups, the cinder cones of 

Mount Mazama, and the cinder cones of Timber Crater and 

Union Peak• 

A plot of total alkalies versus S10. for the Crater 

Lake cinder cones is presented in Figure 27. The rocks 

plot within the high-alumina field of Kuno (1964). 

Cinder Cones of Mount Manama 

Twenty-nine samples were analysed for Major and truce 

element composition by use of the Atomic Absorption method 

at the University of Oregon by Christine McBirney. Hint 

samples were analyzed for trace and minor-element 

composition at the University of Oregon using the 

Instrumental Neutron Activation Analysis method. Chemical 

analyses are presented in Appendix Bf maJor-element 

variation diagrams in Figure 28, and trace-element 

variation diagrams in Figure 29. 

Major elements 

The ma}or-element trends are linear, typical of the 

cale-alkaline rock series. The plot for Al^O^ in the 

exception. This scatter is thought to be Important &n4 

will be discussed later. 
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The different rock types exhibit coherent trends for 

•lost of the elements. The widest compositional variation 

is observed In the basalts and basaltic andesiteiu On many 

of the diagrams, there appears to be more than one trend* 

This is most evident on the plots of MgOt MnO, TiO~, and 

F 0 . 

SaMples from Maklaks Crater and Desert Cone plot below 

tie main trend on the diagrams of P^0-, K^G, CaOt HgO, and 
* 

T10-, and above the trend on the FeO diagram. 

Trace elements 

The trends on the trace-element variation diagrams are 

nearly linear for most of the elements considered, Again, 

the widest range in composition is observed In the basalts 

snd andesltic basalts. This is most evident on the plots 

of Ba9 Srf and Ca, As in the major-element dimgrm%® # there 

appears to be more than one trend on some of the diagram*, 

particularly Ni and Rb. The observed abundances for Hi and 

Cr In the cinder cones are lower than typical mantle 

values, 1, e. 250-450ppm for Ni and >500 ppm for Cr, 

suggesting that these magmas are not primitive. 

Samples from Maklaks Crater plot below the general 

trend on the diagrams of Sr, Ba, and Kb, Desert Cone 

samples plot below the trend on the Sr and Ba diagrams, 

RC-12 plots above the trend on the plots of Cr and Hi. Bttd 
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the abundances approach mantle abundances for these 

minerals • 

Cinder Cones of Timber Crater and Union Peak 

Major elemen t s 

Major-element diagrams for the Timber Crater and Union 

Peak cinder cones are presented in Figure 30* The samples 

from the two cinder cones of Timber Crater plot together, 

vith the exception of TC-5, which plots with the Union Peak 

samples, and the samples from the two cinder cone« of Union 

Peak plot together as expected. The trends are less 

coherent than those of the Mount Manama cinder cones, 

possibly because of the smaller number of samples* Again, 

It Is possible to distinguish more than one trend on stay of 

a 
the diagrams, particularly those for FeO t TiO^, Al^O^, end 

MnO. 

Trace elements 

Plots of trace-element variation are presented in 

Figure 31. The trends are less coherent then those of the 

Mazama cinder cones* For most of the elements, particularly 

Nl and Cr , the trends for the Timber Crater cones ere 

distinct from those of the Union Peak conei* Again, TC-5 

plots with the Union Peak cinder cones* The abundances of 

Nl and Cr ar? less than typical mantle values* 
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Discussion 

Major and trace-element variation &n4 patrofraphic 

evidence suggest the Masana cinder cones art related by 

fractionation of plagioclase* magnetite, olivine, 

clinopyroxene, and orthopyroxene. Fiagiociase and 

magnetite are phenocryst phases in all of the rock fcypan 

studied (Refer to Figure 22)* Olivine is present in basalt 

and decreases in abundance with increasing 810- content* 

Clinopyroxene and orthopyroxene are present in andealtic 

basalt and persist to daclte* 

Fractionation of these minerals will produce the 

observed depletion in included eienents* ffi is included in 

olivine and, to a lesser extent* in nagnetite* Sr is 

included in plagioclase and clinopyroxene, and Cr if 

included in clinopyroxene, orthopyroxene, and magnetite. 

