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ABSTRACT 

TUJ.'F lUNCS ·- EXAMPLE S f<ROM THE FORT ROCK - CHRISTMAS Lt.KE 
VALLEY BASIN, SOUTH-CENTRAL OREGON 

by 

Grant Harvey Heiken 

Tuff rings are wide, low-rimmed, well-bedded accumu­

lations of hyaloclastic debris built around volcanic vents 

located 1n lakes, coastal areas, marihes and areas of 

abundant ground water. Tuff rings within the Fort Rock -

Christmas Lake ValJ.e y Basin were erupted during Plio­

Plej_stocenc time into a lake that occupied the basin. 

Outsj<le the lake basin are related cinder cones and flows . 

The cinde r cones and tuff rings occur a long faults tha.t 

cross the basin and adjacent highland. The shape and 

height of the tuff rings appears to be dependent, in part, 

on the depth of explos ive steam gene ration when rising 

magma ca;,1e into contact with ground or surface water 

(phreatorna gmatic eruptions). 

Eruptions with i n the lake produced underwater debris 

flows which deposited massive tuff-breccia now exposed at 

the bases o f the tu ff rings. Once the rings breached the 

:-.;urface , much of the ash was deposited from the air to 

fo:rm thin beds showing bedding plane sags ("bomb sags"). 

Some sub ae r i a l b e d s were deposited by b as e surg es (as 3.t 
. 

'r 1 l)h · 1 · · 1 Or c ) h · h f' d d · J 1 .l ~c"H !. , J. ipp1ncs, .J.. ~ 0 .1 w 1 c ·orme r a 1 a _ cuHc:~s anu. 
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abundant cross-bedding, .=ind, in places, plastered ash 

onto slopes of 45 to 90 degrees. When the E:ruption ceased 

before the flow of water into the vent stopped, the vents 

were filled with concentric, vertical tuff beds and massive 

tuff-breccia. When the flow of water into the vent ceased 

before the eruption stopped, craters were partly filJ.ed 

with cinders, spatter, and small lava lakes. 

Hyaloclastic ash of basaltic composition makes up 

about 95% of the ejecta in these tuff rings. Most of the 

ash consists of clear, light brown to medium brown glass 

fragments, containing only a few microlites in addition to 

phenocrysts. Generally the grains have a blocky shape and 

low vesicularity, in contrast with the curved, highly 

vesicular droplets, bombs, and cinders of ci·nder cones 

outside of the lake basin which were contemporary with the 

tuff rings. The hyaloclastic grain morphology is the 

result of contraction and shattering when the magma was 

quenched to glass on contact with water. 
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INTRODUCTION . 

A tuff ring is a small volcano characterized by a 

very wide crater and a low ejecta ring. Tuff rings con­

sist primarily of juvenile ejecta, in contrast to explo­

sion craters, which are constructed primarily of debris 

from the crater. Water apparently had access to the vents 

during the eruptions that formed the tuff rings; most tuff 

rings are found in lakes, coastal areas, marshes, and areas 

of abundant ground water. The characteristics of the 

volcanoes Iocated in the Fort Rock - Christmas Lake Valley 

basin were studied to determine the role of surface water 

in their genesis. 
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Geography 

The Fort Rock - Christmas Lake Valley Basin is the 

northernmost of the major pluvial basins of the Basin­

Range Province (Morrison, 1965) (fig. 1). This broad 

depression is about 40 miles (64 km) long and 25 miles (40 

km) wide. Faulted late Tertiary plate~u basalts rim the 

basin. Only volcanic features and aeolian blowouts break 

the flat surface of the valley floor. 

Oregon State Highway 31, which branches off U. S. 

Highway 97, 32 miles (51 km) south of Bend, Oregon, skirts 

the west edge of the basin. The highway and numerous dirt 

roads provide access to all parts of the basin. The 

adjacent mountainoµs areas are accessible via Jeep trails. 

Three small settlements, Silver Lake, Fort Rock, and 

Christmas Valley are supported by cattle ranching, timber 

and tourism. 

Average annual precipitation is less than 10 inches 

(Hampton, 1962). Water wells reach down to good aquifers 

in plateau basalts. Surface water occurs at Paulina Marsh 

and Silver Lake, which arc fed by Buck, Bridge and Silver 

Creeks. Christmas Lake is dry. 

West of the basin, hills are covered with sagebTush, 

juniper, and pon.derosa pine. Farther west and at higher 

elevations the forests change to a variety of conifers. 
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Within the basin only sparse sagebrusr. and clumps of grass 

survive. No trees grow on the lake sediment, except at 

Lost Forest (fig. 2) where ponderosa pines grow in wind 

blown sand above a perched water table. 

Tuff rings are easily recognized; they occur as 

brownish-orange hills and ridges rising above the basin 

floor, and are commonly covered with junipers. 

Previous Work 

Allison (1966) has summarized the findings of numerous 

paleontological expeditions to Fossil Lake, in eastern 

Christmas Lake Valley. 

The structure, especially the fault pattern, has been 

studied by Russell (1884), Donath (1962), and Hampton 

(1964). Walker, Peterson, and Green (1.967), published an 

excellent geologic map. 

Water supplies are discussed in papers by Russell 

(1884), Van Winkle (1914), and Hampton (1964). Russell 

recognized that Christmas Valley is a former lake basin. 

Recent studies are by Hampton (1964), and Allison (1966). 

Dole (1941, 1942) described lake sediments and ash exposed 

in aeolian blowouts at Fossil Lake. 

Studies of nearby volcanic fd&tures include a struc­

. tural invest_igation of Glass· E...1ttes by Waters (192 7), 

geologic mapping of Newbc~ry Caldera by Williams (1935), 

and Higgins and Waters (1967, 1968). Tuff rings in the 
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Rock - Christmas Lake Valley Basin, showing location 
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basin are briefly described by Peterson and Groh (1963) 

and Waters (1967). 

Methods and Procedures 

6 

I mapped the tuf f rings of the Fort Rock - Chd s tmas 

Lake Valley basin in 4 months during parts of 1967, 1968 

and 1969. Ma:Pping was done on 1: 24000 scale aerial photo·­

graphs taken by the U. S. Department of Agriculture, Soil 

Conservation Service. I compiled the planimetric maps at 

a scale of 1:8000, using enlargements of selected photo­

graphs. The location map (fig. 2) was compiled from the 

1:250000 scale Crescent AMS Sheet and a geologic map by 

Walker, et al. (1967). Stratigraphic sections were 

measured using a Jacob's staff and Brunton compass. 

Chemical analyses of the tuffs and lavas were made by 

x-ray flourescence techniques as outlined in UCSB Geology 

Department Information Cj_rcular no. 1 (unpublished ms., 

1967). Samples analyzed were powde-:rcd and pre:5sed into 

pellets. The standards used were U. S. Geological Survey 

silicate rock standards G-1, W-1, and AGV-1. Na 2o was 

analyzed by flame photometry. H20 was analyzed by 

techniques outlined in Shapiro and Brannock (1962). 

Stratigr~~f tJ-ie Fort Rock - __ Christm85 1.ake Valley Fl_risin 

Deposits ·in the f-ort Rock - Christmas Lake Valley 

range in age from Pliocene to Recent (flg. 3). The oldest 

formation in the area is the Pliocene P.ict,rre Rock Basalt 
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THICKNESS 
(METERS) 

DESCRIPTION 

0-9.5 

0-2.0 

0-215 

0-215 

230+ 

\ 

Sand dunes at the eastern end 
~f Christmas Lake Valley. 
Gravels eroded off the tuff 
rings. 

Tuff rings and cones of partly 
palagoni ti zed sideromelane tuff. 

Lake sediments; mostly diato­
mite. There are some inter­
bedded tuffs and sandstones. 
Near the basin edge and inter­
beds of coarser grained 
sediment and lav~ flows. 

Flows of highly fcldspartic 
basalt with a diktytaxitic 
texture. The Picture Rock 
Basalt of Hampton (1964). 
There are some interbedded 
tuffaceous sediments and 
basaltic tuffs exposed along 
the southeast edge of the 
basin. 

Fig. 3. General stratigraphic column of the rocks in the 
Fort Rock - Christmas Lake Valley Basin, based on measured 
sections and d·riller' s logs (from water wells; Hampton~ 
1964). 
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(Hampton, 1962). The formation is over 230 meters thick 

and consists of thin basalt flows which form the basement 

beneath the lake deposits of the Fort Rock - Christmas 

Lake Valley Basin. It is well exposed in the east wall 

of the Silver Lake Graben. Here, individual flows about 

9 meters thick dip gently under the younger deposits, 

forming the main aquifer of the basin. Subophitic and 

diktytaxitic groundmass textures of the basalts are spotted 

with abundant phenocrys ts of labra.dori te and sparse olivine 

rimmed by iddingsite (Walker, Peterson, and Greene, 1967). 

In places, thin flows of the Picture Rock Basalt are 

interbeddcd with conglomerates, sandstones, and tuffaceous 

mudstones, interpreted by Walker, Peterson, and Green 

(1967) as floodplain or shallow lake deposits. These 

sediments extend beyond the southeast edge of Christmas 

Lake Valley and into the northern end cf fandango Canyon. 

Fossils collected from the interbe<ldctl siltstones 4 km 

south of Buffalo Wells are of Hemphillian age (middle 

Pliocene) (Walker, Peterson, and Greene, 1967). Inter­

bedded with the sediments and basalts are hyaloclastite 

beds of the oldest tuff rings in the area ~·.hich are 

exposed around the southeast edge of the basin (tuff rings 

SE-0, 1, 2, arid 3, E-1, 2, 3, and 4, and the St. Patrick 

Mountain-Fandango Canyon complex; see fig. 2. 
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Tuff rings at Table Rock, Seven-Mile Ridge, Fort Hock, 

Table Mountain, and Horning Bend (fig. 2) overlie flat 

lying lacustrine sediments and interbedded tuffs. As 

determined from drillers' logs of water wells (Hampton, 

1962, pp. B-24 to B-27), the lacustrine sediments and 

tongues of basaltic tuffs, probably derived from the tuff 

rings, range in thickness from zero at the southern basin 

edge to over 220 meters under Table Rock. 

The uppermost lake beds, well-exposed under the west 

edge of Table Rock (fig. 2), consist of interbedded, mod­

erately well-sorted sandstones (volcanic litharenites and 

lithic arkoses 1), diatomaceous siltstones, and white 

iapilli-tuff (appendix 1). The sandstones consist of sub­

rounded to angular grains of basalt, plagioclase, augite, 

basaltic and rhyolitic ash, claystone, and siltstone. 

Some of the well-bedded sandstones are cross-bedtled, with 

indicated current directions oriented eastward into the 

basin. The source of the sands is the Connley Hills in 

the Central-western part of ·the basin, which are a line 

of basaltic cones and intermediate to sllicic domes and 

flows. This group of volcanic hills appears to have been an 

island, about 6.4 km wide and 19 km long, tl1roughout the 

1sandstone terminology is that of Folk (1968). 
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history of the basin. Wells drilled close to the ridge 

(well log 8, appendix 1) penetrated lava flows and volcanic 

breccias, interbedded with sediments generally coarser 

grained than those in the cllntral part of the basin (well 

log 9, appendix l). A basalt flow is interbedded with 

sediments which crop out below Table Rock. (Cross section 

c-c•, plate 15). 

The contact between diatonaceous sediments and 

palagoni te tuff, breccia of Table Rock is sharp. There 

is no gravel, talus or soil on the uppermost lake sediments. 

Rapid deposition of thick basal tuff breccias of tuff ring 

2, Table Rock, deformed the underlying sediments (fig. 5). 

Sediments cropping out under the tuff-breccia at this loca­

tion dip under the ring at angles of 30 to 40 degrees. 

This is abnormal; away from Table Rock and in the basin, 

the sediments are flat-lying. Some of the highest beds 

have been injected into the tuff-breccia as mudstone dikes 

(fig. 4). The dikes have sharp, irregular boundaries and 

bulbous, ovoid, and sheet-like shapes. Thicknesses vary 

from less than 2 cm to 3 meters in diameter. A single 

dike may have a narrow connection with sediments under­

lying the tuff-breccia, broaden into an oval shape, then 

narrow to a point. 

The sediments below tuff rings at Table Rock behaved 

plastically and retained bedding features during 



J. J 

F~g. 4. Mudstone dike in massive tuff-br eccia of tuff 
r :rng #2, Tab J.c Ro c k tuff rinr, comp l ex , loca.ted about 2. S 
meters above th ~-: tuf f-brecc ia l ake scd inH:nt cont.act. 
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injection into the tuff-breccj a (fig. 5). One metc· r below 

the tuff-breccia lake-sediment contact, the sediments are 

deformed by small-scale faulting and fracturing rather 

than plastic movement. The topmost layers, deformed in a 

plastic manner, were probably water-saturated and less 

well-consolidated than those below them. 

The no1·thern part of Seven-Mile Ridge (fig. 2) is 

underlain by finely-laminated diatomite, with interbedded 

silicic pumice and a few t:hin beds of basaltic tuff. The 

best exposed section of these sediments is at the junction 

of Wagontire road where a dry wash drains the western 

slope of the ridge (fig. 9). About 2.4 kilometers Kest of 

the ridge, diatomite is mined commercially in open pits. 

Reversely graded beds of silicic pumice, interbcdded 

with the diatomite, are 12 cm to 30 cm thick. They sre 

graded from tuff si2,e to lapilli 3 cm :i.n diameter . 

Reverse grading of pumice indicates deposition in standing 

water (Fiske, 1969). 

The southern edge of Table Mountain overlies a well­

preserved beach deposit which is 1.5 kj_lometcr s long a~d 

300 meters wide. It consists of well-sorted, well-rounc:ed 

obsidian gravel and sand derived from tlie erosion of Cougar 

Mountain, an obsidian dome 1 krn W8St, and transported ea::;t 

by longshore drift. 
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Fig. 5. Diagram of deforAntion pattern at the tuff­
breccia (stippled) - sediment (plain) contact, below tuff 
ring #2, Table Rock tuff ring complex. Uppermost layers 
of sandstone•and mudstonc hn, intruded into the basalt 
tuff-breccia as dikes. Deformed heckling planes are pre­
served within the dikes, al though nc,ir1y pinched off where 
the dike enters the breccia. Bedding bclo~ the contact is 
also deformed by small scale faults. 
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Sediments directly under Fort Rock and under the tuff 

ring south of Table Mountain (fig. 2) are covered by talus 

and alluvium. Well logs from two wells drilled between 

the two rings (8 km east of Fort Rock and 8 km west of the 

tuff ring south of Table Mou11tain) penetrate about 70 

meters of clay (diatomite), sand,and tuff. 

Palagonite tuffs from the vent at Horning Bend (fig. 

2) overlie the talus-covered slopes of a dacite dome and 

extend out over lake sediments which surround and lap up 

against the dome. 

Sediments exposed in aeolian blowouts at Fossil Lake 

are similar to tl1ose below Table Rock and Seven-Mile 

Ridge. Dole (1941) describes these sediments as mostly 

diatomite with interbedded silicic pumice and ashy sand. 

Allison U966) describes the mid-Wisconsin age fauna at 

Fossil Lake. Lake sediments at Four-Mile Blowout contain 

fossi~s of indefinite mid-Pliocene age (George Walker, 

pers. commun., 1968) Hampton (1962) calls the sediments 

exposed under Seven-Mile Ridge Pliocene, on the basis of 

28 species of diatoms, seven of which are extinct. 

Hampton (1962) correlates the lake sediments and 

overJyi11g tuff rings, which he calls the Port Rock forma­

tion, with tHe Yonna Formation of the Klamath Basin. 

Such correlations, based only on lithologic similarities 

are not valid; on such a basis the rocks could be 



r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 

~F 
;. 

I. 
\· 

! . 

I. 

15 

correlated with basaltic tuffs of any age. 

A wave-cut terrace at an elevation of about 1336 

meters is visible along the edge of the basin (fig. 2). 

It is best seen against steep slopes which border the 

southeastern part of the basin. Table Rock, Seven-Mile 

Ridge, Fort Rock, Table .Mountain, a tuff ring at Boat­

wright Ranch, (fig. 2) and the tuff ring south of Table 

Mountain are notched by wave-cut terraces at the same 

elevation. Northern Seven-Mile Ridge and the tuff ring 

south of Table Mountain were completely leveled by wave 

action, leaving mesas 8 to 15 meters above the floor of 

the basin. 

Sediments in the Fort Rock - Christmas Lake Valley 

Basin were deposited in a lake during Pliocene and Pleis­

tocene time. Evidence for a lake includes: 1. The 

presence of diaomite in wells and in sections under Table 

Rock,.Seven-Mile Ridge, Fort Rock, and the unnamed tuff 

ring south of Table Mountain; 2. Reverse-graded pumice 

beds in the diatomites; 3. Fossil fish and water birds 

at Fossil Lake; 4. A beach deposit underlying Table 

Mountai11; and 5. A wave-cut terrace bordering the basin. 
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Table Rock is a tuff cone located about 9 miles (14.5 

km) east of the village of Silver Lake, and is a part of a 

tuff ring complex consisting of two J.arge tuff rings (nurn­

bers 1 and 2), the Table Rock cone (number 3), and si~ 

small vent areas with or without rings (numbers 4 to 9). 

The deposits of the complex form an elongate oval, 5.6 by 

8.8 kilometers, with the long axis oriented NNW by SSE 

(pl. 1). The highest point, about 39S met e rs above the 

s urrounding plain, is the crest of the flat topped Table 

Rock. 

A normal fault defining the steep eastern wall of the 

Silver Lake Graben to the south, is directly in line ,vith 

the long axis of the complex and probably lies beneath it. 

The fault, however, was not observed to cut the layers 

which form the complex. 

Tuff Ring 1 

Erosional remnants of tuff ring 1 consist of two 

crescent - shaped ridg es forming an oval 2300 meters by 

2700 meters .. Both ridges ri se abou t 9S rn c t r:, r s ahove the 

lake basin floor. They partly enclose a nc:ar1y flat area 

composed of tuff a;1d tuff-bre cc ias which is 2 meters to 12 

mete rs obove the l ake b as in floor. 
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The ring is composed of palagonitized sideromelane 

tuff, lapilli-tuff, and tuff-breccia. They form generally 

bTownish-gray slopes around the outer flanks and ridge tops 

and orange-brown slopes near the center. Tuffs and 1~.pilli­

tuffs around the flanks of the ring occur in uniformly 

thick beds 1 cm to 2 m thick. In the crater area, however, 

bedding is poorly preserved. Bedding Which is distinct 

along the flanks of the ring gradually "fades" into massive 

palagonite tuff in the crater area. 

