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ABSTRACT

Detailed geologic mapping of 200 km2 in and near Lassen
Volcanic National Park, California and reconnaissance of the
surrounding area, combined with reinterpretation of data in the
literature, allow definition of the Lassen Volcanic Center and
provide the stratigraphic framework necessary for interpretation of
major-element chemical data.

The Lassen Volcanic Center developed in three stages. Stages I
and II produced Brokeoff Volcano, an andesitic composite cone that
erupted mafic andesite to dacite 0.6 to 0.35 my ago. Volcanism then
shifted in character and locale. Domes and flows of dacite and
rhyodacite, and flows of hybrid andesite were erupted on the
northern flank of Brokeoff Volcano during the period from 0.25 my
ago to the present; these rocks comprise Stage III of the Lassen
Volcanic Center.

Rocks of the Lassen Volcanic Center are typical of
subduction-related calc-alkaline volcanic rocks emplaced on a
continental margin overlying sialic crust. Porphyritic andesite and

dacite with high Al low Tioz, medium K,0, and FeO/Mg0

203>
1.5-2.0 are the most abundant rock types. Early mafic andesite and
late rhyodacite and hybrid andesite are subordinate in abundance.

The Lassen Volcanic Center is surrcunded by basaltic volcances. Two

types of basaltic magmas are recognized: low-K, high—alumina olivine

tholeiite, and calc-alkaline basalt and andesite.

ix



Major-element chemical trends of rock sequences indicate a mafic
to silicic evolution for magmas of the Lassen Volcanic Center,
probably owing to crystal fractionation of calc-alkaline basalt.

The Brokeoff Volcano developed by crystal fractionation involving
olivine, augite, plagioclase, and magnetite and later hypersthene.
Continued fractionation at higher crustal levels included hornblende
and biotite, and produced the silicic rocks. Hybrid andesites were

formed by mixing of silicic magma and calc-alkaline basalt.



INTRODUCTION

Scoge

The goals of this study were to identify rocks associated with
the Lassen Volcanic Center, to map their extent, and to establish a
volcanic stratigraphy, thereby providing a framework for the
interpretation of geochemical data. Whereas the volcanic
stratigraphy and major-element chemical characteristics can be used
to constrain petrologic hypotheses, modern petrologic modeling
requires additional data and is beyond the scope of this report.
For example, the lack of major—element analyses of phenocrysts
precludes a rigorous approach to the calculation of fractionation
trends. Work to obtain trace-element data, phenocryst compositions
and abundances, and volume estimates of units is in progress.
Petrologic modeling of the Lassen Volcanic Center will be attempted
at such time as it is warranted. Petrologic interpretations
included in this report are based on the limited data available at

the time of its writing and should be considered as preliminary.

Previous Work

Early geologic investigations in the Lassen area recognized its

affinities with the Cascade Range, the ruined Brokeoff Volcano, and



the youthfulness of the silicic domes around Lassen Peak (Whitney,
1865; Diller, 1886, 1895). A discussion of this earlier work is

contained in Williams' (1932) Geology of Lassen Volcanic National

Park. Williams produced the first large scale (1:50,000) geologic
map of the area, and his volcanic stratigraphy provides the basis
for all subsequent work.

A Masters thesis by Wilson (1961) contains reconnaissance
geologic mapping at 1:62,500 of a substantial area to the west and
south of Williams' map. Wilson recognized and interpreted the
volcanic history of Maidu Volcanic Center. Macdonald (1966)
summarized southern Cascade geology and published geologic maps
covering four l5-minute quadrangles, including the northern third of
Lassen Volcanic National Park (LVNP) (Macdonald, 1963, 1964, 1965;
Macdonald and Lydon,A1972). The Westwood Sheet of the State of
California Geologic Map summarizes geologic mapping up to
Macdonald's work (Lydon and others, 1960). Lydon (1968) mapped and
interpreted volcanic rocks of the Mt. Yana center, preserved on Butt
Mountain. P. A. ﬁowen (written communication, 1983) remapped the
southwest corner of LVNP and obtained significant chemical data on
rocks of the Lassen area. The U.S. Geological Survey has been
conducting geologic mapping in LVNP since 1975 (Muffler and others,
1982a) with the goal of producing a geologic framework for
geothermal studies and volcanic hazard assessment. Harwood and
others (1981) and Helley and others (1981) produced detailed
geologic maps of the areas between the Sacramento Valley and western

boundary of the Lassen Peak quadrangle (121°45').



Major-element analyses have been performed on 250 rock samples
from LVNP and vicinity (Williams, 1932; Macdonald, 1983; Smith and
Carmichael, 1968; Gedeon, 1970; Fountain, 1975; P. A. Bowen, written
communication, 1983; Clynne, unpublished; Muffler, unpublished).
These data have been compiled and evaluated. Despite the abundance
of data, a modern petrologic synthesis of the Lassen area has not
been published.

G. B. Dalrymple (written communication, 1982) has provided K-Ar
ages for 15 rock samples, mostly from Brokeoff Volcano, and a few
other radiometric ages are available (Wilson, 1961; Gilbert, 1969;
Crandell and others, 1974; Helley and others, 1981). Glacial
stratigraphy and chronology provide some additional age control
(Crandell, 1972; Kane, 1975, 1982).