Samples from the Williams Crater Complex bracket those 

of the Mazama cinder cones on the variation diagram* (Refer 

to Figures 28 and 29K The continuity of the trends 

suggests that the Williams Crater cinder cone is sinilar In 

origin to the other Mazama cinder cones* The dacitie 

samples are thought to be a result of magna mixing that 

took place when the zoned magma chamber of Mount Masana w*t 

tapped• 

Comparison of the variation diagrams for the Timber 
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Crater and Union Peak cinder cones with those for the 

Mazama cinder cones reveals several similarities* If the 

diagrams are overlain (Figure 32) t the Timber Crater amd 

Union Peak samples fall along the trend of the Maaama 

cones• 

The fact that the Union Peak cinder cones and the 

Timber Crater cinder cones plot with the Mount Manama 

cinder cones suggests a similar history for the three 

groups of cinder cones. The Union Peak cinder coneis stand 

on lavas from Union Peak, The lavas of the cinder cones 

could have undergone contamination by the Onion Peak lavas* 

The similarity in chemical composition between the cinder 

cones of Union Peak and Mount Mazama, suggests that 

contamination has not occurred or has been minimal* The 

lavas of the Timber Crater cinder canes also do not appear 

to have suffered contamination for the reasons outlined 

above. Therefore, an origin And crystallization history 

similar to that of the Mazama cones is proposed for the 

Timber Crater and Union Peak cinder cones* 



Figure V2 • Comparison of variation diagrams for tht cinder 
conea of Mount Hazami*f Timber Crater, and Union 
Peak. Symbols as in Figures 27 ant 30. 
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Mass-balance Calculatlonj« _ 

Crystal fractionation is proposed as thi dominant 

mechanism responsible for the observed range in com petition 

in the cinder cones at Crater Lake. In order to test this 

theory, mass-balance calculations were performed, asing a 

least-squares program developed at the University of Oregon 

by B. Haker, 0. Geist, and A. R. McBirney. Very si«ply, 

the program involves subtraction of minerals from a 

parental liquid to produce a chosen daughter* The success 

of the calculation is judged by the size of the residual 

for each major-element oxide and the sum of the squares of 

2 
the residual, *L r . A residual is the difference between 

the actual and calculated values of an oxide in the 

2 
daughter analysis. £. r should be less than or equal to 

0.10 for a satisfactory solution. It should be noted that 

these calculations ignore petrologic constraints and 

therefore can only be considered as permissive evidence. 

Mineral phases used in the calculation are those 

observed in the rock. Chemical coppositions of the 

minerals used are from Ritchey (1979) and McBirney 

(unpublished data) . 

The oSject of the calculations was to start with a 

basalt and through successive calculations, produce the 

Wizard Island andesite. Calculations were performed 
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starting with the most mafic basalt as the parent and t»n 

andesitic basalt as the daughter. tfach successive 

calculation used the daughter of the previous run as the 

parent for the next. Satisfactory results were obtained 

for these calculations (Table 6 ) , 

Ritchey (1979) proposed that the products of the 

climactic eruption of Mount Mazama were derived fro* magmas 

similar to the Red Cone lavas. In order to test this 

theory, calculations were performed using a Red Cone sample 

as a parent and samples from the climactic ash-flows as 

daughters. Satisfactory results were obtained (Table 6)# 

To take this one step further, calculations were 

performed to see if the climactic samples (analyses taken 

from Ritchey, 1979) could be derived frosi basalts of any 

other cinder cone. Again, satisfactory results were 

obtained. Therefore, mass-balance calculations with major-

element oxides support the conclusion that crystal 

fractionation was an important process in the genesis of 

the Mazama cinder cones, and that the products of the 

climactic eruption were derived from the cinder cone magmas 

by fractional crystallization. 

When trace elements are included in the mass-balance 

calculations, however, the solutions are less satisfactory. 

The success of this calculation is judged by a weighted 

residual, calculated as the difference between the actual 
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and calculated abundance of the trace element in the 

daughter sample. Two of the mass-balance calculations are 

2 
presented in Table 7. Although the *... r is flood for the 

ma lor elements, there are large weighted residuals for the 

trace elements, particularly Sr and Ra. In fact, the 

weighted residuals for Sr and Ra are large for all the 

calculations* Also, for some of the calculations, the 

Included elements increased and the excluded elements 

decreased* This is the opposite of the expected result if 

the rocks were related by crystal fractionation alone. 

Therefore, crystal fractionation cannot have been the only 

process involved. The possible effects of partial melting 

and magma mixing will be considered below. 
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Rare-earth Elements (RRE) 

A plot of REE abundances, normalized to chondrltic 

meteorites, versus ionic radius is shown in Figure 33* ?%sro 

interesting features are apparent. First, a large* 

positive Eu anomaly appears in basalt, andesitic basalt, 

and basaltic andesite, with a smaller anomaly in the 

andesite, and second, the andesitic basalt and andesite are 

depleted in LREE relative to basalt* 

The positive Eu anomaly is unexpected in light of the 

demonstrated plagioclase fractionation. Eu is strongly 

included in plagioclase, and plagioclase fractionation is 

expected to produce a negative Eu anomaly* One possible 

explanation for the observed anomaly is plagioclase 

contamination of the magma. 

The second observation is more difficult to explain. 

