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DISCUSSION
ABOUT THIS MAP

Newberry volcano, one of the largest Quatemnary vol-
canoes in the conterminous United States, is a broad
shieldlike landform with a summit caldera 7 km across.
It comprises the products of thousands of eruptions, at
least 25 of which occurred during the last 10,000 years
{Holocene Epoch). Eruptions have occurred as recently
as 1,300 vears ago, but isotopic ages indicate that the
volcano began its growth as early as 0.6 million years
ago. Thus, its long history and recent activity indicate
that Newberry volcano is likely to erupt in the future.

Many young volcanic features of Newberry volcano
have become part of the newly formed Newberry Na-
tional Volcanic Monument, which was created on No-
vember 5, 1990. Enabling legislation, Public Law 101-522,
resulted from three years of intense work by a diverse
group of central Oregon citizens, including those from
environmental, geothermal, timber, and recreation groups.
The monument is managed by the United States Forest
Service, U.S. Department of Agriculture. It includes the
caldera and extends along the northwest rift zone to the
Deschutes River. About 30 percent of the area within
the monument is covered by Holocene volcanic prod-
ucts erupted from Newberry volcano.

This geclogic map is one product of an evaluation
of Newberry volcano conducted for the Geothermal Re-
search Program of the U.S. Geological Survey., As mapping
progressed, the U.S Geological Survey started a drilling
program to understand the volcano’s hydrologic regime
and geothermal potential (Sammel, 1981; Macleod and
Sammel, 1982). Numerous other studies, many of which
were published in 1988, describe additional drilling and
drill-core analysis, modeling of the caldera's hydrology
and its hydrothermal flow system, analyzing gravity and
aeromagnetic data, characterizing the volcano's electri-
cal structure, determining the regional crustal velocity
structure, and imaging of the local velocity structure below
Newberry volcano using teleseismic and explosive sources
(see Fitterman, 1988, for overview and additional ref-
erences}). Two field trip guides are available for Newberry
volcano and surrounding area (Macl.eod and others, 1981;
Jensen, 1988).

This geologic map distinguishes rocks and deposits
on the basis of their composition (for example, ande-
site versus rhyolite} and lithology {for example, lava flows
mapped separately from pyroclastic-flow deposits). Most
flank lavas, which are chiefly basalt and basaltic ande-
site, are grouped together but could be further subdivided
by additional mapping and chemical analyses. The caldera

pumice and ash deposits, also known as tephra, were
studied only briefly. They are complexly interbedded,
show little erosion, and warrant further work because
they contain the most complete record of Holocene caldera
eruptions. Most flank rocks are mantled by windblown
ash deposits (Mazama ash bed) derived from distant
eruptions at Crater Lake National Park and are locally
buried by widespread pumice-fall deposits originating from
vents in the summit caldera. Consequently, many rock
units are poorly exposed. In some cases, contacts shown
on the map are based partly on topographic expression.

The age of rock units has been determined by sev-
eral techniques. Isotopic ages of some Holocene strati-
graphic units were determined by carbon-14 (14C) dating,
a method useful for dating organic material younger than
about 50,000 years in age. The 13C time scale diverges
from conventional calendar years, however, because the
relative abundance of the 19C isotope in the atmosphere
has varied over time (for example, Faure, 1986). Organic
materials 3,000-7,000 years old vield 14C ages that are
100 to 900 years younger than the age as measured
in calendar years (see table 1). For example, charcoal
from beneath the Lava Cascade Flow (Qybs) has a 14C
age of 5,800+ 100 years before present (yr B.P.}, which
corresponds to a calendar age of 6,610+130 yr B.P.
(table 1). For organic material younger than 3,000 1¥C
yr B.P., the deviation from calendar age is less than 200
years.

The Mazama ash bed blankets all older rocks, thereby
forming a useful stratigraphic marker for determining the
relative ages of Holocene rocks and deposits. The ash
has a carbon-14 age of about 6,845+50 ¥C yr B.P.,
which corresponds to a calendar age of 7,640150 yr
B.P. {table 1}. Most lava flows younger than the Mazama
ash bed are easy to recognize because their pristine surfaces
contrast starkly with surrounding ash-blanketed units. On
particularly rough-surfaced, pre-Mazama lava and obsidian
flows, however, the ash has been washed from knobby
protuberances into depresssions, as has subsequently de-
posited tephra. Qur 2-m-deep excavations on some of
those flows failed to penetrate the younger tephra deposits
and to test for the presence of Mazaga ash. Thus, the
age of those flows relative to the Mazama ash bed remains
uncertain.

Hydration-rind ages were obtained from many Ho-
locene obsidian flows (Friedman, 1977; Friedman and
Obradovich, 1981). This method of dating assumes that
glass hydrates inward from a fresh surface as a function
of time; the rate is dependent upon the ambient tem-
perature and composition of the glass. Therefore, hydration-



rind ages also would differ from calendar ages if, as is
likely, atmospheric temperatures have had significant long-
term variations. The hydration-rind ages (table 2) are
discussed as calendar ages but have potentially large errors
owing to uncertainties in temperature history.

Potassium-argon (K-Ar} dating has been applied to
many of the older rocks in the map area. The ages are
interpreted as the number of years (millions of years) since
the rocks crystallized; for volcanic rocks this is the age
of emplacement. The K-Ar method relies on the time-
dependent decay of potassium to radiogenic isotopes of
argon. To be accurately dated, the material sampled must
have a sufficient concentration of potassium and must
be old enough to have accumulated measurable amounts
of radiogenic argon. At Newberry volcano, replicate age
determinations on individual rock bodies have produced
widely varying K-Ar ages, owing to a combination of
relatively youthful age, low potassium content, and large
degree of contamination by atmospheric argon. Some
anomalously old ages may result from the initial incor-
poration of radiogenic argon into the magma. Many K-
Ar ages obtained from rocks and drill core at Newberry
volcano are inconsistent with stratigraphic relations.
Therefore, we refer in the unit descriptions only to those
K-Ar ages deemed consistent with stratigraphic relations
or to those ages for which other data are insufficient to
challenge the accuracy of the age. _

We also rely on the magnetic polarity of rocks as
a way to bracket the ages of some units. When volca-
nic rocks crystallize they develop a very weak magne-
tization parallel to the Earth's magnetic field. The strength
of the field fluctuates, and the field orientation reverses
itself periodically. Although irregular in duration, the
ages of magnetic polarity reversals are well determined
from studies worldwide. By convention, the modern
orientation is called normal polarity, and it character-
izes rocks erupted during the last 730,000 years, as well
as other normal-polarity epochs in the geologic past. Rocks
erupted between 0.73 and 0.90 million years ago possess
reversed-polarity magnetization. The “north” end of a
compass needle would point to the southern hemisphere
during times of reversed-polarity magnetization.

On the basis of reconnaissance field magnetometer
studies, all stratigraphic units on the volcano are nor-
mally polarized and thus likely younger than about 0.73
million years. Accepted K-Ar ages from rocks on the
volcano are as old as about 0.6-0.5 million years. Older,
reversely polarized domes and lava flows probably pre-
date Newberry volcano. For example, reversely polar-
ized domes at China Hat and East Butte have K-Ar ages
of 0.80+£0.21 and 0.87+0.05 million years, respectively.
Undated rocks at Indian and Amota Buttes also are older
than 0.73 million years, on the basis of their reversed-
polarity magnetization.

