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GEOLOGY OF THE CASCADE RANGE AND MODOC PLATEAU *

By Gordon A. Mai Donald

U.S. Geological Survey and Hawaii Institute of Geophysics,
University of Hawaii, Honolulu, Hawaii

Most of the northeastern corner of California, nortli

of the Sierra Nevada, is included in the physiographic

provinces of the Cascade Mountains and the Modoc
Plateau. The Cascade Range extends northward through

Oregon and Washington into British Columbia, and

the Modoc Plateau e.xtends into Oregon and southeast-

ward into Nevada. Most of the Cascade Range is a

fairly well-defined province, but in northern Califor-

nia the separation between it and the .Modoc Plateau

becomes indefinite. The block-faulting characteristic

of the Modoc region extends into the Cascade Range,

and the rocks characteristic of the two provinces are

intermingled. The division between the Modoc Plateau

and the Great Basin, which borders it on the east, also

is vague. Both regions consist of fault-block mountain

ranges separated by flat-floored basins, and similar

rocks are present on both sides of the boundary.

The outstanding characteristics of the Modoc region

are the dominance of volcanism so recent that the

/
constructional volcanic landforms are still clearly pre-

served and the presence of broad interrange areas of

nearly flat basalt plains. It is the basalt plains that have

given rise to the designation "plateau"; however, the

region as a whole is far from being the high, essen-

tially undiversified plain that the term usually implies.

At the southern end of the region, the rocks of the

Cascade Range and the Modoc Plateau overlap jhe

metamorphic and plutonic rocks of the Sierra Nevada;
50 miles to the northwest, similar rocks emerge from
beneath the Cascade volcanics at the edge of the Klam-
ath Mountains province. The broad depression extend-

ing northeast across the Sierra Nevada-Klamath oto-

genic belt, originally recognized by von Richthofen

(1868), was called the "Lassen Strait," by Diller

(1895a, 1897), who believed it to have been a sea-

way that in Cretaceous time connected the marine

basin of California with that of east-central Oregon.
Sediments deposited in the southwestern end of the i

strait are represented by sandstones of the Chico For-i

mation (Upper Cretaceous) which underlie the vol-

^

canic rocks of the Cascade Range along the eastern
\

edge of the Sacramento Valley. Probably this depres-

sion persisted—though above sea level and disrupted

by volcanism and faulting—through much of Tertiary

time. Although the plutonic and metamorphic rocks

are nowhere exposed within it except in a small area

adjacent to Eagle Lake, there can be no serious doubt

* Publication authorized by the Director, U.S. Geological Survey.

that they underlie the volcanics throughout the area

of the depression.

Throughout most of its extent, from nortliern Cali-

fornia into Washington, the Cascade Range trends

slightly east of north. However, at Mount Shasta, 40

'miles south of the California boundary, the trend

abruptly changes to southeastward. (It is perhaps
worth noting that the Sutter Buttes, 150 miles to the

south, lie approximately on the extension of the main
Cascade trend.) The change in trend of the Cascade

Range takes place approximately at the north edge of

the "Lassen Strait," where it intersects the Klamath-
Sierra Nevada belt; the trend of the southern part of

the range is parallel to, and probably controlled by,

the underlying Sierra Nevada structures. The southern

portion of the range is almost isolated from the north-

ern part by a projection of metamorphic rocks of the

Klamath province. Within this portion of the Cascade

Range, almost certainly underlain by the older oro-

genic belt of the Sierra Nevada, the variation in rock

types and the incidence of varieties more acidic than

andesite appears to be greater than in the northern

portion of the range, except for the eastern outliers

of the Medicine Lake Highland in California and the

Newberry \^olcano in Oregon.

Although it is distinctly to the east of the Cascade

Range as a whole (fig. 1), the Medicine Lake High-

land is generally regarded as an eastward bulge of the

Cascade province (Hinds, 1952, p. 129). As Anderson

(1941, p. 350) has pointed out, however, the Medicine

Lake volcano, like the similarly outlying Newberr\-

\'olcano (Williams, 1935), differs somewhat from the

typical volcanoes of the High Cascades. Situated in

the plateau region, rather than in the Cascade belt of

otogenic volcanism, these volcanoes may represent an

evolution of stray Cascade-type magmas under dif-

ferent tectonic conditions.

Following Diller's (1895a, 1906) excellent pioneer

work in the southeastern part of the region, the

amount of geological work that has been done in the

Cascade and Modoc provinces of California is surpris-

ingly little. The areas are shown on a scale of 1:250,000

on the Weed, Alturas, Redding, and Westwood sheets

of the Geologic Map of California (California Div.

Mines, 1958-1964), but published mapping on a larger

scale is limited to a few widely separated areas. Within

the Cascade Range these include, near the south end,

the Lassen \'olcanic National Park (W^illiams, 1932a)
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and the region just to the north (Macdonald, 1963,

1964), and the Macdocl quadrangle (1:125,000) just
,

south of the Oregon border (Williams, 1949). Be-

t\\een these, the region in the immediate vicinit\' of

Mount Shasta has also been described and mapped in

a reconnaissance fashion t\\'illiams, 1932b, 1934). The
Medicine Lake Highland has been studied and mapped
by Anderson (1941), but within the .Modoc region

proper, the onl\- published mapping on a larger scale

is on the area immediateh- adjacent to Lassen Volcanic

National Park (Macdonald, 1964, 1965), in and near

the Pit River valle\- near Alturas (Ford and others.

1963), and near Eagle Lake (Gester, 1962). Unpub-
lished studies have been made of the area south and

west of Lassen Volcanic National Park by G. H.
Curtis and T. \. Wilson, of the University of Cali-

fornia; and reconnaissance studies (unpublished) of

many other areas have been made by Q. A. Aune,

C. VV. Chesterman, T. E. Gay, Jr., P. A. Lydon, and

V. C. McMath of the California Division of Alines and

Geology. George W. Walker, of the U.S. Geological

Survey, who studied parts of the northern Modoc
Plateau while preparing the State Geologic Map of

Oregon, has generously supplied information for this

paper, and information for the section on Cretaceous

rocks was supplied by D. L. Jones, of the U. S. Geo-
logical Survey.

A generalized geologic map of the northeastern part

of California accompanies the article by T. E. Gay,

Jr., on the economic mineral deposits of the Cascade

Range, Modoc Plateau, and Great Basin regions of

northeastern California.

I wish to thank Q. \. Aune, and especiall\- T. E.

Gay, Jr., of the California Division of Mines and

Geology, for their constructive criticism of the manu-
script of this article and for their aid in collecting and

preparing the illustrations.

CASCADE RANGE

The Cascade Range in Oregon is conveniently di-

vided into the Western Cascade Range and the High
Cascade Range (Callaghan, 1933; Peck and others,

1964). The rocks of the VVestern Cascade Range in-
'

elude lava flows and beds of pyroclastic debris, and ^

in places interbedded nonmarinc and shallow marine

sediments, gradually accumulated in a slowl\- sinking

trough to a thickness of more than 10,000 feet. Their
age ranges from late Eocene to Pliocene (Peck, 1964).

In composition, they are predominantly pyroxene an-

desite but range from olivine basalt to rhyolite. Rocks
of the Western Cascade are underlain by Eocene sedi- >.

mentar\' rocks of the Umpqua Formation and are un- .

conformably overlain bv Pliocene to Recent volcanic

rocks of the High Ca.scade Range. The latter are pre-

dominantly p\ro,\ene andesite, but range in composi-
tion from olivine basalt to dacite. Early eruptions in

the High Cascade were almost wholly basaltic an-

desite and basalt, producing fluid lava flow s that spread

to great distances and built a broad, gently sloping

ridge that consisted largel\ of coalescing small shield

volcanoes and fis.surc-type flows. Pyroclastic material

was comparativel\' small in amount. In time, however,

the predominant lavas became more siliceous, the pro-

portion of explosive eruption increased, and on the

earlier ridge of lavas were built the great composite

volcanoes that forn) the conspicuous peaks <jf the pres-

ent Cascade Range. Rarel\-, domes of dacite were
formed. Occasional basaltic eruptions, largely from
eccentric and independent vents, appear to have taken

place throughout the period of building of the big

cones and to have continued afterward.

X'olcanic rocks in the Western Cascade Range differ

from those of niost of the High Cascade Range pri-

marily in greater variety of petrographic tvpes, larger

proportion of pyroclastic rocks, and a pervasive chlo-

ritic alteration that gives a characteristic greenish hue

to most of the rocks. The alteration was probably

related to the period of folding and uplift of the

Western Cascade, followed by erosion, that preceded

the building of the High Cascade, and particularly

to the small intrusions of gabbroic to quartz monzo-
nitic composition.

The northern part of the Cascade Range in Cali-

fornia is much like that in Oregon. Upper Cretaceous

and Eocene sedimentary rocks are succeeded by green-

ish volcanics of the Western Cascade series which were

faulted and tilted eastward and northeastward at about

the end of the Aliocene (Williams, 1949, p. 14). Ero-

sion destroyed the constructional volcanic landforms

and reduced the region to one of rolling hills before

renewed volcanism built the High Cascade. South-

ward the volcanic rocks of the Western Cascade are

overlapped b\' those of the High Cascade, and south

of the Shasta region rocks belonging to the Western

Cascade series have not been recognized, although

volcanic rocks overlain by Pliocene diatomite in the

gorge of the Pit River ma\- be equivalent to part of

them in age. 'In the region northwest of .Mount Lassen

the upper Pliocene Tuscan Formation rests directl\-

on Cretaceous and Eocene sedimentary rocks, and the

I Western Cascade volcanics are absent.

As in Oregon, the lower part of the High Cascade

sequence in California consists largel)' of p\roxene

andesite,! with lesser amounts of basalt and minor

amounts of hornblende andesite and dacite. .\ltliough

erosion has dcstro\ed the original topographw these

lavas appear to have built a broad ridge w ith few, if

any, big cones. .Most of the lavas are probabl)- of latest

Pliocene age (Macdonald, 1963). In the region south-

west of Lassen X'olcanic National Park, how ever, some

of them are of pre-'Lu,scan age (Wilson, 1961). Con-

tinuing volcanism became more concentrated at dis-

tinct centers, and more individualized cones were built,

some of which are shield volcanoes and some com-

posite cones. The latter included the largest of the

volcanic mountains, such as Brokeoff Volcano (Mount
Tehama), which collapsed to form the caldera in which
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Figure 1. Map of a part of northern California, western Oregon,

and southern Washington, showing the principal peaks of the Cascade

Range and Sutter Buttes lying farther south along the same trend.

Lassen Peak was later built, Magee Mountain (Crater

Peak), Burney Mountain, and Mount Shasta (fig. 1).

In the Lassen region, volcanism culminated in the

eruption of several dacite domes, some of them onK-

a few hundred years old, and at Medicine Lake, flows

and domes of rhyolite obsidian were erupted. Con-
temporaneously, basaltic volcanism continued with the

eruption of such flows and associated cinder cones as

the Callahan and Burnt Lava flows near Medicine

Lake, and the Hat Creek and Cinder Cone flows in

the Lassen region.

With eruptions at Cinder Cone in 1851 and Lassen

Peak in 191-1—17, and a possible eruption at Medicine

Lake in 1910 (Finch, 1928), the Cascade Range of

California must be regarded as a region of still-active

volcanism.

Cretaceous ond Early Tertiary Sedimentary Rocks

Rocks of Late Cretaceous age are exposed at many
places along the east side of the Sacramento Valley

from near Folsom, west of the central Sierra Nevada,

to the area east of Redding; and from the vicinity of

Shasta \'alley, northwest of Mount Shasta, to and be-

yond the northern boundary of the State. In these

areas the\' rest unconformably on the pre-Cretaceous

rocks of the Sierra Nevada-Klamath Mountains com-

plex. They have been referred to as the Chico For-

mation at Chico and Butte Creeks in Butte County

and as the Hornbrook Formation in northern Siskiyou /

County (Popenoe and others, 1960). /

The Chico Formation consists of massive gray,

buff-weathering, arkosic sandstone, dark-gray to black

shales, and beds of conglomerate, particularly near the

base. In the type locality at Chico Creek, where it is

4,000 feet thick, it has yielded a varied fauna of am-

monites, gastropods, and pelecypods ranging in age

from Coniacian to Campanian.

East and north of Redding, a similar thickness of

Upper Cretaceous rocks has been described by Po-

penoe (1943). The lithologies present are much like

those at Chico Creek, but although the time of depo-

sition of the rocks in the two areas overlaps consider-

ably, the section at Redding spans a slightly older seg-

ment of the Late Cretaceous.

In the Hornbrook area near the California-Oregon

boundary, the Cretaceous rocks consist of about 5,000

feet of conglomerate, sandstone, and siltstone. The old-

est unit, which rests unconformabl\- on granitic and

metamorphic rocks, contains marine fossils (Turonian

to Coniacian), but part of the overlying conglom-

eratic sandstone is nonmarine. These rocks are in turn

overlain by 5,000 feet of marine siltstone, with some

sandy interbeds. This silty sequence was long regarded

as a part of the widespread Eocene Umpqua Forma-

tion, but it has been found to contain Late Cretaceous

fossils in its upper part (Jones, 1959). About 5 miles

south of Ager, in exposures near the western edge of

the Copco quadrangle, the section contains a bed of

coal, in places as much as 6 feet thick, that was at one

time mined. Fossils discovered in overl\ing shales con-

firm the Cretaceous age of the coal beds, formerly

regarded as Eocene. Thus, no rocks that can be posi-

tively assigned to the Umpqua Formation of early to

middle Eocene age (Baldwin, 1964) are known in the

California part of the Cascade Range or Modoc Pla-

teau provinces. The Late Cretaceous in this area was

a period of shallow marine sedimentation with some

nonmarine deposition, in part on swampy flood plains

in the northern area. Marine deposition in northeast-

ern California terminated in the latest Cretaceous, and

there is no^ depositional record for the Paleocene or

earliest Eocene.

Deposition in late Eocene time is recorded by the

Montgomery Creek Formation (Williams, 1932a; An-

derson and 'Russell, 1939), which was originally in-

cluded by Diller (1895a) in the lone Formation. The

Montgomery Creek Formation is exposed along the

east side of the Sacramento \'alle\- from near Shingle-

town, 25 miles east-southeast of Redding, northward
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Figure 2. Index map of northeostei

for about 50 miles to the upper drainage basin of

Kosk Creek in the Big Bend quadrangle. It is exten-

sively exposed along the Pit River near Big Bend, and
some of the best and most easil\' accessible exposures

are along Highway 299 (fig. 2) ju.st east of Mont-
gomery Creek, where sandstones and conglomerates
in a big highway cut contain fossil leaves. In most
places the Montgomer\- Creek Formation consists pre-

dominantly of pale-gray massive sandstone, weather-
ing to buff, that is locally much channeled and cross-

bedded and commonl\- contains scattered pebbles and
pebbly lenses. Thick beds of conglomerate, and less

commonly of silty shale, are present in places. Locally,

as along Coal Creek in the VVhitmore quadrangle, the

formation contains thin beds of poor-grade coal that

have been mined to a small extent in the past. Frag-

ments of petrified wood are common in some areas.

The sandstones are poor in ferromagnesian minerals,

and in general are weakly cemented. Their weak con-

solidation results in poor exposures; and where valleys

have been cut into them, the poor consolidation com-
monly produces extensive landsliding of overlying

more resistant rocks such as breccias or andesitic lava

flows of the upper Pliocene Tuscan Formation. Typi-

cally, the Montgomery Creek Formation rests uncon-

formably on Upper Cretaceous sedimentary rocks and

is overlain unconfomiabl\- by Pliocene volcanic rocks.
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Figure 3. Index map of some areo os figure 2, showing location of quadrangles and principal geographic (eotures mentioned

Western Cascade Volcanic Series

The rocks of the Western Cascade volcanic series

form a nearly continuous belt extending along the

western foothills~of the Cascade Range for 45 miles

south of the State boundary, and scattered outcrops

for another 10 miles. They are exposed along High-

way 99 just west of Weed, but are better seen along

the road extending eastward along the Klamath River

from Hornbrook to Copco Lake. The following de-

scription is largel\- summarized from the report by

Williams (1949, p. 20-32).