Closer examination of the REE plot reveals a repeated 

pattern in the light rare-earth elements (LREE). Starting 

at the bottom of the plot and moving upward, to increasing 

REE contents, the following sequence is encountered: 

basalt-andesitic basalt-andesite, andesitic basalt-

andesite, basalt-basaltic andesite-andesite, and finally. 

basalt that is enriched in LREE relative to all other 

samples. Obviously, more than simple crystal fractionation 

is involved. First of all, the LREE elements are strongly 
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excluded elements and should increase with fractionation* 

In other words, basalt should be depleted in LREE relative 

to andesitic basalt and andesite. Second, the »equeftce of 

basalt-andesite could not be a result of fractionation 

within a single magma, because the basalt of the next 

sequence is LREE enriched relative to the andeslte of the 

previous one. Therefore, each group probably represents 

fractionation operating on parental magmas of a separate 

partial melt episode. 

Pobyn (1977) calculated REE patterns for different 

degrees of partial melting of various mantle source rocks 

(Figure 3 4 ) . The REE pattern for the Crater Lake cinder 

cones were compared with these calculated patterns* Robyn 

notes that interpretation of the calculations should be 

made with caution because errors may be introduced by 

imprecise values of the distribution coefficients which may 

vary with bulk composition and degree of partial melting* 

Also, it is more difficult to model the source region 

because the compositions of the bulk rock and individual 

phases are poorly known, and because parameters which may 

affect the melt composition, such as temperature, pressure, 

water pressure, and fft- are not well constrained. However, 

the calculations can be used to infer the mineralogy of the 

source region If the above restrictions are k**pt in mind, 

and certain trace-element trends can he used as well 
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(as will be seen In the following s e c t i o n ) . 

The REE p a t t e r n s of the Crater Lake c i n d e r cones are 

similar to that of a dry p e r i d o t i t e source that u n d e r w e n t 

less than about 2 0t partial melting (Figure 3 4 ) . The 

magmas were not In e q u i l i b r i u m with residual garnet b e c a u s e 

the garnet s i g n a t u r e ( e x t r e m e LREE e n r i c h m e n t relative to 

the >1REE) is a b s e n t . The h o r n b l e n d e s i g n a t u r e (a c o n c a v e -

upward p a t t e r n , with a knick at or near Eu) and the spinel 

s i g n a t u r e (a c o n v e x p a t t e r n ) are also not o b s e r v e d in the 

REE p a t t e r n s of the Crater Lake cinder c o n e s ( F i g u r e 1 4 ) . 

It is likely that not much was left behind in the so«trce 

rock as r e s i d u a l after partial melting o c c u r r e d . 

T h e r e f o r e , the m a g m a s p r o b a b l y represent s e p a r a t e partial 

melts as opposed to d i f f e r e n t d e g r e e s of p a r t i a l melting of 

the s ame s o u r c e . 

F r a c t i o n a l Cryst a l l l z a t l o n and Par 11 a 1 M e 1 1 1 n g 

Recent w o r k e r s have p u b l i s h e d c h e m i c a l d i a g r a m s that 

can be used to d i s t i n g u i s h between the^ e f f e c t s of p a r t i a l 

m e l t i n g and f r a c t i o n a l c r y s t a l l i z a t i o n on m a g m a g e n e s i s . 

Pefer to H e r i n g ( 1 9 8 1 ) and Clark ( 1 9 8 3 ) for c o m p r e h e n s i v e 

d i s c u s s i o n s of the m e t h o d s d e s c r i b e d b e l o w . 

Hanson ( 1 9 7 8 ) observed the e f f e c t s of f r a c t i o n a l 

c r y s t a l l i z a t i o n and partial melting on the b e h a v i o r of 
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included and excluded elements. For partial me It ins? a 

relatively large variation in excluded element! and a 

relatively small variation in included element? is 

observed. The opposite is observed for fractional 

crystallization* Figure 35 shows Hanson's predicted 

effects of partial melting and fractional crystallization. 

Figure 36 is a plot of Rb versus Ni for the Crater Lake 

cinder cones. No definitive trend is seen on this diagram, 

although the steep trend on the left-hand side of the plot 

seems indicative of partial melting, while the more gently 

sloping curve near the center seems indicative of 

fractional crystallization (refer to Figure 15 for 

comparison of the curves). Therefore, both partial melting 

and fractional crystallization may have been involved, 

Hering (1981) used diagrams of a strongly excluded 

element, H or hygroraagraatophi1e (after Allegre and Minster, 

1978) and a moderately excluded element, M or magma tophile , 

to distinguish between the effects of partial melting and 

fractional crystallization. The diagrams will be referred 

to as H/M versus H plots. Typical H elements are Rb and 

Th, and typical M elements are Zr, Ba, Hf, and R. 

Figure 37 shows H/M versus H plots for the Crater Lake 

cinder cones. Plots of Rb/Ba v*. Rb and Rb/Zr vs. Rb show 

scatter but suggest a fractional crystallization component. 