Many geographic names have been popularized over
the years, and some have become formal place names.
The name “Mount Newberry” was first applied to the
volecano by I.C. Russell in honor of Dr. John S. Newberry,
a sclentist with the Pacific Railroad surveys of the mid-
1800s and one “who did much to make the geography,
geology, and botany of the State [of Oregon| widely known”

(Russell, 1905, p. 97). Mount Newberry never became
established as a geographic name, but Newberry Crater
commonly has been applied to the summit caldera of
Newberry volcano. The name “Big Obsidian Flow™
originated as an apt designation for one of the most
prominent geographic features in the caldera; it was already
in use in 1935 when Howel Williams did his pioneering
study of the summit caldera (Willlams, 1935). Several
important features such as Paulina Lake and Paulina Peak
were named after Chief Paulina of the Walapi tribe.

We capitalize those geographic names that are formally
approved by the U.S. Board on Geographic Names,
whereas informal names are uncapitalized. The East Lake
Fissure, for example, is a formal geographic name applied
to a feature on the north caldera wall and extending down
to the shore of East Lake. In contrast, “east rim fis-
sure” is an informal name we apply to a vent system
that parallels the eastern caldera ring fault along the caldera
rim. Some other names have been used repeatedly in
the geclogic literature and are at times treated as though
they were formally approved, when in fact they remain
informal—for example, “Mixture Butte” and "The Spire.”
To avoid confusion, those names are always shown in
quotations when used in this report.

Similar conventions for capitalization apply to the
naming of geologic units. For example, the widespread
ash deposit from ancestral Mount Mazama, commonly
referred to as “Mazama Ash,” has never been formally
defined. Therefore we refer to it informally as the "Mazama
ash bed.” Nearly every Holocene lava flow on Newberry
volcano has been named, many of them by Norman V.
Peterson and Edward A. Groh (for example, Peterson
and Groh, 1965, 1969). Although the names are often
capitalized as proper nouns (Lava Butte Flow, for ex-
ample), we interpret this to indicate their use as geo-
graphic place names, not as formal stratigraphic names.
In stratigraphic studies, several criteria are discussed when
formally naming a volcanic stratum, including descrip-
tion of the unit, its composition, mineralogy, location
of a reference or “type” section, and definition of
boundaries. None of the Holocene lava flows have been
so treated. Hopefully, the mention and clarification of
these details doesn't detract from the enjoyment and use
of the map.

REGIONAL GEOLOGIC SETTING

Newberry volcano lies at the boundary between the
Cascade Range and the Basin and Range physiographic
provinces (fig. 1). It is similar in age to many Quater-
nary volcanoes in the Cascade Range. Lava from Newbenry
volcano and the Cascade Range is chemically similar.
Newberry volcano lies only 60 km east of the Cascade
Range crest, a distance that includes back-arc volcances
in other arc-related volcanic chains. The Newberry caldera
is only slightly smaller than Crater Lake—best known of
Cascade Range calderas—located 110 km to the south-
west. A caldera may also lie buried east of Broken Top,
50 km northwest of Newberry volcano. Ash-flow tuff
and tephra deposits (units Qtb and Qsh, northwest corner
of map area), possibly derived from the caldera east of
Broken Top (Hill, 1985; Hill and Taylor, 1990), lie adiacent
to the northwest flank of Newberry volcano.



Newberry volcano also shares tectonic and compo-
sitional characteristics with the Basin and Range physio-
graphic province. Newberry volcano lies at the northwest
end of, and shares some characteristics with, a Basin
and Range-related sequence of rhyolite domes and caldera-
related ash-flow tuffs that show a well-defined monotonic
age progression (fig. 1). The sequence includes rhyo-
lite erupted 10 million years ago about 250 km to the
east; the rhyolitic rocks become younger northwestward,
culminating in rocks younger than 1 million years at

Newberry volcano (Walker, 1974; MacLeod and others,
1976). The rhyolite domes of this progression are
chemically evolved, with concentrations of large-ion
lithophile elements higher than in most rhyolite and
rhyodacite of the Cascade Range. Some of the older
rhyolitic rocks (Qer) at Newberry volcano are similarly
evolved; they form groups of domes and lava flows along
northeast trends subparallel to the isochrons of the age
progression shown in figure 1.

EXPLANATION

th)K!lWEfEﬁS

Figure 1. Physiographic provinces in Oregon (after Dicken, 1965) and location
of map area. Rhyolitic age progression from MacLeod and others (1976).

SHAPE OF THE VOLCANO

The physiographic edifice of Newberry volcano is
60 km north-south and 30 km east-west (fig. 2). Iis
topographic base is at an elevation of about 1,350 m
(4,400 ft), and its highest point, Paulina Peak, is 2,434
m (7,984 ft}. Although only about 1,100 m high, the
volcano covers an area of 1,600 km2. The volume of
the volcanic edifice is about 400-500 km?3, measured from
the surrounding plains (1,350 m). The total volume of
Newberry products may be twice as great, depending on
the depth and configuration of the volcano's base in the
subsurface and the volume of flows and tephra that extend
beyond the map area or which are now eroded.

As shown by the geologic map (sheet 1), the elon-
gate shape of Newberry volcano results from the distri-
bution of vents and lava flows of basaltic andesite, basalt,
and minor andesite along the length of the volcano, In
contrast, dacitic to rhyolitic volcanism has been focused
in the central part. Newberry-derived pyroclastic-flow

deposits, which are mainly andesitic to rhyolitic in
composition, are most widely exposed in the central sector
of the volcano, as are nearly all the dacitic to rhyolitic
domes and lava flows. The gentle 1°-3° slopes on the
lower flanks of the volcano steepen abruptly at about
the 1,800-m elevation (6,000 ft) to form the upper flanks,
probably owing to the accumulation of stubby silicic lava
flows and domes. Approximate limits of the central volcanic
buildup are shown on cross sections A-A’' and B-B' (sheet
1).

Basalt lava flows on the north_flank of Newberry
volcano spread across the broad plain of the Deschutes
basin from Bend to beyond Redmond. They extend 45
km north of the map area, cover 700 km?, range in thick-
ness from 6 to 30 m, and account for an additional 4-
20 km?® of lava. The most northerly vents, however,
are on the volcanic edifice in the map area. A broad
low summit in an area known as the Badlands (north-
east corner of sheet 1) is probably a rootless vent fed
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Figure 2. Geographic features in vicinity of map area. Potassium-argon sample loca-
tions (triangles) and map numbers shown for samples listed in table 3 except No. 27,
which is located 13 km east of Pine Mountain summit. Stipple indicates rocks of known

Tertiary age, generalized from Walker and others (1967), Swanson (1969), and MacLeod
and Sherrod (1992).
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Figure 3. Distribution and thickness of the Mazama ash bed (erupted from Crater Lake caldera)

and pumice-fall deposits (unit Qbop, erupted from Newberry caldera during the Big Obsidian erup-
tive period). Data from Sherrod (1991), MacLeod and Sherrod (1992), Sherrod and Pickthorn (1992},

this map, and our unpublished work.

by lava tubes that originated upslope on Newberry volcano.
The Badlands summit lacks near-vent cinder or spatter
characteristic of primary vents.