Near the State boundary, the exposed thickness of

the Western Cascade volcanics is not less than 12,000

feet, and may be as much as 15,000 feet. In the north-

ern part of the Vreka quadrangle, a few thin beds of

volcanic conglomerate and sandstone of the Colestin

Formation (upper Eocene) rest unconformably on the

Hornbrook Formation at the base of the Western

Cascade series, but farther south these are absent and

the low est lavas rest directl\- on the Hornbrook For-

mation or overlap it to rest on the pre-Cretaceous

plutonic and metamorphic basement. .\ few lenses of

tuffaceous sandstone and volcanic conglomerate are

interbedded with the volcanics at higher stratigraphic

levels, and coal and carbonaceous shale are present east

of Little Shasta. The volcanic rocks include both lava
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flows and fragmental deposits, the latter being in part

direct products of volcanic explosion and in part mud-
flow deposits.

The lava flows are mostly pyroxene andesite, gen-

erally with hypersthene more abundant than augite.

Some contain a small amount of olivine, commonl\'
replaced by serpentine or iddingsite, or by a mi.xture of

magnetite and hematite or goethite. A small amount
of cristobalite or trid\-mite generall)- is present in the

groundmass. Most flows are betv.een 10 and 30 feet

thick, but a few exceed 100 feet. Most are dense to

sparingly vesicular, and most have a well-developed

platy jointing that results from shearing in the flow

as slight movement continues during the last stages

of consolidation. Hornblende andesites and horn-
blende-bearing pyroxene andesites are relatively rare,

as are flows of dacite. The Western Cascade lavas in

northern California are less altered than many of those

/in Oregon, possibl\-, Williams suggests, because of the

alxsence of subvolcanic dioritic stocks and related min-
eralized belts. Particularly- in the upper part of the

series, how ever, man\- of the andesites are propylitized,

the feldspars being partly altered to kaolin and the

p\roxenes replaced by caicite, chlorite, and limonite.

In man\- andesites, veins and amygdules of opal and
chalcedony are abundant, and silicified wood may be
found in the intercalated tuffs, as at Agate Flat, in the

north center of the Copco quadrangle, just south of

the State boundary.

Pyroclastic rocks include well-stratified andesitic

tuff-breccias and lapilli tufTs, basaltic agglomerates
composed of rounded lapilli and bombs, and tuffs of

andesitic, basaltic, dacitic, and rhyolitic composition.

Rhyolitic tuffs are found chiefly in the upper part of

the series. Well-bedded rhyolitic lapilli tuffs of air-laid

origin reach a thickness of nearly 500 feet near the

head of Shovel Creek in the northern part of the

.\Iacdoel (1:62,500) quadrangle; and dense dust-tex-

tured tuffs reach a similar thickness near the head of

Little Bogus Creek in the center of the Copco quad-
rangle. Near Bogus School a bed of rhyolitic tuff,

traceable for more than 5 miles, varies from an in-

coherent rock, rich in pumice fragments up to an inch
long, to a compact crystal-vitric tuff nearly devoid of
pumice fragments. In places, particularly near the base,

it is streak\- and welded. The rock is an ignimbrite

formed by an incandescent ash flow. A quarter of a

mile north of Bogus Creek, a vertical dike of glassy

rhyolite 10 feet thick, closely resembling the dense
crystal-vitric tuff, cuts the bottom of the bed. This
dike is considered to be the filling of a fissure that

gave vent to the tuff in the same manner as the erup-
tion of the "sand flow" of 1912 in the X'allcy of Ten
Thousand Smokes in .-Maska (Williams, 1949, p. 25).

Welded dacite tuff near the ea.stern foot of Miller
Mountain, in the west-central part of The Whaleback
quadrangle, is considered by Williams to belong to

the Western Cascade series and to unconformably un-
derlie basalt of the High Cascade series.

At Sheep Rock, south of Miller Mountain, beds of

coarse andesitic tuff-breccia containing angular to sub-

angular blocks up to 4 feet across in a tuffaceous ma-
trix reach a thickness of 1,600 feet. Individual layers,

some of them more than 100 feet thick, show only a

very crude bedding. The deposits re.semble those of

the Tuscan Formation in the Cascade Range and the

Mehrten Formation (Miocene and Pliocene) in the

Sierra Nevada (Curtis, 1957), and like them, are in-

terpreted as being the products of volcanic mudflows.
Similar deposits are found northwest of Little Shasta,

on the south side of Bogus Mountain, and along the

Klamath River south of Brush Creek, in the northwest
portion of the Copco quadrangle.

Several rhyolite domes are found in the vicinity of

LifETe Shasta, and volcanic necks and plugs of andesite

and basalt occur near the lower end of Copco Lake
and in Shasta \'alley. Two necks at .Agate Flat are

oval in plan, elongated north-south, and approximately

2,000 by 1,000 feet across. One of the andesite necks,

at the hairpin turn of the Klamath River a mile below
the Copco Dam, is noteworth\- for the presence of

aegirine in veinlets that also contain zeolites and mag-
netite and as an alteration product of other pyroxenes
close to the edge of the veinlets (Williams, 1949, p.

29). Another of the necks has marginal ring dikes that

dip outward at angles of 60°-80'^.

Near the end of the Miocene, the entire Cascade
belt is believed to have been upheaved, perhaps partly

by arching, but partly by roughl\- north-south fault-

ing that produced high east-facing scarps like the one
2,000 feet high described by Thayer (1936, p. 708)
near Mount Jefferson in Oregon. Similar fault scarps

are believed by Williams (1942, p. 29) to have formed
and been buried by later High Cascade favas near

Crater Lake, Oregon; others ma>' have formed in the

region just north of Alount Shasta (Williams, 1949,

p. 52). Still other faults formed horsts along the east-

ern side of Shasta \'alle\- and one bordering Shasta

\'alle\' near Yellow Butte (Dwinnell Reservoir quad-
rangle) must have had a throw of more than 10,000

feet (Williams, 1949, p. 53). Whether any correspond-

ing displacements took place in the portion of the

Cascade Range south of Mount Shasta is not known.
The fact that the northwesterly trend of this portion

of the range coincides with the direction of Sierra

Nevada-Klamath Mountains structures that are be-

lieved to underlie it suggests that south of Mount
Shasta the Cascade Range may have shared the his-

tor\- of uplift of the Sierra Nevada, rather than that

of the main, nonhern portion of the Cascade Range.

Some time after the upheaval of the main Cascade

,
Range, fissures were opened on or near the crest of

,
the ridge, and along them new magma rose to the

surface to build the High Cascade volcanoes during

Pliocene to Recent times (Williams, 1949, p. 35). The
new vents appear to have been located somewhat to

the east of those that supplied the lava of the Western
Cascade Range (Peck and others, 1964, p. 50). The
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building of the Cascade Range south of Mount Shasta

must have been coeval with that of the High Cascade

Range farther north.

Tuscan Formation

The Tuscan Formation is exposed continuously for

65 miles along the east side of the Sacramento \''alley,

from near Oroville to 15 miles north of Red Bluff,

with smaller isolated areas east of Redding. It has been

shown by Anderson ( 1933a) to consist largely of brec-

cias formed by lahars, or volcanic mudflows. The east-

ern part of the Tuscan consists almost entirely of tuff-

breccia, in beds ranging from about 40 to 100 feet

thick, and the entire accumulation averages about

fjOOO feet in thickness. Along Mill Creek Canyon,

southwest of Lassen Peak, its thickness is about 1,500

feet (Q. A. Aune, oral communication, 1965). Toward
its western edge, interbedded volcanic conglomerates,

sands, and tuffs appear, and still farther west it inter-

digitates with the strictly sedimentary Tehama For-

mation (Anderson and Russell, 1939, p. 2 32 )._Its south-

ern portion rests on the western slope of the Sierra

-Nevada and overlaps the Sierran metamorphic and

pTutonic comple.x, but its northern portion forms part

of the western slope of the southern Cascade Range.

Interbedded in the lower part of the Tuscan For-

mation in the southern part of the area, east of Red
Bluff, and with the Tehama Formation on the west

side of the Sacramento \"alley, is 40 to 100 feet of

gray, white, or pink dacite tuff containing fragments

of pumice up to a few inches across in a matrix of

glass and crystal shards. The massive and unsorted

character of the deposit and the cleanness of the

pumice vesicles indicates the ash-flow origin of the

deposit. Even clearer is the evidence along Bear Creek,

in the Millville quadrangle, east of Redding, where the

tuff is in places more than 200 feet thick and much
of it is thoroughly welded, with the elongate black

glass "flames" characteristic of ignimbrite. This tuff

is known as the Nomlaki Tuff Member (Russell and

V'anderHoof, 1931, p. 12-15). \'ertebrate fossils in the

Tehama Formation 10 feet above the Nomlaki indicate

a late Pliocene age for the j Tehama and Tuscan For-

mations and the intercalated Nomlaki. This age is

confirmed by a gatassium-argon age of 3.3 m.y. for

the tuff along Bear Creek (Everndon, et al., 1964). It

appears probable, however, that the tuff along Bear

Creek was derived from a different source than that

farther south.

Individual blocks in Tuscan breccia generally range

.from 1 to 6 inches across, but scattered blocks are

commonly as much as 5 feet thick. Many are vesicular,

and most were quite certainly derived from lava flows.

Erosion of the formation results in removal of the

finer material and concentration of the larger blocks

on the surface, forming the broad stony plains crossed

by the highways running northeastward from Chico
and eastward from Red Bluff and Redding. Cross

sections of the breccias are well displayed near High-

way 32, along Deer Creek northeast of Chico, along

Highw ay 36 east of Red Bluff, and less spectacularly

along Highwa\ 44 and the Miliville-Whitmore Road
cast of Redding.

In the main southern area the blocks in the breccia

are predominantK^basalt, with lesser amounts of ande-

site; but in the smaller northern area, the\- are pre-

dominantly andesitic and dacitic, except locally along

Bear Creek, where basalt is again abundant (Ander-

son, 1933a, p. 228). The difference in the prevalent

t\pe of rock among the blocks suggests different

sources for the breccias of the southern and northern

areas, and Lydon (1961) believes that the Tuscan For-

mation is derived from at least four different sources:

one near Butt Mountain, 9 miles southwest of Lake

Almanor, and nearl\- due east of Red Bluff; one near

Alineral, 10 miles south-southwest of Lassen Peak; one

east of Whitmore, 30 miles east of Redding; and an-

other, less certain, a few miles farther north, w est of

Burnew All of these sources lie within the Cascade

Range, and the Tuscan Formation, including the Nom-
laki Tuff Member, almost surely is to be regarded as

a unit within the High Cascade volcanic series. Along
the edge of the Sacramento \'alley east of Redding,

it is the oldest unit, resting directly on the Montgom-
ery Creek and Chico Formations, but in the Mineral

area it is underlain bv a thin series of basic lava flows.

In the area east of Redding, the Tuscan Formation,

with its interbedded late Pliocene (3.3-m.y.) Nomlaki

Tuff Member, serves to limit the maximum age of the

overlying lavas, and these in turn indicate a limiting

age for the widespread Burne\' (or so-called Warner)

Basalt in the part of the Modoc Plateau just to the

east. In other areas, however, the Tuscan Formation

may range through a considerable age span. Q. A.

Aune (oral communication, 1965) states that along

Antelope Creek, in the Red Bluff quadrangle east of

Red Bluff, the upper layers of the Tuscan Formation

are nearl\' horizontal, whereas the lower layers are

deformed nearly as much as the underl\ing Cretaceous

strata. He suggests that the lower part of the Tuscan

in that area ma\' be considerabh" older than the late

Pliocene age generally accepted for the formation.

High Cascade Volcanic Series

-The time of beginning of High Cascade volcanism

is difllicult to date precisely. In the region north of

Mount Shasta the oldest of the High Cascade rocks

are vounger than the Miocene rocks of the Western

CascaHes and older than other rocks that are in turn

overlain by Pleistocene glacial moraines. They have

been referred to the Phocene, but there is no assurance

thaTThe moraines in question are not wholly of late

Pleistocene age, and hence that the older lavas them-

selves may not have been erupted in the Pleistocene.

Near the south end of the Cascade Range, northwest

of Lassen Peak, andesite lava flows of the High

Cascade rest on the Tuscan Formation (Macdonald,

1963), which is of latest Pliocene age (Axelrod, 1957,
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p. 27). These aniiesitcs cannot, therefore, be older

than latest Pliocene. They have, however, been much
eroded, and the original constructional volcanic land-

forms on them have been dcstroxed to a considerably

greater degree than on the oldest High Cascade lavas

between IVlount Shasta and the Oregon boundary.

Cpnscqucntl)-, it appears unlikely that the latter are

older than latest Pliocene, and they are more probabls-

of Pleistocene age. The basic lava flows that underlie

the Tuscan formation near Mineral are probably the

oldest exposed rocks in the High Cascade Range of

California. Conversely, onl\- relatively minor amounts

of volcanic rock appear to be later in age than the

>oungcst glaciation. The building of the High Cas-

cade took place largely in Pliocene and Pleistocene

times.

Williams (1949, p. 35) writes.

"Throughout the southern port of the High Cascades in Oregon
ond California, Pliocene and early Pleistocene times were char-

acterized by the growth of a north-south chain of large, flattish

shield volcanoes built by quiet effusions of fluid olivine basolt ond
basaltic ondesite. Great diversity had morked the behavior and
products of the volcanoes that produced the Western Cascade

series; on the contrary, the volcanoes now to be described [be-

tween Mount Shosto and the Oregon border in the Mocdoel and
The Wholebock quadrangles] were extremely uniform in their

activity; frogmentol explosions seldom interrupted the quiet outflow

of lava, and the flows themselves varied only slightly in composi-

tion despite their wide extent."

The volcanoes include Miller Mountain, Ball Moun-
tain, and the Eagle Rock shield. On the eastern edge

of the area a series of similar broad cones, including

Mount Hebron, south of Butte Valley, the McGavin
Peak and Secret Spring A4ountain, north of Butte

V^alley, are cut by faults of large displacement that

represent the edge of the block-faulted Alodoc Plateau.

The only signs of e.xplosive activity' are a few thin

beds of cinders intercalated with the flows on Secret

Spring ;\lountain, and the remains of cinder (scoria)

cones on the summits of Horsethief Butte, Ball Moun-
tain, and a small shield north of the Copco Dam.
Slightly younger than the basaltic shields is a series

; of thick flows of hornblende andesite and dacite(?)

I erupted from the Haight Mountain volcano, in the

\Bray quadrangle, just northeast of Mount Shasta,

probably soon followed by the pyroxene andesites of

Deer Mountain, Willow Creek Alountain, and the

early andesite flows of Mount Shasta. These rocks

contain abundant phenocrysts of hypersthcne, augite,

and labradorite in a pilotaxitic groundmass, with a

little tridymitc and cristobalite lining cavities. They
resemble the principal types of andesite composing
many of the big cones of the High Ca.scade (Wil-
liams, 1949, p. 40). Still later, eruptions of andesite

built the Goosencst volcano, olivine basalt flows built

the stccp-sidcd cone of The Whalcback volcano, and
finally floods of olivine basalt issued from fissures to

pour down the valley of Alder Creek and spread over
large parts of the floors of Butte and Shasta Valleys.

Small flows of this group dammed the Klamath River
to form a lake, at least 35 feet deeper than the present

Copco Lake, whose shorelines are marked by con-

spicuous deposits of diatomite.

The histor\' of Mount Shasta itself will be outlined

on a later page.