Although geologic studies are numerous, detailed geologic
mapping, geochronology, and chemical data of the quality necessary
for detailed interpretation of the volcanic history and a modern
petrologic synthesis of the Lassen magmatic system are not
available. The subsequent sections are based on the literature and
unpublished U.S. Geological Survey data and summarize knowledge to

the time of this writing.

Definitions

Most classifications of igneous rocks rely on modal mineralogic

data or a combination of mineralogic and chemical data. However,



accurate modal data for volcanic rocks are difficult to obtain;
therefore, classification based on chemical criteria is preferable.
The abundance of major-element chemical data for rocks of the Lassen
Volcanic Center facilitates the use of a chemical classification.
The classification used in this study is a modification of the total
alkalies versus silica classification used by Cox and others

(1979). Because the rocks of the Lassen Volcanic Center are all
subalkaline, the names are based solely on silica content
(recalculated to 100 wt.%, anhydrous). Rocks with less than 52 wt.%
SiO2 are basalts, rocks with 52-57 wt.% Si0, are mafic

2

andesites, rocks with 57-63 wt.% SiO2 are andesites, rocks with

63~-68 wt.Z Si0, are dacites, rocks with 68-72 wt.% SiO2 are

2

rhyodacites, and rocks with greater than 72 wt.% SiO2 are

rhyolites. The rock names are modified by applying mafic phenocryst
names in order of increasing mode. Thus "augite-hypersthene
andesite" denotes a rock with 57-63 wt.Z% SiOz, containing more
phenocrysts of hypersthene than augite. When a group of analyses of
a single rock unit straddles a rock name boundary, the average or
mode of the group is used.

The term Lassen Volcanic Center refers to volcanic vents in the
vicinity of Lassen Volcanic National Park, California that produced
rocks in three major stages. Stages I and II cover the growth of an
andesitic composite cone, Brokeoff Volcano, during the period from
600,000 to 350,000 years ago. Stage III covers intermediate to
silicic rocks erupted as domes, flows, and pyroclastics during the

period 350,000 years ago to the present.



Surrounding the Lassen Volcanic Center are shield volcanoes and
lava flows of mafic composition, many of which were erupted
contemporaneously with development of the Lassen Volcanic Center.
The mafic rocks can be divided into two groups; the first with
tholeiitic affinities and called low-K, high-alumina olivine
tholeiite (HAOT), and the second with calc-alkaline affinities and

called Lassen calc—alkaline basalt and andesite (LCBA).

Regional Geology - Pre-Late Pliocene

The Western Cordillera of North America have been the site of
episodic magmatic activity throughout the Mesozoic and Cenozoic Eras
caused by subduction of the Farallon Plate beneath the North
American Plate. Magmatism in the Cascade arc is typical of that

generated by consumption of an oceanic plate with the volcanic
activity located on an overlying continental margin. The Cascade
arc has a complex Cenozoic history. Poorly preserved pulses of
magmatic activity occurred in Eocene (Armstrong, 1978) and Oligocene
to Early Miocene time (McBirney, 1978). Neogene volcanism is better
understood; pulses of activity occured in the Middle Miocene
(Columbian Episode, 16~14 m.y.), late Miocene (Andean Episode, 11-8
m.y.), Pliocene (Fijian Episode 6=3 m.y.) and Quaternary (Cascadian
Episode 2-0 m.y.) (Kennett and others, 1977).

The Lassen area is part of the Cascade Range geologic province,
a linear belt of Tertiary and Quatermnary volcanic rocks extending

from northern California to British Columbia (fig. 1), capped by the
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familiar modern cones (e.g., Mt. Shasta, Mt. St. Helens, and Mt.
Rainier). The southernmost Cascade Range, south of Mt. Shasta, is
bordered by the Sierra Nevada on the south, the Modoc Plateau on the
east, the Klamath Mountains on the west, and the Great Valley on the
west and southwest.

The southernmost Cascade Range forms a broad ridge of late
Pliocene and Quaternary volcanic rocks dominated by pyroxene
andesite flows and pyroclastic rocks with subordinate basaltic and
silicic rocks. These rocks are the products of several large
composite cones and numerous smaller shield volcanoes and lava cones
in various stages of preservation. The southernmost Cascade Range
occupies a broad depression between the Sierra Nevada and the
Klamath Mountains called the "Lassen Strait' by Diller (1886).

Rocks within LVNP and vicinity are entirely late Pliocene§and
Quaternary volcanic rocks (Williams, 1932; Macdonald, 1966). The
nearest outcrops of non-volcanic rocks are those of the Sierra
Nevada granitic and metamorphic complex 20 km southeast near Lake
Almanor. A few small outliers of the Sierra Nevada complex occur in
deep canyon bottoms 15-20 km south of Mineral, and outliers of
Klamath Terrane occur 35 km northwest of Manzanita Lake.