Cross sections A-A' and B-B' {sheet 1) indicate that
Newberry volcano sits astride a local downwarp with at
least 500 m of relief. The downwarp is inferred from
the distribution of rocks 3 million years or older at about
the 1,400-m elevation (4,500 {t) south, east, and north

of Newberry volcano, whereas equally old rocks have not
been penetrated by even the deepest drill holes on the
volcano's flanks. The downwarp may result from the weight
of volcanic and shallow plutonic rocks that built the volcano.
A downwarp of similar magnitude is known from Medi-
cine Lake volcano {Calif.) (Dzurisin and others, 1991),
a volcano remarkably similar to Newberry in its shape,
eruptive style, and probably volume.
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Figure 5. Drill core from GEO N-1 and GEO N-3, showing magnetic polarity transitions (Linneman, 1990)
and K-Ar ages (Swanberg and others, 1988). Drill-core ages (right side of columns) in bold typeface are in-
terpreted as accurate; other ages difficult to reconcile with magnetic polarity data. Ages of global magnetic
polarity transitions from Mankinen and Dalrymple (1979). See figure 2 for location of drill sites.

For the cross sections, we have combined K-Ar ages
from drill core (Swanberg and others, 1988) with mag-
netic polarity data (Linneman, 1990) to determine age-
depth relations. The best fit for data from drill hole GEO
N-1 (fig. 5) requires our assuming that the drill core does
not record the Jaramillo Normal-Polarity Subchron (of
the Matuyama Reversed-Polarity Chron) (0.97-0.90 million
years ago). For GEO N-3, the K-Ar ages lack any internal
consistency, so the magnetic polarity reversals were assigned
to chronozone boundaries by assuming that every major
reversal was sampled. If the assumptions are appropri-
ate, then both holes penetrated rocks older than about
1.87 miillion years in their lowest parts. This interpre-
tation of the drill-core data creates a symmetrical age-
depth profile of the volcano (section A-AY.

Little is known about age-depth relations west of the
volcano. Water wells in La Pine basin have penetrated
as much as 400 m of alluvium, including lake deposits,
before hitting lava flows (Couch and Foote, 1985). Thickest

parts of the alluvial fill, which may be as thick as 0.7-
1.0 km (Gettings and Griscom, 1988), probably coin-
cide with a 10-mGal gravity anomaly located at the west
edge of section B-B' {Couch and others, 1982). (Grav-
ity anomalies commonly result where low-density sedi-
mentary rocks accumulate to great thickness; the force
of gravity measured at the Earth's surface is less in these
areas owing to the density contrast.} In contrast to the
alluvium of La Pine basin, lacustrine deposits are lack-
ing in drill holes on the flanks of Newberry volcano, and
the alluvial strata on the volcano are complexly interbedded
with primary pyroclastic rocks. Thus it seems likely that
the volcano has formed the eastern buttress to basin-
filling sediment for a substantial period of time,

THE CALDERA

The summit caldera of Newberry volcano is about
7 km east-west by 5 km north-south. It is a collapse



structure with several walls nested one inside the other,
indicating more than one set of ring fractures. The multiple
ring fractures may have formed during a single event as
blocks collapsed piston-like or slumped along the mar-
gin of the caldera. More likely, however, is a collapse
associated with each of the voluminous pumiceous eruptions
that produced the major ash-flow tuffs of the flanks. The
two largest ash-flow tuffs, the tuff of Tepee Draw (Qtp}
and the basaltic andesite lapilli tuff {Qbt), probably produced
caldera collapse. Each occupies a 50° sector of the volcano
and has a volume in excess of 10 km3.

Ages for the major pyroclastic-flow deposits remain
poorly known. The tuff of Tepee Draw (Qtp} is most
likely about 0.50 million years in age, on the basis of
K-Ar age determinations (table 3, Nos. 30a and 30b).
The basaltic andesite lapilli tuff (Qbt) lacks meaningful
K-Ar ages. [t is younger than 0.41+0.08 million years
{age of a dome on the southwest flank, No. 13 on fig.
2) and older than intracaldera domes {unit Qrpl, sheet
2) on the southwest shore of Paulina Lake. The age
of the intracaldera domes are poorly constrained by ages
of 0.58+0.40 and 0.56+0.40 million years; the domes
may be as young as 0.2 million years, given the rela-
tive error. Thus the basaltic andesite lapilli tuff prob-
ably was erupted some time between about 0.4 and 0.2
million years ago. To summarize, caldera collapse probably
occurred at least twice, the first time about 0.5 million
years ago and again sometime between 0.4 and (.2 million
years ago.

The caldera contains pyroclastic rocks, lava flows
and domes, and fluvial and Jacustrine deposits of Pleis-
tocene and Holocene age. Our knowledge of underly-
ing, caldera-filling deposits is obtained mostly from core
samples of USGS N-2, a 932-m-deep drill hole sited near
the center of the caldera (shown generalized on cross
section A-A', sheet 1) (MacLeod and Sammel, 1982; Keith
and Bargar, 1988). Core from the upper 500 m con-
sists of clastic rocks except for an obsidian flow at 42-
to 98-m depth and a rhyodacite sill at 460-470 m. To
a depth of 290 m, the rocks are basaltic and rhyolitic
Japilli tuff, minor tuff breccia, and alluvium derived from
the tuff. Lacustrine sediment from depths of 290-320
m indicate that the caldera was initially much deeper and
that the central block subsided 500-800 m as measured
from the caldera rim. Ash-flow deposits cored at depths
of 320-500 m may be products of pyroclastic eruptions
associated with caldera collapse, but they are chemically
dissimilar to ash-flow deposits exposed on the flanks. In
contrast to the clastic upper part, the core from 500
m to the base of the hole (932 m} consists mostly of
lava flows, which are progressively more mafic downsection,
from rhyodacite to dacite, andesite, and basalt. The flows
between 500 m and the base of the hole at 932 m may
be precaldera rocks of Newberry volcano (interpretation
of cross section A-AY; alternatively, the lava flows may
be caldera filling, in which case other major sequences
of pyroclastic rocks, including lateral equivalents of the
tuff of Tepee Draw (Qtp), exist at greater depth.

East and Paulina Lakes are the major lakes located
in the caldera of Newberry volcano. (A minor intermit-

tent pond, Lost Lake, is located near the Big Obsidian
Flow.} East Lake occupies the northeast corner of the
caldera floor. It is about 50 m deep at its deepest point,
and much of the northern half is deeper than about 30
m (see bathymetry on sheet 2). Inflow to the lake is
chiefly by subsurface flow and snowmelt; outflow is also
by subsurface flow, some of which moves westward into
the slightly larger Paulina Lake (Phillips and Van Denburgh,
1968; Johnson and others, 1985).

Paulina Lake is one of the deepest lakes in Oregon,
about 80 m deep at its deepest point (Johnson and others,
1985). Like East Lake, Paulina Lake recejves inflow by
subsurface waters and snowmelt; unlike East Lake, it is
drained by a stream, Paulina Creek. Paulina Lake lies
about 15 m lower than East Lake, from which it is separated
by lava flows and volcanic cones that have built up in
late Pleistocene and Holocene time. Given the smalt dif-
ference in elevation between Paulina and East Lakes and
the relative youth of rocks separating them, it seems likely
that the lakes were a single body of water in past times.