The sequence of events in the area just north of

1/a.ssen \'olcanic National Park is in general much the

same as that deduced by Williams in the region north

of Mount Shasta, outlined above. The earliest lavas,

which rest on breccias of the Tuscan Formation, lire

p\ roxenc andesites associated with small amounts of

iiornblcndc andesite and dacite. These masses, presum-

ably of latest Pliocene age, are deepl\' eroded, with

resultant complete obliteration of constructional forms,

and the position of former vents is indicated onl\' by
a few small intrusive plugs and a few cindercone rem-

nants. 1 he predominant lavas are two-pyroxene an-

desites, commonl\' with small phenocrysts of feldspar

and (jften of hypersthene. Scattered small phenocrysts

of olivine are present in some flows, and at Latour

Butte blocky augite phenocrysts as much as 1 cm long

are abundant. These andesites were gently folded on
east-northeast-trending axes and were slightl\' eroded

before they were covered locall\' by olivine-bearing

basalts and basaltic andesites considered to be of very

early Pleistocene age.

Both the andesites and the basalts w ere then broken

by a series of northwest- to north-trending faults.

Next came a succession of eruptions of basalt, basaltic

andesite, and andesite that built a series of small shields

and lava cones. Some of the andesites, such as those

of Table and Badger Mountains, at the north edge of

Lassen \'olcanic National Park, are very siliceous de-

spite their very dark color and decidedly basaltic as-

pect in the field. The Burnev Basalt, a "plateau" basalt,

rests against the base of the Badger Mountain shield.

Next came a series of eruptions of andesite that built

somewhat larger cones, including Crater Peak (gen-

eralU' known locally as Magee Mountain), and the

Brokeoff (Tehama) Volcano that later collapsed to

form the caldera in which Lassen Peak and its asso-

ciated domes were built. The construction of the big

composite cones was followed by the extrusion of

domes and thick flows of dacite.

Through later Pleistocene and Recent time, basalt,

basaltic andesite, andesite, and dacite have been erupted

more or less simultaneously. Man\' of the basalt flows

are of very large volume and extent, and in range of

t\pes are identical to the flows of the Modoc region

to the northeast. One such flow , near Whitmore, cov-

ers an area of about 25 square miles, .\nother extends

ncarl\- 30 miles, from near the northwest corner of

I,asscn Volcanic National Park to about 2 miles south-

east of Millville, nearly parallel to Highway 44 for

most of that distance. It covers an area of more than

50 square miles; and its volume exceeds 1 cubic mile,

and may be as great as 2.

A feature of this region that deserves special men-

tion is the very widespread occurrence of quartz xeno-
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crysts in the lavas. They are most common in the late

basalts, such as the well-know n quartz basalt of Cinder

Cone in the Prospect Peak quadrangle (Finch and An-
derson, 1930), but the>' are found in both basalts and

andesites ranging in age from late Pliocene to Recent.

They can be found in the basalt along High\\a\' 89 in

the pass just north of the Alanzanita Lake entrance to

Lassen \'olcanic National Park and are abundant at

Red Lake Mountain, a mile to the northwest. Not
uncommonl\' they are several inches across, and some
of them clearly show the comb structure characteristic

of many quartz veins. There seems to be little question

that they are fragments of veins picked up by the

magma in its rise through the underlying basement of

crystalline rocks. Some show no signs of reaction with

the enclosing magma, but others are rounded and

enclosed in thin reaction rims of pyro.xene.

The region south and west of Lassen \'olcanic Na-
tional Park has been studied and described by T. A.

Wilson (1961). After the deposition of the Tuscan
breccias a big strato-volcano, named by Wilson Mount
Maidu, rose around a vent located at Battle Creek

Meadows, near Mineral, in the Lassen Peak quad-

rangle. The growth of the cone was contemporaneous
w ith that of the Brokeoff \^olcano, just to the north-

east. Early eruptions of basaltic andesite were followed

by later ones of pyro.xene andesite and dacite. This

_was followed, some 1 Vi m.y. ago (potassium-argon age

by G. S. Curtis), by the eruption of two enormous
flows of rhyolite from fissures on the lower slopes of

the composite cone. One flow is exposed along Blue

Ridge and Snoqualmie Gulch, 7 miles northwest of

Mineral, and the other on the Mill Creek Plateau, 5

miles southeast of Mineral, but both are accessible only

by minor country roads. These remarkable flow s cover

an area of about 78 square miles. Their average thick-

ness is nearly 500 feet and their maximum thickness

exceeds 800 feet. The total volume is about 7.6 cubic

miles! They were followed bv eruption of glowing
dacite avalanches, probably from the same fissures that

gave vent to the more westerly of the rh\olite flows.

These avalanche deposits of pumice tuflf-breccia range

from 100 to 200 feet thick. Their present area is about

21 square miles, but large amounts of the easily eroded
material have been stripped away, and the original

area was probably two or three times as great. The
original volume of the avalanche deposits was prob-

ably at least 1 Vi cubic miles. With the eruption of

more than 8 cubic miles of rhyolite and dacite magma
from its lower flanks, it is small wonder that the sum-
mit of Mount Maidu volcano collapsed to form a

caldera! Later came a series of basalt eruptions that

built shield volcanoes with summit cinder cones, or

cinder cones with associated lava flows. One of the

latter is Inskip Hill, the edge of which is crossed by
Highway 36 about 20 miles east of Red BluflF.

Little information is available on the part of the

Cascade Range between Mount Shasta and the row
of quadrangles (Whitmore, Manzanita Lake, and Pros-

pect Peak) which include the northern part of Lassen

V^olcanic National Park. The stratigraphic relation-

ships appear to be much like those described for the

parts of the range to the north and south except that

in part the basic lavas rest directly on the pre-Creta-

ceous rocks of the Klamath Mountains. Along High-
way 299 west of Burne\', on the Hatchet .Mountain

grade that ascends the fault scarp at the east side of the

range, are exposed a series of mudflow breccias which
appear to be too high in the volcanic sequence to be

equivalent to the Tu.scan Formation. On the same
highway, 0.2 mile uphill from the 4,000-foot altitude

marker, massive glowing-avalanche deposits contain

numerous fragments of w hite to cream-colored pumice
up to 6 inches long. Similar deposits, exposed for half

a mile westward, commonl\' contain man\' fragments

of andesite and dacite. The same or similar beds, one

of them containing many dark irregular bombs and

lapilli of andesitic cinder, are conspicuously' displayed

in roadcuts and a quarry just west of Hatchet .Moun-

tain summit, interbedded with flows of andesite. These
rocks appear to be of about the same age as the folded,

very late Pliocene volcanic rocks in the Manzanita

Lake quadrangle.

The Hatchet .Mountain fault, west of Burney, ap-

pears to be older than the basaltic shield of Goose
.Mountain (northeast Montgomery Creek quadrangle),

which is built against the base of the scarp. The cone

of Burney .Mountain, one of the major peaks in this

part of the range, appears to be built almost entirely

of block-lava flows of basaltic andesite, though it ma\-,

like .Magee Mountain just to the south, have a pyro-

clastic core (Macdonald, 1963). Burne\- Mountain

shows no sign of having been glaciated, and at least

its carapace is probably of Recent age, though it ap-

pears to be older than the twin cinder cones and

associated basalt lava flows at its southeast base.

Just north of the Pit River, the andesites and basalts

mapped b\' Powers (1932, pi. 1) along the east edge of

the Cascade Range as his massive lava group also ap-

pear to be equivalent, at least in part, to the late

Pliocene volcanic rocks of the Manzanita Lake and

Whitmore quadrangles. Their original surface forms

have been destroyed b\' erosion and the\' have been

severely glaciated, but they are less deformed than the

nearby rocks of probable Miocene age of the Cedar-

ville Series of Russell ( 1928) in the .Modoc Plateau and

have been regarded b\- Powers (1932, p. 2.i9-260) as

probably of Pliocene age.

A series of interbedded basaltic and andesitic lava

flows, mudflow deposits, volcanic sediments, and a

little diatomite are exposed along the gorge of the

Pit River west of Lake Britton (Aune, 1964, p. 187)

and dip in general l.*i'-30° northeastward. They are

overlain unconformabl\' by diatomaceous sediments

deposited in a lake that occupied the site of the pres-

ent Lake Britton but was considerabh' more extensive.

According to G. Dallas Hanna, the diatoms in these

sediments are of Pliocene age, probably not younger
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Photo 1. Mount Shosto. Photo by G. Do//os Hon

than middle Pliocene (Aune, 1964, p. 187). On that

basis, Aune infers a Miocene age for the volcanic rocks

along the Pit River gorge. The latter rocks resemble

those of the Cedarvilie Series a few miles to the east,

in Fort Mountain (southeastern Pondosa quadrangle)

and its southward continuation, and probably should

be correlated with them. P'urther work probably will

demonstrate that the late Pliocene and Pleistocene vol-

canics of the Cascade Range have here buried one of

the fault blocks of the Cedarvilie Series characteristic

of the Modoc province.

Mount Shasta.—The beautiful double cone of Mount
Shasta is the largest of the Cascade volcanoes. From a

base about 17 miles in diameter, it rises to an altitude

of 14,162 feet, some 10,000 feet above the average

level of its surroundings. Its volume is about 80 cubic

miles. The slope of the cone diminishes from about

35 near the summit to i° near the base. The geolog\-

of Mount Shasta has been described b\- Diller (1895b)
and Williams (19321), 1934); the following account is

taken largely from the papers 1)\- Williams.

To the south and west, the lavas of Mount Shasta

rest in part on older (late Pliocene?) andcsitcs of the

High Cascades and slightly altered volcanics of the

Western Cascades, and in part on metamorphic and
plutonic rocks of the Klamath Mountains complex.
Haystack Butte, in the southeast corner of the Dwin-

nell Reservoir quadrangle, 10 miles north-northwest

of the summit of the mountain, is a steptoe of the

latter rocks projecting through basalt and andesite

flows of Mount Shasta. To the cast, the Shasta flows

disappear beneath a cover of later volcanics.

The main cone of Mount Sha.sta is so \'oung that

onh" its outermost part is exposed by erosion. The
deepest canyon, that of Mud Creek, on the southeast

flank, has cut into it only about 1,500 feet. The visible

portion of the cone consists, according to W'illiams,

almost entirely of massive, poorly banded, moderately

vesicular lava. Individual flows attain a thickness of

200 feet but average onl\- about 50 feet; apparently

all originated from the single central vent. Block lava

and aa flows are rare and largely confined to the

upper part of the cone. The lavas of the basal part of

tiic cone are predominantlx' basaltic andesite, whereas

the later lavas of the upper part arc predominantl\-

p\roxene andesite, with a lesser amount of dacite.

Some of the latest flows contain basaltic hornblende,

and the very summit of the mountain consists of sol-

fatarizcd dacite. P^roclastic materials are present onl\

in small proportion. Fragmcntal beds in the walls of

Mud Creek Canyon, which are among the oldest ex-

posed rocks of the cone, appear to be mudflovv de-

posits, and Williams comments (1934, p. 231) that

mudflows must have been numerous and extensive



1966 Macdonai.d: Cascadk Rangi- and Modoc Platkau 75

during the rise of the main cone of Shasta, in the

Pleistocene Epoch, when much of its surface was
covered with glaciers.

Late in the history of the volcano, a fissure opened

across the cone in a nearly north-south direction, and

along it eruptions formed a series of domes and cinder

cones with associated lava flows. Gra\- Butte and the

AlcKenzie Buttes, on the south side of the mountain,

are domes belonging to this series, and nearb\' Red
Butte and Signal Butte (formerly called Bear Butte)

are cinder cones. Gra\' Butte is hornblende-pyroxene

andesite, and the McKenzie Buttes are glassy dacite.

On the north flank of the mountain, in northwestern

Shasta quadrangle, the two prominent hills just south-

west of North Gate are dacitic domes on the same

line of fissuring, and North Gate itself marks the vent

of a young flow of basalt that overlaps the western

edge of The Whaleback shield volcano. About 2.5

miles east-northeast of North Gate, a mile south of

Militar\' Pass, is the steep blocky front of a slightly

older flow of andesite that originated on the upper

slope of the main cone in the vicinity of the present

Hotlum Glacier.

At the southwestern base of Mount Shasta, just

west of the line of vents mentioned above, is Everitt

Hill, a shield volcano with a small cinder cone at its

summit. Flows of basaltic andesite from this vent e.x-

tend southwestward down the canyon of the Sacra-

mento River for more than 40 miles (Williams, 1934,

p. 2.^5). The columnar-jointed lava, at places over-

lying river gravels, is well exposed in cuts along High-
way 99. At Shasta Springs, in the northeastern corner

of the Dunsmuir quadrangle, a large volume of water

issues from the base of this flow, where it is perched

by underlying stream-laid sediments.

Also very late in the history of the volcano, and
possibly at about the same time as the development
of the north-south fissure, an east-west fissure opened
on the western flank of the mountain. Eruptions along

this fissure built a small lava-and-cinder cone a mile

west of the summit, and shortly afterward short thick

flows of pyroxene andesite began to erupt from an-

other vent half a mile farther west, building the lateral

cone of Shastina, which eventually grew to nearly

rival the main cone in height. The last eruptions

of Shastina built two small domes and a small dikelike

plug of hornblende andesite within the crater. Extend-
ing from a deep notch in the crater rim do\\n the

western slope of Shastina is Diller Canyon, a \^-shaped

gash averaging about a quarter of a mile across and
as much as 400 feet deep. Williams (1934, p. 236)

suggests that it may hav-e been formed b\' violent

downward-directed explosions and glowing avalanches

resembling those of Mount Pelee in 1902, which fol-

lowed the rise of the domes in the crater. The explo-

sions and resulting avalanches ma\' have been guided
by a preexisting fracture. The sides of the can\()n and
the surface near its distal end are mantled with angular

blocks of hornblende andesite like that of the domes,
almost certainly deposited by avalanches, but at tem-
peratures too low to produce bread-crusting of the

blocks or alteration of the hornblende crystals on
their surfaces (Williams, 1934, p. 236). No doubt the

avalanches modified the form of the mountain slope,

but whether they alone could have formed the great

gash remains in doubt.

The domes in the crater of Shastina are of post-

glacial age, their surfaces being wholly unmodified b)-

ice action, although most of the surface of Shasta and
Shastina was covered by Pleistocene glaciers. On the

west, ice descended to the level of the valley at the

base of the mountain, and on the cast ice from the

Shasta center extended outward over the Modoc Pla-

teau. Evidence of only one stage of glaciation has

been recognized, but since the mountain was probably

in active growth throughout the Pleistocene, deposits

of earlier glacial stages have probably been buried by
later lavas.

At present, the Wintun Glacier, on the east side of

the mountain, extends down to an altitude of about

9,125 feet, and on the northwest slope the Whitney
Glacier reaches about 9,850 feet. The glaciers of

Mount Shasta have been shrinking rapidly during re-

cent decades. In 1934 Williams estimated that the\-

covered an area of slightly more than 3 square miles,

whereas in 1954 they covered only about 2 square

miles. In 1895 Diller reported the length of the Kon-
wakiton Glacier, on the south slope of the mountain,

to be about 5 miles, but its present length is scarcely

more than 0.25 mile. Edward Stuhl estimated that dur-

ing the year 1924 alone the length of the glacier de-

creased three-eighths of a mile (Williams, 1934, p.

252). Rapid melting of the snow and ice during dr>'

years results in torrents of water which issue from the

snout of the glacier and rush down the canyon of

Mud Creek. Undermining of the canyon walls, formed

of old mudflow breccias, sometimes results in land-

slips that form temporar\- dams, which ma\' then be

breached to release floods that travel down the can-

\on to overflow and spread mudflow debris over the

lower slopes of the mountain.