Bedding is deformed in some.parts of the tuff ring by 

slumping and convolute-type bedding on the inner and outer 

slopes as well as along the crest of the ring. A sequence 

of penecontemporaneously folded tuff beds, 6.1 m thick, is 

located near the crest of the ridge on the east side of 

the ring. There, the tuff beds are deformed into broad, 

low-amplitude folds which are over and unaerlain by 

undefonned tuff beds dipping toward the center of the ring 

at an angle of 15 degrees. The contact with the underlying 

tuffs is sharp and may have been a glide plane along which 

the tuffs slid. The deformed beds are similar to convolute 

bedding; defined by Kuenen (1953) as a structure charac­

terized by crumpling or folding of laminations within a 

well-defined.sedimentation unit. 

At the southern end of tuff ring 1 is an outcrop 

where the 61 m thick sequence of tuff beds has bee11 fo]ded 
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into a steep, overturned anticline (fig. 6a). The contact 

with undeformed beds under the folded beds is sharp; t~e 

undeformed beds and glide plane dip outward from the 

criter area at an angle of 6 degrees. The sliding may 

have occurred following the inward slumping of tuff beds 

as shown in figures 6-b, c, d. 

The bedding along the northern edge of the ring is 

cut by a channel which has the shape of a flattened "U" 

in cross section. It is 30 met e rs wide and 6 meters de ep, 

and is filled with beds of sideromelane tuff and lap il li­

tuff which drape over the channel walls and extend beyond 

them. The channel is oriented normal to the ring crest; 

the channel floor plunges outward, from 9 degrees at the 

crest, where it cross-cuts flat tuff beds to 20 degrees 

down the outer slope of the ring. The channel may have 

been a gully cut by running water between different phases 

of the eruption which formed the tuff ring. 

Tuff Ring 2 

Tuff ring 2 consists of a circular ridge about 4000 

meters in diameter and 120 meters high at the present 

crest. The crater floor is approximately 2100 meters 1n 

diameter and 30 to 75 meters below the ridge cres t. The 

southern edge of tuff ring 2 is partly covered by the 

tuff cone 3 (Tabl e Rock). Part of tuff ring 2 crops out 

on th e south side o{ the tuff cone 3 . 



t\JW SE 

Fig. 6-a. Slump Structure in bedded tuff on the east edge 
of Tuff Ring 1, Table Rock. 

Figs. 6-b, c, d (b e low). Diagrams illustrating the history 
of events leading to the formation of the slump illustrated 
in fig. 6-a. 
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rn(:;nt ho rizon . 



Wave erosion has carve d a terrace and cliffs up to 

45 meters high into the eas t ern and northern slope s cf 
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the ring. The north end of the ring is breached by a pass 

about 150 meters wide, wh e r e drai n age from the cr a ter to 

the lake 1s blocked by a lake-deposited gravel bar wh ich 

consists of well-rounded cobbles and pebbles of palagonite 

tuff (fig. 7). 

The beds which comprise t i1e tuff ring are composed 

of yellowish-brown to gray-brown tuff, lapilli-tuff, or 

tuff-breccia. Tuff-breccia exposed at the base of the 

ring is massive, and in beds a meter to over 15 meters 

thick; t.hese beds are best exposed along the Christmas 

Valley Road on the west side of the tuff ring. Higher 1n 

the ring, the rocks tend to be more thinly bedded, ranging 

from 0.8 cm to 2.5 m thick. Bedding thicknesses are very 

uni£orm and 1n some places can be traced fo r hundreds of 

feet without thinning or thickening. Graded bedding is 

common. 

Sedimentary structures which show current directions 

are present nearly everywhere ar ound the rim of the tuff 

ring. Sirnp le, tabular cross - bedding is must common with 

bed thickness es of 2 cm to 60 cm. Exceptions are the 

large cross-l>eas visible in the b asa1 tuff-hrecci a on the 

west side of the tu ff ring (fig . 5) ; th ese a l' e 6 to 9 

me t ers thick. On the in side slope of tho r:·:nth8astcr11 
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Fig. 7. Northern and eastern parts of t uff ring 2, Table 
Rock tuff ring complex. Photo Lakcn from '!.l i e top of 
Table Rock. The Fort Rl)Ck - Christ.ma~ f.::]ke Valle/ Basin 
makes up the plain in tL e mj Jelle and fa.T h,:,ri ? 011. 

The light-colored. b a rr en ground nenr the csnter of 
th e photograph is located ne ar the cent er of th,:. tuff 
ens. 
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part of the ring are several sets of dunes; the average 

distance from crest to crest being 2 m antl the ave!·age 

dune height 0.6 m (fig. 8). Measurements of the cross­

beds within t6ese dunes indicate that the depositing 

currents moved upslope out of the crater and radially 

away from its center. 

? r , 
~l 

Bedding plane sags (depressions in \,;ell-bedded tuff 

and lapilli-tuff) are conunon; each sag \vas formed by a 

basalt block which impacted into poorly consolidated ash 

beds after being ejected from the crater. 

Channels are cut into bedded ruff on all sides of th e 

tuff ring. Twenty-three channels were mapped (plate 1); 

these are located mainly on the outer slopes of the ring, 

oriented normal to the ring crest. All have 'U' - shaped 

cross-sections and are 1 to 21 m deep and 2 to 30 m wide 

(fig. 9). The original lengths of the channe ls could n e t 

be determined, but several were traced for about 150 m, 

Most of the channels appear to have·been gullies cut by 

running water between different phases of t11e eruption 

which formed the ring. Most of the channels were evidently 

cut before the bedded ashes in the ring were cemented, as 

suggested by the absence of cobbles or pebbles of cem cn t e cl 

palagonite tuff within the beds of these ancient gullies. 

Well-bedded sicJ eromelane tuff and lapilli-tuff fill the 

ch a nn e ls and dr ;:;.pe over thr, sicles. The h er.ls ar e usual .Ly 



Fig. 8. Dunes, interbedded with the plane beds of the eastern rim of tuff ring 2, 
Tab le Rock tuff ring complex. Undeformed beds dip in toward the crater at an ang le 
o f 9 deg r e es. The arrow shows current direction as indicated by cross-bedding. N 
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Fig. 9b. Photograph of a channel on th e western rim of 
Tuff Ring 2, Table Rock; facing northeas t. The channel 
is filled with well-b edded tuff {r om later eruptions. 
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slightly depressed by compaction in the c~n te r of th e 

channel, bend upward and thin to-w ar d the channel 1val:ls. 

The uniformity of th e bedding and lack of current struc­

tures suggest that depositjon by air fal l from later 

eruptions is more likely than r eworking and deposition 1n 

the channels by running water. 

I~terhedded with the uppermo s t tuff beds and present 

within the fill of one ch annel on th e east s ide of the 

ring are patches of white si1icic tuff, h'hich may be from 

any 0£ several possible sources which occur within a 60km 

radius of the tuff ring; these include the Newberry 

Caldera area, Cougar Mountain, and dozens of Ui1named 

vents between the northern edge of the fort Rock hasin 

and Pine Mountain. 

Within the crater and in some places extending fo r 

about 300 m beyond the crater edge, the tuffs have been 

altered to orange-brown, bri ttlc, and massi ·v e pal agoni te 

without visi.ble bedding. The contact between the massive 

palagonite tuff and the less altered sideromelane tuff 

above it is very uneven, crossing bedding planes. Th e 

restriction of intensely altered tuffs to tbe cTater area 

may be due to hydro th e rmal activity vrh j ch occurred 1 a t.8 

in the active phase s of the volc:mo; there may have b e en 

enough steam gener a t e d t o alter t uff beds in and ne ar the 

vent, but not enou gl1 steam t o explosively c le ar the vent . 
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Tuff Cone 3 (Table Rock) 

Tuff cone 3 is located on the southern rim beds of 

tuff ring 2. It is a symmetrical cone about 1530 min dia­

meter at the base, tap~ring to a diameter of about 360 m, 

and stands 360 m high (fig. 10). The cone is capped with 

flat-lying basalt which once filled the crater, but 

erosion has modified the original cone, exposing the once­

ponded basalt lava lake. 

Most of the cone is composed of yellow-brown or 

orange sideromelane and palagonite lapilli-tuff beds 1n 

1 mm to 2 m thick. Near the top.of the cone, however, 

the tu££ beds are gray-brown, and contain unaltered 

sideromelane. Overlying the uppermost tuff beds is a 1.5 

to 6.5 m thick layer of massive black or red cinders and 

bombs which represents normal fire fountaining activity 

prior to the outpouring of fluid basalt which filled the 

crater. 

The gray-brown tuff beds near the top of the cone 

may have been dehydrated by heat from the overlying lava 

lake (fig. J 1). These are the only tuff beds in the 

Table Rock tuff cone which show no palagonitic alteration. 

Apparently the dehydration decreases the instability of 

the glass an~prevents early alteration to palagonite. 

The ·1ava capping consists of vertically iointed 

aphanitic basalt. It is cut by four faults on its 
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fi g. 10. Oblique aeria l photograph of Table Rock (north 
side ). The flat surface of the lava l ake (Jotted arrow) 
and Iarge dike (solid ar row) are visible. 
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Fig. J J.. Sec t ion of tuff e xp osed bel01.v the J ava l o.kc on 
the we:.st and south side of th e Table Rock tuff cone . A 
zone of tuff~ ( sicle rome l ane ) immediat':'!ly belo\\1 the £8rrner 
J avci lake is not al tcrcd to palagoni t e . Tuffs clsewheYc 
in the tuff cone are p::irtly al tere;d to palagonite, implying 
thc1t dehydration of t1ie tufts irnmedj ate1y below the l avci 
l:.ikc, decreases the instalJ.LJity r1.ncl r esista!1 ce to ,·:ea tJH;Trng . 
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.d ( 1 15 ,_ . CC'' . h eastern si e, _p..1... cross seCLlOn - , 1 w1.t scaros 

which are 2 to 3 m high; each block is successiveJ.y lower 

toward the eastern edge of the cap. Apparently faulting 

was caused by gravity sliding due to failure of less 

competent tuff under them long after volcanic activity 

ceased. 

As sugge sted by the change from beds of hyaloclastic 

tuff to cindery ejecta followed by basaltic lava, water 

had access to the vent during most of the period of cone 

building. Late i11 the activity of the volcano, however, 

the source of water was cut off from the vent, which 

changed to normal cinder cone activity. 

Vent 4 

The area designated as vent 4 is a roughly circular 

depression about 360 meters in diameter. The depression 

is bounded on the west by steep slopes and cliffs, 46 m 

high, and on the east by low hills, and is drained by 

intermittent streams which flow east into Christmas Lake 

Valley. 

The lowest rocks exposed around the crater edge of 

vent 4 are yellow-brown lapilli-tuff and til{f-·breccia in 

be ds about 1 m thick which contain from lG to 40 per cent 

blocks of whi·te and brown mucl s tone and vesicular b asalt 

blocks. The uppermost beds, 1 mm to 0.5 rn thick, consist 

of siclerornelane tuf f ancl lapill i-tuf:f. 



Fj_g, 12-a. Sketch map of vent areas 4 and 5, Table Rock 
tuff ring complex. The map area i.s represented on the 
index map (inset) as a black squaTe. An outline of the 
Table Rock t ·uf f ring cori1plex and the location of tuff 
rjngs 1, 2 5 Jnd 3 aTe shown in the index map. The present 
crater edge of vent 4 is shown wj_th a double line. Plain 
areas are bedded tuf fs , stippled areas are crater lake· 
sediments and alluvium, diagona l lines represent lake 
sediments of the Fort Rock - Christmas Lake V3llev Basin. 
Vent 5 is locat ~d at the south edge of the crater· of vent 
4. 

Fig. 12-b. Cros s-sections U·-ll' and V-V'. The alternating 
stipple-line pattern r eprese nts bedde d tuffs of t~ff ring 
2, {he contim10us lin e pattern rcpYescnts beddecl tt1ffs .of 
ven t 4, alternatin g l:i.nc-dash patte rns a.re crater lake 
sediments, and clotted patterns represent lake sedi111ents 
u n d e r 1 y i r: g t:n e ·c "cl f f ri n g co 111 p l ex . 
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Fig. 13. West wall of the crater of vent 4, Table Rock 
tuff ring ccmrlex . 1he tuff beds dip into the crater with 
orjginal dj_ps of 40 to 85 degrees . Th e crater of vent 4 
was excav~tecl J n tuffs of ring 2, and has near vertical. 
w a 11 ;; , Th. i ck ~, c c: t ion c; o f w c 11 - b e d de c1 tu ff were p 1 as T e re d 
onto t.}1 (; cr.:1 t er t:a ll s i..iurin g the Jate stages of the erurtion 
of vent 4. 
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Fig. 14. The contact between nearly horizontal tuff beds 
of tuff ring 2 (right) and vertical tuff beds of vent 4, 
plastered onto the crat e r wall (the crater wall is outlined.) 

I 
I 

I 
I 
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Vent 4 was excavated 1n tuff which forms tuff rings 

1 and 2, with walls sloping into the crater at angles of 

30 to 85 degrees. Covering the walls and parallel to 

them are well-bedded, steeply dipping lapilli-tuff layers 

totaling 60 m thick (figs. 12, 13, 14). The lapilli-tuff 

beds are of uniform thickness along the length of the 

outcrop. They are steep within the vent, but outside 

they continue beyond the crater edge, antl in conformance 

to the original surface, smoothly bend over and uncon form­

ably overlie tuff beds of tuf.f ring 2 (fig. 12). These 

relations show that the tuff was p lastered against the 

crater walls during the eruption and remained in place 

with little slumping (fig. 13). 

As shown by hori:ontal white mudstone beds of 

unknown thickness in the vicinity of the crater, a crater 

lake was formed after activity had ceased. The deposits 

lie nearly 30 m above the basin flo or and were formed 

separately from the lake sediments of the adjacent 

Christmas Lake Valley. 

Ven t 5 

Vent 5, on the southern edge of vent 4, is oval­

shaped and is now represented by concentric tuff beds 

th~t or iginally filled the vent and have be en exposed by 

erosion (fig. J ::; ), Exposures occur within an outcrop about 

18 m hi gh, 4S m Hide and 90 m long (fig. 16). 
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The beds, consisting of well bedded sideromelane 

lapilli-tuff and tuff, crop out around the outer edges of 

the vent where they dip inward at angles of 30 to 80 degrees 

(figs. 15,16), Steeper dips are most common near the base 

of the exposed conduit but become less steep near the orig­

inal upper surface. The center of the conduit is filled 

with massive tuff-breccia containing blocks of lake sedi­

ment. Since blocks of lake sediments occur within the vent 

breccias and the tuff beds of vent 5 are in contact with a 

flat-lying white mudstone that overlies beds within the 

crater area of vent 4, vent 5 is clearly younger than vent 

4. The tuff beds of vent 5 have a sharp contact with the 

lake sediments. Within 2 cm of the contact, the mudstone 

is brittle and cemented to the tuffs; it does not appear 

to have been sintered to the tuffs as a result of high 

temperatures. 

The steeply dipping tuff beds which occur within the 

vent near its outer margin were deposited as cohesive ash 

that was plastered onto the walls during the latter stages 

of eruption. Continuing deposition progressively c]ogged 

the vent with ash, analogous to the grouting of pipes, as 

the activity waned. 

Tuff Ring 6 

Tuff ring 6, exposed in an outcrop loc3ted along the 

Silver Lake - Christmas Valley Hoad at the n0rth en<l of tJ1e 
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Fig. lSa. The southeast end of ven t S, Table Rock tuff 
ring complex. The flat topped peak in the background is 
Table Rock. 

Fig. lSb. Clo se-up of t he sou t heas t side of vent S, 
showing b e dding dipp i11g steeply into t he conduit . 
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Fig. 16a. Sketch map of vent area S, Table Roc k tuff 
ring compl ex . Scalloped li nes represent unconformiti es, 
with the sc al lop~ on the upper beds. The ov.al, concen ­
tric arran gement of the bedding shown by the arrangement 
of attitude s. 

Fig . 16b. Field sketch of the southeaste:r1 eno of vent 
are a S. 
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Table Rock tuff ring complex (pl. 1), is about 240 m 1n 

diameter and 25 to 30 m high. The out~r slopes of the ring 

have been eroded away, leaving cliffs on all except the 

southwest edge where its deposits lap onto those of tuff 

ring 2. Typically, the deposits cl tuff ring 6 consist of 

well bedded, yellow-brown sideromelane lapilli-tuff in beds 

of 1 cm to 60 cm thick. Angular bas alt blocks make up about 

5 per cent of the deposits near the center of the ring. 

Tuff Ring 7 

Tuff ring 7, located immediately east of tuff ring 6 

at the northwestern edge of the tuff ring complex, is a 

nearly circular feature 480 min diameter and 45 rn high 

(fig. 17). Steep cliffs have been cut into the north and 

east sides of the ring by wave erosion. The crater, which 

was excavated in tuff along the rim of ring 2, 1s now 

drained by a small gully which runs north into the basin. 

Well bedded, yellow-brown, partly palagonitized 

sideromelane lapilli-tuff occurs in beds 1 cm to a meter 

thick; they total about 46 min thickness at the crest of 

the ring. Some beds contain small blocks of basalt and 

lapilli-si ze pieces of lake sediment. Rippl e marks occur 

in well-bedded tuffs on the east edge of the ring; in 

association with bedding plane sags . Current directions 

and impact ang l es of blocks in the be dding plane sags 

confirm that the b ech were der ived f rorn tuff ring 7. 
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fig. 17. Obliq ue aerial photo graph of Tuff Ri n g 7 1vithin 
the Tab le Rock tuf f ring comp lex . The northern most 
exposure of the rin g is outline. cl ,,,itl1 ,J d o tte d line. lhe 
center of the rin g ai 1 d crater is b elow the a rroi.· , in th e 
photograph. 
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Tuff within the center of the tu:ff ring is massive, 

poorly sorted, and contains 3 to 4 per cent angular to 

subangular basalt blocks . 

. Vent.Ji. 

A small vent and tuff ring remnant are exposed in 

cross-section along the cli ff at the north end of tuff 

ring 2. The vent is about 27 m wide and the tuff ring 

has a radius of 120 m. The vent has vertj_cal walls which 

transect tuff beds of ring 2 in sharp contact. Well­

bedded yellow-bro1vn sideromalene lapilli-tuff 12.yers 3 cm 

to 2 m thick within the vent are vertical and lie parallel 

to its walls, except near the center where some of the 

beds appear to have slumped (fig. 18). 

The layers can be traced onto the upper sarface of 

ring 2 on the northeast side, The lower 6 rn of ejecta is 

massive lapilli tuff which is beneath well-bedded lapilli­

tuff up to 9 min thickness. 

As with vent 5, vent 8 is nearly conc.::;ntric and is 

filleJ with ver tical layers which are parallel to the 

vent walls. It appears that sticky ash plastered the 

walls of the vent and eventually clogged it in the last 

siages of the eruption, but unlike vent 5, there j_s no 

central zone of massive tuff-breccia. 