A plot of Th/Hf vs. Th suggests a partial melting 
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component* Therefore, both partial malting and fractional 

crystallization nay have been important in the genesis of 

the Crater Lake cinder cones. 

In order to obtain a further test of the assumption 

that discrete batches of partial melt are Involved, plots 

of excluded elements versus S10 and MgO were considered 

iFlgure 3 8 ) . The cinder cones plot in three groups on the 

J lagrams of Ce/Yb versus S10 and Th versus S10-* This 

pattern is reflected in the Ce versus MgO diagram. Ho 

samples fall between 551 to 57X S10-; the existence of 

samples in that range could better define a trend on these 

diagrams. Again, the existence of discrete batches of 

partial melt is indicated. 

Spatial Distribution of Vents 

Radial distance, defined as the distance of each 

cinder cone from the geographic center of Crater Lak#, wa« 

determined for each cone, A plot of the radial distance 

versus age for the Crater Lake cinder cones is presented in 

Figure 39. Two weak linear trends are suggested* 

Radial distance versus major- and trace-element 

abundances were also considered. Radial distance versus 

weight percent S10 ? is presented in Figure 40 &nd radial 

distance versus Rb is presented in Figure 4|, A definitive 

trend is absent on these diagrams. 
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AFM Diagram 

An AFM diagram for the Crater Lake cinder cones is 

presented in Figure 42. The rocks plot within the catc-

alkaline field and lack iron enrichment, as is 

characteristic of the c a Ic-alkaline series. 

M,i^netite or araphibole fractionation if* often proposed 

to account for the lack of iron enrichment. Magnetite 

phenocrysts are ubiquitous in the cinder cone samples, 

evidence that fractionation of magnetite is the lechaniia 

responsible for the lack of iron enrichment. However, 

early fractionation of hornblende should also be 

cons idered• 

Hornblende is present in the dacites from Williams 

Crater and certainly played a role in the fractionation of 

the more siliceous rocks. Early hornblende fractionation 

cannot be ruled out on the basis of petrographic evidence 

because hornblende formed at depth would probably break 

down before reaching the surface. Se is strongly included 

in hornblende, and less strongly included in c11nopyroxene, 

and would be a good indicator of hornblende fractionation. 

S c abundances are similar in the basalts nnd basaltic 

andesltes, indicating that early hornblende fractionation 

was not significant. Hornblende fractionation would also 

affect the REF. abundances, resulting in a concave-upward 
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REE pattern and gone flattening of the heavy REE pattern 

(Robyn, 1978). The REE patterns for the Crater Lake cinder 

cones do not show thiaf suggesting that early fractionation 

of hornblende was not significant. 

Comparisons with Other Cascade Volcanoes 

The question arises as to whether the observed 

relationships for the cinder cones are unique to Mount 

Hizaia, Comparisons were made between the Crater Lake 

cinder cones, Mount Mazama (data from Ritchey, 1979), Mount 

Bailey (Barnes, 1978), and Mount McLoughlin (Mftynard, 

19 7 4 ) . Using samples with less than 551 S10- s various 

combinations of elements and element ratios were plotted on 

variation diagrams* The most revealing of these are 

presented In Figures 37 and 43. Although the four groups 

are similar, some differences are observed. On a plot of 

Rb versus Ni, the Crater Lake cinder cones plot slightly 

below the cluster of samples, possibly a reflection of 

differences in partial melting. Some separation of Mount 

Bailey and Mount Mazama samples Is observed on the plot of 

Rb/Zr versus Rb, suggesting different partial welts or I 

slight difference in degree of melting. Plots of Th ire 

most distinctive. Samples from the Crater Lake cinder 

cones, Mount Mazama, and s few from Mount McLoughlln fall 
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along a nearly straight line, with a slope indicative of 

partial melting. Samples from Mount McLoughiln and a few 

from Mount Mazama plot in a second group, slightly above 

the linear trend, indicative of different degree® of 

partial melting. Therefore, the following conclusion is 

drawn: the cinder cones at Crater Lake are derived from 

partial melts that are not necessarily unique to Mount 

Mazama. Differing degrees of partial melting and 

fractional crystallization produced the observed 

differences, and the more differentiated magmas may be 

unique to Mount Mazama. 

Hering (1981) compared Rb/Hf and Rb/Zr ratios in mafic 

rocks from Mount Hood, Mount Jefferson, Three Fingered 

Jack, South Sister, Mount Thielsen, Mount Bailey, and 

Newberry Volcano, and found that these ratio® increase 

rapidly in basaltic andeslte and andesitic samples* He 

concluded that the basaltic andesite and andesitic magmas 

of Mount Hood, Mount Jefferson, »nd Three Fingered Jack, 

were products of discrete batches of partial melt, which 

may have undergone some fractionation. 