Unconformably overlying the granitic and metamorphic basement
outliers are Late Cretaceous marine sandstone, shale, and
conglomerate of the Chico Formation, deposited in the "Lassen
Strait" (Taft and others, 1940). The Chico Formation has been
correlated with similar rocks around Mt. Shasta and near the

California—-Oregon border (Popence and others, 1960), providing the



basis for the "Lassen Strait' Cretaceous seaway. Inclusions within
the lavas and pyroclastic rocks are either altered volcanics or vein
quartz of hydrothermal or metamorphic origin. The Walker "O'" No. 1
well near Terminal Geyser in southwestern LVNP, was drilled from a
surface elevation of 1,775 m, and penetrated 1,215 m of altered
volcanics before bottoming at 550 m above sea level (Clynne and
others, 1982). Williams (1932) suggested that Chico Formation rocks
underlie LVNP at an elevation of approximately 1,200 m; however,
they were not encountered in the Walker "0" No. 1 well.
Nevertheless, it is likely that marine sedimentary rocks of the
Chico Formation underlie the Lassen region.

The Montgomery Creek Formation of Eocene age unconformably
overlies the Chico Formation at some localities. The Montgomery
Creek Formation is composed of nonmarine sandstone and conglomerats
probably derived from erosion of the Sierra Nevada-Klamath basement
complex (Helley and others, 1981).

Eocene to Pliocene rocks of the western Cascades volcanic belt,
so abundant in the main Cascade Range, are sparse in the
southernmost Cascades (Macdonald, 1966). In the Lassen area, late
Pliocene to Quaternary volcanic rocks of the High Cascades Volcanic
Series directly overlie either the Mesozoic basement complex or late
Cretaceous or Eocene sedimentary rocks.

Hietanen (1981) correlates Sierra Nevada structures west cf the
Melones Fault zone with Klamath structures west of the Trinity
thrust fault. An eastward projection of Klamath rocks south of Mt.

Shasta nearly isolates the southernmost Cascades from the main



Cascade Range. Within the southernmost Cascades the variety of
volcanic rock types is greater and the proportion of silicic rocks
larger than in the main Cascade Range, suggesting a contribution
from or differentiation control by thick sialic crust. Macdonald
(1966) suggested that the southernmost Cascades trend is controlled
by underlying Sierra Nevada-Klamath structures. Eaton (1966), from
seismic profiling, interpreted the crust in the Lassen area to be 35
km thick.

The presence of sialic crust under the southernmost Cascades 1is
not yet substantiated. Hamilton (1978) suggested that the '"Lassen
Strait" originated by offset of the Sierra Nevada and Klamath
Terranes produced by a combination of rifting, rotation, and
strike-slip faulting during the interval from late Cretaceous to
mid-Tertiary. His suggestion is supported by paleomagnetic data
indicating that the Klamath Mountains and adjoining Cascades have
been rotated westward relative to the Sierra Nevada (Craig and
others, 1981). Griscom (1980), from magnetic and gravity data,
suggested the presence of a major northeast-southwest-trending fault
concealed beneath volcanic cover. Interpretation of gravity
anomalies by Pakiser (1964) and LaFehr (1965) suggested that the
southernmost Cascades consist of a 6~ to 10-km thick pile of
volcanic, intrusive, and sedimentary rocks resting on a basaltic
crust.

In summary, although granitic basement thinned by rifting may be
present beneath graben—-filling basalt extruded during rifting, this

remains to be proven unambiguously. However, marine and nonmarine



sedimentary deposits are likely to underlie the Lassen area at some
depth, perhaps beneath 6-10 km of volcanic cover.

Volcanic rocks older than Pliocene are sparse in the
southernmost Cascade Range (south of Mt. Shasta). Miocene activity
included mafic shield volcanoes as well as intermediate and silicic
rocks that occur as erosional remnants on uplifted blocks of Sierra
Nevadan basement and in a north-south trending belt lying to the
east of Susanville (Grose and McKee, 1982). Pliocene volcanic
rocks, mostly basalt to mafic andesite shield volcanoes and
valley-filling lava flows, occur as a northwest-southeast trending
belt of centers lying between Susanville and the Sacramento Valley
that are progressively younger to the west (Grose and McKee, 1982).
The present axis of the southernmost Cascade Range is marked by a

belt of Quaternary centers from the LVNP area to Mt. Shasta.

Tectonic Setting

The late Cenozoic plate tectonic setting of the Cascade Range is
shown in figure 1. Orogenic volcanism in the southern Cascades 1is
the result of the interaction of the Gorda and North America
plates. Relative convergence between the Gorda and North America
plates is about 5 cm/yr (Minster and Jordan, 1978). Estimates of
the subduction rate of the Gorda Plate are in the range from 2 to &4
cm/yr (Acharya, 1981l; Riddehough, 1978; Nishimura and others, 1981;
Silver, 1971), and are compatible with the relative convergence rate

but are very slow compared to other subducting plates.

10



Calc~alkaline volcanism remains the clearest evidence for plate
convergence. Seismic profiling indicates that an oceanic trench is
present but has been filled by glacially-derived terrigenous
sediments during low sea level stands in the Pleistocene (Silver,
1971). The lack of unambiguous Benioff-zone seismicity may be
attributed to the proximity of the Gorda Ridge to the subduction
zone and to the youth (5 m.y.) and high temperature (200°C) of the
subducting slab (Silver, 1969; Blackwell, 1982). Independent
evidence bearing on the depth of the inclined slab beneath the
Cascades is lacking, but seismic data compiled by Smith and Knapp
(1980) suggest a shallowly dipping seismic zone below the Coast
Ranges in northern California. Riddehough (1979) has studied the
gravity profile of the southern Washington continental margin and
proposed that the slab dips at a low angle until it is east of the
Coast Range where its dip increases so that it reaches a depth of

100-120 km beneath the Cascade axis.