Probably even later than the domes in the crater of

Shastina is a series of block-lava flows of pyroxene

andesite erupted from progressively lower vents on

the west flank of the cone, covering an area of nearly

20 square miles. Like the summit domes, these flows

are of postglacial age, one of the earliest of them issu-

ing from vents in the .side of the terminal moraine of

the \\'hitney Glacier. In the walls of Whitney and

Bolam Canyons, moraines are exposed beneath the

lava flows. The surfaces of the flows are almost per-

fecth' preserved, and the youngest of them probably

are not more than a few hundreds of years old.

At the west-southwest base of Aiount Shasta, be-

tween the towns of Mount Shasta and Weed, High-

way 99 skirts the base of Black Butte, a dome of horn-
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blende andcsitc. The luoiiiuain is about 2,500 feet high

and 1.5 miles in basal diameter, and owes its almost

perfectly conical form to the great banks of crumble

breccia that completely- mantle the solid core of the

dome e.xcept for a few crags near the top.

The latest eruptions of Mount Shasta appear to have

been from the summit \cnt of the main cone; the\

produced a deposit of h\ pcrsthene andesite pumice

and cinder containing blocks, lapilli, and bombs of

dark glass\' andesite. This deposit mantles the cirque

heads and forms the Red Hanks on the south side of

the summit crater (Williams, 1934, p. 231). The final

explosion, which covered the upper part of the moun-
tain with a thin layer of brown pumice, may have

taken place in 1786, when an eruption apparently in

the general location of Mount Shasta was recorded by

La Perouse as he cruised along the coast (Finch, 1930).

Photo 2. Shasta Mountoin. From the Wilkes Exploring Expedition,

in the niid-19th century.

At present, the summit crater of Mount Shasta is

filled by a snowfield about 600 feet across, with a

small acid hot spring at its margin. When the moun-
tain was first climbed by E. D. Pearce in 1854, there

were about a dozen such springs, emitting prominent
clouds of steam (William.s, 1934, p. 239). The spring

water contains free sulfuric acid, and ranges in tem-

perature between about 166°F and 184°F, depending
on weather and the amount of dilution b\- melt water
from snow. The rocks \\ithin and around the crater

are partly opalized and otherwise altered b\' solfataric

action.

Lassen Peak rey^iov.—Many of the rocks and struc-

tures of the region around Las.sen Peak arc directly

continuous with those of the Manzanita Lake and
Prospect Peak quadrangles (Macdonald, 1963, 1964),

mentioned above. Although the oldest rocks of the

Lassen region are isolated from those to the north by
intervening younger volcanics, they can be correlated

with them with considerable certainty. The rocks
named the Juniper Ande.sitcs by Williams (1932a) arc

similar petrographicall\ and in degree of deformation

and erosion to the [ate Pliocene andcsites of the more
northerly region, and both are clearly overlain by the

almost-continuousl\'-exposed I'.astern Basalts. The ear-

lier Willow Lake Basalts of Williams (1932a) are

probably c(]ui\alcnt to Pliocene volcanic rocks in the

region northeast of Lassen \'olcanic National Park.

1 he gcologs' of Lassen N'olcanic National Park has

been studied in detail b\- Williams, and we cannot do
better than to (]uote his extended summar\' ( Williams,

1932a, p. 216-219):

"The earli< ivity seems to be

Its exposed olong the southern I

:e of these lavas nothing is o

wed by the eruption of o th

!sites, here termed the Juniper

Juniper Loke for a distonce of

1 issued from vents that lie con(

ded in

of the

Willow loke

c, but of the

'esent known. They were
series of ploty pyroxene

s, which extend westward

( four miles. Possibly these

d beneath later ejecta in

the region lying to the east of the Park. At about the same time a

series of black, porphyritic lavas— the Twin Lakes ondesites- poured

out from o number of vents on the Central Ploteou, flooding on

area of at least 30 square miles * * *. Petrogrophicolly, these

Twin Lakes ondesites ore peculiar by reason of their content of

quartz xenocrysts, a feature deserving especial mention in view of

the fact that the lavas lie adjacent to the recently erupted quartz

basolt of Cinder Cone * * '.

"At some time following the extrusion of the Twin lakes onde-

sites, vents opened in the vicinity of White Mountain [northwestern

corner of the Mount Horkness quadrangle] ond pyroxene ondesite

flows poured from it, chiefly to the south and east, extending for

some five miles as far as the head of Warner Valley. To these

flows the name Flatiron ondesites has been applied. By this time

the whole eastern portion of the Pork seems to hove been trons-

formed into a relatively flat lava plain, conspicuously devoid of

pyroclostic accumulations.

"The next event was a renewal of activity immediately to the

east of the Pork, whereby thick flows of pyroxene bosolt— the

Eastern basalts—were poured out onto the Juniper ondesites.

Subsequent erosion of these basalts, which may not have extended

much farther west than at present, produced the rugged hills that

limit the Pork on the east. Toward the close of this phose of

activity there were many important pyroclostic eruptions, and
possibly about the some time— the exact chronology is open to

doubt-ondesitic ond bosoltic cones were octive along the northern

boundary of the Pork, in the vicinity of Badger and Table

Mountains.

"Meanwhile an enormous volcano had gradually been rising in

the southwest corne

about 11,000 feet

of the ultii height

thi!

but no

bosolts

of its e

lent to the n

)t improbobl

being

d flow!

Irokeoff Coi

ime "Tehan

of telling '

tely

sr of perho

has been adopted. [This term is

Volcano" used by other writers.]

;n the cone commenced activity,

it was in existence when the Willow Lake

upted. However that may be, most if not all

ppeor to be later than the Flatiron lavas. In

a general way it may be said that the earliest of the BrokeofI

lavas ore ougite ondesites, above which follow hypersthene onde-

sites interbedded, toward the top of the cone, with much tuff and
breccia. The principol vent of this greot volcono loy in the neigh-

borhood of Supons (Tophet) Springs j now Sulphur Works].

"At some period during the later history of the Brokeoff cone,

fluid lovas were being erupted from four shield volcanoes of

Hawaiian type, situated one ot each corner of the Central Plateau,

namely Raker and Prospect peoks. Red Mountain, and Mount Hork-

ness. By that time the Juniper and Flotiron ondesites hod been

deeply denuded so that the new lavas poured over an uneven

surface, many of them spilling down the sides of large valleys.

Excepting Roker Peak, which is composed of pyroxene ondesite,

each of these brood, low cones or "shields" consists of pyroxene

bosolt, and oil four ore surmounted by well preserved cinder cones

that rise within central, summit craters.

"The eruptions of Red Mountain had entirely ceased when on

irregular body of rhyolite was intruded into the cone at its

northern base; likewise the Roker Peak volcono hod long been

dormont when a steep.sided, endogenous dome of hornblende-mico

dactte was protruded through its southern flank * * *

%
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Photo 3. Lassen crater on

June 2, 1914. Phofo by B. F.

loomis.

Photo 4. Lassen crater, erup-

tion of September 29, 1914.

Photo by B. F. toomis.
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Photo 5. Lautn Peak June

11, 191S. Phofo by B. F. Loomit.

^jf\ *>»*>

r':.-^

»*.^,„.lii*T.^i»£^

Photo 6. Volconic bomb from

Louen Peak eruption, 1915.

Photo hy B. F. loomit.

v^.V.
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Photo 7. Lassen "mud flow" May 24, 1915. Photo by B. F. ioom'n

"Approximately ot this time a new vent opened on the northeost

slope of the Brokeoff cone, probably close to, if not immediately

beneath the [present] edifice of Lassen Peak. As for as can be

judged from the meager evidence this event was unheralded by

strong pyroclastic explosions. From this new crater streams of fluid

docite flowed radially, but chiefly toward the north, piling up lovo

to a thickness of 1,500 feet. These are the black, glassy, beauti-

fully columnar lavas that now encircle Lassen Peak, here referred

to as the pre-Lassen dacites. If they ore studied from the base

upward, it will be found that their content of basic inclusions

increases more or less regularly until in the topmost dacites of

Loomis Peak [2 miles west of Lassen Peak] the inclusions may
constitute as much as half the total volume. Mention is here made
of this phenomenon because the docite of Lassen Peak itself Is

likewise heavily charged with similar basic Inclusions. Without

doubt the large, almost structureless moss of Lassen represents a

crater filling or plug-dome of Peieon type. The fluid, gos-rlch

magma has escaped from the crater to form the pre-Lassen flows;

subsequently the gas-poor dacite, carrying with It abundant frag-

ments from the hornblendic, basic crust of the magma reservoir,

welled up sluggishly to build Lassen Peak. As the lava rose, partly

solid and partly viscous, the margins of the dome were abraded
and polished against the walls of the vent and the surface of the

growing pile crumbled continually so as to construct enormous
banks of talus.

"Smaller domes of viscous dacite rose to the south of Lassen

Peak—at Bumpass Mountain, Mount Helen, Eagle Peak, and Vul-

can's Castle—and some were connected with short, stumpy flows.

Perhaps at this time also the dacite domes of Morgan and Boy
Scout Hills were protruded through the southern base of the Broke-

off Volcano, and the dome of White Mountain was upheoved
through the vents from which the Flotiron ondesites had long

before been erupted. Perhaps the domes that border Lost Creek

also originated at this time. All these domes must hove risen with

great rapidity compared with the rote of growth of the earlier

strato-volcanoes.

"Whether or not the emission of so much dacite was the imme-

diate cause cannot be determined, but for some reason this phase

of activity was succeeded by the collapse of the summit of the

BrokeofT cone along a series of more or less vertical faults, thereby

producing a vast caldera, approximately 2V^ square miles in extent.

In its mode of origin this caldera therefore simulates that of Crater

Lake, Oregon. Many of the principal hot springs of the Lassen

region are to be found within this faulted caldera of the BrokeofF

"Lassen Peok had probably risen to its present height when o

parasitic vent. Crescent Crater, erupted flows of dacite from its

northeast flank. Then, about 200 years ago, a line of dacite cones

developed at the northwest base of Lassen, from which showers of

tuff and pumice were exploded. Two more or less cylindrical bodies

of viscous dacite, each about a mile In diameter, were subse-

quently protruded through these cones and now form the Chaos

Crags. Hardly hod the later, northern dome of dacite been em-

placed, having risen some 1,800 feet, than steam explosions issued

from its northern base, causing that whole side of the moss to

collapse and precipitating a great avalanche of angular blocks

which lie strewn over an area of 2^/^ square miles, o wilderness

of debris known as the Chaos Jumbles * * *

"The complicated history of Cinder Cone, in the northeast part

of the Park, commenced with violent pyroclastic explosions, pro-

ducing not merely the cone Itself but mantling on area of more

than 30 square miles with a sheet of fine ejecta. Possibly this

occurred about 500 A.D. Subsequently blocky flows of quartz

bosolt were erupted and after these hod been partly concealed

by the products of further explosions, there were at least two
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Photo 8. Losten Peck erup-

tion, 1915. Photo courtesy of

Oakland Tribune.

Photo 9. Cinder Cone, Lassen

Volconic Notional Pork. This

area was in eruption in the

1850s. Phofo by Mory Hill.
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Photo 10. Chaos Crags, Chaos

Jumbles. Pho»o by Robert Stin-

netf, courtesy of Oakland Trib-

Photo 1 1 . Manzanita Lake and
Lassen Peak. Pho(o by Mary Hill.
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Photo 12

more eruptions of block/ lovo, the latest of which is reliably doled
OS occurring in 1851.

"Steam was seen to be rising from the domes of the Chaos
Crags as late as 1857, but no further important eruptions took
ploce in this region until Moy, 1914, when Lassen itself burst into

activity. For a year explosions recurred ot irregulor intervals. In

May, 1915, o moss of lava rose into the summit crater, spilling

over the rim on the northwest and northeast sides and causing
extensive mud flows by the melting of the snows. On May 22, a
horizontal blost issued from the northeast side of the crater,

resulting in further damage along the headwaters of Hot and Lost

creeks. Thereafter activity declined, finally ending in the summer
of 1917. Since that dote the volcano hos loin dormant."

Heath (1960) has shown that the Chaos Jumbles
were produced by several, probably three, separate
avalanches. His date of approximately 1700 A.D. for
the formation of the last portion of the Jumbles, based
on tree-ring counts and an estimate of the time re-

quired for establishment of vegetation on the deposit,
is a good confirmation of Williams' earlier estimate of
appro.ximately 200 years for the age of the deposit.

Another e\'ent late in the history of the volcano was
a glowing avalanche that swept down the valley of

.Manzanita Creek, northwest of Lassen Peak, depositing

an unsorted mass of pale-gra>- to white dacite blocks

and weakly breadcrusted pumice bombs in a matrix

of dacite ash (Macdonald, 1963). The deposit can be
seen at the Sunset Campground, west of Manzanita
Lake, and a small remnant crosses the highway just

outside the Manzanita Lake entrance to the National
Park, w here it rests on the Chaos Jumbles. Charcoal
fragments from the deposit close to the campground
> ieid a C'' age of less than 200 years (Rubin and Alex-
ander, 1960, p. 156). The avalanche appears to have

come from Lassen Peak but ma\' have occurred at

about the time of the last eruption of the Chaos Crags.

Brief mention should also be made of the pumice
ejected during the 1915 eruption of Lassen Peak. The
pumice is conspicuously banded, \\ ith light streaks of
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dacite and dark ones of andesite. The bands appear to

represent two distinct magmas, imperfectly mixed at

the time of eruption (Macdonald and Katsura, 1965).

Many blocks of this banded pumice can be found in

the vicinity of the Devastated Area parking lot, near

the eastern base of Lassen Peak.

Several groups of hot springs and fumaroles exist in

and near Lassen Volcanic National Park. Supan's

Springs, at the Sulphur Works, on Highway 89 near

the south entrance of the park, issue from andesite

flows and breccias of the BrokeofF Volcano within the

caldera, as also do others along Mill Creek and its

tributaries. Sulphur Creek and Little Hot Springs

Valley. The springs and fumaroles of Bumpass Hell

occupy a basin between the dacite dome of Bumpass
Mountain and the andesites of Brokeoff Mountain.

Most of the springs contain small amounts (19 to 436

mg/1) of sulfuric acid, derived from the oxidation of

H2S in rising magmatic gases, either directly, or by
oxidation of native sulfur that is in turn derived from
H2S (Day and Allen, 1925, p. 113, 138). In each spring

area the highest temperature of the water generally is

close to the boiling temperature at the altitude of the

particular spring or fumarole—91° to 92°C at Bumpass
Hell and Supan's Springs—but fumarole temperatures

as high as 117.5°C have been observed. Depending
largely on the abundance of the water supply, the

springs vary from clear pulsating springs to mud pots,

the spattering of the latter sometimes building enclos-

ing cones to form mud volcanoes. There are no true

geysers. The rocks around the springs are altered, ulti-

mately largely to opal and kaolin, accompanied by
minor amounts of alunite (Anderson, 1935). The
structures and textures of the original rocks are often

almost perfectly preserved in the opalized residuals.

Where acidity is comparatively high, nearly pure opal

is formed, but where it is lower, kaolin is the principal

product. In addition to opal, kaolin, and alunite, the

sediments in the springs and along their drainage chan-
nels contain sulfur, pyrite, tridymite, and quartz. The
two latter minerals may be in part residual from the

original rocks but appear to have been formed partly

within the hot springs.

The area of solfataric alteration within the BrokeofF
caldera is approximately 5 square miles and is much
more extensive than the present hot-spring basins

(Williams, 1932a, p. 259). Solfataric and hot-spring

activity seems to have been at one time much more
widespread than it now is.