Fi g . 18. 
e xposed. 
A remn ant 
v e~1 t. 

NE SW 

Sketch of the cliff face in which vent 8, 1'able Rock tuff ring co mp Jex, 1s 
Heavy dcts outline the ground s u rface prior to the eruption of v e n t 8. 
of a s mall tu f f ring around t h e vent is visible on the left si de of the 

-t~ 
0 ~ 
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Vent area 9, located at the southeastern end of Tuff 

Ring 1, crops out as a knoll which is 6 to 9 m high and 

has a diameter of about 30 m .. The contact bet11een the 

vent and the rocks through which it cuts however is not 
) ' 

exposed. Rocks exposed around the outer edge of the vent 

are well-bedded tu££ beds, 1 cm to 75 cm thick, and are 

arranged in a concentric pattern with nearly vertical 

dips. On the east side, the beds appear to be overturned 

but were apparently plastered onto an overh anging wall 

(fig. 19). The central portion of the vent contains 

massive palagonite tuff. About 30 m west of the rocks 

exposed in the knoll are well bedded tuff beds dipping 

gently toward the vent. These are probably part cf the 

tuff ring around vent 9. 

The concentric, near-vertical beds are similar 1n 

pattern to those in vents 5 and 8. All three of the small 

vents described here appear to have been filled by the 

continued plastering of sticky tuff onto conduit walls. 

Apparently rapid filling of th e vents prevented slumping 

and enabled the beds _to be preserved in a vertical 

position. 

FORT ROCK 

Fort Rock with its spectacular wave-cut cliffs (fig. 

27), is the best known tuff ring in the area. It has 

been described in part b y Peterson and Groh (1 9G3) s 
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Fig. 19a. Sketch of vent 9, Table Rock tuff ring comple x, 
showing the concentric arrangement of tuff beds around 
the outer edges and massive tuff in the center. 

Fig. 19b. Sketch moµ of vent 9. Dotted lines represent 
the geometry o £ beds 1vh i ch arc ac: tual ly 1es s than a 
centimeter to several meters thick. The scale on the 
ri ght is 30 meters Jong. 
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Hampton (1964), A1lison (1966) and Waters (1967). (Se e 

plate 5). 

The ring 1s 1360 meters in diameter and 60 mete~s 

high at its crest. The present crater floor is 6 to 12 

meters above the floor of the lake basin. The south side 
• 

has been breached by waves of & former lake, giving easy 

access to the crater. There is a lake -te rrace cut into 

the ring at an elevation of 1349 meters, 20 meters above 

the floor of Fort Rock Valley. 

The ring is composed of orange-brown lapilli-tuff 1n 

beds of one cm to one m thick. Beds can be traced for up 

to 60 meters from the inside to the outside of the ring 

without any change in thickness. Graded beds are co~non . . 

Some of the lapilli at the base of graded beds are 

accretionary, consisting of a one or two cm glass frag­

ment with a coat of fine glass particles. 

The origina1 shap e of the crater c an be inferred, 

if the inward-dipping beds are parallel to the crater 

wall. It is funnel sh aped, wjth the innermost beds 

dipping inward at angles of 20 to 70 degrees. 

A distinct angular unconformity within the inward­

dipping layers above it is present on the west side of 

the ring (fig. 20). Along th e east side at the same 

pas j t ion within the rin g , h owever, a re i rnvard- dipping 

fractures, along 1d1ich the :i.1mer bJo ck of tuff beds have 
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Fig. 20. Photograph and cro ss -section of Fort Rock. 
Flat, dashed lines repr e s ent l ake s edim ents . Solid lines 
(dashed where inferred) r epresent th e b e dded tuffs of the 
r ·ing. 
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slumped. The unconformity, as well as the fra cture 

planes, dip into the crater a t 40 deg rees, and appear to 

have formed as the resuJ.t of slumping into the former 

crater. Continued eruptions deposited well -b edded ash, 

possibly reworked from ma terials within the slump block, 

on the scarp. 

HOLE -IN-THE -G ROUND 

Hole-in-the-Ground 1s located several mil2s beyond 

th e northwes te rn edge of Fort Rock Valley. The crater 

is not dissected by eros ion, and is partially covereJ by 

recent Mazama Ash (fi g. 21). 

The best description of th e crater and ring 1s by 

Waters (1967) 

"Hole - :in-the-GTound is a circular pit, 
5000 feet in di ameter and 425 feet deep . The 
original ;ii t was much deeper; it has been 
partly filled by lake deposits, ash fa lls 
and debris which has fallen or been washed 
down the steep inner slopes of the crater. 
A thin blanket of ejecta, in most places 
less than 100 fee t th i ck , drapes ovar the 
crater rim and thins outw ard io an indefinite 
edge in about one mile. Clus tercd along the 
rim as part of this e j ecta, are great blocks 
of rock 3 to 10 feet in diame t er. Some of thes e 
bave been rifted · from the two bc1salt f l ows 
exp os e cl in the walls of the crater. Oth e r 
hu ge b 1 o ck s are corn p o s e ti o f a d i :.~ U. n ct iv e 

· highly porphyr itic basalt and of rhyolite 
and a variety of i gn:irnbrite not fo un<l i n 
the crater walls; they obviousJy have bee n 
blown up from far below the pres c:1 t fluor of 
the crater . Mixed wi th this coar~;e debris in 
the ejecta bl anket is a mcitrix of various 
sized volcanic particles ranging dc1,rnwa rd 
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Fig. 21. Oblique aerial photograph of l·lolc -in - the-Ground, 
facing north. Photo 65-3 , Oregon St ate Depa rtment of 
Geology and ~l ·l neral lnchs tries . 
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to fine silt. A crude s tr atification in t he 
ejecta demon~~tr a t es t hat ti1e ejecta blanket was 
not form e d in one grand exp lo s ive event, but is 
the product of intermittent j e ts of steam 
bursting out of the Hole over a period of time." 

The ejecta ring differs from rings elsewhere in the 

basin, in that none of the beds dip ~Lnto the crater area. 

The crater walls are fairly well-exposed and are not 

covered by inward- dippj.ng, bedded lapilli-tuff. 

BIG HOLE 

Big Hole 1s a circular crater 1820 me ters in dia­

meter and 130 meters deep, located along 0T e gon Highw ay 

31, 18 miles (29 km) southeast of LR Pine (f ig. 2). Ti 
.L L 

is surrounded by an ejecta ring 24 to 30 met e rs thick at 

the crest and extending 1800 to 2500 meters beyoud th e 

crater edge. The ring is highest on the north east side 

of the crater at Big Hole Butte. There is a poorly 

exposed, s mall parasitic vent on the north side of Big 

Hole Butte. 

The ring 1s composed of moderate to w2l l-bcd<led 

lapilli-tuff and tuf f -brecci a , in beds S cm to a meter 

thick. Tuff-breccia beds include porphyritic b asa Jt 

blocks up to 2.5 min diame t e r wi t hin a matrix of 

sideromelane lapilli-tuff. Th e tuff h eds are deformed 

by abundant bfdding plane sags . 

Convolute b eddin g, involving ci 6 .1 m t hick se ction 

of tuff beds , i s exposed Dear the cc:istc rn c r e st of th e 
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Fig. 22. Oblique aeri a l photo g raph of Big Hole, facing 
southwest. The ed ge of tl1e crater floor is outlined 
with dashes. 
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tuff ring. The lateral extent of exposed folded beds is 

about 45 m (fig. 43). Bedding was deforme d into asymmet­

rical folds by det achment and sliding down slopes of 2 to 

5 degrees. It is possible th a t slumping was triggered by 

seismic activity as sociated with the eruption. 

The ejecta rim of Big Hole is thicker on the north­

east side of the ring. This asymmetry appears to be due 

to prevailing winds at the time of eruption. Moffitt 

Butte and Hole - ir.-the-Ground are also asymme trical, with 

thicker sections of tu££ beds on th e northeast side. 

The prevailing wind is from the west at present and may 

have been so throughout Pleistocene time . 

Inside the south crater wall a flat terrace or l edge , 

up to 152 m wide, lies 50 m be low the crater rim. It 

appears to be the top of a large block of the rock under­

lying the ejecta rim which has slid into the crater. 

Subsidence of such a block would account £or the large 

crater ·volume and relatively small amount of country rock 

fragments in the e jecta. 

MOFFlTT BUTTE 

Moffitt Butte 1s a he avi ly gu lli ed tuff ring , 140 0 o 

J_ n di am e t e r and 12 0 m h i g h a t th e c re s t . I t 1 s 1 o c 3. t e d 

16 km south .of La Pine adjacent t o Ore gen State Hi ghway 

:n ( f i g . 2 ) . The f 1 at crate r f 1 o or is about 8 0 rn above 
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the surrounding plain. A small parasite vent and ring, 

510 min diameter , is loc a ted on the southwestern flank 

of the larger ring. 

The ring consists of sideromelane lapilli-tuff in 

graded and ungrad ed beds 3 cm to 30 cm thick, but the 

average bedding thickness decreases from 15 cm near the 

base to 5 cm near the crest of th~ ring: The tuff beds 

contain from two to five per cent angular basalt blocks. 

Small scale convolute bedding is present in some parts of 

the tuff ring. 

An unconforrni ty near the crest of the nng dips 

inward toward the crater at an angle of 20 degrees and 

truncates beds which dip outward at an angle of 35 

degrees. The unc onformity is overlain in pJaces by a 1 m 

thick bed of angular basalt blocks which average about 30 

cm in diameter. The block bed is overlain by 18 m of 

very well-bedded lapilli-tuff, dipping into t he crater 

parallel to the unconformity (cross-section A-A', pl. 3). 

The crater of the parasite vent was filled with lava 

issuing from a vertical dike on its northwest edge. The 

crater lake consists of vertically-joint ed , gray , 

ap~anitic basalts in an exposure 11 m thick. As with 

the bedded sideromel ane tuff beds which lie immecl.iately 

below the l ava lake at Table Ro ck, the tuff is un al ter ed 

(fig. 23). 
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APHArlITIC BASALT, 't'iITH COLUHNAR 

T 
5.5rn 

1 
YELLo·,.; .F'P.U'. GCl; I'1'2 TUFF 

Fig. 23. Section of tuffs exp osed j_mme di ate ly b 2 low the 
lava lake in th e parasitic vent on th e south s ide 0£ 
Moffitt Butte. Bedded s ide r ome J ane tuff close to th e 
o,rer]ying lava lak e i s not alt e r e d to paJ u;oni.te. 
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TABLE MOUNTAIN 

Table Mountain 1s loc a ted at the northwest edg e cf 

the Fort Rock Basin. It is composed of 2 overlapping 

tuff rings, 1.6 km by 3.2 km in plan view and is oriented 

NNE-SSW. The northern ring of Table Mountain is a flat 

topped ridge 76 m high and 460 m Jong. The southern ring ~ 

has a flat basalt cap 150 min diam e ter. Exposures of 

tuff, however, are very poor. 

The tu££ rings are composed mostly of well-bedded 

sideromelane tuff and lapilli-tuff :Ln beds which range 1n 

thickness from 0.5 cm to a meter. Th e l apilli-tuff l ay ers 

commonly contain about 1 to 2 pe r cent angular basalt 

blocks although in the southern ring beds co11tain from 2 

to S per cent we ll rounde d obsiJi an pehbl a s and sand 

derived from a beach deposit underlying the tuff ring. 

Cropping out on the erode d fl anks c f the rings are 

7 dikes and a sill, with width s of 1 m to 9 rn (plate 4). 

The sill dips in toward the crater, parallel to inward­

dipping tuff beds. 

Both the northern and south e rn crat e rs conta :i.ned 

la~a lakes, now e xposed at th e i r eroded edges . Lava 

spilled over th e nor th edge of the nor t hern ring and 

down the out~r slope . L av a flo ~s b e t wee n the two rings 

and or, th e south fl ank of th e sou th e rn tuff rin g wer e f ed 

hy d ikes which urok c:: t hrou Bh th e fl a ri1~s . 
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TUFf, RING LOCAT ED 5 Km SOUTH CF TABLE },!OUNTAIN 

The remnant s of this ring, 1. 7 km in diamet er, are 

barely visible on the fla t valley floor because wave 

action has leveled it to a low-lying flat mesa, with its 

surface 6 to 9 m above the surrounding plain. 

The tuff ring consists of moderately well bedded 

palagonite tuff, lapilli-tuff, and tuff-brcccia in beds 

3 cm to a meter 1n thickness. Some of the tuff-breccia 

beds contain 10 to 40 percent angular to rounded basalt 

blocks . None of the tuff-breccia beci.s are graded. 

Attitudes me:isured in the bedded tuff outline a circular, 

anticline-like structure typical of a tuff ring. 

Gravel bars, consisting of well- rounded pebbles anJ 

cobbles of palagonite tuff from the ring, extend north­

east of the ring and were derived from it. 

HORNING BEND 

Horning Bend 1s a tuff ring which overlies a dome of 

cryptocryst alline dacite, located at the northern end of 

the Connely Hills (fig. 2). The dome is cut by a 30 m 

wide vent, now filled with basalt, at its 110.rthern edge. 

Sideromelane tuff-br e cc ia and lapilli-tuff erupted from 

this vent partly bm·ied the dome and filled much of a 

canyon which lrnd b een cut into the dome prioT to th8 

eruption. Bedded tuffs also overlie lak e sediments for 

9GO rn north of the b ase of th e dome. 
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Massj_ve tuff-breccia consisting of about 
25% blocks of light gray dacite and 
scoriaceous basalt in a matrix of 
sideromelane tuff and lapilli -tuff. 

Graded lapilli-tuff. 

Well-bedded, tan to cream - coloreJ tuff an d 
lapilli-tuff. There are about 10 % blocks 
of daci te. Excellent be<ldi ng plane sags 
present. 

Well-bedded lapilli-tuff; some showing 
poorly defined grading. Most of the 
lapilli-size material is dacite from the 
underlying dome. The beds are 2 cm to 
1 rn thick. 

-------------------
Very poorly sorted talus which c overed 
the sides of the dome prior to burial 
with sideromelane tuff s . Most of the ~ 

~"t. ~ ~ "" talus cons is ts of daci t.e blocks in a 
-,1.,.,.. 7 "'- matrix of brown sandy silt. 
A~- " .l "'--

, 7"- -----· 
7 7 '; r11 ~1 Dacite dome. 

Fig. 24. :Measured section of sideromelcrne tuff, lapilli­
tuff, and tuff-brec c:i;:;. which overlies the daci t.e clornc ;it 

Jlon1ing I3end. 



Well-bedded tuff-breccia and lapi1Ji-tuff in beds 

1 cm to 2 m thick and totaling 9 m in tl:u.c1mess, h3.ve 

primary dips ranging from 10 to 40 degrees paralleling 

S8 

the slope of the underlying pre-tuff topography. The 

tuff -breccias contain about 25 per cent blocks of angular, 

light gray dacite derived from the dome and scoriaceous 

basalt which rest 1n a matrix of sideromelane tuff. The 

blocks are angular and range in diameter from 15 cm to a 

meter. Well-bedde<l lapilli-tuff beds display abundant 

bedding plane sags and current structures. Low angle 

cross-bedding indicates current direc tions moving away 

from the vent area (fig. 25). 

TUFF RING NEAR BOATWRIGHT RANCH 

Boatwright Ranch is located 7.2 kilometers south of 

the town of Fort Rock, at the southern edge of Fort Rock 

Valley. The tuff ring is a low, juniper-covered hill 1.5 

kilometers west of the ranch house. The poorly exposed 

ring is 1.7 kilometers wide, about 30 meters hi gh at the 

south end and 15 meters high at the narth end. The north 

and west side are partly buried by later hasalt flows. 

The ring is compose d of very well-bedded sidero1ae­

lane lapilli-tuff and tu ff-breccia in layers from 1 cm 

to 15 cm thick. Graded bedding 1s common. Bedding pl an e 

sags formed by impact of blocks into the well-bedJed 

lap:i.lli-tuff ar c 3lnmc1ant (fig. 27 ) . 

.• - . - --- - - - -~ --------- --- -·- - _,, - _ - . -~.":'-
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Fi_g. 25 . (Opposite page) Bedded J ap illi - tuf f ar:d tuff -· 
breccia, Ho r n ing Bend tuff ring . Cross-bedding in the 
c enter o f the photo may b e du e to base surge cJ.oucls movill.:_,, 
£\'.v ay from th e v 0. nt.. Impactinp; blocks th rown f-torn t h e venl 
f orm ed th e becldi)1 _g pJ m1e sag~; (b]o ck!~ o. r e ouU i_nes) . 
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THICKNESS 
(METERS) 

DESCRIPTION 

4.6 

2.4 

0.7+ 

Massive tuff-brecci a . 
basalt and dacite, up 
diameter, in a matrix 
sideromelane tuff. 

Angular blocks of 
to 8 feet in 
of light brown 

Very well-bedded lapilli-tuff with graded 
beds and abundant beddin g plane sags 
(block sags). Lapilli-size pumice at the 
base of each graded bed is partially 
altered to palagonite. 

Massive tuff-breccia. Blocks of black, 
aphanitic basalt and light-gray dacite 
in a matrix of sidcromelane tuff. 

Talus covers base of section. 

Pig. 26. Measured section of sideromcl ane lapilli-tuff 
and tuff -b recc i a expo sed a lon g t he northe as t edge of the 
tuf f rin g near Boatwright Ranch. 
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Fig. 27. Well-b edded tuff and lapilli-tllff in th e tuff­
ring at Boat..wrigh t Ranch. Photo L1k 1:; n a J 011g the north­
eastern rim of th e ring. Excellent examples of gr aded 
bedding are v i sible, graded from lapilli to fine tuff 
size. The beddin g plane s;:ig jn the center 1v8S forn1<>.cl by 
the impact of the block visibJ c be low the .hc1mmer h an dle. 



The breccias are composed of 1 cm to 2 meter diameter 

blocks (dark gray basalt and light gray dacite) which lie 

in a matrix of sider ornelane tuff. 

Wave action has eroded a terrace around the eastern 

flank of the ring. The shape of the ring has been modified 

by erosion to the extent that structural data was needed 

to locate the position uf the vent. 

TUFF RING ON THE SOUTHWEST EDGE OF GREEN MOUNTAIN 

Two tuff rings are located on the southern slope of 

Green Mountain, a lm-1, basaltic shield volcano on the 

northern edge of Christmas Lake Valley. The tuff ring on 

the southwest slope ls about 700 meters 1n diameter and 

46 meters high. Outer sloJJe S are 20 to 30 degrees, 

p a r a 11 e l t o b e d di r1 g . The o r i gin a 1 E: x tent o f the ring 1 ~ 

indicated by a shallow depression 240 to 900 meters wide. 

The depression was fonned by thin lava flows which flowed 

around the ring, followed by erosion of the less resistant 

tuff of the outermost slopes. 