Regional Geology-Late Pliocene to Recent

The volcanic history of the Lassen area is complex, and although

the generalized history is known, the details are only partially

understood. Workers have concentrated on the younger western
porticn of LVNP and vicinity, and, therefore, it is better
understood than the older eastern portion.

Late Pliocene to Holocene volcanic rocks of the Lassen area were

assigned to the High Cascade Volcanic Series by Macdonald (1966).
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They were extruded primarily from long-lived volcanic centers
including andesitic composite volcanoes and flanking silicic domes
and flows. Three centers have been recognized:

- Lassen Volcanic Center, centered in the southwestern corner
of LVNP and including Brokeoff Volcano and flanking domes
(Williams, 1932)

-~ Maidu Volcanic Center (termed Maidu Volcano by Wilsom, 1961)
centered in the area of Battle Creek Meadows near Mineral

- Dittmar Volcanic Center (Clynne and others, 1982) centered
near Warner Valley in the southeastern corner of LVNP; Saddle
and Kelly Mountains are the largest remmnants.

Additional composite cones have been recognized north of LVNP
(Macdonald; 1966; Till and others, in press) and west of Lake
Almanor (Lydon, 1968b).

Each volcanic center has produced eruption products spanning a
wide range of composition from mafic andesite to rhyodacite or
rhyolite. Each has had a similar history, consisting of three
stages: (1) an initial cone-building period of mafic andesite and
andesite lava flows and pyroclastics; (2) a later cone-building
period characterized by thick andesite and silicic andesite lava
flows, and (3) silicic volcanism flanking the main cone. The
silicic magma chamber of Stage (3) provides a heat source for
development of a hydrothermal system within the core of the main
cone. Alteration of permeable rocks of the cone facilitates
increased erosion in the central area of the volcano. The result is

preservation of a resistant rim of the thick later come-building
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lava flows and flanking silicic rocks surrounding the altered and
eroded core of the composite cone.

Dittmar and Maidu Volcanic Centers have reached this stage, and
their hydrothermal systems are extinct. Lassen Volcanic Center,
however, hosts active silicic volcanism and a well developed
hydrothermal system, including all the thermal features in LVNP and
Mill Canyon (Muffler and others, 1982b).

Late Pliocene to Holocene volcanism in the Lassen area began
with deposition of the Tuscan Formation, now exposed as a broad
sheet on the eastern side of the Sacramento Valley. The Tuscan
Formation consists of up to 500 m of mafic andesitic and andesitic
material emplaced as volcanic mud flows and debris flows with minor
interbedded mafic lava flows, dacitic ash~flow tuffs and alluvial
deposits. The Tuscan Formation was deposited unconformably on
Sierra Nevada basement complex or on late Cretaceous and early
Tertiary sedimentary rocks (Anderson, 1933; Lydon, 1968a; Helley and
others, 1981).

At least four centers of eruption of Tuscan Formation rocks are
indicated; Mt. Yana, Maidu Volcanic Center, and two more in the
Burney area north of LVNP (Lydon, 1961). Dittmar Volcano is another
possible source. The apparent thickness of the Tuscan Formation
underlying the Lassen area is less than 150 m (Lydon, 1968a). The
“age of the Tuscan Formation spans the range ~ 3.5 m.y. to ~ 2
m.y., controlled by K-Ar dates on samples from the top and bottom of

the formation (Lydon, 1961; Gilbert, 1969).



Regional Structural Geology

The dominant structural element in the Lassen area is a large
number of north- to northwest-trending normal faults, many with well
preserved scarps (Macdonald, 1966). North of LVNP, these have a
north-south orientation, whereas south of LVNP the dominant
direction is north-northwest. Offsets range from insignificant to
300 m or more (Macdonald, 1983). Pliocene(?) rocks show the largest
offsets, and progressively younger rocks show decreasing offsets,
suggesting that faulting began contemporaneously with late
Pliocene(?) volcanism (Macdonald, 1983). Latest Pleistocene rocks
in many areas are unfaulted, indicating that the magnitude of
faulting has decreased, although frequent small earthquakes in the
Hat Creek Valley and Lake Almanor Depression indicate that faulting
is still active (Robinson and Byerly, 1948; Klein, 1979; D. A.
Stauber, oral communication).