Hot springs occur along the south and southeast shore
of East Lake and the east and northeast shore of Paulina
Lake. Additional thermal fluid seeps from the lake floors.
Both lakes contain unusually high concentrations of major
jons as a consequence of the hot-spring discharge {Johnson
and others, 1985).

ABSENCE OF GLACIAL FEATURES

Evidence for glaciation at Newberry volcano is poorly
substantiated, and it seems unlikely that the volcano
sustained more than a few permanent snowfields at high
elevations in late Pleistocene time. Perhaps small cir-
que-filling glaciers were located at the base of cliffs north
of Paulina Peak. But earlier suggestions that the volcano's
west flank is mantled by till or that the west rim of Paulina
L ake is a terminal moraine {Russell, 1905) are now known
to be incorrect. (Russell's early attempt to explain the
caldera’s Jandform was made without benefit of subse-
quent investigations into the mechanism of caldera col-
lapse.} The absence of till has prevented the use of dating
methods in which the age of volcanic deposits is inferred
by their relation to glacial depasits of known age, a technique
used elsewhere in the Cascade Range. Periglacial ef-
fects such as increased runoff and erosion during gla-
cial wasting probably have modified older lava-flow surfaces;
nevertheless, relative dating techniques such as comparative
flow morphology proved difficult to apply as mapping
tools because much of the volcano is thickly but vari-
ably blanketed by the Mazama ash bed. Also, precipi-
tation {and consequently, rate of erosion) varies significantly
across the volcano. L

Glaciers were widespread in the Cascade Range during
late Pleistocene time. Their apparent absence at Newberry
probably resulted from the volcano's position in the rain
shadow of the Cascade Range and perhaps from other
effects of atmospheric circulation. Older volcanoces closer
to the Cascade Range but east of the range crest, such
as Black Butte {45 km northwest of Bend), are also known
to have been spared from extensive glacial erosion.



HOLOCENE ERUPTIVE ACTIVITY

Holocene volcanic rocks and deposits are widespread
at Newberry volcano. They include rhyolitic rocks centered
around the east half of the caldera {for example, unit
Qyo on sheet 1) and basaltic andesite flows of the flanks
{Qyby.1s). Lava flows younger than the Mazama ash bed
are easy to recognize because of their stark, fresh sur-
faces. Pre-Mazama Holocene rocks are difficult to
distinguish from Pleistocene units because they are poorly
exposed.

We once interpreted as early Holocene an obsidian
flow and dome (Qyrc) near the south caldera wall, the
east rim fissure (part of unit Qc), and the basaltic andesite
near East Lake Resort (unit Qbce, sheet 2) (MacLeod and
Sherrod, 1988). This interpretation was based on the
unweathered appearance of these units and their posi-
tion beneath the Mazama ash bed. But carbon from beneath
the east rim fissure recently vielded a 14C age of
10,500£500 yr B.P. (Linneman, 1990), which corre-
sponds to a calendar-year age of 10,970+£500 yr B.P.
(table 1), indicating that the rocks forming these geo-
graphic features are probably latest Pleistocene. Cin-
ders from the east rim fissure overlie unweathered pumice
deposits possibly erupted from the vent for the obsid-
jan flow {Qyrc) near the south caldera wall. The other
notable silicic deposits of uncertain age form the large
pumice ring of Lost Lake (unit Qip, sheet 2), at the northeast
edge of the Big Obsidian Flow.

The first majorpost—Mazamaerupﬂonswa'eofrhyoliﬂc
composition and occurred within the caldera perhaps about
7,300 calendar yr B.P. The best known products of these
eruptions are the Central Pumice Cone (unit Qicp, sheet
2), its obsidian flows (units Qicf and Qicg on sheet 2),
and the Interlake Obsidian Flow {unit Qiif, sheet 2). Silicic
tephra from some of these vents underlie basaltic andesite
flows of the northwest rift zone (discussed next), which
were emplaced between 6,600 and 7,200 yr B.P.
Therefore, hydration-rind ages of about 6,700 yr B.P.
from the Central Pumice Cone and associated obsidian
flows are too young (table 2).

Also of this early, post-Mazama age is the East Lake
tephra deposit of MacLeod and others (1982), which is
a widespread thick phreatomagmatic pumiceous tephra
deposit (part of unit Qyt) in the eastern and southeast-
ern parts of the caldera. The East Lake tephra deposit
has an age of 7,300+130 calendar yr B.P. (6,400 130
14C yr B.P., table 1). It was most likely erupted from
a vent beneath the southwest corner of East Lake (vent
symbol shown dotted on geologic map; see sheet 2 for
bathymetry of proposed vent area). Other lesser known
deposits produced at about the same time include pum-
ice cones (units Qilp and Qiwp, sheet 2) at the base of
the north caldera wall, small pumice rings and obsidian
protrusions (units Qisp, Qipe, and Qisf, sheet 2) along
the inner south wall, and possibly the young rhyolite of
the upper southeast flank (Qyrf). None of them have
been dated by isotopic or hydration-rind methods, and
their tentative assignment to the first post-Mazama eruptive
period is based on similar weathering profiles.

Holocene basaltic andesite forms cinder cones and
fissure-vent deposits (Qyc) as well as extensive lava flows

(Qyby.1s) on the northwest, north, and south flanks of
the volcano. No basaltic andesite erupted through the
caldera floor, although basaltic andesite did erupt from
the East Lake Fissure on the north caldera wall. The
flows range from a few hundred meters to 9 km long
and cover as much 25 km?, although most are smaller
than 1 km2. Flows low on the flank are more exten-
sive and voluminous than those high on the volcano. The
suite of flows is chemically heterogeneous, and a few
individual flows show as great a heterogeneity as the
difference between all flows. Most of the flows are younger
than the Mazama ash bed (younger than 6,845 14C yr
B.P.), but the Devils Horn flow {Qyb.4) is known to be
older, and The Dome flow (Qybig) is of uncertain age
relative to Mazama ash. Ages of carbon found in or beneath
the basaltic andesite range from 5,800 to 6,380 4C yr
B.P. (table 1), and multiple age determinations from single
flows have about as large a spread as the suite of ages.
Thus the flows younger than Mazama ash may have been
erupted in a brief time span. Paleomagnetic orienta-
tions of individual flows are similar, even though the flows
formed at a time when magnetic secular variations were
large. This lack of magnetic variation is consistent with
a short eruptive episode (D.E. Champion, oral commun.,
1991). The span of radiocarbon ages can be explained
mmﬁghmntheuamngageoioxgarﬁcmateﬁa!eng\ﬁed
or buried by the flows (heartwood of trees may yield uC
ages hundreds of years older than layers near the bark).

Most vents for the Holocene basaltic andesite flows
are aligned in a northwest-trending zone known as the
northwest rift zone. The rift zone extends 23 km al-
most without interruption from its southeast end at the
East Lake Fissure to Lava Butte at the northwest end
(sheet 1). lts molten lava was fluid enough to encase
trees in upright positions; the best known examples are
in the Lava Cast Forest Flow (unit Qybs, sheet 1). Although
the lava chilled quickly against the wood, the heat was
intense and the trees were consumed in flames, leaving
only hollow molds or wells as a record. Charcoal gathered
from these tree wells or from the soil beneath the lava
flows has been an important source of material for carbon-
14 dating.