The ring is constructed of very well-bedded 

sideromelane lapilli-tuff in beds 2 cm to 15 cm thick. 

Less than 0.1 per cent of the ejecta is composed of basalt 

blocks. Maximum thickness of the tuffs is 46 meters at 

the crest, thi-rming to zero at the cdg~:;. Graded bedding 

1s common, with lapilli - sj_ze sicleromela11 1.:! fragments or 
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accretionary lapilli at the bas e of each bed, gr adi ng up 

into fine tuff-size fragments. In some graded beds the 

lapilli at the base form an open network, with no fine­

grained matrix. Current cross-bedding with an amplitude 

of about 2 centimeters is present only in beds on the east 

flank. The only bedding plane sags occur in coarse, 

lapilli-size material where deformatiori is not pronounced. 

The ring is a circular, anticline-like structure, 

truncated on the inside by an unconformity which dips into 

the crater at angles of 30 to 40 degrees. This surface is 

covered by bedded tuffs which have been altered to palago­

nite. Some of the bedding in the outer f lanks of the ring 

has a wavy appearance, due to draping of tuff over 

irregularities in the pre-existing topogra~1y. 

The crater is partly filled with the remnants of a 

lava lake; where it is exposed along the crater edge, the 

basalt flows in the lake are 4.5 m thick. 

A dike cuts the northwest side of the tuff ring. At 

its widest point, where it measures 6.2 meters, it is 

covered with twisted, ropy lava and spatter which forms & 

srr1all spatter rampart. The dike narrows to 15 cm at the 

crest of the ring, near the edge of the outcrops of the 

lava lake. 
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TUFF RING ON THE SOUTHERN SLOPE OF GREEN MOUNTAIN 

This tuff ring is located at the western edge of a 

sequence of recent basalt flows which cover the south­

eastern part of Green Mountain. The main exposures are of 

the southeastern part of the ring, in a 26 m high bluff 

which i~ 630 m long. Outcrops of lapilli-tuff, including 

the bluff, occur within a crescent-shaped area which is 

600 m wide and 1050 m long. The western and central 

portions of the ring have been eroded and covered by lava 

flows from vents higher on Green Mountain. 

Most of the exposed part of the tuff ring consists of 

very well-bedded sideromelane lapilli-tuff which contains 

less than one per cent angular basalt blocks. Graded beds, 

with accretionary lapilli at the base, are common. Some 

of the finer grained beds of tuff and lapilli-tuff are 

deformed by beddin g plane sags and convolute-type bedding. 

Small - scale dunes, with an amplitude of about 2 cm, show 

current directions which are radial about the crater area. 

Interbedde<l within the tuff sequence are several 2.1 to 

2.4 m thick beds of tuff breccia. The representative 

measured section (fig. 28) shows a geneTal decrease in. the 

average grain size of ejecta from the base to the top. 

The upper 12 · rn of section, for example, contains no blocks 

or bombs. During th e early, crater - forming phases of the 

eruption, how eveT, abundant bJ.ocks were deposited along 
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THICKNESS 
(METERS) 

DESCRIPTION 

Two to 10 cm thick beds of graded 
lapilli-tuff. Beddifig traced along 

12.2 strike shows no appteciable change in 
the thickness. No blocks or bombs 
present. 

·-·---------
Tuff-breccia; SO to 60 per cent angular 

2.4 blocks of dark-gray, aphanitic basalt 
in a matrix of sideromelane tuff. 

------ -·-··- ------------
Very well-bedded tu££ and lapilli-tuff. 
Present is graded and reverse-graded 
bedding, cross-bedding and bedding 

-----"-p_l an e s a gs . _____ _ 

4.3 Moderately well-bedded lapil l i-tuff 
with a few bas alt blocks. 

-----------------------· 

2.0+ 
Tuff-breccia, consisting of randomly 
oriented, angular basalt blocks in a 
matrix of light brown sideromelane tuff. 

The base of the section is covered with 
talus. 

Fig. 28. Measured section of tuff, lapilli-tuff, and 
tuff-breccia along the east side of the tu:[f ring on the 
southern slope of Green M.oun tain. 



67 

with juvenile ejecta. Later, after an equilibrium crater 

shape had been reached (i.e., when material was vented 

without further erosion of crater walls), only juvenile 

ejecta was deposited. 

On the west, or inner side of the tuff ring, the tuff 

beds are truncated by a sharp unconformity, dipping inward 

at an angle of 52 degrees. The unconformity surface is 

covered by a meter thick layer of massive lapilli-tuff. 

From attitudes of the tuff beds, orientation of current 

structures and bedding plane sags, and the shape of the 

unconformity, the approximate vent area was located (pl. 9). 

SEVEN-MILE RIDGE 

Seven-Mile Ridge is a group of five overlapping tuff 

rings, aligned along a northwest-southeast trending fault 

on the southern edge of the Chris t mas Lake Valley Basin 

(fig. 2). The complex is 12 km long and 3.2 to 4.8 km 

wide. 

The three best - preserved rings within the complex are 

located at the southern edge of Seven-Mile Ridge at or 

above former lake level (fig. 29) and lie on top of a tilted 

block composed of lava flows. Tuff beds from the largest 

of the three rings partly buried the fault scarp, which 

has a maximui height of 61 m. The two nor~1ernmost tuff 

rings have been erode d by waves to flat-topped mesas, 

9 to 18 m high. 
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Vertical exoggerat ion 5X O 1.6 km. .-;e I ME2iC 

Fig. 29. Sketch cross-section along the axis of Seven-Mile Ridge. Tuff, lapilli­
tuff, and tuf f-breccia are represented by closely spaced solid lines, lake sediment 
by dashed li11es and plateau basalt flows by irregular, vertical lines. 
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The contact between tuffs of the three southern rings 

and underlying elastic sediments or talus is very irregu­

lar. Old creek channels which drained into the lake and 

later filled with the tuff and tuff-breccia from the tuff 

rings are now being resurrected. This is well-displayed 

along the western edge of Seven-Mile Ridge where modern 

streams have cut into the ancient breccia-filled gullies 

(fig. 30-b). 

The lowest beds within the tuff ring complex are best 

exposed in the 3 northern tuff rings. They consist of beds 

of tuff-breccia, 0.5 to 9 m thick, which contain 10 to 50 

per cent diatomite blocks and angular basalt blocks and 

bombs set in a matrix of dark or ange-brown sideromelane 

tuff (fig. 31-a). Blocks of diatomite, which occuT within 

the breccia near the ven ts, indicate that the eruptions 

occurred within or near the edge of the ancient lake. The 

diatomite blocks, up to a meter long, were wet and slightly 

consolidated when ejected from the crater or picked up by 

debris flows from the first eruptions, as shown by the fact 

that they are plastically bent rather than broken into 

angular pieces. At 2.4 km from the center of the tuff ring 

1 o cat e d at the b as in e d g e , the b as a 1 tu ff b re cc i a contains no 

blocks of diatomite; hmvever, the matrix of the rock is 

20 per cent diatomaceous mudstone. It is possible that 

the uniform distribution of diatomaceous mud throughout 

the mat rix of th e tuff-breccia near the terminus of the 
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Fig. 30-a. Contact betweiri tuff-breccia of Seven-Mile 
Ridge and underlying elastic sediments. Central part of 
the ridge on the west flank. The contact is a very 
irregular, erosional contact; blocks of the lighter colored 
elastic sediments have been included in the tuff-breccia. 

0 10rn. ----s \\/ NE 

Fig. 30-b. Se diment tuff-breccia contact exp osed in a 
creek on th e west side of Seven-Mile Ridge, 1 mile north 
of th e Wagontire Road. The present creek bottom is in 
the former cour se of the pre-tuff creek bottom. Stippled 
layers represent tuff-breccia; horizontal lin es repres en t 
lake sediments and interbeddecl si li cic ai r-fall tuff s . 
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Fig. 31 - a. Basal tuff-breccia, Seven- ~file Ritlge. This 
t u ff· ·breccia contains large blocks of pl astic a lly deformed 
lake sediment. Field sketch. 

· Fig. 31-b. Weil-b e dde d l apill i -tuff, loc a t ed high on th e 
western slope of Seven- Mi l e Ridge . Th ese youn ge r deposits 
uncon f ormably overli e tuf fs involved in slumps down the 
face of the fault s carp which under li es tJ1c r idge. 

___ .... ________________ ~-------·- -- ------· ----
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tuff-breccia unit 1s due to turbulent mixing and dis-

integration of the blocks a.S the debris flow moved farther 

from the vent. 

The southernmost tuff rings 1n Seven-Mile Ridge, 

loc~ted above the former lake level, consist mostly of 

moderately well-bedded, partly palagonitized sideromelane 

lapilli-tuffs which contain 1 to 2 per cent basalt blocks 

and. bombs. The color ranges from dark yellow-brown for 

tuff on the outer flanks to brown-orange for tu££ beds 

near the vent areas. The beds, 2.5 mm to 0.7 m thick, can 

be traced for several hundred meters in some cases without 

any noticeable chc=i.nge in thickness (fig. 31-b) and 

conunonly sho'.v grade d bedding. 

The largest tu££ ring is located along the axis of 

Seven-Mile Ridge, slightly ab ove former lake level, and is 

the only tuff ring with the crater partly preserved. It 

is about 3 km in diameter and 240 m high at this northern 

crest. BeJs within the eastern rim of the ring have an 

overaJ.l anticline-like structure, although there are sma11 

synclinal structures on the crest. This wavy pattern 

probably developed by draping of the tuff into gullies 

which were eroded into the sides of the ring between periods 

of eruptive ·activity (cross-se ct ion B-B', pl. 10). 

The western half of the largest tuff Ting in the com -

plex overli es a fan1t scarp, which decreases in height 
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from 61 mat the southern end to below lake sediment level 

at the northern end. Irrunedi ate ly west of the buried fault 

scarp the tu££ beds are deformed by slumping down the 

scarp. The slumped beds in turn are overlain by beds 

derived from a small vent which opened up along the buried 

scarp. 

At several localities in the largest tuff ring there 

are slight disconformities between the tuff layers as 

shown by the presence of interbedded sandstone and white 

silicic air-fall tu££ layers. Thus, there were at least 

two periods of eruptive activity from the largest ri~g 

which involved a time interval long enough for several 

feet of elastic sediment to accumulate. 

Vent areas in all of the tuff rings are filled with 

1 a pi 11 i - tu ff and a 11 u vi um . In a 11 except the 1 a r ge s t tu ff 

ring, vent locations were determined by attitudes on 

bedding planes and inward-dipping unconfarmities. Bedding, 

however, is well preserved in only the southern vent areas. 

The absence of bedding in most of the craters, or vent 

areas, is apparently caused by alteration of sideromelane 

to palagonite by late stage hydrotherma l activity and by 

later weathering. Origina l beddi.ng become s unrecognizable 

with the breal<:down of tuf f particles to a uniform particle 

size. 
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A vertical tuff dike, 2 to 3 meters thick and 91 

meters long, cuts sharply across tuffs near the center of 

the southernmost tuff ring (fig. 32). This dike consists 

of massive lapilli-tuff, containing 10 to 15 per cent 

blocks of bedded lapilli-tuff and angular basalt. 

There are three intersecting basalt dikes at the 

southwest edge of the largest ring. They thicken from 0.5 

meter at the extremities to 6.2 meters where they join. 

They consist of fractured, aphanitic, olivine-bearing 

basalt. Tuffs adjacent to the dikes have been altered to 

brittle, orange-brown rock. 

The east flanks of the two northernmost rings are 

buried by well-bedded gravel deposits. The gravels were 

deposited during the leveling of the northen1 tuff rings 

by wave action. These consist of well-rounded clasts of 

cemented palagonite tuff. Imbricated cobbles and pebbles 

are interbedded with moderately well-sorted sand. Some of 

the sandy beds contain an abundance of small gastropods 

and pelecypods(fig. 33). 

FLAT TOP 

Flat Top is located 3.2 km west of the Cabin Lake 

Ranger Station, just beyond the north edge of Fort Rock 

Valley. The Ting is 1520 me ters 1n diameter and 61 meters 

high. 
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Fig. 32. Tuff dike which cuts well-bedded tuff of the 
southernmost ring in the Seven-Mile Ridge tuff ring com­
plex. Small fragments of the slightly darker bedded 
lapilli-tuff are included in the lapjl]j_-t1.1ff of the dike. 
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Fig. 33. Well-bedded gravel and sand located on the 
eastern, outer edge of northern Seven-Mile Ridge . Th e 
cobbles and pebbles consist of wcll-ccIBented ~alagonite 
tu ff erode d from the tuf f ri,1gs which make up the ridge. 
The gravels are J.ocatcd only 011 the east side of the 
ridge, indicating tl1at wavP.s generated by wjnds from the 
west or southwest deposited the gravels on the lee side 
of the rings (see sketch). 
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Fi g . 34. Oblique aeria l photog:raph of Flat Top . Vi c1v is 
north. Exposr.1 res o f ligh t yel l ow-bro,vn t u ff arc v isible 
on the slopes o f t h e t uff ri n g . Th e crate r w;:is fille d 
with a lava l ake , t h e s u rface of which gives t he vol can o 
its n ame. Lava f l owe d down t h e slope to t11e Jeft s ine .. 
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The ring consists of moderately well-bedded siderome­

lane lapilli-tuff, with some pod-shaped inte r beds of 

tuff-breccia. Beds of lapilli-tuff are 3 mm to a meter 

thick. Some l ap illi-tuff beds are graded upward from 

lapilli to fine tuff si ze. Bedding plane sags, formed by 

impact of blocks onto the ring slopes, are pres ent in the 

fj .ner-grained tuff beds. 

The ring 1s a simple, circular> anticline-like 

structure. The only deviation from this is a small slump 

structure on the southwest side, where tuff beds have b een 

piled up into a bro ad, low anticline. 

After formation of the ring, the crater was filled 

with lava; the former lava lake is now exoose d in 12 to J4 
·' 

meter high cliffs around the sUJnmi t of the hill. Lava 

spilled over the northwest edge of the ring forming a 3 

meter thick flow which reaches the base of the ring. 

The east side of the former lava l ake is cut by 

normal faults 1 to 4 meters high, with blo ck s downthrown 

toward the outer edge. The faulting is due to slumping of 

the outer parts of the ring and the overlying basalts of 

the former lava lake. 

TUFF RING IN THE LOST FOREST 

This ri~g remnant is located 1n th e Los t Forest area 

at the northeas t corner of Christmas Lake Valley. It is a 

crescent-sh aped ridge 640 meter s l on g and 46' met e rs hi gh 



79 

(fig. 35). Only th e eas t ern ha lf of th e ring crops out. 

The western half was e roded away 2. nd subs equently buried 

by recent sand dunes. 

The ring remnant is compos ed of well-bedded siderome­

lane lapilli-tuff in beds 1 cm to 30 cm thick. Beds can 

be traced for over a hundred meters with out any noticeable 

change in thickness . Many of the beds are graded, from 

lapilli to fine tuff si ze . The few b asalt blotks range 

from 30 cm to 1 1/2 meters in di ameter, with average size 

increasing closer toward the western, or crater side of 

the ring. 

An unconformity dips west at an angle of 30 degrees 

into the crater area (fig. 35). The unconformable surface 

is smooth and has a sharp contact with overlying tuffs. 

The intersection between the unconformity and ring crest, 

which existed before the ring had reached maximum size, is 

buried by tuffs which continue over the crest and onto the 

eastern slope (fig. 35). 

EARLIER PLIOCENE TUFF RINGS 

Beyond the edges 6f Christmas Lake Valley, are 10 

tuff rings and one tuff cone interbedded with lacustrine 

and fluvial sediments of Pliocene age. Most of these 
. 

rings are poorly expo se d , h av i n g be en p artly buried by 

extensive bas alt flows. Mos t we r e exhume d b y erosion 

,, f -t::cr faulti ng and up l ift of Pl io cene ro cks . Three gnn ip s 

____ ;:::.....----~~---------------------~------------------
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Fig. 35-a. Cross-section of the tuff 
Forest. Only the eastern hal f of the 
original shape of the ~ rater and ring 
because of burial by wind-blown sand. 

so 

E 

ring 1n the Lost 
ring r ema ins. The 
cannot be determined 

Fig. 35-b. Oblique aerial photograph of the tuff ring 1n 
the Lost Forest; taken from the west side of the ring . 
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of n.ngs were mapped: (1) Those located just beyond the 

eastern edge of Christmas Lake Valley (E-1 to E-4); (2) 

those located just beyond the so utheast corner of Christ­

mas Lake Valley; and (3) those in Fandango Canyon - St. 

Patrick Mountain complex. Featlires of these rings are 

summarized in the following chart. Locations are on 

figure 2. 

SIDEROMELANE TUFF 

The major component of the vitric tuffs of the tuff 

rings 1s clear, light to medium brown (in thin section) 

sideromelane. The unaltered sideromelane 11ormally contains 

only a few feJdspar microlites in addition to feldspar and 

olivine phenocrysts. 

The sideromel ane fragments have straig11t or slightly 

curved edges (fig. 36), particularly the blocky, non­

vesicular fragments. The edges of grains are scalloped 

where broken by the outermost vesicles. No fluidal shapes 

of droplets or broken droplets, characteristic of ash-siie 

ejecta from cinder cones, were found in the tuffs of the 

tuff rings studied. Blocky glass fragm ents~ usually less 

than SO microns long, mak e up th e matrix of the tuffs 

( appendix 3) . 

Th e average ves icularity (data gathered by using a 

microscop e and im age anc:-!lyz in g computer) for the vesicul::ir 

. s idcromelane grains is about 20 p81· cent, Hith avRr8.gc 
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Table l. Tuff Rings and Cone of Pliocene Age: A Summary. 
NM,m 

E-1 
E-2 

E-3 
(younger) 

E-3 
(older) 

E-4 
SE-0 

SE-1 

St. 
Patrick 
Mountain 

Tuff Ring 
in 
Fandango 
Canyon 

SIZE 
1200 m diair;eter 

2130 m diameter, 
15 m high at crest 

The ring remnant 
has a radius of 

· about 1400 m 

Unknown 

2280 min diameter 

Not known; partly 
buried by lake 
sediments 

3.21 km in dia­
meter, 61 m high 
at the crest 

2000 meter dia­
meter at the base. 
180 m high 

2600 min diameter. 
30 to 90 m high at 
the crest 

BEDDING 
Massive 

Poorly bedded 
lapilli-tuff 

Well-bedded 
lapilli-tuff 

ROCKS 

Palagonitizc d sideromelane tuff 

Partly palag onitized sideromelane 
tuff 

Sideromelane lapilli-tuff with a few 
blocks of ba salt and cemented tuff 

Moderately well-bedded Palagonite t uff 
tuff and lapilli-tuff 

No good exposures 

Massive 

Wel I-bedded, 2 mm to 
0.6 m thick beds of 
lapilli-tuff and tuff 

Poorly bedded 
lapilli-tuff 

Well-bedded lapilli­
tuff in beds 2 to 10 
cm thick and poorly 
bedded lapilli-tuff in 
beds up to 2 m thick 

.. 