The larger faults show a complex system of en echelon offsets
creating steplike scarps (Hat and Butte Creek Rims, for example).
Two major fault systems are arranged such that a block of rock 6-12
km across is downthrown between them, creating a graben., North of
LVNP, this graben is expressed as the Hat Creek Valley; south of
LVNP, as the Lake Almanor Depression. Along strike of these two
valleys lies the Central Plateau of LVNP, a complex of young

volcanic rocks filling the graben (Heiken and Eichelberger, 1980).
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UNIT DESCRIPTIONS

Pre-Maidu Volcanic Center

Tertiary Andesite (Ta)

The lowest stratigraphic unit in the map area is designated
Tertiary Andesite., Patches of andesite outcropping beneath the
Rockland Tephra in the Canyon Creek area and beneath the Basalt of
Camp Forward in the North Fork of Digger Creek represent an eroded
terrane upon which the younger rocks were deposited (see Sheets 1
and 2 for location of geologic and geographic features described in
text). The Tertiary Andesite consists of several §imi1ar rock types
that can be collectively described as porphyritic (20-40%
phenocrysts) hypersthene-augite andesites. Zoned and sieved as well
as clear plagioclase phenocrysts up to 5 mm in size dominate the
phenocryst assemblage. Augite is more abundant than hypersthene,
and corroded olivine is a common accessory., The groundmass is
medium to dark gray and hyalopilitic with plagioclase, pyroxene and
magnetite microlites in glass charged with magnetite dust. Outcrops
are deeply weathered with visibly altered groundmass material and
with mafics and plagioclase partially altered to clays. Flow
directions are ambiguous, although flows in the Canyon Creek area
appear to have come from the east. Sparse outcrops prevent a

thickness estimate for the Tertiary Andesite.
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Lydon (1968a) describes sparse olivine basalt and pyroxene
andesite flows interbedded with the abundant tuff breccias of the
Tuscan Formation. The Tertiary Andesite could represent an eroded
surface of the Tuscan Formation, but several lines of evidence
suggest that it is younger. Tertiary Andesite is 200-250 m higher
in elevation than the nearest rocks of the Tuscan Formation. Helley
and others (1981) make no mention of flow rocks in the Tuscan
Formation in the immediately adjacent Manton Quadrangle. Tertiary
Andesite lacks tuff breccia, which makes up the bulk of the Tuscan
Formation.

In summary, Tertiary Andesite consists of rock types similar to
those found in composite volcanoes and is younger than the Tuscan
Formation yet older than the Brokeoff Volcano. Possibly it
represents distal lava flows of the Maidu Volcanic Center or of an

unrecognized composite volcano.

Basalt of Camp Forward (Tbcf)

In the area north and east of Camp Forward are the eroded
remnants of a basaltic shield volcano. The volcano is constructed
of flows 5-10 m thick that dip gently away from a vent in the
vicinity of Hill 4110. Interbedded pyroclastics are lacking, and
the lavas are deeply weathered. A thick cover of bright red soil
makes outcrops sparse. The age of the Basalt of Camp Forward is
unknown; however, its deeply weathered and eroded state ‘suggests
that it is Tertiary. The Basalt of Camp Forward overlies Tertiary
Andesite in the North Fork of Digger Creek and was already eroded

when partially covered by the Rhyolite of Blue Ridge.
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Two similar varieties of basalt are found in the Basalt of Camp
Forward. Stratigraphically lower flows are medium~ to dark-~gray
olivine basalt with 10%Z phenocrysts of 1 mm euhedral olivine, and
sparse small plagioclase and augite phenocrysts. Stratigraphically
higher flows are more porphyritic olivine~augite basalt. They
contain 5% phenocrysts of olivine with iddingsite alteratiom, nearly
10% of 2 mm augite phenocrysts, and 2% of 1 mm euhedral,
oscillatorilly-zoned plagioclase. The groundmass of both types
contains plagioclase, pyroxene and magnetite microlites with
interstitial cryptocrystalline material in pilotaxitic arrangement.
Glomeroporphyritic clots of augite + plagioclase + olivine are
abundant in the augite-rich flows. Xenoliths of milky vein quartz
with light~green rims of fine-grained clinopyroxene are common in

all flows.

Maidu Volcanic Center

Andesites of Maidu Volcanic Center (Qamv)

Rocks of this unit crop out in three areas along the southern
border of the study area; a small patch of altered olivine~pyroxene
andesite, pyroxene-andesite, and pyroclastic breccias in the bottom
of Nanny Creek, and two larger areas of olivine-pyroxene andesite
and pyroxene andesite lavas with sparse pyroclastic breccias on the
west side of Martin Creek and on Hampton Butte. The latter two
outcrop areas continue beyond the map area, through the vicinity of

Black Oak Campground.



Andesites of Maidu Volcanic Center are predominantly thin
olivine andesite and olivine-pyroxene andesite with subordinate
pyroxene andesite lava flows and include lenses and layers of
pyroclastic breccia of similar lithologies. These flows are less
porphyritic (generally less than 20% phenocrysts) and contain less
plagioclase and hypersthene and more olivine and glass than
overlying units. Dips of lavas and breccias are shallow and
northerly. The rocks are weakly to strongly altered and moderately
weathered.

Andesites of Maidu Volcanic Center include Wilson's '"Mineral
Andesite'", "Round Valley Tuff Breccia", and ''Hampton Andesite"

(fig 2). Because the lithologies and attitudes of Wilson's units
are similar, and because they occur only at the edge of my study
area, I have treated these units as Andesites of Maidu Volcanic
Center. It is likely that Wilson's three units represent lateral
facies variations of similar eruptive episodes. However, they are a
heterogenous group of rocks; i.e. individual flows are of small
volume and restricted lateral extent.