Studies by R. W. Bowers and L. C. Pakiser over
an area of 4,000 square miles in the southern Cascade
Range and adjoining Modoc Plateau have demon-
strated an area of negative gravity anomaly that is cen-

tered in the Lassen region and extends southeastward
into the Lake Almanor basin (Pakiser, 1964). The
gravity low, which covers an area of about 2,000

square miles, has a maximum amplitude of 70 mgals
and a steep gradient of 8 mgals per mile on the west-

ern side. Pakiser finds that it can be explained by a

volume of about 15,000 km^ of light material in the

outer part of the earth's crust, with a density contrast

between it and the enclosing rocks of 0.2 grams per

cm''. Possible explanations of the low-density mass in-

clude: (1) a batholith of silicic rock beneath the vol-

canic rocks; (2) a thick accumulation of sedimentary

rocks beneath the volcanic rocks, deposited in the

Lassen Strait; (3) a low-density mass caused by ther-

mal expansion of crustal rocks resulting from vol-

canic heat; (4) a volcano-tectonic depression filled

with light volcanic rock. All four may contribute to

the deficiency of gravity in the area. Certainly, heat-

ing of adjacent rocks must have occurred during the

rise of magma through the volcanic conduits, and
Pakiser (1964, p. 618) considers that this may explain

the local gravity lows observed in the vicinity of some
of the volcanoes, such as Lassen and West Prospect

Peaks. Also, petrographic evidence suggests the fusion

of crustal material to suppl\' some of the erupted lavas

(Macdonald and Katsura, 1965, p. 479-480), which
ma\' have resulted in the formation of a low-densit\

batholithic mass beneath the area. Partly because of

the steep gravity gradient on the western edge of the

region, the fourth explanation appears the most likels

for the major part of the anomaly (Pakiser, 1964, p.

618). Pakiser makes the reasonable suggestion that the

sunken region was the source of the Nomlaki Tuff

and that large volumes of low-density ash and other

volcanic material were deposited in the subsiding

structure. Similar deficiencies of gravity are found at

many collapse calderas and volcano-tectonic depres-

sions in continental regions.

Medicine Lake Highland.—The Medicine Lake area

(Medicine Lake and adjacent quadrangles) has been

studied by C. A. Anderson, and the following brief

account is abstracted from his report (1941 ).

The oldest rocks in the region are a series of frag-

mental deposits of basaltic and andesitic composition,

correlated by Powers (1932, p. 259) with the Cedar-

ville Series in the Warner Mountains, 60 miles to the

east. Similar rocks are widespread in the Modoc region

north, east, and south of Medicine Lake. They have

been block faulted, and the lower parts of the fault

blocks buried by the widespread "plateau" basalts re-

ferred to by both Powers and Anderson as the Warner
Basalt. Both the Cedarville Series and the Warner
Basalt will be discussed in the section on the Modoc
Plateau; it will suffice here to say that they appear

to be the basement on which the rocks of the Medi-

cine Lake Highland accumulated.

Northwest of the Highland, the Warner Basalt is

covered by a sheet of massive andesite tuff. Near Dock
Well, 7 miles northwest of Medicine Lake, the tuff

is more than 200 feet thick, with no visible stratifica-

tion. It ranges from gra\- to pink or buff in color,

and contains pumice fragments commonly up to an

inch across, in places up to 3 inches across, in a fine
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Photo 13. Bumposs Hell, louen
Volcanic Notional Pork. Pholo by

Mary Hill.

Photo U. Devils Kitchen, Lassen

Volcanic National Park. Pholo by

Mary Hill.
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silty matrix. Some of the pumice lapilii are flattened

and stretched, and the glass is partly devitrified. In

places the tuflF is slighth- \\elded (Anderson, 1941, p.

356). There appears to be little question that it is the

product of a glowing avalanche (pumice and ash

flow). Its source is unknown, hut probabl)' it is ge-

netically related to flow s and domes of platy rhyolite

and rh\olite obsidian that crop out at nine places

around the base of the Aledicine Lake volcano. These
obsidians are locally spherulitic, and in the mass be-

tween Cougar Butte and the road from Lava Beds
National Monument to Tionesta (Timber Mountain
quadrangle), lines of spherulites give it a pronounced
parallel structure. At the same locality, lithophysae

are lined with cristobalite and small black tablets of

fayalite (Anderson, 1941, p. 356). At one place on the

north slope of the Highland, a small mass of stony

dacite overlies the obsidian. The distribution of the

rhyolites indicates that the\- are related to a volcanic

center beneath the present Highland.

West of Medicine Lake Highland, a group of cones,

as much as 1,000 feet high, are built of very massive

basalt containing conspicuous phenocrysts of white

plagioclase and reddish-brown altered olivine. Some
of the lava flows must have been quite viscous, since

the north side of the cone a mile northwest of Pumice
Stone .Mountain consists of a series of superimposed

flows, each ending in a steep front, giving the slope a

terraced aspect (Anderson, 1941, p. 357). The massive

basalts are probably of about the same age as the

rhyolites mentioned in the last paragraph.

The growth of the present Highland began w ith the

eruption of rather fluid pyroxene andesites, which
gradually built up a broad shield volcano some 20

miles across, with a slope of onl\' about 3°. No inter-

calated p\'roclastic material is found. The flows consist

of a dark-gra\- vesicular surface portion, 3 to 6 feet

thick, terminating sharply against an interior medium
to light-gra\' dense portion characterized by conspicu-

ous platy jointing. The earliest lavas contain 2 or 3

percent of small phenocrysts of \'ellow ish olivine,

whereas the later ones are generall\- olivine free. The
platy andesites overlie the massive basalts, the ande-

site tuff, and the rhyolites. They are best exposed on
the northwest side of the Highland, but most of the

shield has been buried beneath later volcanics.

The ultimate height of the shield was probabl\-

about 2,500 feet, but Anderson (1941, p. 352, 359-362)

concludes that after the grow th of the shield its sum-
mit collapsed to form a caldera 6 miles long and 4
miles wide, w ith its rim some 500 feet below the level

of the former summit. Lava then rose along the arcuate

marginal fractures, poured as flows into the caldera,

and built cones that eventuall>- surmounted the caldera

rim and allowed some of the later flows to pour down
the outer slope of the shield. The result was a series

of eight separate rim volcanoes around the caldera

which have completeh' hidden the former caldera

boundaries. The present lake basin is the depression

left between these rim cones.

The earliest postcaldera lavas were platy olivine-

free andesites, resembling the last precaldera lavas.

Later these gave wa\- to olivine andesites, dacites, and
rh\olites. The eruptions of plat\- andesite built ridges

around the north, west, and south of the basin, the

northern one capped b\- four cinder cones. A small

mass of perlitic rhyolite is associated w ith the andesite

in the western ridge. Presumably a similar, hut some-
what lower, ridge was built on the cast side of the

basin, since its lavas are exposed northwest of Mount
Hoffmann, but it is largel\ hidden b\- later volcanics

of three separate complexes: Red Shale Butte, and
L\ons Peak, both about 5 miles east of Medicine Lake,

and Mount Hoffmann, 2 miles east of Medicine Lake.

\'olcanic activity in the Red Shale Butte complex
started with eruption of platy olivine andesites resem-

bling the early lavas of the underlying shield. These
were followed by the Lake basalt of Powers (1932)
—a flow of coarsely porphyritic olivine basalt that

poured into the central basin and now forms the east-

ern and northeastern margins of .Medicine Lake. The
Lake basalt contains numerous phenocrysts of white

plagioclase along with those of yellow-green olivine.

It was followed by platy andesites, resembling those

in the ridges north and south of the basin that built

Red Shale Butte and Lyons Peak. In the latter com-
plex, some of the lavas are dacitic and contain large

amounts of brownish glass. In contrast, the Mount
Hoff^mann complex consists largely of silicic lavas, pre-

dominantly rhyolites, with basalt flows at the base:

"The Mount Hoffmann complex is essentially a circular table

built up by successive outpourings of very viscous perlitic rhyolite,

each flow ranging from 50 to 150 feet in thickness * * *. The

closing stages of activity at the summit were marked by the erup-

tion of a short eastern tongue of perlitic rhyolite, about 100 feel

in thickness, followed by the protrusion of a dome about 200 feel

high above the short flow. The two, combined, form a topographic

dome some 300 feet above the circular table. (Anderson, 1941

p. 356.)

"The picture during the late Pleistocene was undoubtedly that

of a northern ridge of platy andesite passing into the circular table

of Mount Hoffmann perlitic rhyolite, separated by on ice cop from

the Red Shale Butte complex of basalt and platy andesites, which

in turn was separated from the Medicine Mountoin platy andesites

by a second ice cap. A third covering of ice occupied the broad

ridge of ploty andesites west of the summit basin ' * *. As the

ice disappeared. Medicine Lake came into existence, filling the

summit basin. Continued volcanic activity produced cones and leva

flows, ond most of the later products show weak or no glaciated

surfaces and for that reason hove been related to the Recent * * *."

(Anderson, 1941, p. 367.)

More than 100 basaltic cinder cones, ranging in age

from late Pleistocene to Recent, are present in the 400-

square-mile area of Anderson's map. The\- are scat-

tered over the entire Highland, on the floor and rim

of the summit basin as well as on the outer slopes of

the old shield, and on the surrounding plateau. The
cones in the summit basin and on the rim "stand alone"

(Anderson, 1941, p. 36H), but most of the others are

accompanied by lava flows. Great floods of basaltic

lava were poured from vents on the north, east, and
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south flanks of the Highland. These were termed the

.Modoc Basalt 1)\- Powers (1932, p. 272). They include

the flows of the Lava Beds National Monument.

"In many pieces the Modoc bosott flows emerged from fissures

bearing no relationship to cinder cones. One of the most striking

examples is on the rood north of High Hole Crater [on the south-

east flank of the Highland], where o fissure supplied port of the

lava for the Burnt Lava flow. {The rest of the flow came from

High Hole Crater.) Another good exompte con be seen * * * east

of Lava Comp (on the northern flonk of the Highland), where

three fissures discharged bosott to the northern lava field."

(Anderson, 1941, p. 368.)

Flows of the Modoc Basalt include nearly aph>ric

rocks, containing onl\- a few small phenocrysts of

olivine and an intcrsertal texture that ma\' be seen

with the hand lens, and porphyritic rocks with con-

spicuous plagioclase phcnocr\sts in a dark-gra\' apha-

nitic, microcr\'stalline, hyalo-ophitic to hyalopilitic,

rarel\- intergranular or intersertal, groundmass. Tlic

basalts of the latter tvpc grade into andesites. Flows
of the first t\pe include both pahochoe and aa, with

pahoehoe predominant. The flows of the second type

are nearly all aa, grading into block lava, and are

commonly younger than those of the first t\pe. The
flows of the Lava Beds National Monument will be

discussed in the ne.xt section.

Three very recent basaltic lava flows on the flanks

of the Medicine Lake Highland are singled out for

special mention. All three are largel\' aa, but locaih'

have pahoehoe and block-lava surfaces. Possibly the

oldest of the three is the flow called the Callahan flow

by Peacock (1931, p. 269). It covers about 10 square

miles on the lower northern slope of the Highland.

The Paint Pot Crater flow (Anderson, 1941, p. 371),

just southwest of Little Glass Mountain on the south-

west flank of the Highland, has an area of onl\' about

1 square mile. Its source. Paint Pot Crater, is a basalt

cinder cone mantled with a thick la\cr of white pum-
ice from the eruption of Little Glass Mountain. Pum-
ice Stone Mountain, just to the north, is an older

basaltic cinder cone similarly covered by pumice.

Most picturesque and youngest in appearance is the

Burnt Lava flow (Peacock, 1931, p. 269-270) on the

southern flank of the Highland, easily accessible by
the road that leads southeastw ard from Medicine Lake.

The lava issued from the vent marked by the cinder

cone of High Hole Crater and from a fissure just to

the north. The lava field covers an area of about 14

square miles, but consists of at least two flows of

diflFerent age (Finch, 1933): The older is a highly

oxidized aa exposed near the south end of the field,

and the younger consists of pahochoe partly over-

ridden by aa \\ hich has buried a large part of the older

flow. The lava is basaltic in appearance, but chemi-

cally it is a basaltic andesite, with a silica content of

more than 55 percent and a color index of le.ss than 30.

The same is true of many other flows in the Modoc
Basalt and other young basaltic flows of the Modoc
Plateau.

\'er>' late in the history of the .Medicine Lake

Highland came a series of silicic eruptions. These in-

clude: A black, glassy to stony flow of dacite poured

out on the floor of the summit basin just north of

Medicine Lake, where it covers about 1 square mile;

another dacite flow in the gap between Mount Hoff-

mann and Red Shale Butte; another slightl\' older one

east of Glass Mountain; a flow of perlitic rhyolite on

the northeast flank of Mount Hoffmann; a small mass

of rh\'olite obsidian on the northwest rim of the sum-

mit basin; and the two striking masses of rhyolite

obsidian that form Glass Mountain and Little Glass

.Mountain. The Little Glass Mountain eruption began

with explosions that showered pumice over the sur-

rounding country. Fragments of pumice can be found

as far away as 15 miles to the southwest. Probably a

cone of pumice was built around the vent, but it was

cither destro\ed or wholly buried by the ensuing

flows. Two separate flows were extruded, the second

completel\- bur>ing the first except at the northeast

corner. An excellent view of them can be had from

the summit of Little Mount Hoffmann, which is ac-

cessible by car. The flow is roughl\- rectangular and

averages a little more than 1 Yz miles across. Its margins

are 50 to nearly 200 feet high, and it is probably more
than 500 feet thick in the middle. Its volume probably

exceeds 0.1 cubic mile.

The history of Glass Mountain is more complex

(.•\nderson, 1933b; Chesterman, 1955). The first event

was the opening of a fissure trending N. 30° VV., along

w hich explosions built at least seven cones of pumice,

the largest at the site of the present Glass .Mountain.

The surrounding area, particularlv to the northeast,

w as show ered w irh pumice. Ten miles from the vents

the pumice la\'er is several inches thick, and near Glass

.Mountain it is as much as 60 feet thick, with pumice

blocks up to 2 feet in diameter. At the other cones,

finely vesicular glass rose in the vents, forming domes,

most of which breached the cone walls and flowed a

short distance be>'ond. At Glass Mountain a much
larger flow issued, pouring mostly eastward to form

a flow 3'/2 miles long which was split into two tongues

b\' the slightl\- older mass of dacite mentioned above.

The eastern tongues are of stony dacite containing

numerous inclusions of olivine basalt. The dacite

passes abruptly into rhyolitic obsidian through a tran-

sition zone in w hich both rock types are present, the

main part of the flow consisting of rhyolitic obsidian

devoid of basaltic inclusions (Anderson, 1941, p. 375-

376). At the end of the eruption, the lava was so

viscous that it was pushed up into a small dome. Re-

newed activity resulted in a second, smaller flow that

partly covered the first. Both obsidian flows have

pumiceous to scoriaceous surface phases and dense

glassy interiors. The final stage of activity consisted

in the rise of a dome of microvesicular rhyolitic glass,

a quarter of a mile in diameter and 150 feet high,

w hose summit bristles w ith partly collapsed spines.
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Photo 15. little Gloss Moun-
tain and Mount Shasta from Lit-

tle Mount Hoffmon. Photo by

Mary Hill.

North of Glass Mountain two beds of pumice are

separated by 6 to 12 inches of soil, showing that the

eruptions were interrupted by a considerable period

of quiescence. The upper pumice ranges in thickness

from a few feet to 30 feet, and contains upright trunks

of ponderosa pines that were rooted in the soil layer

on the lower pumice (Chesterman, 1955). Growth
rings indicate that the largest trees were at least 225

years old at the time they were killed by the upper
pumice fall; the interval bet\\'een the two pumice falls

—making allowance for the time required to establish

plant growth—is estimated by Chesterman to have
been around 300 to 350 years. Radiocarbon age deter-

minations made by W. F. Libby on the tree trunks,

give a maximum of 1,660 ± 300 years and a minimum
of 1,107 ± 380 years, with an average of 1,360 ± 240
years (Chesterman, 1955). The upper pumice thus

has a probable age of about 1,400 years and the lower
about 1,700 years.