Rb/Hf ratios for the Crater Lake cinder cones (not 

shown) do show an increase with an increase in percent 

SiQ?. Zr data for the cinder cones are limited and were 

not considered. 
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Summary 

Petro graphic and geochemical evidence suggest a tttat 

crystal fractionation of plagioclase, magnetite* olivine, 

a u g i t e , and hypersthene was involved in the genesis of the 

magmas of the Crater Lake cinder cones* However, crystal 

fractionation was not the only mechanism. The following 

observations need to be considered when formulating a model 

for the origin of the cones. First, the irregular pattern 

of basalts and andesites observed for the LREE, and the 

LREE enrichment in basalt relative to other ©embers of the 

suite. Second, the satisfactory solutions obtained for 

mass-balance calculations when only major-elements are 

considered, but the less satisfactory solutions obtained 

when trace elements are considered, and the observed 

increase in included elements aod the decrease in excluded 

elements in the daughter products of some of the 

calculations. Third, the appearance of two trends on many 

of the variation diagrams, and the observed scatter oft the 

plot of A1 ?0». Pourth, the magmas are not primary. The 

contents of Ni, Cr, and MgO are too low for the magmas to 

be in equilibrium with mantle values. 

From consideration of the LREE 6ata9 it is apparent 

that the Crater Lake cinder cones were derived from more 

than one partial m P 1 t , probably a distinct melt for each of 
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the groups observed. The data require at least four, 

distinct partial melts, which underwent various degrtes of 

mixing and fractional crystallization to produce the Lavas 

of the cinder cones. If this is true, then the trend is 

correct for fractional crystallization* In other words, 

for each pair, the andesite is enriched in LREE relative to 

the b13 a 1t i c andesite as is expected. A separate partial 

melt is implied for the Williams Crater basalt* 

Magma mixing and subsequent fractional 

crystallization may explain the observed patterns in the 

variation diagrams, and the discrepancies in the mass-

balance calculations. The fact that the sag mms are not 

primary indicates that the partial melts underwent 

differentiation to produce cinder cone magmas. The 

hypothesis of more than one partial melt would explain the 

presence of the two trends observer! on some variation 

diagrams. Distinct trends for neither partial melting or 

fractional crystallization appear on plots of highly 

excluded versus highly included elements, or on H/M versus 

H diagrams. Thus, both processes were probably involved in 

the genesis of the cinder cone lavas. 

The increase in included elements from parent to 

daughter, particularly for Ni, Cr, and Sr, can be explained 

by the addition of olivine, clinopyroxene, and plagioclasa, 

possibly during magma mixing. Plagioclase contamination is 
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further indicated by the large weighted residuals for Sr 

and Ba , the scatter on the Al-O- versus SiO- diagram, the 

positive Eu anomaly, and the presence of plagioclase 

macrophenocrysts in the samples* 
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CHAPTER 5 

CONCLUSIONS 

Twenty cinder cones are located within the boundarion 

of Crater Lake National Park, The thirteen cinder cone* in 

this study have been divided into two groups, the cinder 

cones associated with Crater Lake, and the cinder conns 

associated with Mount Mazaraa, The Crater Lake cinder cones 

consist of two cinder cones associated with the Timber 

Crater volcano, two cinder cones associated with the Union 

Peak volcano, and nine cinder cones associated with Mount 

Mazana (refer to Figure 4 for location). The nin€ Mount 

Mazama cinder cones can he divided into two groups: eight 

pre-caidera cinder cones, Bald Crater, Crater Pe«fcr Desert 

Cone, Hill 6545, Maklaks Crater, Red Cone, Scoria Cone, and 

Williams Crater; and , one post-caldera cone, Wizard Island, 

Most of the cinder cones associated with Haunt Miztat 

are located on or near the flanks of the volcano* The only 

exceptions are Wizard Island and Merria® Cone, located 

within the caldera. The cinder cones are composed of high-

alumina basaltic to andesitic scoria and lavas. Mount 

Mazama asrt and pumice are found at or near the s u mm 11 of 

the pre-caldera cones. Therefore, the volcanic activity of 

the cones had ended before the climactic eruption of Mount 
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M a z a m a began. The Williams Crater Complex, a bau&ltic 

cinder cone and associated andesitic to dtcltic lavas, 

stands on the western edge ot the caldera, against an 

andesitic flow from Mount Mazasia* 

The Mount Mazaraa cinder cones have a range in height 

of 90 to 260m, basal diameter of 610 to 1295®, and ratio of 

cone height to basal diameter of 0*14 to 0,2!* Measured 

ages of four Crater Lake cinder cones have a range of about 

200,000 to 6700 years %?. Using morphological 

characteristics and measured ages, the following relative 

ages are proposed for the Mount Mazama cinder cones: 