Emplacement of material erupted from Maidu Volcanic Center as
lahars contributed to the Tuscan Formation (Lydon, 1968a). Lahars
of the Tuscan Formation can be seen interbedded with Andesites of
Maidu Volcanic Center in Battle Creek Canyon northeast of Cold Creek
Butte. K-Ar dates of the uppermost Tuscan Formation near Bluff
Springs (sec. 1, T29N, RIE) of 1.95 + 0.25 m.y. (Gilbert, 1969)
and of Quaternary Andesites of Maidu Volcanic Center (sec. 23, T29N,
R3E) of 1.88 + 0.06 m.y. (G. B. Dalrymple, written communication,

1982) suggest that the two units are contemporaneous.
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Andesite of Turner Mountian (Qatm)

Conformably overlying the Andesites of Maidu Volcanic Center are
lavas of a distinctive lithology, named Andesite of Turner Mountain
by Wilson (1961), after a type locality on the southern flank of
Maidu Volcano. I have not visited Turner Mountain; however,
Wilson's description is compatible with the rocks as described
here.

Lavas of this unit form the crest of the ridge culminating at
6927 feet above Black Oak Campground and are exposed as a dipslope
northwest to Hazen Flat, indicating that they came from a vent to
the south. Sparse interflow breccias (Wilsom, 1961) and thick
individual flows indicate these to be flank flows. Lack of
interflow breccias, sparse platy and thick massive jointing, and a
more coarsely crystalline groundmass support the interpretation that
the unnamed hill between Dry Lake and Cowslip Campgrounds is a
thickly ponded flow. However, that the hill is an intrusive plug
cannot be precluded.

The Andesite of Turner Mountain is porphyritic, containing
phenocrysts of clinopyroxene, orthopyroxene and plagioclase;
xenocrystic olivine is present in most samples. The light-gray
groundmass haé an intergranular texture composed of plagioclase
microlites, pyroxene and magnetite grains and interstitial
cryptofelsite. Inclusions of milky vein quartz from 1-3 cm across

are common in some flows, as are altered fragments of volcanic or

sedimentary rocks.



The Andesite of Turner Mountain contains abundant crystal clots
of an unusual nature. These are not the typical hypidiomophic
granular, multimineralic aggregates common in andesites and called
glomerporphyritic clots by many workers (e.g. Garcia and Jacobsen,
1979). Rather, they are large mono- and bi-mineralic clusters of
intergrown pyroxene crystals. Two types occur. The more common
type consists of aggregates of clinopyroxene up to 1 ¢m in
diameter. A colorless, euhedral core crystal with small inclusions
of olivine and plagioclase is surrounded by light-green,
oscillatorilly zoned crystals. These nucleated on the surface of
the core crystal and grew until they interfered. Some crystals
maintain optical continuity with the core crystal. The aggregates,
as a whole, have euhedral outlines. Vague to distinct exsolution
lamallae are common.

The other type of pyroxene aggregate consists of a xenocrystic

core crystal of corroded olivine (Fo ) surrounded by numerous,

70-80

small, mutually interfering orthopyroxene crystals. These
aggregates are up to 1 cm in diameter and are in various stages of
development from thin orthopyroxene rims on olivine to clusters of
orthopyroxene alone, interpreted to have completely replaced the
olivine xenocryst.

The Andesite of Turner Mountain also contains abundant clusters
of plagioclase phenocrysts. Their size and abundance varies between
flows; generally they are 1-3 mm in diameter. The larger clusters
have an unzoned, anhedral calcic core surrounded by intergrown,

strongly oscillatorilly zoned plagioclase crystals. Smaller
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clusters lack the calcic core. All crystals are unusual in that
they lack regular twinning.

The rock contains about 15-20% pyroxene phenocrysts and an equal
amount of plagioclase. Small individual orthopyroxene crystals
occur but are subordinate in amount to the clusters. Individual
clinopyroxene phenocrysts are absent.

The lack of multimineralic clusters argues against synneusis as
the mechanism of cluster formation. Most, if not all, the
orthopyroxene clusters were formed by breakdown of olivine, a
process that has been previously documented (Cox and others, 1979).
The presence of several different monomineralic clusters in the same
rock, the scarcity of individual crystals, and the growth pattern of
crystals suggest the origin of cluster formation to be a nucleation

phenomenon.

Rhyolite of Blue Ridge (Qrbr)

The Rhyolite of Blue Ridge was named and described in detail by
Wilson (1961); a brief summary is given here.

Two extensive plateaus of silicic rocks occur on opposite flanks
of Maidu Volcanic Center; Blue Ridge on the northwest and Mill
Creek on the south and southeast. The plateaus are of subequal
size, covering an outcrop area of 170 km2 at an average thickness
of 150 m. The minimum volume of silicic rock is thus 25 km . In
addition Wilson found three other smaller silicic units in high
stratigraphic position on Maidu Volcano; the Dacite of Stover
Mountain, the Rhyolite of Lost Creek Plateau, and the Rockland

Tephra.
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The summit and central areas of Maidu Volcanic Center are now
occupied by an oval-shaped depression approximately 8 by 5 km in
diameter. Despite abundant hydrothermal alteration and a lack of
boundary faults, Wilson attributed the depression to caldera
collapse caused by extrusion of the voluminous Rockland Tephra. The
Rockland Tephra however, is not related to the Maidu Volcanic Center
but to the Lassen Volcanic Center. Futhermore, although caldera
collapse may follow extrusion of voluminous lava flows, this is not
typically the case (Williams and McBirney, 1979).