Palagoni te t uf f 

Lapilli-tuff and tuff-breccia. 
Sideromelane , partly altered to 
palagonite 

Sideromelane tuff 

Pala.goni tize d sideromelane tuff in 
the cone. Aphanitic basalt in the 
former lava lake and dikes 

Sideromelane tuff 
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REMARKS 

Very poorly exposed. 

990 m wide crater, partly filled with mud­
stone and alluvium. 

The fuff beds exhibit bedding plane sags 
and cross-bedding with current directions 
radial around the crater area. An 
unconformity dips into the crater are~ 
at an angle of 400; it is covered wi t~1 
well-bedded lapilli-tuff. 

There are some graded beds with accre­
tionary lapilli at the base. This is an 
older ring, exposed in the cliff face 
below E-3 (younger). The two rings aTe 
separated by 20 m of basalt; part of a 
flow which buried the older ring. 

Very poorly exposed. 

2 to 5% angular blocks of basalt, up to 
1.1 m long. 

Contains 5 to 15% blocks of aphanitic 
basalt and mudstone, up to 5 cm in dia­
meter. Graded bedding and ~ross-bedding 
present. 

! 
A 2' m wide, vertical dike extends north 
foT 1800 m from the lava lake at the 
cone crest. 

r 
An unconformity dips into the crater at 
an angle of 370. The unconformity is 
covered with well-bedded tuffs. 

! .: 
i. 
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Fig. 36. Examples of sideromelane hyaloclastic tuff from 
Tuff Ring 2, Table Rock tuff ring complex. 

A. Scanning electron photomicrograph of a blocky sidero­
melane fragment. The shape of the fragment and the low 
vesicularity are characteristic of ash from all of the 
tuff rings in the Fort Rock - Christmas Lake Valley Basin. 
The scale is 0.1 mm long. 

B. A sketch of a thin section of tuff consisting of nearly 
all light brown, clear sideromelane fra gme nts in a fine­
gra:inecl matrix of glass fragments. A few phenocrysts of 
calcic plagioclas e and olivine arc visible in the L~pper 
right corner of. the sketch. The large sider omc J.ane 
1.apillus in the upper l eft corner has a 0.4 mm thick 
ac'.._~Te tion ary co;:;_ ting of very fine - grainc d vi tTi c a!:,h. Th 12 
scale is 1 mm long. 
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vesicle sizes ranging from 40 to 280 microns in diameter. 

The range of vesicle diameters is from less than 1 micron 

to approximately 500 microns. This range is similar to 

that of the ash from the cinder cones located outside of 

the former lake basin. The average ratio ~of nonvesicular 

to vesicular plus nonvesicular glass of all tuff ring 

samples studied is approximately 0.5; · the average ratio 

for ash size particles from the cinder co~es is 0.0. 

Vesicles in the hyaloclastic sideromelane fyagments are 

usually spherical and are rarely drawn out by flow or 

stretching during ejection from the vent, which is often 

the case in ash from magmatic eruptions that form cinder 

cones. 

The blocky vitric ash fragments, with straight or 

slightly curved grain edges, are characteristic of the 

juvenile ejecta from the tuff rings. The fragments appear 

to have formed by contraction and shattering of the glass 

formed when the magma was quenched on contact with large 

volumes of water. Bubble growth within the magma was 

stopped, resulting in the high ratio of nonvesicular glass 

fragments to the total glass component, in contrast to all 

vesicular vitric ash from magmatic eruptions which formed 
. 

cinder cones. 
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ACCRETIONARY LAPILLI 

Sideromelane fragments with accretionary coats of 

finer-grained tuff are common, especially in normally 

graded beds in the rings. The accretionary coats show 

little concentric banding; the coatings are so fine-gra~~ 

as to be nearly opaque in thin section (fig. 37). In out-

crop, the lapilli look like gray or brown mud balls until 

broken open, exposing the sideromelane nuclei and, in some 

cases a very poorly defined concentric bandj_ng . Moore and 

Peck (1962) describe both recent and ancient accretionary 

lapilli from many localities in the western United States: 

p. 188. "Typi cally each Japillus has a core 
consisting of unlayered, relatively uniform 
fine ash, which forms from one-eighth to one­
third of the lapillus. The grain size and 
composition of the material in the core of the 
lapilli are similar to that of the matrix which 
surrounds the lapilli; indeed, where matrix and 
core are in contact in broken lapilli, the two 
may be almost indistinguishable, although slight 
difference s in grain size and color usually 
indicate the boundary." 

According to Moore and Peck (1962), most of the 

accretionary lapilli wera formed by accretion of moist ash 

in eiuptive clouds and fell as mud-pellet rains. This is 

similar to the growth of a hai lstone 1n a storm, which 

picks up layer after layer of water, which in turn freezes 

as the hailstone is carried up and down, until the mass is 

too Jarge to be carried. 
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T 
0.5 
mm 

J_ 

Fig. 37: Sketch of typical accretionary lapilli as they 
appear J_n t hin section. Vesicular and nonvesicular 
sidcroinelan e fra gments and olivine c1nd feldspar crystals 
have thin c oats of ve ry fine-grained dust. 
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Deposits of accretionary lapilli are also present in 

cross-bedded tuff units. It is most likely that the cross­

bedded tuff beds were deposited by currents moving away 

from the vent. The origin of the cross-bedding is dis­

cussed in a later section. The accretion process, forming 

accretionary lapilli, could occur either in air - fall from 

the eruption cloud or in ash-laden steam clouds moving 

across the ground ~surface. 

ALTERATION OF SIDEROMELANE TO PALAGONITE 

Introduction 

Sideromelane bearing tuffs in nearly all of the tuff 

rings of the Fort Rock - Christmas Lake Valley Basin are 

partly or completely altered to yellow or orange··brown 

palagonite. 

The term palagonite was first usetl by von Waltershausen 

(18S3) in Sicily at Portella di Palagonia to describe "an 

amber-yellow to collophane-brown substance" closely associ­

ated with water free basaltic glass called sideromelane. 

Tuffs Within Vent Areas or Craters 

In crater areas at tuff rings 1 and 2, Table Rock 

tuff ring complex, southwest Green Mountain, the largest 

tuff ring in the Seven-Mile Ridge complex and in parts of 

Fort Rock and Moffj_tt Butte, the tuffs are completely 

altered to orange -brown palagonite. Beyond the crater 
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areas, tuffs are slightly altered. The contacts between 

completely and slightly palagonitized tuffs are relatively 

sharp. Samples were collected, wherever possible, from 

beds which could be traced across the contact between 

palagonitized and unpalagonitized tuffs. In this way, 

ash from the same bed and of the same composition could 

be studied in different stages of alteration to palagonite 

(Table 2). .-

In thin section, shards in slightly altered siderome­

lane tuffs are rimmed with palagonite . Most of the fine­

grained glassy fragments of the matrix are also altered. 

The rims of sideromelane fragments are clear, yellowish­

orange to orange and are isotropic, similar to the gel­

palagonite described by Peacock (1926) (fig. 38-b). The 

boundary between the unaltered core of the sjderomelane 

fragment and the palagoni te rim is sharp. Usua1 ly, the 

palagonite rim is of uniform thickness. In some cases, 

a glass fragment may be unaltered if surrounded by a very 

fine-grained matrix. Vesicular sideromelane fragments, 

if ih the permeable base of a graded bed with little 

matrix, may be completely altered to palagonite; whereas 

shards surrounded by matrix are only partly altered. 

There are traces of zeoli te and ca lei te cement, increasi n g 

with the increase in palagonite. 



Fig. 38 - a. Unaltered sideromelane tuff. 
l ong. 

Scale is 1 mm 

Fig. 38 -b. Slightly altered sideromelane tuff. 
Sideromelane fragments are rjmmed 1-vith orange-brown 
palagonite. Scale is 0.5 mm long. 

90 
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In highly altered tuf :fs of the crater areas, the 

p0lagoni te is banded, from gel-palaguni te near the center 

of the fragment (or sideromelane core, if one still exists), 

to radially fibrous, slightly birefringent, dark orange 

palagonite in the outer parts of the grain (fig. 38 - c). 

The fibrous palagonite is the fibro-palagonite of Peacock 

(1926). Interstices between the graifts are filled with 

calcite and zeolite cement, generally phillpsite . 
... 

Tu:ffs in which the cores of sic1eromel:,r.11e grains are 

completely gone are broken by cracks similar to dessication 

cracks. After cracking, the fragments are broken down to 

10 to 40 micron diameter particles. Completely altered, 

the end product of palagonitizatj.on 1s a massive rock 

consisting of fine-grained clays, zeolites, iron oxides 

and calcite (fig. 38- e). 

Seve ra l chemical analyses of tuff in different st ages 

of palagoni tization were made (table 2). The most notice­

able change is the increase of total water content from l 

to 3 per cent for siderome lane tuff to 10 to 18 per cent 

for palagonite tuff. There is considerable loss of silica, 

calcj.um and . sodium. Hay and Iijima (1968) view the process 

of palagonitization as either a process of hydrog en-ion 

metasornatisrn OT of replacement of metallic oxides in glass 

by water molecules. 
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Fig. 38-c .. Edge of a sideromelane fragment, showing banded 
"fibro-pal agonite. " The siderome lane-paJagonite contact is 
sharp. Palagonite at the contact is medi um orange, grading 
outward into dark reddish-oran ge palagonite a t the outer 
edge of th e grain. Scale is O. l mm long. 
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Fig. 38-d. Photograph of a completely palagonit i z.ed 
vesicular sideromelane fragment. Interstices and vesic le 
cavi ti es are filled with ze»lite and calcite cement (white 
areas in the photograph). Scale is 0.5 mm long. 

Fig. 38-e. Photograph of a completely palagonitized 
s ideromelane fragm ent. Th e ban c~c d areas are "f~-1, ro ­
palagonite." Dessication cracks cut acros s 1'.he fragment. 
Scale is 0.1 mm long. 



CHEMICAL CHANGES DURING ALTERATION OF SIDEROMELANE TO PALAGONITE (BULK SAMPLES): 

gain- gain -;; gain-
:'JO . l* z 1: loss 3* 4* loss s ;\; 6* loss - ·-- - - ---
Si0 2 

47 (''> 
' • :J ~ 43.60 - 4. 32 49.98 44.99 -4.99 45.03 47.35 +2.32 

A1 2o
3 

. 12.24 10.5 6 -1. 6 8 13.69 11. 0 8 -2,61 12.15 12.02 -0.13 

FeO (total) 9.12 8.27 -0.85 9 .9 6 9. 2 8 0.68 11. S 3 11.71 +0.18 

MgO 8.45 6.71 -1. 7 4 6.54 5.37 -1. J.7 8.24 5.03 - 3.21 

CaO 10. 89 9.53 -1. 36 9. 75 8.63 , -~ , 
-.1.._l ,:, 10.13 8.22 -1. 91 

N2. 20 2.41 0.46 - 1. 9 5 3. 03 2.11 -0.9 2 2 .0 4 3.00 +0 .96 

ICO 0.40 0.34 -0.06 0.68 0.61 -0.07 0.43 0. 7 2 -0. 29 
t. 

H,.,0 + 2. 0 10 .20 +8.20 0. 6 6.90 +6.3 4. 6 6.8 +2.2 
L 

I-f., 0 - 2. 0 7. 8 O + 5 • 8() 1. 2 7.10 +5.9 3.4 3.0 - 0.4 
i... 

r ~ " . .L" 2 1. 0 3 1. 26 +0.23 1. 2 8 1. 32 +0.04 1. 75 1. 76 +0 . 0 1 

'.\lnO 0.16 0.16 0.0 0.18 0. 16 -0.0 2 0.20 0.20 0 • () 

*en ,., not measure d. 
L, 

1. Siderornelane tuff from SW Green Mountain. 2. Palagonite tuff from SW Green 
Mounta in. 3. Sideromelane tuff from Moffitt Butte. 4. Palagonite tuff from Moffitt 
l_;utte . 5. Inner "core '' of talus block from Big Hole; side r omelane tuff. 6. Ot1.ter 
rst i na of or ange palagonite on same block as no. S.; sliphtly pal agonitized. Aaalyses 
r., 2,Jc a ccording to the r.1ethods of Adler (196 6 ) and Shapiro & Brannock (1962). X-ray 
flo ures cence 2_nalyses are by the c.uthor. 

Tz~bLi 2 
·.c 
~ 
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The elements lost during reaction of sideromelane 

with water or steam are those necessary fer the precipita ­

tion of zeolite and calcite cement in open interstices 

between grains. 

The sequence of alteration of a sideromelane fragment 

to palagonite appears to be as follows: 

1. The£ rmation of rims of gel-pilagonite on 

sideromelane grains; original fragment shape is maintained. 

2. The inward migration of the siderorne lane -

palagonite contact in this grain until the glass is com­

pletely altered (palagonitized). Increasing amounts of 

zeolite and calcite cement are precipitated in open 

interstices as the alteration of sideromelane to palagonite 

proceeds. 

3. After the complete alteration of sideromelane to 

palagonite, cracks be gin to develop in the palagonite 

grains which in turn disintegrate into frag-inents bounded 

by the cracks . In the final step, bedding is destroyed by 

the reduction of all the altered grains to fine-grained 

palagonite fragments; eliminating grain size differences 

necessary to define bedding . pla11es. 

Slightly altered sicleromelane gniins, wi th thin rims 

of paJ.agoni te·, are found in tuff beds outside of crater 

areas discussed above. This alteration appea rs to be due 

primarily to weatherin g . 
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Tachylite fragments present within the tuff were not 

altered by weathering or mild hydrothermal activity. The 

stability is apparently due to tachylite being sub-micro­

crystalline, with very little unstable glass. 

Localization of intensely altered palagonite tuffs in 

some of the crater areas suggests that the alteration was 

due to the reaction of sideromelane tuffs with steam 

seeping through the ejecta. Steam may have come tr am slow 

seepage of lake or ground water into the vent to form a 

short-lived hydrothermal sys tern, but in a~rrmur:. ts too small 

to clear the conduit cf debris. Palagonitization by mild 

hydrothermal activity has been described by Sigvaldason 

(1968) in Icelandic tuff rings. 

DIKES, FLOWS AND LAVA LAKES ASSOCIATED WITH THE TUFF RINGS: 

The craters of the tuff rings at Table Rock, Table 

Mountain, Flat Top, Southwest Green Mountain, the small 

ring at Moffitt Butte and St. Patrick Mountain all contain 

some cinder beds and small lava lakes. Only the crater 

lakes at Flat Top and Table Mountain overflowecl, sending 

lava flow·s down the sides of the tuff rings. I t ap pears 

that the magmatic eruptions, consisting of the ejecti on of 

cinders and ash, follow ed by lava ilows, began when surface 

· or ground wa te't had been sealed off from the vent. These 

flow rocks are very useful for comparing the magmas which 

formed the tuff rings ,.,.i th the magmas 1vhich :formed cinder 
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cones and flows beyond the edges c£ the lake basin at that 

time (tab 1 e 3) . 

Samples from the Table Mountain and Table Rock lava 

lakes and from flows from a large cinder cone immediately 

east of Hogback Butte on t~e northern side of the Fort 

Rock basin consist of small phenocrysts of feldspar 

(An 55 _6:) and olivine in a submicrocrystalline or 

tachylitic groundmass . Some of the olivine and f e ldspar 

phenocrysts are grouped together 1n small clots. The total 

percentage 0£ phenocrysts ranges frora 8 to 17 per cent 

(appendix 2). 

Higher percent ages of phenocrysts (20 to 60 per cent) 

are characteristic of the lavas at Flat Top, the dike at 

Horning Bend, Moffitt Butte, the dike at Seven-Mile Ridge 

and the Devi.l's Garden lava flow (located north of the 

edge of the Fort Rock Basin). As in the lavas at Table 

Mountain and Table Rock, these lavas consist of 0.3 to 

0.5 n~ long feldspar phenocrysts (An 55 _65 ), olivine 

phenocrysts, and, at Seven-Mile Ridge, clinopyroxene 

phenocrysts, in a finely crystalline or tachylitic ground­

mass. In samples where the groundmass minerals are large 

enough to be identified, it consists of plagioclase, 

olivine, opaque minerals and glass. 

The phenocryst al mineralogy of the lavas is very 

similar to the pheno cryst as sembla ges of the tuffs 

--------------- -·-
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(appendix 2): mostly feldspar (Ap55 _65 ) with some olivine 

and traces of clinopyroxene or orthopyroxene. Generally, 

it appears that the ~agmas which fed the eruptions at 

vents located along fault trends which cross the Fort Rock 

- Christmas Lake Valley Basin were similar; the volcanic 

featurei are, however, different, with tuff rings and cones 

located in and near the former lake basin, and cinder cones 

with associated lava flows located beyond _ the perimeter of 

the basin. 

The chemical composition of basalts from the lava 

lakes at Flat Top and Table Rock, the dike at Seven~Mile 

Ridge, and a lava flow from Lava Mountain are compared in 

Table 3. Mien plotted on the diagrams of A1 2o3 - total 

alkalis - Si0 2 relations of tholeiitic, high-alumina, and 

alkali basalts of Kuna (1960, p. 127), the basalts of the 

Fort Rock - Christmas Lake Valley Basin fall within the 

high-alumina basalt fields. They are similar in composi­

tion to the high alumina basalts of the Modoc Lava-Bed 

Quadrangle, Crater Lake, and Lassen Peak Areas , (southern 

Oregon and northern California) (analys es from Kuna, 1960 ). 

Shoemaker (1962) proposed that phreatomagmatic eruptions 

were rare and that most maar volcanoes, especially those 

of the Eifel·and Hopi Buttes are formed by alkalic magmas 

rich in watei and othir volatile constituents. He pro­

poses that the gas phase in the ;naar- fo ririir:g eruptions 

.;., ... -~ . 
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Table 3. Chemical analyses of basalts from the Fort Rock 
- Christmas Lake Valley Basin, compared with analyses of 
High-Alumina basalt s from northern California. 

Sample No. 1 2 3 4 5 6 

Si0 2 50.54 50.34 50.67 52.39 47.26 51.46 

Al 203 16.18 15.67 17.28 16.02 18.56 17.69 

FeO (total) 10.03 10.82 10.87 8.49 9.38 10.42 

Mg O 6 • 6 3 8 • 0 8 7 • 0 5 _ 6 • 4 8 9 • 6 2 S • 1 3 

Cao 9 . 90 10.33 10.12 9.73 11.54 8.92 

Na2o 2.70 3.09 2.42 3.33 2.24 3.37 

K20 0.59 0.39 0.39 0.86 0.20 0.77 

H20+ 0.2 0.0 0.0 0.8 0.3 0.44 

H20- 0.2 0.3 0.6 0.6 0.06 0.3 

Ti0 2 1.37 1.68 1.37 1.23 0.88 1.25 

MnO 0.19 0.19 0.19 0.16 0.08 0.18 

Total 98 . 53 100.9 100.95 100.09 100.2 100.07 

1. Bas alt fl ow 1n the l ava l ake of tuff colie 3, Tab le Reck 
tuff ring comp lex. Analysis by the author. 

2. Lava lake in the crater of the north tuff ring, Table 
Mountain. Analysis by the author. 

3. Basalt from a dike which crosses the largest tnff ring 
in the Seven -Mile Ridge tuff ring complex. Analysis by 
the author. 