Wizard Island youngest 

Williams Crater 

Bald Crater, Crater Peak 

Red Cone 

Scoria Cone, Hill 6545 

Desert Cone 

Maklaks Crater oldest 

Compositional variations in the magmas of the cinder 

cones support the conclusion that they were generated by 

more than one partial melting event. Partial melting of a 

mantle source region with the composition of peridctite 

could have produced the primitive basaltic magmas. 
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Subsequent mixing and fractional crystallization produced 

the more li f f erent iat ed basaltic to andesitic ttsgmasof the 

cinder cones. Fractionation continued after the eruption 

of the cinder cones, with larger amounts of pl&gloclase, 

and eventually hornblende (Ritchey, 1979) fractionated to 

produce the products of the climactic eruption of Mount 

Mazama• 

The genesis of the Williams Crater cinder cone is 

similar to that of the other Mazama cinder cones. The 

dacitic magmas are proposed to be n result of mixing that 

occurred when Williams Crater tapped the same magma chamber 

as the climactic eruption of Mount Mazama. The similarity 

between the composition of the cinder cones of Union Peak 

and Timber Crater and those of the Mazama cinder cotses 

suggests a similar origin. 

A schematic representation of the proposed evolution 

of the Crater Lake cinder cones is presented in Figure 4 4 . 

The following model is proposed for the evolution of the 

Crater Lake cinder cones: 

1. Generation of discrete partial melts in the mantle 

from a peridotitic source region. 

2. Injection of these melts into the base of the 

crust, where initial fractional crystallization 

and magma mixing may have occurred. 

3. Injection of magma into the crust and the hft•€ of 
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the Mount Mazama chamber. Magma mixing and 

fractionation of olivine, c1inopyroxenet 

orthopyroxene, and plagioclase produced the 

basaltic to andesitic magmas of the cinder cones* 

a. The Mount Mazama magma chamber vti 

compoaitionally zoned at this time, and the 

denser, basaltic magma could not rise 

through the overlying, less d&n$e magna* 

4. Eruption of the cinder cones on the flanks of 

Mount Mazama. 

5. Fractionation of plagioclase and hornblende. 

6. Eruption of 60 km of zoned magma and the 

formation of the Crater Lake caldera. 

7. Eruption of Merriam Cone, Wizard Island, and 

lavas onto the floor of the caldera. 

The cinder cones at Crater Lake are part of the 

magmatic system that produced the main cone of Mount Hmzmmm 

and represent magmas that were parental to the 

differentiated magmas of Mount Mazama. 
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APPENDIX A 

DESCRIPTIONS OF REPRESENTATIVE THltf SECTIONS 

Phenocryst and groundmass phases listed in order of 
decreasing abundance* Phase abundances are given as 
the percent of the phase in the whole rock. M l n e m l 
compositions were determined optically. In some samples, 
the number of macrophenocrysts that could be used to 
determine composition were small* In these cases, less 
than 10 crystals were used to determine the composition* 
The number of crystals used is indicated in the 
descr ipt ion• 

Basalt 

Scoria 

Sample name: MC-3 
Texture: vesicular, porphyritic, hyalophitic 
Phenocrysts: plagioclase, olivine, opaques 
Groundmass: glass, opaques, plagioclase 
Mineral description and percentages: 

40% 
30% 

20% 
102 

« O f ? ! >'• 

Glass-red• 
Plagioclaae-An 4 g.euhedral to subhedral 

resorbed edges. 
Opaques-anhedral. 
Olivine-Fog^ f anhedral, most crystals rimmed 

with and contain Inclusions of opaques, many 
crystals partially or completely altered to 
granular opaques. 

Lava flow 

Sample name: WC-13 
Texture: vesicular, porphyritic, hyalophitic 
Phenocrysts: plagioclase, auglte, hypersthene, olivine 
Groundmass: glass, opaques, plagioclase 
Mineral description »nd percentages: 

2 5% Glass-red• 
25% Plagioclase 

macrophenocrysts~An 4 4 (less than 10 

crystals), subhedral to anhedral, contain 
inclusions of Types 2 and 3, rounded 
crystals, crystals contain normal and 
oscillatory zoning, most crystals have 
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20% 
10% 

lOt 

resorbed e d g e s . 
smaller p h e n o c r y s t s - A n ^ $ subhedral, most 

crystals are lath shaped, a few crystals 
contain inclusions, crystals are zoned. 