Was the Glass Mountain obsidian flow the last erup-

tive activity in the Medicine Lake region? All of the

young basalt flows mentioned above have bits of

pumice and rhyoiitic obsidian scattered over their sur-

faces, and the Callahan and Paint Pot Crater flows are

almost unquestionably older than the last silicic erup-

tions. On the more recent part of the Burnt Lava flow,

however, the pumice is very small in amount, and has

probably been blown onto the lava by the wind. The
flow is close to Glass Mountain, and if it had been
present at the time of the eruption that produced the

last thick fall of Glass Mountain pumice, the amount

of pumice on the flow would be much greater. Ad-
jacent older lavas and islands within the flow have

much more pumice on their surfaces, and the pumice
can hardly have been removed from the exceedingly

rough surface of the Burnt Lava flow by running

water. The largest trees growing on the older part

of the Burnt Lava flow have been estimated to be only

300 years old, and the surface of the younger part is

so fresh in appearance that Finch (1933) considered

that it could easily be less than 300 years old. Char-

coal samples from a tree stump buried by the flow

give an age of only 200 ± 200 years (Ives and others,

1964, p. 49). It appears probable that at least the

younger part of the Burnt Lava flow is more recent

than the big eruption of Glass Mountain. The same
conclusion has been arrived at independently by C. W.
Chesterman (written communication, 1965).

Even this may not have been the last eruption!

Finch (1928) cites a report of a light ash fall that

coated leaves of plants in the nearby area in 1910 and

suggests that the ash may have come from a small

explosive eruption of Glass Alountain.

Lava Beds National Momivient.—Although the area

of the Lava Beds National Alonument is geologically

most closel\- related to the Modoc Plateau, the area is

located immediately north of the Medicine Lake

Highland, and it is convenient to discuss the two con-

tiguously. The rocks of the Monument are the Modoc
Basalt of Recent age. Most of the surface is covered

with pahoehoe flows containing numerous lava tubes,

some of which served as shelters for Captain Jack and
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Photo 16. Schonchin Butte,

Modoc Lavo Beds. Photo b^

Mary Hill.

his band of Modoc Indians during the Modoc War of

1872-73. Of the .300 lava tubes known within the

Monument, about 130 have been explored; they range

from a few feet to about 75 feet in diameter. Some
have two or three levels, separated b>' nearly horizon-

tal septa formed by the freezing of the surface of the

lava stream in the tube during a pause in the lowering

of the surface of the stream toward the end of the

eruption. In the lower levels of some caves percolating

water freezes during the winter to form ice that per-

sists, only partly melted, through the next summer.
Lava stalactites are common on the roofs of the caves,

and occasional stalagmites are found on the floors.

Quite commonly, an increase in the viscosity of the

last fluid lava moving through the tube has resulted

in a change of the lava to aa and the formation of a

layer of aa clinker on the floor of the pahoehoe tube.

The roofs of some tunnels have collapsed to form long

winding trenches, 20 to 50 feet deep and 50 to 100

feet wide (Stearns, 1928), M'ith occasional short uncol-

lapsed sections forming natural arches. Tumuli (pres-

sure domes) are present on the pahoehoe flow surfaces,

and ropy surface is preserved in places, but most of the

surfaces are smooth or billowy.

Less abundant than pahoehoes are flows of aa, such

as the Devils Homestead flow, that is visible from the

highway 6 miles north of the Monument Headquar-

ters. Others include the flow from Schonchin Butte,

Photo 17. Leva flows from

Schonchin Butte. Photo by Mary
Hill.
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a small flow from Black Crater 2 miles to the north-

west, and in the southwestern corner of the Alonu-

ment part of the Callahan flow (known also as the

Black Lava flow).

About a dozen cinder cones, 50 to 700 feet high,

lie within the Monument, and \\ ere formed by mod-
erately explosive Strombolian-t\pe eruptions at the

vents of some of the flows. Perhaps the best example

is Schonchin Butte, just east of the highway 2 miles

northwest of Monument headquarters. Elsewhere, the

eruptions were less explosive and built spatter cones,

commonly in lines along fissure vents. A good example

of these is the Fleener Chimneys, O.S miles west of the

highway on a branch road 2 miles northwest of Schon-

chin Butte—a row of spatter cones built by Hawaiian-

type eruption at the vents of the Devils Homestead
lava flow. Some other spatter and driblet cones are

rootless hornitos, built by escape of gas-charged lava

through holes in the roofs of underlying lava tubes.

Mammoth Crater, on the road to Medicine Lake at

the south border of the Monument, was formed by
the collapse of the summit of a lava-armored cinder

cone as a result of lava draining from the underlying

conduit through a tube in the cone wall.

Prisoners Rock, at the Petroglyph Section, a few
miles northeast of the main part of the Monument,
is a remnant of a cone of palagonite tuff, dissected by
sub-aerial erosion and cliffed by the waves of ancient

Tule Lake. Just north of it lies another similar cone.

These cones resemble Diamond Head and Punchbowl,
in Honolulu, and Fort Rock and nearby cones in cen-

tral Oregon, and like them were formed by phreato-

magmatic explosions where rising basaltic magma en-

countered water. The cones appear to be older than

most or all of the lava flows in the main part of the

Monument.
Some of the flows in the Monument, particularly

the Devils Homestead flow, appear to be very recent.

However, all of them have bits of silicic pumice scat-

tered over their surfaces and are probably older than

the last silicic eruptions in the adjoining Medicine
Lake area. By comparison with flows in other regions,

Stearns (1928, p. 253) estimated that none of them are

younger than 5,000 years.

At the northwest edge of the Monument, Gillem
Bluff is an excellent example of one of the recent

fault scarps that are widely distributed over the Mo-
doc Plateau. It is one of three east-facing scarps that

form the western side of the Tule Lake basin.

MODOC PLATEAU

The Modoc region consists of a series of northwest-
to north-trending block-faulted ranges, with the in-

tervening basins filled with broad-spreading "plateau"

basalt flows, or with small shield volcanoes, steeper

sided lava or composite cones, cinder cones, and lake

deposits resulting from disruption of the drainage by
faulting or volcanism. The oldest rocks are of Mio-
cene, or possibly of Oligocene age, and the youngest

are Recent. Although the faulting culminated in late

Miocene or Pliocene, it has continued into Recent
time. The Modoc region is best regarded as a part of

the Great Basin province that has been flooded by
volcanics, which are perhaps related to the Cascade
volcanic province.

Cedarville Series

Petrographicall\', the Warner Range, which adjoins

the Modoc Plateau on the east, is a part of the Modoc
Plateau province. The oldest rocks recognized in the

Warner Range constitute the (xdarville Series of Rus-

sell (1928, p. 402-416), divided by him into lower and

upper units consisting largely of andesitic fragmental

beds, separated b\- a middle lava member. The lower
and upper units consist mainly of tuffs, tuff-breccias

and agglomerates, ignimbrites, and mudflow deposits,

with a subordinate amount of intercalated andesite lava

flows. The lower unit contains an abundant middle

Oligocene flora and a rhinoceros jaw of probable early

Miocene age (Ga\', 1959, p. 6), and the upper member
is of late Miocene age (LaMotte, 1936).

The oldest rocks in the Alodoc region are exposed

only in the relatively uplifted fault blocks and have

been tilted, commonl\- between 20° and 30°. Because

of similarity in lithology and structural relationships.

Powers (1932, p. 258-259) correlated them with the

type Cedarville Series of the Warner Range, but

Lava Beds. Photo by Mary
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pointed out that in {,'cncral there is no indication

whether the rocks of the Modoc Plateau are equiva-

lent to the low er or upper unit of the Cedarville, or to

both. A middle Miocene flora is present in lake sedi-

ments intercalated with the \-olcanics in the mountains

between Canb\ and Adin (Gay, 1959, p. 6).

Little can be added to Powers' (1932, p. 258-259)

description of the Cedarville Series of the Modoc
region:

"The oldest series of volcanic rocks of the area was recognized

in the field by the abundance of pyroclostic material, tilted ond

warped structure, and the gentle slopes eroded on its non-resistant

pyroclostic members. The series shows great range in lithology:

basaltic flows, intrusives, and pyroclastics; andesitic flows and pyro-

elastics; and rhyolitic intrusives and pyroclostics * ' *. The basalt

is typically dark gray to block and has a fine-groined, compact

texture. Most of the specimens collected hove the ophitic or inter-

sertol texture common to the typical plateau basalt * * *. They

ore notable for the presence of chlorophoeite which is not found

in the younger bosolts of the area * * *. A few of the basalts

show on intergranulor texture * * *.

"Andesitic members are most abundant in the series, and of

these the pyroclostic rocks predominate. The lava specimens col-

lected are all pyroxene ondesites with both hypersthene and ougite

OS phenocrysts. Fragments of hornblende andesite ore found in

detritol material.

"Rhyolites ore represented chiefly by beds of pumice-tuff. Frag-

ments of pumice three to four inches in diameter are included in

a matrix of smaller fragments of the some material. One dike of

compact, reddish felsite was found which shows a breccioted

border zone cemented by colorless to white opal."

Some of the fragmental beds are the tops and bot-

toms of block-lava flows, and others are mudflow de-

posits, rather than "pyroclastic" rocks in the sense of

being direct deposits from explosive activity. Blocky
flow tops and bottoms are well e.xposed in cuts on
Highway 299 half a mile east of the Pit No. 1 Power-
house, interbedded with massive to platy central por-

tions of the flows. Irregular tongues of the massive lava

intrude the breccias. Near the top of the same high-

way grade, a segment of a red cinder cone is inter-

bedded with the lava flows. Mudflows of the Cedar-

ville Series are \Kell exposed in cuts along Highway
299, 8 miles northeast of .'\lturas.

Rhyolite and rhvolite obsidian in the region near

Hambone, and at various places within the area of the

Warner Basalt farther northeast, may belong to the

Cedarville Series.

At Hayden Hill, 15 miles south-southeast of Adin,

gold was formerly mined from an epithermal deposit

in silicified rhyolite tuff. Gold-bearing veins are also

present in andesitic volcanic rocks in the Winters

district, southwest of Alturas, and in rhyolitic rocks

in the High Grade district, northeast of Alturas

(Clark, 1957, p. 219).

Sedimentary rocks are intercalated with volcanic

rocks of the Cedarville in some areas. Along Highway
299, where it climbs the western flank of the Big \'al-

ley Mountains at the cast side of Fall River Valley,

rhyolitic tuff and tuffaccous sandstone, as well as mud-
flow breccias, are exposed. Miocene lake beds, includ-

ing diatomite, crop out farther north in the same

range, in the mountains to the northeast, at some other

localities in that area (Gay, 1959, p. 5), and in the

vicinity of the Madeline Plains 45 miles southeast of

.Mturas.

The Cedarville is probablx- equivalent in age to pre-

dominantly volcanic formations, such as the Ingalls,

Dcllckcr, and Bonta Formations of Durrell (1959), in

the northern Sierra Nevada and adjacent prarts of the

Great Basin.

Pliocene Rocks Other Than Warner Basalt

.About the end of the Miocene Epoch, the Modoc
Plateau region was shattered by tectonic movements,

and rocks of the Cedarville Series were broken, tilted,

and elevated into a series of mountain ranges by fault-

ing. The drainage system was disrupted, and in the

basins betu een the ranges, a series of fresh-water lakes

were formed in which sediments accumulated. Vol-

canism continued, and lava flows, subacrial and water-

laid ash beds, niudflow deposits, and the deposits of in-

candescent ash flows (ignimbrites) were mingled with

the sediments. In some places the accumulations were

\\holl\- sedimentar\', elsewhere volcanic layers were

intercalated with the sedimentary rocks, and in still

other places the sequence is nearly or entirely vol-

canic. The lava flows are predominantly mafic, being

basalts and basaltic andesites; the pyroclastic rocks are

predominantly rhyolitic.

Pliocene lake beds are exposed along the valley of

the Pit River for more than 20 miles west of Alturas,

for an equal distance southward along the South Fork

of the Pit River, and for 10 miles northeastward along

the North Fork. These have been called the Alturas

Formation by Dorf (1930, p. 6, 23). They include

diatomite. diatomaceous and tuffaceous silty and sandy

shale, siltstone, and sandstone. Locally, strongly cur-

rent-bedded sandstone and conglomerate are probably

of fluviatilc. rather than lacustrine, origin. The lake

beds contain a middle Pliocene flora and Pliocene mam-
malian remains (Gay, 1959, p. 6). Interbedded with

the sediments southwest of Alturas are la\ers of ignim-

britc containing man\' lumps of pumice. They can be

seen along Highway 299, 8 to 10 miles west of Alturas,

and in the plateau escarpment to the north. South of

the highway a la>er of welded ignimbritc locally

forms the resistant caprock of the .\lturas Formation,

where less resistant overl\'ing lake beds have been

eroded aw ay. A second, slightly less welded layer lies

a few feet lower in the section. The rock has been

quarried for building stone, and the cut stone can be

seen in the F.Iks Club building (the former railway

station) in Alturas. Similar ignimbrites are associated

with lava flows, mudflow deposits, and sediments in

the mountains farther west, bctw ccn Canby and Adin.

In a bed well exposed in a highwa\- cut 0.9 mile south

of AiVrn Pass, some of the lumps of pumice are more

than a foot long. In the same cut, mudflows of ignim-

britic debris grade in their upper parts into poorly

bedded material reworked by water.
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Rattlesnake Butte, 10 miles west of Alturas, the type

locality of the Alturas Formation (Dorf, 1930), marks
the site of a volcanic vent. The sedimentar>' beds are

steeply upturned around the central basaltic neck. The
age of the vent ma\' have been either late Pliocene or

early Pleistocene.

According to G. W. Walker (oral communication,

1965), the uppermost beds that are generally included

in the Alturas Formation north and west of Alturas

are nearly horizontal and locally are separated by an

angular unconformity from the lower part of the for-

mation. The latter, which contains the beds of ignini-

brite mentioned above, was faulted and gently folded,

and was eroded before the deposition of the upper

beds. In places, however, no unconformity can be

found, and sedimentation was probably essentially con-

tinuous throughout the period of accumulation of the

formation. The upper, horizontal beds contain upper
Pliocene gastropods and Pliocene or Pleistocene mouse
teeth (Ga\', 1959, p. 6). Local deformation and enj-

sion in some areas appears to have been concomitant
with continued sedimentation in other nearby areas.

Diatomaceous lake beds are well exposed also around
Lake Britton, 10 miles north of Burney, and along the

valley of the Pit River for 5 miles east of the lake.

They are well displayed where Highway 89 crosses

the lake, and where Highway 299 crosses Hat Creek.

Diatoms from these deposits have been studied by G.
Dallas Hanna, who states that they are of middle and
late Pliocene age. Similar sediments are found along

the valley of Willow Creek, southwest of Lower
Klamath Lake and northwest of the Medicine Lake
Highland. Still farther northwest, near the village of

Dorris, sandstones and conglomerates contain non-
marine gastropods of late Pliocene age (Hanna and
Gester, 196.3).

In most areas the lake beds were slightly tilted and

eroded before they were overlain by the Warner
Basalt (see ne.xt section). Along Highway 299, about

7 miles northeast of Alturas, white pumice-lapilli tuffs

appear to belong to the Alturas Formation, although

they are tilted at angles greater than 30°. They are

closely similar to nearly horizontal lapilli tuffs in the

Alturas Formation a few miles farther west. In the

area northeast of Alturas they exhibit striking conical

erosional forms, resembling ha\'stacks or beehives, as

much as 20 feet in basal diameter and 30 feet high.

In the southwestern part of the Modoc region, just

north of Lassen \'olcanic National Park, the uplifted

fault blocks are composed of andesite lava flows iden-

tical with, and unquestionably correlative with, the

post-Tuscan lavas of the adjacent Cascade Range.
Farther eastward, in the Harvey .Mountain and Little

V^alle\' quadrangles, similar fault blocks consist of

basalt and olivine basalt. The very late Pliocene ande-

sitic volcanism in the Cascade Range gave way east-

ward to basaltic volcanism. In both areas the bases

of the fault blocks are submerged in the Burney
(Warner) Basalt.