The edges of the Holocene lava flows in the north-
west rift zone form a nearly continuous set of easily
recognized landmarks leading to the caldera and thus
provided a travel route used by prehistoric people. Caves
associated with all the flank lava flows provided shelter,
and several contained perennial ice that provided sum-
mer water in an otherwise arid terrane {for example,
Cressman and Perry, 1938).

Rhyolitic eruptions have continued since the emplace-
ment of the young basaltic andesite lava flows. The East
Lake obsidian flows (sheet 2) were erupted about 3,500
years ago, as determined by hydration-rind dating methods.
But the youngest and perhaps the best known volcanic
deposits at Newberry volcano were emplaced about 1,300
yr B.P. from 2 vent beneath the Big Obsidian Flow. These
deposits, which we assign to the Big Obsidian eruptive
period, form the three-part volcanic sequence that
characterizes many rhyolitic eruptions. The early, most
explosive phase produced an eruptive column that was
deflected by westerly winds to form a shower of pum-



ice lapilli and ash in a narrow lobe on the east flank of
the volcano. The resultant pumice-fall deposits (Qbop)
are more than 3 m thick in the caldera and as much
as 1 m thick at a distance of 15 km from the vent.
Subsequent, less explosive eruptions created ground-hugging
pyroclastic clouds that were confined mainly to the caldera
as they surged downslope from the vent toward Paulina
Lake. The road between Paulina and East Lakes today
crosses these ash-flow deposits of Paulina Lake {Qboa)
along the south shore of Paulina Lake and at Little Crater
campground. The final stage of the eruption was rela-
tively quiet as the degassed magma finally protruded to
form the Big Obsidian Flow (unit Qbof, sheet 2). The
vent for all three units emplaced during the Big Obsid-
ian eruptive period is marked by a domal protuberance
near the south edge of the Big Obsidian Flow,

Most likely the pumice-fall deposits were followed
closely by pyroclastic flows, perhaps within days of each
other. Surprisingly, however, a roughly 300-year dif-
ference separates 14C ages from charcoal beneath the
pumice-fall deposits (Qbop) and in the ash-flow depos-
its of Paulina Lake {Qboa) {table 1). The discrepant ages
remain a problem in interpreting the history of the Big
Obsidian eruptive period, but they may result merely from
differences in material sampled for dating. Charcoal found
beneath the pumice-fall deposits (Qbop) might be from
woody material that had been on the forest floor for a
substantial period of time, whereas charcoal in the ash-
flow deposits mast likely came from the branches of standing
trees {the pumice-fall deposits had already mantled the
ground) (W.E. Scott, written commun., 1991). "

A rhyolitic magma chamber may persist beneath
Newberry caldera. The evidence includes (1) relatively
consistent composition of Holocene rhyolitic rocks, (2)
distribution of rhyolitic Holocene vents in an area de-
void of but surrounded by Holocene basaltic vents, (3)
occurrence of mixed basaltic-rhyolitic Holocene rocks at
the margin of this area, (4) similar duration of repose
intervals between rhyolitic eruptions, and (5) a high
conductive geothermal gradient that characterizes rocks
in the lower 300 m of the caldera drill hole, USGS N-
2 (MacLeod and Sherrod, 1988). The exclusion of basaltic
vents from the area of silicic vents apparently is a shadow
effect, such that dense basalt magma rising along dikes
is unable to penetrate the overlying viscous, relatively
light rhyolite magma. Presumably the distribution of
Holocene basaltic vents (thus the shadow size) indicates
the maximum area underiain by the silicic magma chamber.
The limiting shallowest depth for the top of the cham-
ber is about 2 km, the depth to dry partial melting of
rhyolite, as inferred by extrapolating the geothermal gradient
(600°C per km) and bottom-hole temperature (265°C)
of the caldera drill hole. This extrapolation assumes that
the geothermal gradient remains conductive below drill-
ing depth and that thermal conductivities are similar to
those in the lower part of the hole. The top of the chamber
would be much deeper if, as is likely, convection char-
acterizes the heat transfer below the drill hole. Although
not conclusive, the five relations strongly support the
presence throughout Holocene time of a magma cham-
ber whose upper part did not crystallize, either between
eruptions or since the last eruption about 1,300 yr B.P.
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A low-velocity seismic anomaly about 3 km below
the summit caldera was interpreted as a small magma
chamber {Achauer and others, 1988). However, the
anomaly corresponds to an area of average attenuation;
whereas high attenuation of seismic waves would be
expected from molten rock (Zucca and Evans, 1992), An
alternative explanation for the zone of low velocity and
average attenuation beneath the caldera is the presence
of numerous dry cracks in a recently solidified, shallow,
and still very hot pluton (Zucca and Evans, 1992).

The Holocene obsidian flows contain high-quality glass
that attracted prehistoric inhabitants of the region. Historic
ethnic groups such as the Tenino and Northern Paiute,
and their direct ancestors or predecessors in the region,
probably wintered at low elevations along the Deschutes
River and ventured into the caldera during summer and
fall (Connolly and others, 1991), when they quarried
obsidian and produced bifacial quarry blanks (unfinished
tools) for transport out of the caldera (Scott, 1985a;
Flenniken, 1987; Flenniken and Ozbun, 1988). Although
the Big Obsidian Flow {unit Qbof, sheet 2) was probably
the main source for obsidian in the last 1,300 yrs, all
major Holocene obsidian flows in the caldera were quarried
for tool stone. Cultural flakes from south of East Lake
are in soils developed beneath the Mazama ash bed on
the young rhyolitic dome and flow of the caldera {Qyrc),
indicating that this now-mostly buried obsidian flow was
a source of lithic materials prior to 7,700 yrs ago (T.J.
Connolly, written commun., 1991). On the flanks of
Newberry volcano, McKay Butte is known to have been
an important source of obsidian, especially prior to the
emplacement of Holocene sources within the caldera (for
example, Scott and others, 1986).

Holocene silicic tephra, especially the Mazama ash
bed erupted at Crater Lake and pumice-fall deposits erupted
as part of the Blg Obsidian eruptive period in Newberry
caldera, are important stratigraphic markers for archaeo-
logical studies in central Oregon. For example, the roughly
1,600-yr-old pumice-fall deposits provide a time hori-
zon for bracketing the age of prehistoric occupation at
Sand Spring, 27 km east of Newberry caldera. As noted
by Scott (1985b), the archaeological setting at Sand Spring
would be similar to other open-air sites on the High Lava
Plains were it not for the presence of the young pum-
ice-fall deposits (her “Newbeny pumice”) to separate artifacts
younger than 1,600 yr from those that are older. Similarly,
pumiceous tephra thought to correlate with Holocene
eruptions at Newberry volcano overlies human artifacts
in Fort Rock Cave, 38 km southeast of the caldera
{Cressman and Williams, 1940). The tephra at Fort Rock
Cave conceivably could be the 1,600-yr-old deposit,
inasmuch as no other Holocene tephras from Newberry
are known to blanket the southeast flank of the volcano.