Op&ques-anhedral• 
Hypersthene-subhedral, soi* crystals contain 

inclusions of opaques. 
Augite-subhedra 1 to anhedral, some crystals 

are twinned. 
Olivine-Fo 

85 
subhedrai, many crystals corroded. 

some crystals are rimmed with glass* 

Andesitic Basalt 

Lava flow 

S ample name: RC-14 
Texture: vesicular, porphyritic, intergranular 
Phenocrysts: plagioclase, augite, hypersthene, 

opaques 
Croundmass: plagioclase, pyroxene, opaques 
Mineral description and percentages: 

40% Plagioclase-Ane^ , rim A n ^ t core Anc** 
euhedral to anhedral, most of trie 
are lath shaped, forms glomerocry 
pyroxene, crystals contain inclus 
opaques and apatite, crystals are 

20% 

10% 

groundmass-An rim An, core An. 
„ _ __ 51 • **"• A Q • *-***** rxit L 

Augite-subhedral to anhedral, some cry 
twinned, crystals contain opaque in 

Hypersthene-euhedral to anhedral, crys 
inclusions of opaques and clinopyro 
larger, euhedral crystals appear to 
apart• 

15% Opaques-anhderal. 
5% Olivine-Fog^subhc'dral , crystals contai 

inclusions of opaques, edges of cry 
altered to a greenish material, pos 
serpentine• 

1% Apatite-eubedral. 

groundisss 
olivine, 

crystal a 
sts vlth 
ions of 
zoned. 

1 i i La s i s 
elusions• 
tals contain 
xcot, the 
be breaking 

o 
a t a 1 a 
s i b 1 y 

Basaltic andeslte 

Scoria 

Samp le name : CP-7 
Texture: vesicular, porphyritic, hyalophitlc 
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Phenocryata: plagioclase, augite, hypersthene, olivine 
Groundmass: glaaa, opaques, minor plagioclase 
Mineral description and percentagea: 

35% Glass-red to reddiah brown. 
25t Plagiociase-

iacrophenocrysts-An 4 5 t r i w An 7 | , 

core AnA2 ^ i v e crystals), suBhedral to 
anhedrai, inclusions of Type 3, aost crystals 
have rounded edges, crystals exhibit normal, 
reverse, and oscillatory zoning• 

15% 
*0% 

10% 

5% 

<5% 
1% 

smaller phenocrysts-An 
68* euhedral to 

subhedral, some crystals have resorbed edges, 
crystals form plagioclase glostrocrysts, 
apatite inclusions. 

Opaques-anhedral• 
Augite-subhedral to anhedrai, crystals contain 

inclusions of opaques and hematite* 
Pypersthene-subhedral to 

contain inclusions of 
Olivine~Fo 8 0, subhedral, 

inclusions of opaques 
Hematite-anhedrai. 
Apatite-euhedral to subhedral. 

anhedrai, crystals 
opaques and hematite, 
crystals contain 
and hematite. 

Andesite 

Scoria 

Sample name : CP-4 
Texture: porphyrinic 
Phenocrysts: plagioc 

opaques 
Ground mass: plagioc1 
Mineral description a 

30% Plagioclase-
macrophen 

s u b h e d r 
and z o n 
o s c i l i a 
many wi 
i nclus i 
i n c 1 u s i 

Bma1ler p 
contain 

2 0% Hypersthene-
are f rac t 
fractures 
pyroxene 

, pilotaxitic 
iase, hypersthene, augi 

ase, opaques, glass, py 
nd percentages: 

ocry 

al t 

tory 
th r 
ons 
ons 

heno 
t wi 

euhe 
tired 
, cr 
and 

s ts-A 

o anh 
wi th 
zon i 

esorp 
of gl 
of Ty 

cryst 
n n i n g 
d r a l 
and 

y s t a l 
o p a q u 

56» 
e d r a 
n o r m 
ng, 
ed e 
ass , 
pes 

s~An 
and 

to a 
brok 
s co 
es, 

rim 
1, c 
al, 
crys 
dges 

apa 
2 an 

56 f 

zon 
nhed 
en a 
ntai 
a fe 

A n ? 7 

rystal 
r e v e r s 
t a 1 s a 
, c r y s 
ti te , 
d 3. 
subbed 
ing . 
r a 1, s 
part a 
n 1 nc 1 
w crys 

te, olivine, 

roxene 

core &**C2 » 
s are twinned, 
e , and 
re rounded 9 
tals contain 
groundmaas, 

ral, crystals 

ome crystals 
long the 
us ions of 
tals contain 
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exsolution parallel to cleavage, 
13% Augite-euhedraI to anhedral, crystal* contain 

inclusions of pyroxene &nd opaques, some 
crystals are twinned, some crystals have re* 

sorped edges, 
15% Opaques-subhedral to anhedral. 
10% Glass-clear with a greenish tint, 
5% 01ivine-Fo77» 8 u b h e d r a l t o anhedral, crystals 

contain opaque Inclusions, 
1% Apatite-euhedral, 

Lava flow 

Sample nane: Wl-i 4 
Texture: vesicular, porphyritic, intersertal, seriate, 

glomerocrystic 
PUenocrysts: plagioclase, hypersthent, augite, olivine, 

opaques, hornblende 
Groundoaass: plagioclase, opaques, glass 
Mineral description and percentages: 