4. Pahoehoe flow from Lava Mountain . Analysis by the 
authoT. 

5. Basalt from the Modoc Lava - Be d Quadrangle , Cnlifornia, 
Analyst, Gonyer (Po1vers, 1932) (Kuno, 19 60) . 

6. Bas alt from the s arne region as S) ana lyst Herdsman , 
(Pmve rs, 1932)(Kuno, 1950) . 
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may have been derived chiefly, if not entirely, from the 

basaltic magma. 

The maar volcanoes (tuff rings) of the Fort Rock -

Christmas Lake Valley basin were formed by high-alumina 

basalt magmas, not alkalic magmas. As outlined earlier 1n 

this study, there is ample evidence that most of the 

volatiles in the maar-forming eruptions were derived from 

surf ace and ground water, not from the mag:raa . 
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Certain physical characterist ics of bedded ash or 

tuff in the tuff rings can be used to distinguish tuff 

rings deposited underwater from those deposited subaerially. 

Massive -tuff-breccias are characteristic of underwater tuff 

rings; well-bedded tuffs, lapilli-tuffs and t uff -breccias-­

exhibiting cross-bedding, graded bedding, · convolute bedding 

and channels are characteristic of the subaerial tuff rings. 

BEDS 

Breccia and Tuff Breccia 

Most of the subaqueous and some of t h e subaerial 

portions of the t uff rings are made up of thick , poorly 

bedded tuff breccia, in beds 0. 5 t o 15 m thick. The tuff­

breccias consist of angular blocks of pre tuff ring r ocks, 

excavated from the crater or vent by the eruption, in a 

i a t rix of sideromelane tuff or lapilli-tuff . Some tuff­

brcccia beds exhibit crude grading; an example from the 

Sev~n-Mile Ridge tuff ring complex contains 65% blocks 

near the b ase of the bed and grades upward to 10 % blocks 

near the top of the bed. The lowest beds of tuff-breccia 

exposed in ~uff Ring 2, Tab! e Rock tuff ring comp l ex, 

exhibits crude cross -bedding. 
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The lowest tuff-breccia unit exposed at the Seven­

Mile Ridge tuff ring complex can be tr a ced for 2.4 km from 

th~ vent area. It is approximately 4.5 m thick close to 

the vent and decreases to 0.6 m thick at its terminus. 

Near the vent area, th~ rock consists of mostly dark brown 

sideromelane tuff-breccia, with abundant blocks of basalt 
Jl> 

and contorted diatomite, up to 1 min diameter (figs. 31-a, 

39). 0.8 km west of the vent, the rock ~~ntains lapilli­

s1ze fragments of diatomite and basalt and is a lighter 

shade of brown, due to mixing of fine-grained lake sediment 

into the ash. Near the terminus, the rock characteristic 

of the tuff-breccia are light gray and consist of mud and 

diatomite thoroughly mixed with sideromelane fragments. 

These relations suggest that breakdown and mixing of blocks 

of lake sediment into the tuff-breccia with increasing 

distance from the vent area occurred due to turbulent 

action as it moved across the lake bottom. The contact of 

tuff-breccia with J.ake sediments is often irregular, 

suggesting that some of the blocks of sediment within the 

tuff-breccia were ripped up as the flow moved across the 

lake bottom. 

Tuff and Lapilli-Tuff 

Thin b~ds which can be traced laterally without any 

noticeable change in thickness are characteTistic of most 

tuff rings (Russell [1885], Soda Lake , Nevada; Ste arn s 

....... ~-"""'""--.... _______________ ... - ... -;;;;....;-_... __ ·--· -
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Fig. 39. Tuff-breccia , Seven- Mile Rj dge (near the ridge 
center). Basalt blocks ancl b ombs as 1,,1e J 1 as blocks of lake 
sediment are included in a matrix of ligh t to dark brown 
sideromelane tuff. 
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[1926], Idaho; Wentworth [1 926 ] 1 Hawaii; Shoemaker [195 7] , 

Zuni Sa lt Lake, New Mexi co; and Jahns [1959], Pinacate s , 

Sonora, Mexico). 

,, 
Beds, 1.5 mm to half me ter thick, are typical of 

those parts of the t uff rings which were deposited above 

lake level; that is, tho s e which were deposited after the 

tuff rings had been built: above l ake ·1eve l, or those con­

structed along the lake edge. Were it not for the circular, 

anticline-like form of the rings, it would be easy to 

misidentify the tuffs in the field as structurally deformed 

bedded sandstones and silt-stones. These tuff beds can be 

traced laterally for several hundred meters without any 

noticeable change in thickness. 

Many of the beds are graded. Grading is usually from 

lapilli-size at the base to fine t uff size at the tcp of 

the bed (figs . 40, 41, 45). Lapilli-sized fragments are 

usually vesicular sideromelane fragments, sometimes with 

accretionary coats of fine grained tuff. In some instances, 

for example at so uthwest Gre en Mountain, the lapilli at 

the base of the bed have l itt l e or no matrix and an open 

frame work exists. 

Much of the graded bedding appears to be due to 

separation of co arse r fr agment s out of the ;:;.i r-borne cnip­

tion c loucl, with finer - graine d mater ial settling out of 

t he ::1ir at a slmver rate. Pl ane beds v,·hi c h cx h .i. bi t zra cling 
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Fig. 40. An-outcrop of Kell-bedded l api lli-tuff, tuff 
rin g 2, Tab le Rock tuff ring c:omplex . Most of th0 1 cm 
to 15 cm t hick beds are g}·aded upward from l apilli to tuf f 
si ze . 
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Fig. 41. Well • bedded lapilli-tuff in th e tuff ring at 
Boatwright Ranch. Bo th n orrna J.l y graded a nd re verse ly 
graded beds are visibl e . Sl ightl y b e l ow a n d t o th.e ri ght 
of the pencil are accrct io naTy J. api lli. 
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coul~ be deposited by currents moving clown the tuff ring 

slopes. No criteria were found to be useful in distin­

guishing graded beds deposited from th e air and those 

deposited by a current moving across the ground surface; 

excepting situations in whi ch plane-beds of tuff were 

"plastered" onto near vertical surfaces by a.sh laden 

currents moving across the ground sur face. 

Cross-Bedding 

Interbedded with the planar beds at several localities 

are tabular cross-b eds and dunes. Tabular cross-bedding 

refers to simple cross-bedding where the lowe r bounding 

surface is planar and non-erosional. Dune is used as a 

generic term for ridges of elastic material (sand or ash) 

which have moved in the direction of the de positing 

current. 

Sets of tabular cross-beds present in the tuff r :Lngs 

are 15 cm to a meter thick (fig. 42). The upper surfaces 

of the tabular cross-b edded units are flat, parallel to 

overlying plane beds. In the example shown in fig. 42, 

the tabular cross-beds are ove rlain by small dunes wh ich 

are, in turn, overl ain by plane beds. Lar ge scale t ab ul ar 

cross-beds occur within th e b asal tuff-breccia of tu££ 

ring 2, Table · Rock t11ff ring complex, on the west side of 

the ring. Each fore set bed is 1 to 2 r1: thick ; th e thick­

ness of the cross-b e clcJed unit is 10 m th ick (fi g . 5). 

---- ·-~--- --·-
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Fig. 42. Tabular cross-bedding in lapilli-tuff of tuff 
ring E-3 (fig. 1, plate ) , east end of Christmas Lake 
Valley. The current di rec ti on as indi ca t. c d by the eras s -
bedding is f-rom the 1eft to the right; vent ;:.i.rea is to the 
left. · The pen in the photo graph is 1S cm long. 

Two different sets 1 both ,vj th the same currer1 t direction 
are visible in thi s pltoto g .c.:.i.p11. 

. -. ... 
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· well-exposed dunes are located on the inner slope of 

Tuff Ring 2, Table Rock tuff ring complex, where four cross­

bedded sets showing dune structures are interbedded with 

plane beds of lapilli-tuff. The exposed section is about 

30 m thick, with dunes in the tippermost 3 m. The average 

wave length, from crest to crest, is 2 m; the average wave 

height, from trough to crest is 65 cm .(fig. 8). As 

indicated by cross-bedding within the se dunes, they were 

deposited by a current moving away from the vent. They 

cannot be attributed to running water because the current 

directions indicated are upslope. 

Cross-bedding at Zuni Salt Lake Crater was attributed 

by Shoemaker (1957) to fall-out and later aeolian rework­

ing. Saemundson (1967) describes current bedding in tuffs 

at sub-glacj_a l eruptive centers in Iceland which formed 

once the rings had built up above water level, but ventures 

no opinion in the English summary as to their origin. 

Moore (1967) observed that concentric dune patterns 

developed around the crater of Taal, Philippines, in 1965, 

from base surge clouds durin g the eruption. The base 

surge clouds are toroidal s h aped, turbul ent eruption 

clouds which move away from the base of the vertical 

eruption cloud. During the eruption of Taal, turbulent 

mixtures of juveniJe ejecta, steam and w;lter moved acr oss 

the gr ound surface at hurricane velocity for a clis t.'.mcc of 
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6 km around the crater. Base surge deposits within 3 km 

of the explosion center are characterized by crude dune­

type bedding. Dune crests are oriented roughly at right 

angles to the direction of movement of the base surges. 

Fisher and Waters (1969, 1970) have found base surge bed 

forms in most of the maar volcanoes of the Western United 

States which are similar to tho se structures formed during 

the Taal eruption. 

The cross-beddi~g 1n the tuff rings of the Fort Rock -

Christmas Lake Valley basin, with current directions 

radial to and directed away from vent areas and, in some 

cases, directed uphill, was probably formed by base surge 

clouds and not by wind or running water. 

Convolute Bedding 

Convolute bedding is defined by Ku~nen (1953) as a 

structure characteri zed by crumpling or folding of lamina­

tions within a well-defined, bnt otherwise undeformed 

sedimentation unit. Convolute beddin g 1s present in 

nearly all of the tuff rings studied. At most places it 

involves beds ranging from 3 cm thick to several meters 

thick (fig. 43). The exception to this range of thicknesses 

is a .large-sc~le slump featuTe involving a sequence of beds 

61 m thick (fig. 6), at Tuff l{ing l, Table }~ock tuff ring 

compl ex . Axial plane s of ove rturned anti~.l i nes ancl 
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Fig. 43. Convolute bedding in tuffs of the eastern rim of the tuff ring around 
Big Hole. Th e direction of movement was downslope, to the right of the sketch 
(indicated by the arrow). Field sketcl1. Scale at the top is 4.5 meters long. 
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synclines lean in the direction of the sliding. The acute 

angle formed by the axial plane with underlying, undeformed 

beds is on the downslope side of the folds. 

The deformation of the ash beds may have been caused 

by slumping of incompetent beds with a high pore water 

content. Sharp separation of most of the convolute beds 

from underlying, undeformed beds also indicates that the 

deformation was due to sliding rather than ··overloading. 

It is possible that the sliding was initiated by drag at 

the steam and debris cloud - ash bed interface as a base 

surge cloud moved across the surface. No current struc-

tures characteristic of base surge clouds were noted in 

the ash beds overlying convolute beds to prove or disprove 

this theory. It is more likely that most of the convolute 

bedding was caused by slumping of incompetent ash beds, 

triggered by seismic activity ass oci2. ted v,i th the erupt ions. 

Betlding Plane Sag~ 

The deformation of tuff beds by the impact of blocks 

ejected from the crater is common to all of the tuff rings 

in the Fort Rock - Christmas Lake Valley basin. The bed-

ding plane sags, or secondary craters, range from 5 cm to 

several m in diameter. The tuff beds are generally bent 

down.ward plastically:.': under th.e .impacted b1ock (.fig. 44a). 
--- ---·---·----------
il: ·nw chan ge in the sh ape of ~t s olid thr-lt d0es not involve 
L i :i 1 u n :; by rupture ( A 11: e 1• • G e o l . Ins t . G l o s r: a Y' y - 19 5 0 ) . 
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Fig. 44-a. Plastic deforma-Uon of lapilli ·tuff beds by a 
block thrown froil1 the vent. Typical of bedding plane sags 
described in the text> this example is fr om the tuff ring 
:near Boatwright Ran:.h. The best cxa1np le, ,vith hlock in 
place> is near the center of t r.e 1lhOtC'zraph. Ano th e:.· sr;g 
is visible on th e Jeft, with the block weatli ~reJ. out. 
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Most of the blocks impacted at an angle
1 

forming 

asy@netrical secondary impact craters. In places where 

tuff beds are more competent, impacting blocks deformc!d 

them by fracturing and microfaulting as well as by plastic 

deformation (fig. 44-b and c). At Big Hole, whe~e a 2 m 

long block impacted into the tuff beds, the bedding was 

broken and turned back onto itself around the secondary 

Crater rim (fig. 45). 1'111·s was tha on·J· 1 f , "' ., .. y e:x:2.mp e o over-

turned bedding in a secondary crater (bedding plane sag) 

s e en in a 11 o f the t .lf f rings s tu 2. i e d . 

Compaction of the bedding by the impact cf blocks was 

probably due, in part, to the squeezing of intersti tial 

water out of the beds. The unconsolidated ash may be 

similar to sandy clays or silty clays \,rh e n cons idering the 

mechanical properties. In unconsolidated clays or sandy 

clays, plasticity is mostly dependan t on the percentage of 

water between grains. Sctndy clays wiJ.l f low if the water 

content is above 23.3 per cent but arc no longer plastic 

if the water content is below 14.1 per cent (DeSitter, 

19 6 4 , · p . 3 5) . The c r i ti cal water content of be tween 14 . 1 

per cent and 23.3 per cent f or plastic defoTrnation is poss­

ible for an as h bed deposited above water level hy a 

mi xture of stE!'am, ejecta, and water. If th~ water content 

of the ash beds were below 14 per cent, it is possible 

tlwt deformation by shearing Hou ld oc cur. 't h 3 Lcdding 
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Fig. 44-b. Sket cl1 

--..,,,,......,,~ and _ . 1-1 i - tuf f . 1.;,pl -'1 r.5J_Ve . . 
i a ~ . f hreccl R Tuf -- ··· 

f . . If 1; - C , of : ig · 
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Fig. 44 - c. Bedding plane sag in lapilli-tl;ff beds of the 
tuff ring at Boatwright Ranch. Most of the deformatjon is 
by micro-faultin g r ather than by plastic deformation. The 
~,ketch on the opposite page shc, . ..;s th e fracture pattern 
de velciped below tb c block as it impacted. Th e p e n in the 
photograph is 15 cm long. 
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plane sags appear to be good indicators of the plast:c 
] . ' 

cohesive nature of the freshly deposited ash. 

THE SHAPE AND STRUCTURE OF TUFF RINGS 
WITHIN THE FORT ROCK - CHRISTMAS LAKE VALLEY BASIN 

Cross sections of the surface expressions of 

reconstructed tuff rings, cinder cones and a tuff cone are 

compared in figure 46. Height-width ratios are for pur­

poses of comparison only and are not t.he same as the 

ratios used by Baldwin (1963), whose data are from craters 

formed by single explosions with a ring of debris excavated 

fr om the crater. Cinder cones, located beyond the edge of 

the former lake, have the lowest height-1'lidth ratios of 

1:5. Tuff rings located in and near the basin h ave ratio s 

of l:lU to 1:30. Th~ ratios of rings built part1.v under­

water and those that a.re entirely subaeria1 are similar. 

Tuff n .ngs 1 and 2 within the Table Rock tuff ring 

complex, with height-width ratios of greater than 1:22, 

formed in the lake. Most of the expl osive steam genera­

tion during the eruptions probably took place near the 

surfac~ , when rising magma c&me into contact with lake 

water (in addition to ground water e11countered at greater 

depths). The Table Rock tuff cone, with a height -width 

ratio of 1: 9, formed above th e suI·face of the lake i on the 

rim of Tuff Ring 2. The primary source of 11'a ter in contc:ct 

with the magma in the vent apv e ::i TS to have been a highly 
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Fi g. 46. Cross-s ec tion s 
reconstructe d tu ff rings 

of the s uTface 
tuf i corn:~, 

expression s of 
and c inder cone s 
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permeable aquifer 210 meters below the base of the tuff 

ring complex ( as interpreted from water-we ll data 

[appendix 1], the aquifer consists of an open network of 

fractured lava flows). The sediments between the aquifer 

and base of the tuff ring complex are nearly impermeable 

diatc,mites. 

At the Table Rock tuff ring complei, the shapes of 

tuff Tings appear to hav e li ccn partly dep '.:md,.:. nt on the 

depth of explosive st €;arE generation which took place wh en 

rising magma came into contact with ground or surface 

water (phreatomagmatic eruption!3). Af'cer cL')ep explosions, 

the shape and direction of eruption clouds contai ning 

ejecta appear to h8ve been guided by the conduit. Pre­

ponderant tr a jectories of ejecta must have been nearly 

vertical, f a lling back near the ven t to form a cone with 

1 h . 1 • d h . . · 1 · +h r 1· ' '1' b 1 R k a ow e1g.1t-w1. t ratio SJ.mi ar T:o .:. . a~ o . tn.e .a· e. o::, 

tuff cone. Shallow explosions at or near the surface 

probably resulted in a wider spread of ejecta and steam, 

resulting in tuff rings with height-width ratios of 

greater than 1:20. 
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CONCLUSIONS AND SUMMA.RY 

1. The tu££ rings in the Fort Rock - Chrjstmas Lake 

Valley basin of south-central Oregon were formed in 

and close to a lake during Pliocene-Pleistocene time. 

Eruptions of the same magma type beyond the edges of the 

basin produced numerous cinder cones and associated Java 

flows (with the exception of Hole-in-the-Ground, Moffitt 

Butte, and Dig Hole, which appear to have formed along 

buried old drainages. 

2. The tuff rings were formed by phrcatomagmatj_c eruptions; 

that is, when rising magma of bc1saltic composition was 

chilled on contact with ground or surface water to 

generate the steam necessary for the eruption. Blocky 

sideromelane fragme:ats, which are the primary constituent 

of the ejecta, were formed by the contraction and shatter­

ing of the glass after the qu8nching. Phreatornagmatic 

eruptions (which arc violent relative to basaltic eruptions 

that are driven by gases from the magma only), consist of 

rapidly expand].ng steam clou<ls laden with ejecta. 