GEOTHERMAL ACTIVITY

Much of the interest in Newberry volcano as a source
of geothermal energy results from the abundance of young
silicic rocks. Such rocks were probably derived from shallow
crustal magma chambers that may retain some heat. The
resulting thermal anomaly is superimposed on region-
ally high heat flow that characterizes the northern Basin



and Range province. Throughout the Cascade Range
in Oregon, only the area near Crater Lake National Park
{ancestral Mount Mazama) compares with Newbeny volcano
in its abundance of young silicic rocks and high volcan-
ic production rate (Sherrod and Smith, 1990},

Surface thermal features at Newberry volcano include
hot springs at Paulina and East Lakes, hot water in wells
adjacent to the lakes, and a drowned fumarole at Lost
Lake, a small intermittently dry pond near the Big Obsidian
Fiow {sheets 1, 2). Grave! and sand in the caldera are
silicified along the southeast shore of Paulina Lake, perhaps
from silica-charged thermal waters effusing in past times.
Measured temperatures from hot springs on the north-
east shore of Paulina Lake are about 55°C; tempera-
tures from East Lake hot springs (southeast shore of East
Lake) are about 65°C (Mariner and others, 1980).

Exploratory geothermal drilling in Newberry caldera
has produced some of the highest temperatures from the
Cascade Range, but the reservoir temperature remains
unknown. Bottom-hole temperatures in USGS N-2 were
265°C when measured at 932 m depth as drilling pro-
gressed. The high temperature most likely reflects a deeper
convective anomaly. Cation thermometers, which rely
on the concentration of sodium, potassium, and calcium
cations in thermal fluids as a thermodynamic indicator
of reservoir temperatures, range from 150 to 200°C
(Mariner and others, 1980). The uppermost kilometer
of the caldera's thermal system has never been signifi-
cantly hotter than found today, according to the distri-
bution of secondary minerals and isotope partitioning
between water and minerals {Carothers and others, 1987;
Keith and Bargar, 1988). Propitious temperatures and
geothermal gradients have been found only within 5 km
of the caldera, suggesting that the economically acces-
sible thermal anomaly is areally restricted to the sum-
mit and upper flanks of the volcano.
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Table 1. Carbon-14 ages from Newberry volcano

Carbon-14 agel ~ Weighted mean  Recalculated age2

Geologic unit (sheets 1 and 2) (14C yr BP) age (ACywBP) (calendar yr B.P) References
Silicic volcanic and volcaniclastic rocks and deposits
Ash-flow deposits of Paulina Lake (Qbos) 1,270+60 Pearson and others {1966}
Do 1,340460 1,310+£403 1,240+¢50  Robinson and Trimble {1983)
Do 1,390+200 Kelley and others (1978}
Do 2,054+230 Libby (1952)
Pumice-fall deposits (Qbop) 1,720+£250 1,580+110 1,480+130 Splker and others (1978}
Do 1,550+£120 Robinson and Trimble (1983)
East Lake tephra deposit (Qyt, part) 6,220+200 Meyer Rubin and W.E. Scott,
unpub. data, 1985
Do 6,500£300 6,400£130 7,300£130 Meyer Rubin, in Linneman (1990}
Do 6,550£300 Do.
Mazama ash bed 6,845+504 7,640£50  Bacon {1983)
Sedimentary depostis
East shore Paulina Lake 4,300+ 1005 o 4,860+1205 Robinson and Trimble (1983)
Mafic volcanic rocks
Lava Butte Flow {Qybq} 6,160+70 e 7,070£110 Chitwood and others {(1977);
' Robinson and Trimble {1981}
Gas-Line Flows (Qybs) 5,800£150 Do.
Do 6,150+65 6,100+60 7,020£130 Robinson (1977); Chitwood and
others (1977)
Flow on west side of Sugarpine Butte 5,870£60 —— 6,730+110 Robinson and Trimble {1981)
{Qybs)
Forest Road Flow Qyb 7} 5,960+ 100 e 6,800£100 Peterson and Groh (1969)
Lava Cast Forest Flow Qybg) 6,150+£210 Peterson and Groh {1969)
Do 6,380+£130 6,320£110 7,240+70 Do.
Lava Cascade Flow {Qybg) 5,800+£100 - 6,610£130 Peterson and Groh (1969}
North Summit Flow {Qyby2) 6,090+ 60 — 7,000+150 Do,
Surveyor Flow (Qyb4s} 5,835+195 Swanberg and others (1988}
Do 6,080+£100 6,030+£90 6,950£190 Peterson and Groh (1969)
East rim fissure (Qc, part) 10,000+£500 — 10,9706+500 Meyer Rubin, in Linneman (1990)

1 Carbon-14 ages based on Libby half-life of 5,568 yrs. Years before present {yr B.P.) measured from 1950 A.D.

2 Generalized from program in Stuiver and Reimer (1986) that computes intercepts and range {one confidence interval), Radiocarbon age
curve not linear and may have multiple pessible calendar ages (intercepts) for a given 19C age. Recalculated age as reported here is
midpoint between oldest and youngest intercepts, rounded to nearest ten years; reported error is range {one confidence interval) as
calculated by the program. Note that age of east rim fissure (last age in table) was calculated by different method.

3Weighted mean age does not inchude Libby's {1952) determination of 2,054 yr B.P.

4 Weighted mean age of four charcoal samples (Bacon, 1983).

5 Age too young. Dated horizon underties the Mazama ash bed, and age must be at least 6,845+50 14C yr B.P.

6 Calculated using the formula “calendar yrs = (1.05) x {radiocarban yrs) + 470" (Stuiver and others, 1986}, which best approximates the
lisnited data available.
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Table 2. Hydration-rind ages from Newberry volcano

Age in calendar yearst

Geologic unit Map symbol (sheet 2) wrBP) Reference
Big Obsidian Flow Qbof 1,400 Friedman (1977)2
East Lake obsidian flows Qelf 3,500 Do.
Crater-filling obsidian flow of Central Qicf 4,5003 Do.
Pumice Cone
Game Hut Obsidian Flow Qicg 6,7003 Do.
Central Pumice Cone—Volcanic bomb Qicp 6,7003 Do.
Interlake Obsidian Flow Quif 6,7003 Do.

1No error range was reported, but It is probably tens of percent of the reported age. Friedman and Obradovich (1981)
arbitrarily assigned error of £20 percent for ages elsewhere in the western United States.

2 glightly younger ages were reported by Friedman and Obradovich (1981), who used slightly higher hydration rates.

3 Ages too young; silicic tephra from the Central Pumice Cone and the vent for Interlake Obsidian Flow underlie basaltic
andesite flows of the northwest rift 2one, which were emplaced between 6,600 and 7,200 calendar yr B.P.
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Table 3. Potassium-argon ages from Newberry volcano and vicinity

[Ages in boldface are consistent with stratigraphic relations or lack stratigraphic data that challenges their accuracy {at stated level of precision)]

40Ar

Map Location General KaC Calculated
Samy Percent 5
No. e geographiclocale  Rocktype g (welght x1011 0nr ., agel (million References
{fig. 2) ) Latitude Longitude and map unit percent) (rngonl;s/ rad years)
Mafic lava flows
1 M9-24 43°42 95 121°22.77" Paulina Creek, Qba Basalt Whole rock 0.861 0.00249562 0.21 0.02:0.10 E.H. McKee and N.S,

Macl eod, unpub.
data, 1981.