35% Plagioclase-forms glomerocrysts with pyroxene mnd 
hornblende • 
t»acrophenocryst~An 4 9 p t i n A n ^ , core A n * 2

# 

rim An^g, core An^^t euhedral to anhedral, 
inclusions of opaques, pyroxene, dust, glass, 
apatite, Inclusions of Types i, 2, 3, and 4, 
normal, reverse, and oscillatory zoning 
present , 

smaller phenocrysts-An 3 6 f euhedral to 
subhedral, many crystals have resorped edges* 

20% Glass-gray. 
2 0% Qpaques-anhedral, 
10% Hypersthene-euhedral to anhedral, inclusions of 

opaques and apatite, anhedral crystals haft 
resorbed edges* 

8% Augite-euhedral to anhedral, inclusions of opaques 
and apatite, some crystals are twinned, many 
crystals rimmed with opaques or pyroxene* 

5% Oiivine-Fogg» subhedral, inclusions of opaques, 
and ortnopyroxene, 

1% Hornb lende-oxyhornblende t subhedral to anhedral, 
inclusions of opaques, c1inopyroxene, ortho-
pyroxene, and plagioclase^ crystals rimmed with 
onaques surrounded by a rim of plagloclase, 
pyroxene, and opaques. 

1% Apatite-euhedral to subhedral, occurs as 
inclusions in other minerals. 
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Dacite 

Lava flow 

Sample name: WC-16 (dark band) 
Texture: slightly vesicular porphyritie, hyaiophittc 
Phenocrysts: plagioclase, hypersthene, augite, opaques, 

hornblende 
Groundmass: glass, plagioclase, opaques 
Mineral description and percentages: 

30% Plagioclase-

»acrophenocrysts-An 6 S f 8 Ubhedral to anh«eral, 
crystals fresher, less corroded than those in 
rocks with less than 63X SiO-, oscillatory 
zoning, inclusions of Types 2 and 4* 

smaller phenocrysts-An.- t suhhedral to 
anhedrai, normal and oscillatory zoning 
present, inclusions of pyroxene and opaques* 

30% Class-light brown to clear* 
20% Opaques-euhedral to anhedrai, opaque phenocrysts 

become more abundant in this rock type* 
10% Hypersthene-euhedral to subhedral. 
10% Augite-euhedral to subhedral* 
It Hornblende-anhedral* 
1% Apatite-euhedral« 

Sample name: WC-16 (light band) 
Texture: porphyritic, intersertal 

long, slender crystals o 
plagioclase crystals are 
the contact between the 

Phenocrysts: plagioclase, hyperst 
Ground mass: glass; pyroxene, glas 

the interstices betwe 
c rystals 

Mineral description and percentage 
30% Plagioclase-

roacrophenocrysts-subhe 
normal, oscillatory, 
zoning, inclusions o 
and glass, inclusion 

smaller phenocrysts-An 
subhedral to anhdera 
and possibly reverse 
inclusions of opaque 

3 0 7, Glass-light brown. 
15% Hypersthene-subhedral to 

;? |* p p «r» H ,r. y (> A . 

, ser iate 
f pyroxene radiating from 
found at 

light and dark bands* 
bene, augite, opaques 
s, and opaques occupy 
en the plagioclase 

s : 

d r al to anhedrai, 
and possibly reverse 

f opaques, pyroxene, 
s of Types 2 and 4* 

rim A r i42* c o r * ^ n 3 l * 
I, normal, oscillatory, 
zoni ng present , 

s and pyroxene* 

anhedrai, crystal edges 
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15% Augi te-subhedra 1 to anhdral, crystal «*dg«» are 
embayed . 

10% Opaques-subhedra1 to anhedral. 

Rhyodacite 

Lava flow 
Sample name: WC-24 
Texture: porphyritic, hyalophitlc 
Phenocrysts: plagioclase, augite, hornblende, hyperathene, 

opaque s 
<»rounduass: glass, plagioclaae 
Mineral description and percentages: 

30% Plagioclaae 
cacrophenocryats-An^.f euhedral to anhedral, 

oscillatory zoning with some normal «$ning, 
unly a few crystals have inclusions of 
opaques, pyroxene, hornblende, and apatite, 
inclusions of Types 2 and 4, crystals 
relatively fresh, most are nearly euhedral, 
forms plagioclase glomerocrysta • 

smaller phenocrysts-An*4 • e^edral to 
subhedral, aome crystals have resorpe4 edges, 
inclusions of opaques* 

20% Glass-clear. 
15% Hornblende-oxyhornblende, euhadral to anhairal, 

inclusions of opaques. 
15% Augite-euhedral to anhedral„ opaque inclusions* 
15% Opaques-magnetite, euhedral to anhedral. 
5% Hypersthene-euhedra 1 to anhedral, opaque 

lnclusions • 
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