3. The amount of steam generated and the depth at which 

the steam was generated apparently control the height -width 

ratios of the tuff rings. 

4. Ash from 'these erupti ons was deposited by air fa.11 and 

b / base - surge c.loucls rnov i ng a cross the ground or water 

st.af acc. 
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S. The ash was wet and sticky, as seen by ash beds 

plastereJ. onto steep sur f ace s , the formation of accretion­

ary lapilli, and plastic deformation of ash beds by blocks 

flung from the vent. 
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APPENDIX l 

Measured sections and well Jogs from the Fort Rock­

Christmas Lake Valley Basin and an isopach map based on 

these logs. 
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Well 28/15 - 1401 

(A. E. Albertsonj Alt. 4,315 ft. Drilled by Frank 
Skillings, 1957. Depth 646 feet. 

Materials Thickness Depth 
(feet) (feet) 

Sand and clay 18 18 

Sand, loose 6 24 

Sand and cl2.y 52 76 

Shale ( tuf f) 13 89 

Sand and clay 129 218 

Sand) fine 114 312 

Shale (tu££) 28 340 

Clay (diatornite) 273 613 

------
Basalt, black 14 627 

Cinders, red 7 634 

Rock, lava 8 642 

Rock, gray 4 646 

Driller's lo g (well #18 on isopach map). Page B27 of 
Hampton (1964). 
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Well 27/15 - 11R2 (well #8) 

(Jess Miles, Alt. 4,350 ft. Drilled by Edwin Eskalin> 
1947. Depth 90.S ft.) 

Materials 

Soil, sandy 

Gravel, sandy 

Lava, red, porous 

Cinders, redi and black 

Ash, white, "packed" 

Cinders, red 

Gravel, cemented 

Gravel, coarse, rounded 

Cinders, red 

Lava, porous, red 

Cinders, red, and gravel 

Gravel, coarse, loose 

gravel 

and sand 

Thickness 
(feet) 

2. 5 

6 

38 

2 5. 5 

. 5 

3 

. s 

2 

6 

3 

2 

1. 5 

Depth 
(feet) 

2. 5 

8. S 

46.5 

72 

72.S 

75.S 

76 

78 

84 

87 

89 

90.S 

1 :30 

Driller's lcig from well drilled less than 1000 feet from 
the edge of Hayes Butte (Hampton, 1964, p. B25). 
Illustrates coarser nature of sediments and interbedded 
flows close to the Hayes Butte-Connelly Hills Ricige. 

·---·----~ 



Well 27/16 - 3411 (well #9) 

(Mallett estate, Alt. 4,330 ft. Drilled by Floyd 
Nicholson, 19S7. Depth 828 ft.) 

Materials 

Soil 

"Hardpan" 

Diatomaceous earth 

Sand, gray 

Diatomaceous earth 

Basalt, broken 

Basalt, hard, grc1y 

Basalt, gray, and pumice 

Basalt, broken, black 

Basalt, hard 

Basalt, broken 

Basalt, hard 

Thickness 
(feet) 

6 

? ,, 

282 

12 

373 

43 

46 

5 

22 

23 

6 

8 

Depth 
(feet 

6 

8 

290 

30 2 

675 

718 

764 

769 

791 

814 

820 

828 
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Driller's log from well drilled two miles east of Table 
Rock, illustrating the dominance o:f fine-grained sediments 
in the center of the basin. (From Hampton) 1964, p. B25) 
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Isopach map of the lake SE<liments in part of the Fort 
Rock - Christmas I.a.k:i V:-1.liey Bci.sin. The zero isopach li ne 
(narrow, solid line ) is nearly coinci~ent with a wave- cu t 
terrace at an elevation of 4400 fee t (1338 me ters) . Lines 
of alterna~e dasie s and dot s outline volcani c rocks con ­
temporary with or youn ger than the lak0 sediillents. Heavy 
solid lines outline tuff ring complexes. Lines slanted to 
the left represent outcrops of older plateau bas a lts. 

The Connley !Ii lls volcan ic complex appears to have been an 
island throughout the history of the basin, erupting along 
the fault trending nor thwest from the east wall of the 
Silver Lake grab en . 

WELL # THlCKNESS WELL # THICKNESS 
METERS FEE'f METERs--i:EET -----

7 not known 14 54.4 178 

8 27.3 90 lS 73 240 

9 20 5 6 7.5 16 7. 3 24 

10 35. 2 116 17 141 46 2 

11 18.2 60 18 186.S 613 

12 129. 2 425 19 218 718 

13 48.3 158 



THICKNESS 
(METERS) 

DESCRIPTION 
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'.o:.'_:~.:.-' 
:'(j.:·t.-/J, 6+ Massive tuff-breccia, witl1 blocks of the 
}:~:._;~ti underlying uni ts. 
~ ;:(.·:(i:1· lS Gray pumice-bear1:ng sandst.one; volcanic 
zl.Sr~itharenitc. Wcll""bedc!.ed. :.t~-:----~· 15 1-1tnTtedia.to1nace~us·_ m~5~s t _o_n_e_;-th in bedded. 
.. ... .09 Gray pumice lap1ll1-tuff. 
: :. ·_ ·.-. '--
._ ....... 

.. - ... •, 

. .. ,.:. , .. . 
·, : ..... . . 
: · .. -ci . · • .. . .. .. , . 

· n· ·o· ·· 

.. b- _<T ... 

• • • " • ,1 

·.: ". {>. -....... ·,. 
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Well-bedded 1 submature coarse sandstone; 
tuffaceous 'JOlcanic J.itharcnite. The 
sands tone contains abundant reworked 
pumice fragment~;. 

----------------
White, well -bedde d sandy claystone; 
possibly diatomaceous . 

Poorly bedded submature medium to coarse 
pumic~-bearing lit.hie subarkose . Pumice 
co?.1.tent in~reases near the b ase to about 
60% of the rock. 

·:?(~~---=.··-~ 
. ~ . . ,.. ' . . 
.· ... · .·· .. 
: : : : .·:_ ·, , 

~ '\ell-bedde d gray or 1<hite medium sand-LJ stone; s ub - lithite-arenite . Intcrbedded 
4 with the sandstone a r e a few thin layers 

of conglomerate, made up of well-rounded 
pumice fragments. There 1s some cross­
bedding. 

Talus covers the base of the section. 

Section of sediments exposed unde r th e northwest ccrner of 
tuff yjng 2; Table Rock tuff ring complex (see plate 1). 
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THICKNESS 
(FEET) 

DESCRIPTION 

.a.-·.;,- '",, 
;· .• :V, 0,,. 
.~··-.QiJ·o . .. ,o . .. 

,.• . (I . ' 

l
:o:·.:o.\ 
. 0 ·.0,'·~o: 

:· if:~ 
··o·· ·:O:.' 
, • ',• I 

1 r. I+ 
. .J 

Massive tuff-breccia; Lapilli-tuff at 
base grade s up into breccia with up to 
50% bombs and blocks (blocks of lake 
sediment and basalt. 

10' Finely laminated, '.vh.ite diatomite. 

?-:' ,...,. 1 1 . d . . d" t 't _ t' :L n c ..... y _,. am 1 n a t e , w h 1 t e , 1 a o rn 1 e • 