2 M6-109 43°456' 121°26.5' Lower west flank of Basalt  Whole rock 1.157 0.0078064 0.32 0,05+ 0,07 Flebelkorn and
Newberry others, 1983,
volcano; Qba

3 86-1 43°58.03 121°04.13 Badlands; Gba Basalt Whole rock (0.482)% (0.048)2 0.710.1 Hawkins and others,

0.48 0.068 2.7 1988.
0.477 0.043 1.6
0.0350 1.3
4 19/14E 43°56.8 121°01.9° Badiands; Oba Basalt Whole rock 0.680 0.082031 54 0.84+0.08 L.R. Squier
Associates, Inc.,
1984,

5 86-3 44°00.38' 121°14.38' North flank of Basalt  Whole rock 0.494)2 (0.1902 2.7+0.3 Hawkins and others,
Newberry 0518 00775 23 1938.
volcano; Qba 0469  0.295 53

0.495 0.198 38
6 86-2 43°57.03' 121°02.73' Badlands; Qba Basalt  Whole rock {0.524)2 (0.22)2 29403 Do.
0.572 0.24 29
0.480 0.20 3o
0.515
0.531
7 M64 43°55.7 121°00.8° Horse Ridge; Th Basalt Whole rock 0.992 1.08962 64.5 7.61+0.08 Fiebelkomn and
others, 1983,
Silicic domes
8 M6-97 43°45.7 121°10.7 Northeast flank of Rhyolite Obsidian 4.02 0.0413527 0.58 0.07+0.12 Do.
Newberry
volcano; Qrpn
9 M6-36 43°44.2' 121°13.8° North caldera wall; Rhyolite - 3.64 0.063703 4.69 0.124¢0.01 Do.
Qew

10 M6-76 43°42.7 121°09.8' Upper east flank of - Obsidian 346 0.10023 840 0.20£0.03 Do.
Newbenry
volcano; Qru

11 M6-67 43°41.4' 121°19.0' West flank of Rhyodacite Feldspar 3.36 0.195582 1.45 0.40+0.15 Do.
Newberry

volcano; Qrd
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Table 3. Potassium-argon ages from Newberry volcano and vicinity—Continued

40ay
Map Location General K0 rad Calculated
Sam,| gror Percent k
No. Nople geographic locale  Rock type M:atz;al {weight x1011 40ar agel’ (million References
fig. 2) ; Latitude Longitude and map unit percent) (m;'le:/ rad vears)
12 M6-64 43°41.6 121°19.4° West flank of Rhyadacite Plagioclase 0.818 0.111510 6.17 0.95+0.20 Do.
Newberry
wolcano; Qrd
13 Mé6-5 43°39.2' 121°20.7" Southwest flank of Rhyodacite Whole rock 3.87 0.227196 6.96 0.41+0.08 Do.
Newberry
volcano; Qrd
14 M6-80 43°43.7 121°09.6' East flank of - Whole rock 4.00 0.27051 9.59 0.47+:0.06 Do.
Newberry
volcano; Qru
15 MS-19 43°42.94' 121°16.04' Southwest shoreof Rhyodacite Plagioclase 1.131 0.0908525 1.70 0.56+0.40 E.H. McKee and N.S.
Paulina Lake; Qrd MacLeod, unpub.
{Qrpl on sheet 2) data, 1981.
16 M9-20 43°42.30' 121°15.66' Paulina Lake road iIn Rhyodacite Plagioclase 0.507 0.0425155 1.76 0.58:0.40 Do.
caldera; Crd Qrpl
on sheet 2)
17 M&-23 437448 121°12.8' North of East Lake; Rhyolite Plagioclase (0.604)2 0.2407012 9.7 2.8+0.4 Fiebelkorn and
95 0.608 others, 1983.
0.600
18 M5-25 43°41.2' 121°15.6' Paulina Peakdome; Rhyolite Plagloclase 0.50 0.226224 1.06 3.14+3.0 Do.
Qrd {(Qrppon
sheet 2)
19 M93-21 43°41.09° 121°15.29' Paulina Peak dome; Rhyodacite 2.99 0.25039 1.24 0.58+0.40 E.H. McKee and N.S.
Qrd{Qrpp on MacLeod, unpub.
sheet 2) data, 1981.
20 M9-22 43°41.04' 121°16.38 Paulina Peak dome; Rhyodacite 3.19 0.109815 6.64 0.24+0.07 Do.
Qrd {Qrpp on
sheet 2)
21 Mé6-31 43°41.0' 121°14.3° South caldera wall; Rhyolite - 394 0.459403 5.06 0.80+0.23 Flebelkom and
Qr others, 1983.
22 M4-16 43°44 2' 121°21.6' McKay Butte domes; Rhyolite Obsidian 4.01 0.34419 102 0.60+0.10 McKee and others,
Qer 1976.
23 M6-44 43°43.2° 121°23.3 Dome or flow in Rhyodacite Plagioclase 1.201 0.127209 10.96 0.7410.12 Do.
lower Paulina
Creek; Qer
2da M3-53 43°40.8 121°03.0' China Hat dome; Rhyolite Obsidlan 3.69 0.42764 7:2 0.80+0.21 Do.
Qer
M3-28 43°40.8 121°03.0' China Hat domne; Rhyolite

Qer
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Table 3. Potassium-argon ages from Newberry volcano and vicinity—Continued

40ar
Map Location General K20 rad Calculated
Material Percent 3
No. s:’:’"’ geographic locale  Rock type et (weight x1011 a0a, agel” (million References
(fig. 2) ’ Latitude Longitude and map unit percent} (m;l::/ red years)

24b {a) Obsidian 3.85 3.4870 1.2 6.3t1.1 Flebelkom and

others, 1983.
24c (b) Plagioclase  0.782 0.8315 33 7.410.8 Do.

25 M3-29 43°39.9 120°59.6' East Butte dome; Rhyolite  Obsidian 3.84 0.48229 228 0.87:0.05 McKee and others,
Qer 1976.

26 M5-18 43°55.8 121°24.7 Benham Falls dome; - Plagioclase 0.986 0.2488 3.25 1.8+0.8 Fiebelkomn and
QTrd ’ others, 1983.

273 M4-72 43°48.0' 120°47.0' Pine Mountain; Trp Rhyodacite Homblende 0.285 0.906759 8.45 22.0+4 Do.
Pyroclastic-flow depostts

28 MS-25 43°41.74° 121°18.27 Upper west flankof  Ash-flow Plagloclase 0.31 0.247043 2.59 5.5+5.0 E.H. McKee and N.S.
Newberry tuff Macl eod, unpub.
volcano; Qst data, 1981.

29 M6-58 43°42. 7 121°24.1' West flank of Ash-flow Plagioclase 0.311 0.234070 0.92 5.22+3.02 Flebelkorn and
Newberry tuff purnice others, 1983.
volcano; Qbt

30a M9-12 43°49.4' 121°00.9' East flank of Ash-flow Plagioclase 0.277 0.0198104 1.03 0.501:0.25 Do.
Newberry tuff
volcano; (tp

30b M399 43°48.9" 121°00.9' East flank of Ash-flow Plagioclase 0.501 0.05476 0.05 0.7+0.7 McKee and others,
Newberry tuff 1976.
volcano; Otp

31 M647 43°38.8 121°01.2' Lower east flank of Ash-flow Plagioclase 0.325 0.128935 64.5 2.75£0.49 Fiebelkorn and
Newberry tuff others, 1983.
wolcano; OTae

1K-Ar ages were cakulated from data in references using the constants for the radloactive decay and abundance of 40K recommended by the International Union of Geological
Sclences Subcommission on Geochronology (Steiger and Jiger, 1977). These constants are: Ag = 0.580 x 10-10yr-1, g = 4.962 x 10-10 yr1, and 40K/Kypea = 1.167 x 104
mol/mol.