Wilson reports a K-Ar age of 1.52 m.y. (no uncertainty given)
for glass from the Rhyolite of Blue Ridge. Subsequent K-Ar ages
reported by Gilbert (1969) of 1.15 + 0.07 m.y. (whole rock) and 1.24
+ 0.11 m.y. (plagioclase) may be more accurate.

When fresh, the Rhyolite of Blue Ridge is a light-gray to black,
sparsely porphyritic, flow-banded perlite; however, the rock is
typically devitrified, white to tan in color, and the mafic minerals
are oxidized and weathered. The rock contains 5-10% phenocrysts
dominated by oscillatorilly and reversely zoned andesine.

Oxyhornblende (1-2%) and traces of hypersthene and biotite are the
mafic minerals. The remainder of the rock is colorless perlitic
glass, which is partially to wholly devitrified.

The Rhyolite of Blue Ridge is the most silicic and
differentiated rock from the Lassen region yet analyzed, as it
contains 75% SiO2 and has a D.I. of 90.5. Chemical analyses of
the "Rhyolite of Lost Creek" and the '"Rhyolite of Mill Creek
Plateau' are significantly less silicic; actually the rocks are

dacite and rhyodacite respectively.



Dacites of Maidu Volcanic Center (Qdmv)

Williams (1932) reported the existence of the dacite domes of
Christie Hill and Morgan Mountain, described them as
hornblende-biotite dacites, and tentatively attributed them to
Brokeoff Volcano. Wilson (1961) recognized three additional domes
(Plantation Dome, Doe ngntain, and Radio Relay Hill) described them
as hornblende-biotite dacites and pyroxeme dacites, and correlated
them with Maidu Volcanic Center. Six more dacite bodies are here
correlated with the Maidu Volcanic Center. Dacite of Canyon Creek
and a small unnamed body are exposed in Mill Canyon below Brokeoff
Volcano (Muffler and others, 1982b). The Dacite of Rocky Peak (a
dome and thick lava flow) and the Dacite of Growler Spring (a thick
lava flow) were mapped separately and will be described in
subsequent sections. A small body of altered dacite crops out near
McGowen Lake, and a larger dome crops out in the South Fork of
Bailey Creek Canyon.

Christie Hill is composed of a porphyritic medium—gray
hornblende dacite with 25% phenocrysts. Plagioclase phenocrysts
comprise 20% of the rock and are weakly oscillatorilly zoned
crystals of calcic andesine 1-3 mm long. Oxyhornblende phenocrysts,
2-3 mm long with thin magnetite rims, comprise 4% of the rock.
Hypersthene crystals 1 mm in size comprise 1% of the rock. Small
augite crystals 0.25-0.5 mm long and biotite flakes are sparse
components. The groundmass consists of plagioclase, pyroxene and
magnetite microlites set in colorless glass. Pyroxene-bearing mafic

inclusions are common. The rock is typically oxidized to shades of

red.
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Plantation Dome refers to the dacite body comprising the
twin-peaked ridge east of Plantation Gulch. The light-gray but
often oxidized porphyritic dacite is similar to that of Christie
Hill. Phenocrysts make 20% of the rock. Plagioclase crystals up to
5 mm in length of sodic andesine with reversely zoned rims compose
15% of the rock. Oxyhornblende crystals up to 5 mm long and
partially to completely replaced by granular magnetite and acicular
hypersthene comprise 5% of the rock. Rounded and embayed pinkish
quartz, biotite partially replaced by hypersthene and magnetite, and
small hypersthene phenocrysts are present in small amounts. The
groundmass consists of an irregular felsic intergrowth of quartz,
plagioclase, hypersthene and magnetite. Mafic inclusions are common.

Morgan Mountain is a heterogeneous body of porphyritic
hornblende-pyroxene dacite. lagioclase phenocrysts up to 3 mm in
size but mostly about 2 mm comprise 15-20% of the rock. The most
common type is sodic labradorite with oscillatory zoaning however,
strongly sieved crystals and crystals with calcic cores are common.
Hornblende pseudomorphed by magnetite is typically the most abundant
mafic mineral, comprising up to 5% of the rock; however, some
samples lack hormblende completely. In these samples variable
amounts of pyroxemes occur, augite dominanting over hypersthene.
Rounded and embayed quartz crystals are always present, cccasionally
in amounts up to 3%. The groundmass consists of plagioclase,
pyroxene and magnetite microlites set in colorless glass. Mafic
inclusions, both the pyroxene-plagioclase and hornblende-plagioclase

varieties, are abundant.
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A small body of dacite (~ 0.1 km?) with a domical outcrop
pattern underlies lavas of Brokeoff Volcano in the canyon of the
South Fork at Bailey Creek. This dacite is tentatively correlated
with the Dacites of Maidu Volcanic Center based on its stratigraphic
position. The rock is a porphyritic biotite-hornblende dacite with
about 154 phenocrysts. Plagioclase phenocrysts up to 5 mm in size
comprise about 10%Z of the rock. Most are clear and show strong
oscillatory zoning in the andesine composition range; many have more
calcic cores. Crystals with sieved zones occur sparsely. Rounded
phenocrysts of quartz about 1 mm in size make up 1% of the rock.
Hornblende and biotite are strongly corroded and partially converted
to magnetite. Mafic minerals also include sparse euhedral augite
and hypersthene and corroded olivine. The groundmass is pilotaxitic
with plagioclase, pyroxene and magnetite microlites and interstitial
cryptofelsite.