_.._ .)P .....---cf:s'-···- WelJ~sorted Hh-i te tu{f. Base of the bed ·~=-----------· is stained with limoni te. 
-- 2' White diatomite. 

~~~=.~ -====-~~. White .t_g·r adedlap i 11 i -_t_u_:f_: f_. ________ _ 

8' Massive white diatomite. 

~------
Talus covets the base of the section. 

Measured section of sedimentary rocks and tuff exposed 
below the middle tu ff ring at Seven-Mile Ridge. 
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APPENDIX 2 

Modal analyses of lavas from the Fort Rock - Christmas 

Lake Valley Basin. 



Modal analyses of basalts from dikes and lava lakes associated with tuff rings: 

Ne. 1 2 3 4 5 6 7 8 

Plagioclase phenocrysts 42.5 · 44. 7 18. 0 8.0 2. 8 8.6 9.3 9.6 
• 

Olivine phenocrysts 7. 5 16.3 . 3. 7 3.0 Tr. 3. 7 Tr. 2. 2 

Clinopyroxene - - - 22.5 

Orthopyroxene 

Opaque minerals 1. 0 - - - 4. 7 0.4 5.6 

Groundmass* 49.0 39.0 - - 92.3 87.0 85.0 
Olivine - - 23.0 9.0 - - - 30.4 
Fe1-dspar - - 44.l 48.5 - - - 35.7 
Opaques - - 11. 0 9.0 - - - 19.2 
Glass - - - - - - - a . s 

*See descriptions for groundmass composition if not _counted. 
I-' 
v,l 

°' 



No. 9 10 11 

Plagioclase phenocrysts 57.4 10.1 3.0 

Olivine,phenocrysts 12.9 0.3 3.0 

Clinopyroxene 19.7 - -

Orthopyroxene - - 2. 0 

Opaque minerals 9.9 6.7 -

Groundmass - 83.0 9 2. 0 

12 13 

24.0 44.0 

5. 5 6.0 

- -

- 1. 5 

- Tr. 

70.S 48.5 

14 

67.5 

15.0 

12.0 

S.5 

-

15 

60.5 

13.0 

16.0 

2. 0 

8.5 

>--' 
vl 
--.J 

• 
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Explanation of nvr.~oers fc,r ftp.12_e~~i.x 1 

Descriptions of samples fro~ dikes, lava lakes, and flows 
associated with tuff rings: 

1. Eorning Bend.. Sample fro;n the dike in the center of 
dome. Black, aphanitic basalt. Diktytaxitic texture. 
Unoriented phenocrysts of plagioclase (An6s) and olivine 
(altered to iddingsite) in a tachylitic groundmass. The 
feldspars are zoned, with rims slightly more cc:.lcic: than 
the cores. 

2. Flat Top. Lava Lake. Da-rk gray, aphani tic rock with 
a well-preserved pahohc.e surface texture. Hyalocrystalline 
texture, with 0.5 mm long phenocrysts and clots of :oned 
feldspars (avg. composition of An6o), and olivi~lG in a 
tachylite groundmass. 

3. Moffitt Butte. Lava lake in a parasite cone on the 
southwest side. Holocrystalline, microporphyritic 
texture. Phenocrys ts of p la gi oc L:i.s e (An 5 5) and olivine 
(altered to iddingsite) in a groundmass of feldspar, 
olivine and opaque minerals. 

4. Southwest Green Mountain. Lava Lake. Black, 
aphanitic basalt. Subophitic texture, with phenocrysts of 
olivine and plagioclase (An 55 ) in a ground:;:nass of feldspar, 
olivine and clinopyroxene. 

5. South end of Table Mountain. Lava lake. Platy, gray 
basalt. A few feldspar (about An55) and olivine pheno­
crysts in a tachylite groundmass. Groundmass feldspars 
are altered and stained with hematite. 

6. Dike in the center of tuff ring 2, Table Rock complex. 
Black, aphanitic basalt. Plagioclasc (1b55) and olivine 
phenocrysts and clots in fine-grained groundmass consisting 
of opaque minerals, olivine, and small feldspar laths. 

7. Table Rock complex; lava lake in the Table Rock tu.ff 
cone. Gray, aphanitic basalt. Phenocrysts of feldspar 
(An55) and olivine (altered to iddingsite) jn a grcundmass 
of feldspar laths, opaque minerals, and olivine. Many of 
the phenocrysts are in clots of 4 or S. 

8. Tab le Rock Comp Jex; vertical. dike on the north flank 
of the Table Rock tllff cone. Gray, aphanitic basalt. 
Zoned plagioclase (avg. composition of An 60 ) and olivine 
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phenocrysts and clots of phenocrysts in a groundmass of 
plagioclase laths, olivine, and opaque minerals. 

9. Seven-Mile Ridge; dike in the lar gest ring, located 
in the center of the ridge . Subophitic texture, with 
phenocrysts of olivine and feldspar (An55) and groundmass 
olivine~ feldspar and opaque minerals enclosed in ophitic 
crystals of a clinopyroxene (augite). 

10. Saint Patrick Mount ain; lava lake in . the top of the 
tuff cone. Black, aphanitic basalt. Diktytaxitic texture. 
Phenocrysts of altered feldspar (composition of An55) and 
olivine in a groundmass of feldspar laths and opaque 
minerals (all the ferrom ngnesian groundmass minerals have 
been replaced by opaques). 

11. Flow from large cinde r cone directly east of Hogback 
Butte. Dark gray, aphanitic basalt. Small phenocrysts 
of plagioclase (An65), olivine, and opaque minerals in a 
groundmass of feldspar, hypersthe~e, and opaque minerals; 

12. Flow from Lava Moun t ain, a cluster of recent cinder 
cones. Dark gray ~a basalt. Phenocrysts and clots of 
feldspar (An 55 ) and olivine in ·a tachylite groundrnass. 

13. Devil's Garden flow (recent). Dark gray pahoehoe. 
Hyalocrystalline texture . Large feldspar (An6 ~), olivine, 
and orthopyroxene phenocrysts in a tathylite g~oundmass. 

14. Basalt of Pliocene ag~ from Picture Rock Pass (flows). 
· Light gray, diktytaxitic basalt . Well-oriented feldspar 
crystals (composition of AnE,3) enclose smal.l anhedral 
crystals of o]ivine and opaque minerals. The olivine is 
altered to iddingsj.te. 

15. Block froni the southernmost tuff ring, Seven-Mile 
Ridge. Black, angular basalt block. It has an ophitic 
texture, with feldspar laths and clivinc crystals enclosed. 
in 4 to S mm long augite crysta1s. The interstices are 
filled with a gold-brown, fibrous alteration product. 



l\!c <lal analyses of tuffs from the Fort Rock - Christmas Lake Valley Basin 

Na. 1 2 3 4 s 6 7 8 9 10 11 

Sideromelane 
frRgments 

Vesicular 18.4 30.3 39.5 72.6 29.5 3 7. 7 16.8 16.7 22.5 34.0 1.5. 4 
Nonvesicular 18.4 20.8 13. () - 8.0 2 . .1 S.3 13 . 0 13.5 20.0 28.3 

Pine -grained matrix 61. 7 35.6 41. S 16.4 57.S 55.3 62.0 70.0 49.0 39. 5 47.7 

Tachylite fragments - - 4.0 - 0.5 - - - 9.0 3.0 3.8 

Feldspar 
phenocrysts 1. 4 Tr. Tr. - Tr. 2.0 i.. • :) - 1. 5 2. 0 0. 5 

Olivine 
phenocrysts Tr. - 0 . 5 - Tr. 0 . fi ·rr. - 0 . 5 0 . 5 0. 2 

Pyroxene 
phenocrysts 

Xenoliths 
Sedimentary - 2.9 - - 1. 8 1. 9 - 0.5 1. 0 
Volcanic Tr. - - 4.7 4.0 - - - 2. 5 - 3. 8 

Opaque minerals - - - 6.4 - - 7. 2 

Calcite cement - 9 . 2 1. 5 - 0 . 5 - - Tr. 1. 0 

Zeolite cement - - - - - - - ...... 
./:>. 
0 

1 

I 



Modal analyses of 'tu£ f s (continued) 

No. 12 13 14 15 16 17 18 19 20 21 22 

SideroJllelane 
fragments 

Vesicula.r 16.5 21. 0 70.8 7 . 0 33.1 37.0 44.0 22.0 24.5 24.7 2. 4 
Nonvesicular 20.0 14.0 3.6 32.4 15.5 6.5 14.0 17.0 11.7 11. 7 20.8 

Fine-grained matrix 30.0 42.5 24.9 35.1 34.6 46.0 39.5 56.0 58 .2 5 8. 2 31. 4 

Tachylite fr agmen ts 12.5 18. 0 0 . 2 0.1 3.0 2.0 0 . 5 2. 0 3.9 3.9 10.5 

Feldsp3.r 
pheno cry sts 4. 0 1. 0 0.2 0.8 2.6 5.0 l. 0 0.5 1. 0 1.0 12.8 

Olivine 
phenocrysts 0.5 Tr. 0. 4 - 0.6 1. s 1. 0 Tr. 0.6 0.6 3. 5 

Pyroxe!le 
phenocrysts - - - - - 1. 0 - - - 0.6 

XerioJ.iths 
~;e di 1nen t &:ry - - - 19.6 
Vo lean i. c 2. 5 - - 2. 2 0.4 - - 1. 5 - - 18.0 

Opaque mi nerals - - - 0.1 1.0 

Calcite cement 14.0 - - - 9. 2 1. 0 - 1. 0 

Zeolite cement i--1 

+'> 
i-, 



Modal analyses of tuffs (continued) 

No. 23 24 25 26 27 28 29 30 31 32 33 

Sideromelane 
fragments 

Ves icular 43.4 20.0 41. 6 26.0 2.4 3. 2 22.S 24.5 27.0 19. 4 24.3 
Nonvesicular 22.0 19.5 8.6 16.0 23.3 32.9 22.5 7.0 9.0 -, - 7 

~ L • -· 18.4 

Fine-grained matrix 2 3. 6 47.S 32.3 41. 0 63.1 58.5 40.0 37.0 so.a 54.4 49. 8 

Tachylite fragments 4.9 3.0 3.3 4.0 - - 3. S 2 2. S 3.0 

Feldspar 
phenocrysts 2.0 4.S 4.0 T"'' ,. . 2 . 8 Tr. 1. 0 S. 0 9.0 'l. 6 2.4 

Olivine 
phenocrysts 4.0 4.0 0.6 o.s 0.4 Tr. 1. 0 3.0 0. 5 7. 2 2.0 

Pyroxene 
phenocrysts 

Xenoliths 
Sedimentary - - - 8.5 
Vo lcanic - 1. s - 4.0 1. 0 - 6.5 1. 0 1 ~ 2 . 1 ,.. . -

Opaque minerals - - - - 6.8 5.4 

Calcite cement - - - - 0 . 8 - - - - - 1. 0 

Zeolite cement - - 9.6 - - - - - - - 2.1 
~.J 

.p,. 
N 



Modal analyses of tuffs (continued) 

No. 34 35 36 37 38 39 40 41 42 43 44 

Sideromelane 
fragments 

Vesicular 31. 3 46.5 38.0 15.5 15.8 36.5 18.5 5.5 34.5 29.7 36.6 
Nonvesicular 35.2 14.0 3.0 16.5 24.4 5. 5 14.5 22.5 20.5 8.0 26.9 

Fine-grained matrix 2 8. 5 38.0 51. 0 56.5 45.87 33.S 45.5 49.5 40.0 47.8 36. 3 

Tachylite fragments - 2. 0 4. 5 - 19.0 15.5 9.0 2. 0 2 • 7 

Feldspar 
phenocrysts 3.1 ,r1·. 3. 5 t r-. . :, 7.2 3.0 2.0 3.0 1. 5 3. 3 0 . 2 

Olivine 
phenocrysts 1. 8 0 . 5 0 . 5 Tr. 0.2 l. 5 2.0 Tr. 1 r-

J.. • :, 2. 5 Tr. 

Pyroxene 
phenocry.sts - Tr. - - - - - - - Tr. 

Xenoliths 
Sedimentary - - - - - - - 1 -

J... ~ 

Volcanic - 4.0 2. S 3.4 1. 0 - 9.0 

Opaque minerals 

Calcite cement - - - - 1. 7 - 2.0 - - 5.9 

Zeolite cement - - - - 0.4 
i--' 
..;:::,. 
vJ 



Modal analyses of tuffs (continued) 

No. 45 46 47 48 49 so 51 52 53 54 

Si de rom.e 1 ane 
fragments 

Vesicular 0 44.3 26.5 6.5 22.8 32.0 24.0 45.0 - 39.0 
Nonvesicular 40.9 2 7. LJ. 20.5 6.4 22.8 17.0 11. 9 

Fine-grained matrix 55.9 16.41 47.7 65.0 42.7 46.0 55.3 

Tachylite fragments Tr. Tr. - 2.0 Tr. - - 51. 5 96.5 58.5 

Feldspar 1. 6 0.9 4.4 0.8 10.0 3.0 5. 5 2. 5 2.5 1. 0 
phenocrysts 

Olivine 
phenocrysts 1. 6 3.0 1. 0 Tr. 1. 6 Tr. 0.6 1. 0 1. 0 1 r-- . :, 
Pyroxene 
phenocrysts - - - Tr. 0. 5 Tr. 

Xenoliths 
Sedimentary 
Volcanic - - - 19.3 

Opaque minerals 

Calcite cement 

Zcolite cement - 8.0 - - - - 2. 0 ...... 
+:>, 
~ 



APPENDIX 3 

Modal analyse s of the tuffs from the Fort Rock -

Christmas Lake Valley Basin. 

' •• ~ .... !ft. • 
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APPENDIX 3 - Explanation of sample numbers 

1. Table Rock complex. The southeast edge of ring 1. 
Gray lapilli-tuff. Siderornelane fragments (vesicular and 
nonvesicular) and rounded silicic ash fragments 1n a 
matrix of brown fine-grained glass particles. 

2. Table Rock complex; from the base of ring 2 on the 
northwest side. Massive orange-brown tuff. Vesicular 
sideromelane fragments up to 6 mm in diameter and mudstone 
fragments are in a matrix of fine-grained glass fragments 
and clay. Each siderornelane fragment is rimmed with 
palagonite. There are clots of olivine and plagioclase 
phenocrysts in the glass. 

3. Table Rack complex. Top of section; northwest side 
of ring no. 2. Massive orange tuff-breccia. Vesicular 
sideromelane fragments in a matrix of very fine-grained 
glass. There are phenocrysts of plagioclase (An50) and 
olivine. The rims of sideromelane fragmen ts are altered 
to palagonite. 

4. Table Rock complex. West-central portion of ring no. 
2. Orange-brown tuff-hreccia. Large (up to i.s cm in 
diameter), vesicular sideromelane fragments with accretlon­
ary coatings of fine-grained glass particles in a matrix 
of glass fragments. The glass fragments are partly 
altered to palagonite . 

5. Table Rock complex. Outer edge, ring 2. Yellow­
brown lapilli-tuff. Vesicular and nonvesicular siderome­
lane fragments, olivine and feldspar crystals, and 
fragments of aphanitic basalt al l have accretionary coats 
of fine-grained glass particles. 

6. Table Rock complex. Upper beds of ring no. 2, west 
flank. Yellow-bro~n lapilli-tuff. Poorly sorted, with a 
bimodal distribution of fragment sizes at 0.75 mm 
(vesicular and nonvesicular sideromelane) and at about 
0.005 mm (fine-grained glass particles and diatomite). 
There are ~hcnocrysts and clots of olivine and feldspar 
(An60). 

. 
7. Tab le Rock 

uppermost beds. 
the description 

Complex. Central-west part of ring 2; 
Yello~-brown tuff. Nearly identical to 

of 17. 
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8. Table Rock compJ.ex. Central-west part of ring 2; 
close to the crater. Brittle, yellow-brown tuff. 
Vesicular and nonvesicular sideromelane fragments in a 
matrix of fine-grained glass particles and diatomite. 
The edges of sideromelane fragments are altered to 
palagonite. 

J.4 7 

9. Table Rock complex. Northern edge of ring 2. Well­
bedded brown lapilli-tuff. V~sisular and nonvesicular 
sideromelane fragments, tachylite, obsidian and siliceous 
pumice sand, clay fragments, and plagioclase and olivine 
crystals are in a matrix of clay and ·fine-grained basaltic 
glass. Glass fragments 2re partly altered to palagonite. 

10. Table Rock complex. North end of rj.ng 2. Thinly 
bedded yellow-brown lapilli-tuff. Graded bedding observed 
in thin section, from 1.5 mm diameter sideromelane frag­
ments at the top of the bed. There are small phenocrysts 
of olivine and plagioclase (An60 ) in the glass. 

11. Table Rock complex; high in the section, ring no. 2, 
east flank. Brown tuff collected from base surge dunes. 
There are alternating 1 cm thick beds of: 1. poorly 
cemented 0.5 to 0.2 mm sideromelar..e fragments with no 
matrix and· ·z. 0.1 mm diameter sideromelane fragments in 
a matrix of very fine-grained glass particles. Some of 
the fragments are partly altered to palagunite. 

12. Table Rock complex; collected from dur.es on the east 
flank of ring no. 2. Very well-bedded brown tuff. Graded 
beds as thin as 1. 5 mm, with s i derome lane fragments of O. 5 
mm diameter at the base to 0.02 mm diameter at the top. 
Most of the slightly palagonitized sideromelane fragments 
are nonvesicular. There is some calcite cement. 

13. Table Rock complex. Center of crater; ring no. 2. 
Brittle yellow-brown tuff. Verf poorly sorted vesicular 
and nonvesicular glass fragments and tachylite in a matrix 
of dark red-brown fine-grained glass fragments. All the 
glass is partly altered to palagonite. Vesicles and pore 
space is filled with~ zeolite cement. 

14. Table Rock complex. Sample is from the southwest 
flank of Table Rock tuff cone (no. 3). Brittle gray-brown 
rock, orang·e on a weathered surface. Vesicular and non­
vesicular sideromelane fragments, basalt and tachylite 
fTagments in a matrix of fine-grained gla.s~. fragments. 
All the glass fragments are partly altered to palagonite. 
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15. Table Rock comple x. The edge of vent 4; base of the 
section. Massive, yellow-brm,vn J.apilli-tuff. Siderome­
lane fragments, clay fragments .and feldspar and olivine 
crystals in a matri x of clay and fine-gTained glass 
particles. 

16. Table Rock complex; from the center of vent 5. 
Yellow-brown lapilli-tuff. Vesicular sideromelane frag­
ments (up to 8 mm in diruneter) in a matrix of fine-grained 
sideromelane fra gments and clay. The sideromelane 
fragments are partly altered to palagonite. 

17. Table Rock comvlex; ring no. 7, n-ec:r the base of the 
ring. Massive orange lapilli-tuff. Very poorly sorted. 
Partly palagonitized sideromelane fragment~ in a matrix of 
orange -brown fine-grain e d glass particles. There is some 
calcite cement. 

18. Table Rock complex; high in th e section, north edge 
of ring 7. Yellow-bro~n l apilli-tuff. Trimodal size 
distribution of particle sizes, consisting c,f 2 rnm diameter 
vesicular sideromel ane, 0 .1 mm nonves:i c1lar sideromelane 
and 0.005 mm diameter fragii'1ents -which mc1ke up the matrix. 
There are some accretionary coatings on the larger 
fragments. Larger glass fragments contain phenocrysts of 
olivine and feldspar (An 55). 

19 . Table Rock complex; from vertical beds in vent no. 8, 
3 feet from the crater wall. Yellow-brown lapilli-tuff. 

20. Fort Rock. Gray -brown lapilli-tuff. Sideromelane 
fragments in a matrix of very fine-grained glass fragments, 
opaque minerals and diatomi te. Sidcromelane glass is 
partly altered to p3.l agoni tc. Phenocrys ts and clots of 
olivine and feldspar (An 55 ) are included in the glass. 

21. Fort Rock. Well-bedded yellow-brmvn lapilli-tuff. 
Poorly sorted sideromeJane fragments in a matrix of fine ­
grained glass particles and crystals. Many of the glass 
fragments contain phenocrysts and clots of olivine and 
feldsp ar (An 50 ). 

22. Hole-in-the-Ground; south wall. Yellow-brown lapilli­
tuff, consisting of vesicular siderornelane, basalt and 
andesite fragments with thin 1 c:cc:cetiunary co2.ts of fine ­
grained glass particles. Olivine, plagioclase (An4 5) and 
a trace of clinopyroxene occur as phenoc:rysts in the glass 
fragments. 
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23. Big Hole; east rim. Gray,, welJ.-bedded lapilli-tuff. 
There is a bimodal distribution of fragment sizes; most 
of the sideromelane fragments have a mean diameter of 1.5 
and O .1 rnrn. Gli vine and feldspar (Anc;c) occur as pheno­
crysts in the glass and as loose crystals. 

24. Northeast flank of the tuff ring around Big Hole. 
Gray-brown lapilli-tuff. These are mostly sideromelane 
glass particles, with lesser amounts of basalt fragments, 
plagioclase (An55) 1 olj.vine, and an orthopyroxene in a 
matrix of fine-grained glass particles. In the outer 0.5 
mm of the block of tuff, the gJass is -partly altered to 
palagonite. 

25. Moffitt Butte, Bright orange lapillt-tuff. Vesicular 
palagonite fragments with dark brown accretionary coatings 
of fine-grained glass fragments, nonvesicular sideromelane, 
and tachylite fragments are bound together by zeolite 
cement. 

~ 26. South end of Table Moun.tain. Brown ]apilli-tuff. 
Sideromelane fra .gments ~ well-rounded. obsidian pebbles and 
sand, olivine basalt fragments, and claystone fragments in 
a matrix of fine-grained glass particles and clay. 

27. South end of ~able Mountain. Orange-brown lapilli­
tuff. Vesicular and nonvesicular sidero~elane fragments, 
rounded olivine 2nd feldspar grains, and rounded obsidian 
sand-sized fragments in a matrix of fine-grained glass 
particles. 

· 28. North end, Table Mountain . Dark crange-brown lapilli­
tuff. Non-vesicular sideromelane glass fragments in a 
matrix of fine-grained glass particles. The glass frag­
ments are partly alt9red to palagonite. There are some 
small patches of calcite cement. 

29. Tuff ring south of Table Mountain. Orange-brown 
lapilli-tuff. Vesicular siderorne lane fragments and a few 
basalt fragments in a matrix of dark brown fine - grained 
glass particles and small feldspar crystals. 

30. North edge, Horning Bend. Gray lapiJli-tuff, 
weathers to an orange color. Fragments of sidercmelane 
g]ass and ba5alt fragments in a matrix of fine-grained 
glass, olivine and feldspar crystals. 
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31. Horning Bend. Top of tuff sequence, northeast flank. 
f;fai~rix from a l!lassive, gray tuff-breccia. Sideromelane 
glass fragments, plagioc]ase (An 60 ), opaque minerals, and 
olivine. The side romelane fragmen ts have thin palagonite 
rims. 

32. Tuff ring on Boatwright Ranch; northeast flank. Well­
bedded brown tuff. Accretionary lapilli, sideromelane 
fragments and some bas 3.lt .fragments are i:n a matrix of 
brown fine-grained glass particles. Olivine and feldspar 
(An65 ) occur as phenocryst s in the glass fragments. 

33. Tuff ring on the ~uthwestern slbpe of Green Mountain. 
Gray-brown tuff. Vesi~u:Lar sicler0me1.ane fragments with 
accreticr..ary coats of very fine-grained glass particles. 
Fragments without accretionary coats are partly altered to 
pal.agonite. There is some calcite cement. There arc 
subhedral phenocrysts of olivine and plagioclase (An 55 ). 

34. Tuff ring on the southern slope of Green Mountain. A 
well-bedded, light brown lapilli-tuff from the base of the 
ring. Well-sorted vesicular sideromel2nc fr agments 
olivine and feldspar (An50) crystals in small-scale cross­
beds. Each of the 2 mm thick cross-beds is graded, with 
glass fragments 1. 5 mm in diameter at the base to O .1 ffiiil 

in diameter at the top of each bed. 

35. Tuff ring on the southern slope of Green Mountain. 
The sample is from the uppermost 40 feet of tuff in the 
ring. Well-bedded~ or ange-brown lapil.li-tuff. Vesicular 
and non vesicular sideromela11e fragments with accretionary 
coatings of fine-grained glass particles. Olivine, 
plagioclase (An 50 ) and hypersthene occur as phenocrysts in 
the glass fragments. 

36. Seven-Mile Ridge. Basal tuff-breccia from the middle 
tuff ring located in the lake basin. Orange-brown, massive 
tuff. Lapilli of vesicular sideromalane (up to 5 mm in 
diameter), tachylite, and diatomite fragments in a matrix 
of fine-grained glass fragments. The glass fragments 
contain phenocrysts and clots of olivine and plagioclase 
(An60). 

37. Seven-Mile Ridge; middle ring located in the lake 
basin. From lhe thin edge of the basal tuff-breccia (1~ 
miles from fue vent). Gray lapilli-tuff. Extremely poorly 
sorted vesicular and nonvesicular sideromelane fragments in 
~ matrix of diatoms and fine-grained glass fragments. 
Diatomite and the glass fragments are wel l-mixed. 
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38. Seven-Mile Ridge . From the west side of the middle 
ring in the lake basin. Matrix from a massive dark orange­
brown tuff-breccia. There is 8. tri-J1rnd2.l size distrib1~1-
tion of particles; vesicular sideromelane fragments (1 mm 
diameter), nonvesicular sideromelane (0.1 mm diameter) and 
the matrix which consists of fine-grained glass fragments 
(approximately 0.005 mm diameters) and d.iatomite. There 
are some tachylite and crystalline basalt fragments. 

39. Seven-Mile Ridge. From the southernmost ring. 
Massive~ yellow tuff. Vesicular siderpmelane fragments 1n 
a matrix of fine-grained glass particies. The sideromelane 
fragments are partly altered to palagonite. 

40. Seven-Mile Ridgs; southern end of the ridge, which is 
located beyond the edge of the lake basin. Orange-brown 
J.apilli-tuff. Non.vesicular sicieromelane fragments have 
accretionary coatings of fine-grained glass fragments. 

41. Seven-Mile Riage; sample is from the base of the 
largest ri~g in the center af the co~ple~. A moderately 
sorted tuff consisting of palagonitizeJ siderome]ane 
fragr.1ents, tachylite, mudstone fragmeT';.ts ·111d olivine and 
feldspar crystals. 

42. Seven-Mile Ridge. From the edge 0£ the largest ring, 
above a buried fault scarp. Orange-brown lapilli-tuff. 
Similar to sample 3 7. 

43. Flat Top; southeast edge. Orange-brown lapilli-tuff. 
Vesicular sideromelane fragments with 0.1 mm thick 
accretionary coats of fine-grained glass particles and 
nonvesicular sideromelane fragments are in a matrix of 
orange-brown, fine-grained glass particles. All pore 
space is filled with calcite cement. 

44. Ring E-2, east end of Christmas Lake Valley. Gray 
lapilli-tuff. BigoJal size distribution of glass fragments, 
with modes at 1.5 and 0.05 mm. Larger, vesicular glass 
particles are coated with accretionary layers of fine­
grained glass particles. Olivine and feldspar (An 95 ) occur5 
as small phenocrysts in some of the glass fragment~. 

45. Ring E-3. east end of Christmas Lake Valley. Orange­
brown tuff. Large nonvesicular sicie romelane fragments in a 
matrix of fine-grained glass fragments. All glass fragmeni.s 

_are rimmed with pal agoni te. 
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46. Ring E-4, east end of Christmas Lake Valley. Brittle 
orange-yellow tuff. Vesicular and nonvesicular glass 
fragments are altered to palagonite. Clots and phenocrys~ 
of plagioclase (An6s) and olivine in the palagonite are 
unaltered. Al 1 pore space j_ s :filled with a zeo lite cement. 

47. Ring SE-0, southeast edge of Christmas Lake Valley. 
Brown lapilli-tuff. Nonvesicular sideromelane fragments 
are in a matrix of very fine-grained glass particles. 

48. Ring SE-1, southeast corner of Christmas Lake Valley. 
Well-bedded gray-brown lapilli-tuff. _ Vesicular and non­
vesicular siderornel ane fragme!1ts, cr~,rst aJ.line basalt 
fragments, and tachylite in a matrix of very fine-grained 
glass particles. All frag:!nents over O. 5 n:m in diameter 
have thin accrctionary coatings. The glass fragments are 
partly altered to pa.lagoni te. 

49. St. Patrick Mountain; northeast edge, near the base. 
Orange-brown lapilli - tuff. Vesicular sideromcJ.ane 
fragments are in a matrix of fine-grained glass fragments. 
All glass fragments are partly altered to palagonite. 

50. St. Patrick Mountain; east edge, near the base. 
Massive, yellow-brown tuff. Poorly sorted vesicular and 
nonvesicular sideromelane fragmen~s in a matrix of fine­
grained glass particles. Zoned feldspars (avg. An 55 ) and 
olivjne occur as phcnocrysts in th e larger glass frag:nents. 
Partly altered to palagonite. 

51. Fandango Canyon (large tuff ring adjacent to St. 
Patrick Mountain). South end of th e ri~g. Poorly bedded, 
yellow-brown lapilli-tuff. Nearly identical to sampJ.e 50. 

52. Cinder cone along Oregon State Highway 31, 4~ miles 
south of Horse Ranch. Cinders from the base of the cone, 
near the center. Black, orange 1 red and brown 
scoriaceous cinders, 4 to 6 cm in diam'2ter. Cinders 
composed of sideromelane are l es s vesicul a r (15-25%) than 
the tachylite cinders (about 40 %). The sideromelane 
cinders are partly altered to palagonite. 

53. Cinder cone along Oregon State Highway 31, 4!.:1 miles 
south of Horse Ranch. Ci!1ders from the outer flank. 
Black cinders, 4 to 6 cm in diameter. Feldspar pheno­
crysts in a tachyJ.ite grau:1d1r.ass. 



153 

54. Cinder cone along Oregon State Highway 31, 4~ miles 
south of Horse Ranch. Bright red cinders from the vent. 
Small feldspar and olivine phenocrysts in a tachylite 
grcnmdmass. The fe"'· sideromelane fragments are al tcred 
to palagonite. 
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