In the southeastern part of the Modoc Plateau re-

gion, many small shields of basalt and basaltic andesite,

although considerably eroded, still retain their general

constructional form. The.se appear to be certainly

\ ounger than the Pliocene rocks in the fault blocks,

which have not onl\- been much more disrupted by
faulting but also have suffered much more erosion.

The\' are nevertheless older than the widespread

Warner Basalt and older than Pleistocene lake beds,

and are regarded as of late Pliocene or Pliocene and
Pleistocene age. As examples there may be mentioned
Roop Alountain, 10 miles west-northwest of Susan-

ville, and several mountains lying between Honey Lake
and the Madeline Plains. Just north of Lake Britton,

Soldier Mountain is one of this group, resting against

the Cedarville Series of the Fort .Mountain fault block.

Warner Basalt

The plateau basalt that is widely distributed. be-

tween the fault-block ranges of the .Modoc region

is commonly referred to as the Warner Basalt of Rus-

sell (1928). It was named in the Warner Mountains,

where R. J. Russell found a sheet of basalt capping

the Cedarville Series; but Russell (1928, p. 416) be-

lieved that the same basalt was the most widespread

unit in the Modoc Lava-Bed quadrangle to the west.

This was accepted by Powers (1932, p. 266) and

Anderson (1941, p. 3.53), though both Fuller (1931,

p. 115) and Anderson recognized that it might not

be possible to group all of the "plateau" basalt of the

area into a single stratigraphic unit. .Actually, consid-

erable variation in both the degree of weathering and

the thickness of the ash\- soil cover on the basalt at

different places, as well as other differences in geo-

logical relationships, indicate that there is considerable

difference in age of the basalt from one place to an-

other, and it is preferable to use local formation names
until the correlation of the basalts throughout the

region can be more firmly established. The name
Burney Basalt has been used in this way for the pla-

teau basalt in the Prospect Peak and Harvey Mountain
quadrangles (Macdonald, 1964, 1965) and in the Bur-

ney and Little Valley quadrangles jast to the north,

and the name Gardens Basalt has been used by Ford

and others (1963) in the area just northwest of Al-

turas. For the purpose of this report, however, Rus-

sell's name Warner Basalt is herein retained as a col-

lective term for the petrographically and structurally

similar lavas throughout the region, without any spe-

cific implication as to contemporaneit>'.

In the Warner .Mountains the Warner Basalt over-

lies the tilted upper Cedarville Series conformably, but

throughout the rest of the region it rests against the

eroded edges of fault blocks composed of tilted Cedar-

ville and younger rocks. Since the upper Cedarville

is of probable late Miocene age, the Warner Basalt in

the Warner Range cannot be older than late Miocene,

but the lack of any structural deformation between

it and the underlying rocks suggests that there may
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not be Any grc:ir difference in their ;iges. Both have

l)een tilted westward with the uplift of the Warner
Mountains fault block and the basalt appears to he

overlain by Pliocene volcanic rocks and lake-bed de-

posits of the Aituras I-"orination. The latter is in turn

deformed, eroded, and iocalK- overlain by a later scries

of lake-bed deposits, which in turn is capped by a

plateau basalt not older than latest Pliocene and prob-

ably of Pleistocene age (Cjardens Basalt of Ford and

others, 196.^). In the vicinir\' of Lake Britton also,

basalt like that of the Warner rests on lower or middle

Pliocene lake-bed deposits. On Highway 89, 0.8 mile

north of the bridge across Lake Britton, the lower 10

to 15 feet of the basalt consists of pillow lava and asso-

ciated hyaloclastite formed by granulation of the hot

la\a where it entered water. The lava is conformable

with the bedding in the undcrKing sediments, and

poorl\' consolidated sediment was squeezed up into the

fragmental ba.se of the lava. It is thus unlikeh' that the

age of this lava is very different from that of the undcr-

l\"ing sediment. Elsewhere, however, as along High-

way 299 a mile west of the Hat Creek bridge, Warner
Basalt can be seen resting unconformably on the same

series of lake-bed deposits, which had been slightl\'

tilted and eroded before they were covered by the

lava flows. Thus even in the small area immediately

around Lake Britton, there appears to be a consider-

able range in the age of the l)asalts. Farther south, at

the north end of the Sierra Ne\ada, Warner Basalt

lies unconformably on the Penman Formation, which
is probabl\' of early Pliocene age (Durrell, 19.59, p.

177-180). .\11 that can be certainl\- said of these lavas

is that thev are later than the sediments; they could

conceivablv be as old as middle Pliocene. In the west-

ern part of the Prospect Peak quadrangle, however,

the Burne\- Basalt rests against the eroded edges of

fault blocks of andesite that is in turn younger than

the Tuscan Formation, of late late Pliocene age, and

it appears very unlikely that the Burney Basalt is

older than ver\' earl\' Pleistocene. Thus flows of the

Warner Basalt probably range from Miocene to Pleis-

tocene in age. Ga\- and Aune ( 1958, footnote to strati-

graphic table on explanator\' data sheet) came to the

same conclusion.

The largest continuous exposure of the Warner
Basalt is that of the Gardens Basalt on the high pla-

teau, commonh' called The Gardens or The Devils

Garden, that stretches from Aituras westward more

than 20 miles and northward more than 25 miles, with

extensions reaching far westward and northward on

the south and northeast side of Clear Lake Reservoir.

The total area of the plateau is in the vicinity of 700

square miles. Other extensive areas of Warner Basalt

are found in other parts of the region. On Highwa\-

299 one drives from west of Burney to the rim of

Hat Creek V'allcv, a distance of 9 miles, confinuousl\

over the surface of the Burney Basalt.

The thickness of the Warner Basalt varies consid-

erably, even over short distances. In the edge of the

plateau near Aituras, the Warner Basalt ranges irv

thickness from 15 to more than 360 feet (Russell,

1928, p. 418-419). Powers ( 1932, p. 267) believes that

the average thickness in the area mapped b\- him is

probably a little more than 100 feet. Individual flow-

units range from less than 2 feet to more than 50 feet,

and probably average 4 to 5 feet. Thin units are

\csicular throughout, but thick ones ma\- be very

dense in their middle and lower parts. Pipestem vesi-

cles are conuiion at the base of flow units, but in the

upper parts the vesicles tend to be spheroidal, with

forms characteristic of pahochoe. The surface forms
of the flows also are t\pical of pahoehoe. The surface

as a w hole is gentl\" undulating, the undulations being

mostly part of the original surface, but to a lesser

degree the result of later faulting. In some areas tumuli

are common. Ropy surfaces can be seen in places.

In some areas, as on the plateau just east of the

Hat Creek fault scarp in the Prospect Peak quad-

rangle, the \ents of the Warner Basalt are marked by
small- to moderate-sized cinder cones. Elsew here, very

low shields, sometimes with small amounts of spatter

still preserved near their summits, were built over the

vents. Vov the most part, however, the vents were
probabl)- fissures along which onl\- very small amounts
of spatter accumulated, as at the vents of the Recent

Hat Creek flow, described on a later page. Most of

these vent structures have since been destroyed by
w eathering and erosion, or were buried b\- outwelling

lava in a late stage of the eruption, and they can no

longer be found.

In hand specimens the Warner Basalt generally is

medium to light gra\-, with strikingly coarse grain

and, under the hand lens, with a distinctly' diabasic

appearance. Small yellowish-green grains of olivine

arc abundant in most specimens, and occasionally small

phenocrysts of feldspar are present. Under the micro-

.scope, the texture is usuallv intcrgranular to sub-

ophitic, with pale-brown augite ()ccup\ing the inter-

stices between the feldspar grains. Chemicall\-, the

rocks are undersaturated, containing normative olivine,

and are moderately high to ver\- high in alumina. In

two anal\ses listed b\- Anderson (1941, p. 387) alu-

mina is 18.5 and 18.2 percent, and total alkalies ap-

proximatel\' 2.3 percent, with potash ver\' low. A
sample collected in a railw a>' cut at Tionesta b\- C. W.
Chestcrman contains 18.5 percent .AL-O:) (Yoder and

Tillex', 1962, p. 362). However, one collected by Kuno
(1965, p. 306) from the basalt overlying bright-red

soil in the cut on Highwa\- 395, just east of the Pit

River bridge V/2 miles northeast of Aituras, contains

only 16.8 percent AloO.,.

The most characteristic feature of the Warner
Basalt is diktytaxitic structure (Fuller, 1931, p. 116),

in which many open spaces exist in the network of

plagioclase plates, as though a late-stage fluid had
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drained away from between them. Actually, although

diktytaxitic structure is very common in the Warner
Basalt, it is not always present; furthermore, it is pres-

ent in many other basalts in the area, both older and

younger than the Warner, as in some basalts of the

Cedarville Series, and among the upper Pleistocene

and Recent flo\\s, both in the Alodoc Plateau region,

and in the Cascade Range. It appears to be characteris-

tic of high-alumina basalts in which feldspar reaches

saturation and starts to crvstallize at an early stage of

cooling, rather than of an\' particular stratigraphic or

structural unit. The uniformity in texture and mineral

composition of rocks of this magma t\pe, throughout

the period from Aliocene to Recent, is striking and

noteworthw

Pleistocene and Recent Volc< Rocks Other Than Wa

In the region just northeast and east of Lassen Vol-

canic National Park, there are many small shield vol-

canoes and lava flows associated with cinder cones, and

some steeper lava cones that are younger than the

widespread plateau basalts. The rocks range from oli-

vine basalt, through basalt, to basaltic andesite and

andesite. Among the steeper cones are Prospect and

West Prospect Peaks, at the north edge of Lassen

National Park, and Sugarloaf, on the west edge of Hat
Creek \'ailey a few miles farther north. All three have

cinder cones at their summits. These volcanoes are

close to the Cascade Range, and perhaps should be in-

cluded with it. Farther east the cones are all flatter,

and most of them are typical shields of Icelandic t\pe.

Among them are Cal Mountain, Cone Mountain, and

Crater Lake Mountain, just north of Highwa\' 44 in

the Harve\- Mountain quadrangle. Many of them, like

Cone Mountain, are crowned by a small cinder cone.

Crater Lake Mountain is a topical shield, 6 miles across,

containing at its summit a double collapse crater that

holds a small lake. South of the highway, rows of

cinder cones aligned in a north-northwest direction

mark the vents of basaltic block-lava flows, the steep

edges of w hich can be seen near the highway. North-
ward and eastward the abundance of post-Warner
volcanic rocks decreases, and volcanoes later than the

Gardens Basalt are nearl>- absent in the northeastern

quarter of the Modoc Plateau region.

East of Highway 89, and 6 miles southeast of its

junction with Highway 299, Cinder Butte is a shield

built against the base of the Hat Creek fault scarp.

The position of the vent was probably controlled by

one of the faults of the Hat Creek system. Another

shield, 9 miles to the northeast and visible from the

lookout point on Highway 299 above the Pit River

Falls, appears to have been the source of the lava flow

that descended the Pit River canyon at that point and

now constitutes the ledge of the falls. Like that of

Cinder Butte, the vent that fed the shield appears to

have been localized by a fault belonging, in this case,

to the Butte Creek sNstem.

It has already been pointed out that the volcanics

of the Lava Beds National .Monument belong to the

Modoc Plateau region rather than to the Cascade

Range or the Medicine Lake Highland. Actually, how-
ever, it may be more accurate to consider that the

Modoc and Cascade provinces overlapped during

Quaternary time. Certainly, in the region just north-

west of Lassen V^olcanic National Park, the late Pleis-

tocene and Recent basalt and quartz basalt flows are

identical in type to those found to the east in the

Modoc region, and except for the quartz inclusions in

some flows, are ver\- much like the Warner Basalt.

Some of the eruptions in the Modoc Plateau region

are ver\' recent, though with the exception of that of

Cinder Cone in the northeastern corner of Lassen Vol-

canic National Park, mentioned earlier, none of them
are historic. On a line extending northwe.stward from
Cinder Cone, a flow of basalt block lava from a vent

between Prospect and West Prospect Peaks is so very

fresh, and its surface is so well preserved, that it cannot

be more than a few thousand years old. On the same
line lie the vents of the Hat Creek flow, believed by
Anderson (1940) to be less than 2,000 years old. The
flow occupies the floor of Hat Creek \'alley from
south of Old Station northward for more than 16

miles. Highw a\' 89 lies on its surface or close to its

edge for most of its length. The flow is pahoehoe, with

a typical undulating surface, in part ropy, and with

many tumuli. Some of the latter are conspicuously

displayed along Highwa\' 44 where it crosses the flow

east of its junction w ith Highway 89. Along much of

the eastern margin of the flow is a scarp, up to 15 feet

high. Although it lies along the base of the Hat Creek

fault scarp, the scarp on the flow is not due to recently

renewed movement on the fault, but is a slump scarp

resulting from low ering of the surface of the central

part of the flow as the lava drained away down the

valley and shrank due to loss of gas and cooling. The
Subwa\' Cave is one of several similar caves known in

the flow (Evans, 1963). It is part of the main feeding

tube of the flow, formed by the draining away of

lava out of the tube at the end of the eruption. It can

be followed for a distance of 2,300 feet, and in places

is as much as 50 feet in diameter and 16 feet high. The
flat floor, which represents the congealed surface of

the lasr fluid lava that flowed through the tube, in

places shows the clinker\- surface characteristic of aa

—

a common feature in pahoehoe tubes. The Hat Creek

flow is a fissure eruption. Its vents lie along a line

trending slightly west of north a mile southwest of

Old Station. Spatter cones built along the fissure range

from a few feet to 30 feet high.

The lava surfaces north and east of Hambone Butte,

25 miles north of Lake Britton, are ver\' fresh and well

preserved, and may be nearly as young as the Hat

Creek flow. The lava appears to have come from a

vent, or vents, on the south flank of the Medicine

Lake Highland.
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Quaternary Sedimentary Rocks

Faulting and volcanisni were esscntialls' continuous
in the Modoc Plateau region from Miocene to Recent
time. These, together with climatic changes, brought
about disruptions of drainage and changes of stream

gradient and regimen, \\ hich in turn resulted in the

formation of lakes and the deposition of lake and
stream sediments. The sedimentar\- deposits include

fanglomerates, stream-laid alluvium and terrace de-

posits, and tuffaceous sandy, siltv, and diatomaceous
lake beds, and, in the high mountains, glacial moraines
and outwash. Lake deposits occupy broad areas in the

Fall River \'alle\-. Big \'alle\-, the valley of the South
Fork of the Pit River, the .Madeline Plains, around the

north end of Lake Almanor, the region around the

Klamath and Tule Lakes, and smaller areas in other
basins. Still other basins that appear to be wholly
floored b\- alluvium may be underlain by lake deposits.

Deposition of both lake sediments and alluvium is

continuing in these basins today.

The dominant structure of the Alodoc Plateau re-

gion is the very large number of northwest- to north-

trending faults (fig. 4), man\- of which are so recent

that the scarps are still well preserved. Most of the

faults are normal, with little or no suggestion of strike

slip; but Gay (1959, p. 5) and his coworkers have
found evidence of major right-lateral mo\'ement on
the Likel\' fault, which extends southeastward from
near Canb\- for 50 miles, to the northeastern part of

the Madeline Plains. (See California I)iv. Mines,

1958, Alturas sheet. Geologic Map of California.)