A small body of strongly flow banded and deeply weathered dacite
crops out 0.4 km northeast of McGowen Lake. The dacite is almost
completely buried by lavas of Brokeoff Volcano, Andesite of
Huckleberry Lake, and till. The rock is a hornblende dacite with
about 10% small plagioclase phenocrysts. Little can be said about
this dacite; however, in view of its similarity and proximity to
other Dacites of Maidu Volcanic Center, it is probably related to
them.

Evidence concerning the age of the Dacites of Maidu Volcanic
Center is scarce however, some age comnstraints may be placed on the

rocks. The domes were intruded through the older Andesites of Maidu
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Volcanic Center as can be seen in the Nanny Creek area. Wilson
(1961) interpreted the Andesite of Martin Creek lavas overlying the
southern and eastern end of Plantation Dome to have been uplifted by
emplacement of the dome. The position of these lavas, while not
requiring uplift, nevertheless indicates that they predate
Plantation Dome. Lavas of the Andesite of Martin Creek flowed south
toward Maidu Volcanic Center and must have been erupted long enough
after the collapse of Maidu Volcanic Center so that drainage to the
south was established. A preliminary K-Ar age data on Plantation
Dome indicates an age of 1.0-1.1 m.y. (G. B. Dalrymple, written
communication, 1982).

The Dacites of Maidu Volcanic Center and the associated units,
Dacite of Rocky Peak and Dacite of Growler Spring, form a
mineralogically and chemically heterogeneous group of rocks emplaced
on the northern flank of a composite volcano significantly after
cone formation. They occupy a similar stratigraphic and petrologic
position (relative to Maidu Volcano) as the Lassen dacite domefield

bears to Brokeoff Volcano.

Dacite of Growler Spring (Qdgs)

In Mill Canyon, overlying the dacite dome of Morgan Mountain and
underlying the Andesites of Mill Canyon, is a body of mafic dacite
here called Dacite of Growler Spring. The body probably is the
truncated margin of a lava dome as it has a minimum thickness of
150 m and flow structures are absent. Jointing is predominantly

massive, although poorly developed platy jointing is seen locally.



Sparse altered olivine crystals weathered to orange clay, large
strongly sieved plagioclase with a chalky appearance, and resorbed
oxyhornblende give the rock a distinctive field appearance.

Dacite of Growler Spring is a porphyritic pyroxene-hornblende
dacite with about 30% phenocrysts of plagioclase, hornblende,
augite, olivine, hypersthene and quartz. Evidence of disequilibrium
is abundant. Plagioclase phenocrysts occur in two populations of
subequal abundance. Crystals 1-5 mm in diameter of andesine have
strongly sieved cores. Smaller plagioclase phenocrysts are 0.1-1.C
mm in length, and are unsieved labradorite. Completely resorbed
hornblende phenocrysts are marked by pseudomorphs of finely-divided
magnetite and hypersthene granules. Augite phenocrysts slightly
outnumber hypersthene phenocrysts. Both are small being only
0.25-0.5 mm in length. Sparse larger pyroxene crystals are probably
derived from disaggregated glomeroporphyritic clots of plagioclase +
pyroxene + magnetite, which are common. Olivine occurs as corroded
crystals 0.25 to 2 mm long mantled by hypersthene. Quartz
phenocrysts with fine-grained rims of augite are rare. The
pilotaxitic groundmass is composed of plagioclase, pyroxene and
magnetite microlites with interstitial cryptofelsite. Many small
mafic xenoliths of plagioclase + pyroxene in various stages of
disaggregation are present. Many of the small pyroxene, olivine and
plagioclase crystals in the groundmass may be from disaggregated

xenoliths.
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Andesite of Martin Creek (Qamr)

The Andesite of Martin Creek consists of an eroded volcanic neck
and thick lava flows of two-pyroxene andesite. A glaciated,

" continuous vertical exposure in excess of 50 m on the southeast
flank of Hill 6869 consists entirely of massively jointed rock
devoid of flow lineation. Hill 6869 represents the highest
elevation that Andesite of Martin Creek is found, and although
pyroclastic material was not observed, it is likely that the area is
the glaciated vent.

Lavas of the unit dip gently to the south indicating that they
flowed toward Maidu Volcanic Center, reaching as far as Battle Creek
Meadows. The lavas of the Andesite of Martin Creek are distinctive
and homogenous in appearance. No interbedded pyroclastic material
was observed, and flow contacts are rare. The unit represents the
product of a short-lived, small monogenetic cone.

The Andesite of Martin Creek overlies the Andesites of Maidu

Volcanic Center in Martin and Nanny Creeks. It is overlain on the
northe;n flank by the Dacite of Rocky Peak, dated at 0.803 + 0.027
m.y. (G. B. Dalrymple, written communication, 1982). A flow of the
Andesite of Martin Creek in the vie<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>