Along this fault, sag ponds and offset drainage lines

are still visible. On the normal faults, either the east

or the west side ma\' be downthrown. Some fault

blocks are tilted, with a visible fault scarp on only one
side, but others are bounded by fault scarps on both
sides. The amount of displacement varies from a few-

feet to more than 1,000 feet. Striking fault scarps are

so numerous that it is difficult to single out any for

special mention. Among them are: the scarp more
than 1,300 feet high on the cast side of Lookout
Mountain, 5 miles north of Burney; the step-fault

scarp 1,800 feet high on the west side of Fort Moun-
tain, 3 miles northeast of the Highway 89 bridge over
Lake Britton; the scarp ascended by Highway 299 at

the east edge of Fall River \'alley; the 2,000-foot scarp
on the west side of Mahogony Alountain, east of High-
way 97, 7 miles south of Dorris; the series of spectacu-
lar east-facing scarps west of Tule Lake that are visible

from Lava Beds National Monument; and the scries of
scarps near Highway 139 southeast of Tule Lake. A
low, but beautifull\' preserved, scarp is visible just east

of Highway 89 about 4/2 miles north of its junction
with Highway 299.

The fault scarp along the east side of Hat Creek
Valley also deserves special comment. At its highest
point, the scarp, w hich is clearly visible from High-

figure 4. Topographic map of part of the Prospect Peak quadran-

gle, showing the Hot Creek fault scarp olong the eostern edge of Hot
Creek Volley. The ploteou on the right of the scarp is capped with

Burney Basalt. Sugorioof Peak, on the left, is o late Pleistocene cone

built largely of ondesite block lava flows. The valley is floored by
the Hot Creek lovo flow, which only o few thousand years ago poured
out of inconspicuous vents located 2 miles north of the south boundary
and 1 mile east of the west boundary of the figure.

wa\' 89 and is ascended by Highway 44, rises more
than 1,000 feet above the surface of the Hat Creek
lava flow. The fault is a comple.x s\stem of subparallel

c'7/ echelon fractures, the displacement increasing on
one as it decreases on the adjacent one, with the blocks

between them commonly constituting inclined ramps
(fig. 4). The Butte Creek fault system, 3 miles farther

east, shows a similar pattern (Macdonald, 1964). Fre-
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quent small earthquakes are reported from the Hat

Creek region, indicating that the Hat Creek fault

probably is still active.

Hydrology

Brief mention should be made of some of the fea-

tures of the hydrolog\'. Throughout much of the re-

gion, the high permeability of the surface rocks, typi-

cal of basaltic terranes, results in a nearly complete

lack of surface drainage. However, the underlying

rocks are commonly much less permeable, and the

rocks of the Cascade Range constitute a barrier to

the westward movement of the ground water. The
result is a water table that ranges in altitude from

about 4,000 to 4,100 feet through much of the Modoc
Plateau region. Above about 4,000 feet, the Pit River

and its tributaries and many of the other streams are

losing water to the ground, but below that altitude

they are gaining water (R. H. Dale, oral communi-
cation, 1965).

Lost Creek disappears completely within a short dis-

tance of the place where it flows onto the surface of

that Hat Creek lava flow, and Hat Creek itself loses

large amounts of water to the same lava flow along

the upper part of the valley; but the water appears

again at the Rising River springs (eastern side of the

Burnev quadrangle), where the lower end of Hat
Creek X'alley is blocked by less permeable older rocks.

The upper stretches of Burne\' Creek lose water to

the permeable Burne\' Basalt and a mile above Burney
Falls the streambed is usually completely dry; but 200

million gallons of water issue dail\' from the stream-

bed within five-eighths of a mile above the falls and

in the face of the falls in McArthur-Burney Falls State

Park, \\ here the base of the lava is exposed resting on

the less permeable rocks beneath.

The Fall River Springs, 7 miles north of Fall River

Mills, is one of the largest spring groups in the United

States, with a flow of about 1,290,000,000 gallons a

day. This huge discharge is particularK' striking in

view of the low rainfall in the surrounding region.

Studies of groundwater gradients by the U.S. Geo-
logical Surve\' indicate that the water is moving •south-

ward from the Tule Lake and Clear Lake Reservoir

areas, 50 miles to the north, beneath and around the

Medicine Lake Highland (R. H. Dale, oral communi-
cation, 1965).

REFERENCES

Anderson, C. A., 1933a, The Tuscan formation of northern California,

with a discussion concerning the origin of volcanic breccias: Califor-

nia Univ. Dept. Geol. Sci. Bull., v. 23, no. 7, p. 215-276.

1933b, Volcanic history of Glass Mountain, northern California:

Am. Jour. Sci., 5th ser., v. 26, no. 155, p. 485-506.

1935, Alteration of the lavas surrounding the hot springs in Lassen

Volcanic Notional Park: Am. Mineralogist, v. 20, no. 4, p. 240-252.

1940, Hot Creek lava flow [California]: Am. Jour. Sci., v. 238,

no. 7, p. 477-492.

1941, Volcanoes of the Medicine Lake highland, California: Cali-

fornia Univ. Dept. Geol. Sci. Bull., v. 25, no. 7, p. 347-422.

Anderson, C. A., and Russell, R. D., 1939, Tertiary formations of

northern Sacramento Valley, California: California Jour. Mines and
Geology, v. 35, no. 3, p. 219-253.

Aune, Q. A., 1964, A trip to Burney Falls: California Div. Mines and
Geology Mineral Inf. Service, v. 17, no. 10, p. 183-191.

Axelrod, D. I., 1957, Lote Tertiary floras and the Sierra Nevada uplift

[Colifornia-Nevoda]: Geol. Soc. America Bull., v. 68, no. 1, p. 19-45.

Baldwin, E. M., 1964, Thrust faulting in the Roseburg area, Oregon:
Oregon Dept. Geology and Minerol Industries, The Ore Bin, v. 26,

p. 176-184.

California Division of Mines, 1959, Geology of northeastern California:

California Div. Mines Mineral Inf. Service, v. 12, no. 6, p. 1-7.

Calloghon, Eugene, 1933, Some features of the volcanic sequence in

the Cascade Range in Oregon: Am. Geophys. Union Trans., 14th

Ann. Mtg., p. 243-249.

Chestermon, C. W., 1955, Age of the obsidian flow at Glass Mountain,
Siskiyou County, California: Am. Jour. Sci., v. 253, no. 7, p. 418-424.

Clark, W. B., 1957, Gold, in Mineral commodities of California-geo-
logic occurrence, economic development, and utilization of the state's

mineral resources: California Div. Mines Bull. 176, p. 215-226.

Curtis, G. H., 1957, Mode of origin of pyroclostic debris in the Mehrten
formotion of the Sierra Nevada: California Univ. Dept. Geol. Sci.

Bull., V. 29, no. 9, p. 453-502.

Day, A. L., ond Allen, E. T., 1925, The volcanic activity and hot springs

of Lassen Peak [California]: Carnegie Inst. Washington Pub. 360,
190 p.

Diller, J. S., 1889, Geology of the Lassen Peak district [California]:

U.S. Geol. Survey, 8th Ann. Rept., pt. 1, p. 395-432.

1893, Cretaceous and early Tertiary of northern California and
Oregon: Geol. Soc. Americo Bull., v. 4, p. 205-224.

1895a, Description of the Lassen Peak sheet, California: U.S. Geol.

Survey Geol. Atlas, Folio 15, 4 p.

1895b, Mount Shosto— a typical volcano: Natl. Geog. Soc, Mon.

1, no. 8, p. 237-268.

1906, Description of the Redding quadrangle, California: U.S. Geol.

Survey Geol. Atlas, Folio 138, 14 p.

Dorf, Eriing, 1933, Pliocene floras of California: Carnegie Inst. Wash-

ington Pub. 412, p. 1-112.

Durrell, Cordell, 1959, Tertiary strotigraphy of the Bloirsden quad-

rangle, Plumas County, California: Colifornia Univ. Pubs. Geol. Sci.,

V. 43, no. 3, p. 161-192.

Evans, J. R., 1963, Geology of some lava tubes, Shasta County: Califor-

nia Div. Mines and Geology Mineral Inf. Service, v. 16, no. 3, p. 1-7.

Evernden, J. F., Savage, D. E., Curtis, G. H., and James, G. T., 1964,

Potassium-argon dotes ond the Cenozoic mammalian chronology of

North America: Am. Jour. Sci., v. 262, no. 2, p. 145-198.

Finch, R. H., 1928, Lassen Report No. 14: The Volcano Letter, no. 161,

p. 1.

1930, Activity of a California volcano in 1786: The Volcano Letter,

no. 308, p. 3.

1933, Burnt lava flow in northern California: Zeitschr. Vulkonologie,

V. 15, no. 3, p. 180-183.

Finch, R. H., and Anderson, C. A., 1930, The quartz basalt eruptions of

Cinder Cone, Lassen Volcanic Notional Pork, California: California

Univ. Dept. Geol. Sci. Bull., v. 19, no. 10, p. 245-273.

Ford, R. S., Soderstrand, J. N., Franson, R. E., Beach, F. H., Feingold,

S. A., Hail, W. R., Iwamura, T. I., and Swonson, A. A., 1963, North-

eastern counties ground water investigation: California Dept. Water
Resources Bull. 98, v. 1, text, 246 p., v. 2, plates.

Fuller, R. E., 1931, The geomorphology and volcanic sequence of Steens

Mountain in southeastern Oregon: Washington Univ. Geology Pub.,

V. 3, no. 1, p. 1-130.

Gay, T. E., Jr., and Aune, Q. A., 1958, Geologic mop of Colifornio,

Olof P. Jenkins edition, Alturos sheet: California Div. Mines, scale

1 :250,000.

Gester, G. C, 1962, The geological history of Eagle Lake, Lassen

County, California: California Acad. Sci., Occasional Papers 34, 29 p.

Honno, G. D., and Gester, G. C, 1963, Pliocene lake beds near Dorris.

California: California Acad. Sci., Occasional Papers 42, 17 p.

Heath, J. P., 1960, Repeoted avalanches at Choos Jumbles, Lassen Vol-

canic National Park: Am. Jour. Sci., v. 258, no. 10, p. 744-751.



96 CilOI.OCiY OK NORTHFRN CALIFORNIA Bull. 190

Hinds, N. E. A., 1952, Evolution o( the Colifornia londscope: Colifornia

Oiv. Mines Bull. 158, 240 p.

Ives, P. C, levin, Betsy, Robinson, R. D., and Rubin, Meyer, 1964, U.S.

Geologicol Survey rodiocorbon dotes VII: Am. Jour. Sci., Radio-

corbon Supp., v. 6, p. 37-76.

Jones, D. L., 1959, Strotigraphy of Upper Cretaceous rocks in the

YrekoHornbrook area, northern California |abs.l: Geol Soc. America

Bull., V. 70, no. 12, pi. 2, p. 1726-1727.

Kuno, H., 1965, Froctionotion trends of basalt magmas in lovo flows:

Jour. Petrology (Oxford 1, v. 6, no. 2, p. 302-321.

LoMotte, R. S., 1936, The upper Cedorville flora of northwestern

Nevada ond odjocent California: Cornegie Inst. Woshington Pub.

455, Contrib. Paleontology 5, p. 57-142.

Lydon, P. A., 1961, Sources of the Tuscan formation in northern Coli-

fornia |obs.|: Geol. Soc. America Spec. Poper 68, p 40.

Mocdonold, G. A., 1963, Geology of the Manzanito Lake quodrongie,

California: U.S. Geol. Survey Geol. Quad. Mop GQ-248, scale

1 :62,500.

1964, Geology of the Prospect Peak quadrangle, California: U.S.

Geol. Survey Geol. Quod. Mop GQ-345, scole 1:62,500.

1965, Geologic mop of the Harvey Mountoin quadrangle, Califor-

nia: U.S. Geol. Survey Geol. Quod. Mop GQ-443, scale 1:62,500.

Mocdonold, G A., and Katsura, Takoshi, 1965, Eruption of Lassen Peak,

Coscode Range, California, in 1915-example of mixed mogmos:

Geol. Soc. Americo Bull., v. 76, no. 5, p. 475-482.

Pokiser, L. C, 1964, Gravity, volcanism, and crustoi structures in the

southern Cascade Range, Californio: Geol. Soc. America Bull., v. 75,

p. 611-620.

Peacock, M. A., 1931, The Modoc lovo field, northern Colifornia: Geog.

Rev., V. 21, no. 2, p. 259-275.

Peck, D. L., Griggs, A. B., Schlicker, H. G., Wells, F. G., and Dole,

H. M., 1964, Geology of the central and northern ports of the

western Cascade Range in Oregon: U.S. Geol. Survey Prof. Paper

449, 56 p.

Popenoe, W. P., 1943, Cretaceous, east side Sacramento Valley, Shosto

and Butte Counties, Californio: Am. Assoc. Petrol. Geol. Bull., v. 27,

no. 3, p. 306-312.

Popenoe, W. P., Imloy, R. W., and Murphy, M. A., 1960, Correlation of

the Cretaceous formations of the Pacific Coost (United States ond

northwestern Mexico): Geol. Soc. America Bull., v. 71, no. 10,

p. 1491-1540.

Powers, H. A., 1932, The lovos of the Modoc Lava Bed quadrangle,

California; Am. Mineralogist, v. 17, no. 7, p. 253-294.

Richthofen, Ferdinand von, 1868, The natural system of volcanic rocks:

Californio Acod. Sci. Mem., pt. 2, 98 p.

Rubin, Meyer, and Alexander, Corrione, 1960, U.S. Geological Survey

rodiocorbon dotes V; Am. Jour. Sci., Radiocarbon Supp., v. 2,

p. 129-185.

Russell, R. D., and VanderHoof, V. L., 1931, A vertebrote fauna from

a new Pliocene formation in northern Californio: Colifornia Univ.

Dept. Geol. Sci. Bull., v. 20, no. 2, p. 11-21.

Russell, R. J., 1928, Bosin Range slrudure ond stratigraphy of the

Worner Range, northeastern California: California Univ., Dept. Geol.

Sci. Bull., V. 17, no, 11, p. 387-496.

Snovely, P. D, Jr., and Wagner, H. C, 1963, Tertiory geologic history

of western Oregon ond Washington: Woshington Div. Mines and

Geology Rept. Inv 22, 25 p.

Stearns, H. T., 1928, Lovo Beds Notional Monument, Californio: Geog.

Soc. Philadelphia Bull., v. 26, no. 4, p. 239-253.

Thoyer, T. P., 1936, Structure of the North Sontiom River section of

the Coscode Mountains in Oregon: Jour Geology, v. 44, no. 6,

p. 701-716.

Wells, F. G., 1956, Geology of the Medford quodrongie, Oregon-

Colifornio: U.S. Geol. Survey Geol. Quad. Mop GQ-89, scole

1 :96,000.

Willioms, Howel, 1932a, Geology of the lassen Volcanic National

Pork, Californio: California Univ. Dept. Geol. Sci. Bull., v. 21, "no. 9,

p. 195-385.

1932b, Mount Shosto, a Coscode volcano: Jour Geology, v. 40,

no. 5, p. 417-429.

1934, Mount Shosto, Coliforn

no. 4, p. 225-253.

1935, Newberry volcano o( centrol Oreg.

Bull., V. 46, no. 2, p. 253-304.

1942, The geology of Crater Lake Nationt

reconnoissance of the Coscode Range south

Carnegie Inst. Washington Pub. 540, 162 p.

1949, Geology of the Mocdoel quodrongie [Colifi

Div. Mines Bull. 151, p. 7-60.

Wilson, T. A., 1961, The geology near Minerol, California:

Univ., Berkeley, M.S. thesis.

Yoder, H. S., Jr., and Tilley, C. E., 1962, Origin of basalt mo

experimental study of natural and synthetic rock systei

Petrology [Oxford], v. 3, no. 3, p. 342-532

itschr. Vulkonologic 15,

d to Mount Shasta:

Californio

^'.:-j>!?

Photo 19. Basalt pillow lava (Warner bosoll) resting on dioton

ceous lake sediments along Highway 89 just north of the bridge acr(

Lake BriHon. The pillows lie in a matrix of hyoloclostite. Diotomite f

squeezed up into the frogmentol base of the flow.

Photo 20

ohoehoe U

Hornito (rootless spaHer cone) built on t

a flow in Lovo Beds Notional Monument
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