2V/alue In parentheses Is arithmetic mean used in age calculation.

3Sample location not shown on figure 2.
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Table 4. Location and total depth of drill holes shown on map

Drill hole Latitude Longitude  Elevation Total depth Drilled by, vear —Bottomn-hole temperature References for core datal. 2
N w (m) {m) ft) C) B
PHILLIPS 3 43°50.3' 1217119 1,690 18 60 Phillips Petroleum Co., 1976 - Data and core not public
PHILLIPS 5 43°46.8 121°13.5 1,960 32 105 do, 1976 — Do.
PHILLIPS 6 43°45.0 121°09.0 1,900 61 200 do, 1976 — Do.
USGS N-1 43°45.0' 121°09.1' 1,900 386 1,266 U.S. Geological Survey, 1977 17 63 MacLeod and Sammel (1982)
USGS N-2 43°42.5' 121°13.5' 1,950 932 3,057 do, 1979 265 509 Keith and Bargar (1988)
USGS N-3 43°42.4' 121°13.5 1,960 186 610 do, 1980
RDO-1 43°42.3 121°13.3 1,970 424 1,390 Sandia National Laboratories, 158 3167 Keith and others (1986}
1983
UNION 82-9 43°42.0' 121°11.2 2,100 610 2,000 Union Ol Co., 1982 — Data and core not public
UNION 82-10 43°43.2 121°07.8 1,860 610 2,000 do, 1982 - Do.
UNION 83-8 43°44.3 121°18.2° 1,820 610 2,000 do, 1983 — Do.
UNfON 83-9 43°41.9 121°17.8 1,850 610 2,000 do, 1983 —_ Do.
SF 7203 43°42.1 121°19.8' 1,990 1,372 4,501 Santa Fe-Occidental, 1984 154 310 Arestad and others (1988)
SF NC-01 43°43.6' 121°18.0° 1,860 1,220 4,000 do, 1984 171 3393 Do.
CE-NB-3 43°40.2 121°11.2 1,960 1,325 4,348 California Energy Co., 1986 93 200 Data unpublished?
CE-NB4 43°46.7 121°17.6' 1,750 1,225 4,020 do, 1986 77 170 Do.
GEO N-1 43°38.3 121°14.5' 1,780 1,387 4,550 Geo-Newberry, Inc., 1985 71 160% Swanberg and others (1988)
GEO N-2 43°43.¢' 121°18.7 1,780 1,336 4,387 do, 1986 164 328 Data unpublished2
GEO N-3 43°49.9' 121°14.7 1,750 1,220 4,003 do, 1986 57 1354 Swanberg and others (1988)
GEO N4 43°42.7' 121°08.2' 1,910 703 2,306 do, 1987 18 655 Data unpublished?2
GEO N5 43°40.8' 121°18.6' 1,720 988 3,242 do, 1987 69 1576 Do.

1 Location and elevation measured from Oregon Department of Geology and Mineral Industries (1988), which also reports total depth.
2 Data for holes deeper than 2,000 ft become public information four years after hole is completed. Records are on file with Oregon Department of Geology and Mineral Industries.
3Temperature at 3,960-ft depth.
4 Temperature at 4,000-ft depth.
5 Temperature at 2,200-f depth.
6 Temperature at 3,200-ft depth.
7 Temperature at 1,150-ft depth.



Table 5. Representative analyses showing major- and trace-element concentrations in Quaternary rocks from

the caldera and adjacent areas of Newberry volcano

Map unit Qbof Qboa Qbop Qelf Qicg Qicf Qiif Qisf
Map No. (sheet 2) A B C D E F G H
Sample No. M8-84 M8-83 Mg-87 M9-10 48 M9-8 M9-7 N6-15
Reference 1 1 1 1 2 1 1 3

Major-element analyses (weight percent)
SiOg 71.8 71.8 71.0 72.32 72.8 72.75 72.82 73.48
AlpOg 145 14.1 14.0 13.82 14.6 13.83 13.74 15.05
FepOg 0.85 0.8 0.8 2.13 0.77 2.06 205 1.81
FeO 1.3 1.3 1.3 - 1.3 - - e
MgO 0.1 0.2 0.1 0.3 0.34 0.4 0.4 0.25
Ca0 0.88 0.88 0.86 0.69 1.1 0.64 0.63 0.87
NaoQ 54 5.0 5.2 417 43 422 4.32 4,73
K0 3.83 3.78 3.78 4.15 4.0 4.18 421 4.39
HzOt 0.32 1.5 2.1 0.13 043 0.35 0.17 0.50
H,Or 0.29 0.51 0.78 0.11 0.00 0.03 0.05 -
TiOp 0.23 0.22 0.22 0.21 0.24 0.19 0.19 0.25
POy 0.02 0.02 0.02 0.05 0.10 0.04 0.04 0.03
MnO 0.06 0.06 0.06 0.048 0.04 0.05 0.044 0.05
CO 0.02 0.03 0.03 <0.01 <0.05 <0.01 <0.01 -
F 0.06 0.06 0.06 0.03 - 0.03 0.02 -
a 0.1 0.096 0.098 0.07 - 0.08 0.09 e
Total 99.76 100.36 100.41 98.23 100.02 98.85 98.77 101.41
Si02, normalized 725 73.1 729 739 73.1 74.0 74.0 72.8
to 100%, water-
free

Trace-element analyses (parts per million)
Rb 1185 1195 103 124 — 120 126 126
Sr 49 51 50 72 - 66 62" 62
Cs 445 4.5 4.6 6.2 - 5.3 5.1 -
Ba 897 841 8425 944 - 925 925 205
La 315 80.7 31 32 - 315 315 -
Ce 61 62.0 60 62 — 62 63.5 —-
Nd 275 36.3 26.5 27 - 275 285 —
Sm 6.25 278 6.15 59 — 59 5.8 —
Eu 0.755 85 0.70 0,735 = 0.71 0.72 —
To 1.12 12.8 1.065 1.05 - 1.025 1.03 -
lu 19.7 18.2 0.725 0.68 - 0.665 0.675 -
Zr 304 357 348 304 - 296 368 262
Hf 825 8.25 8.2 7.5 van 7.4 7.2 7
Ta 161 1.63 1.62 1.44 - 1.46 1.44 —_
Th 11.25 11.7 11.0 12.0 — 12.2 124 -
Sc 6.57 5.49 65 5.08 - 4.96 4.9 -
Cr 17 31 <4 1.1 - 1.3 0.7 - -
Co 0.9 0.85 0.8 14 - 1.3 1.2 -

References

1: This map—Major-element analyses by X-ray fluoresence spectroscopy. Trace-element analyses by instrumental neutron
activation analysis except Sr, which Is by emission spectroscopy. Asterisk (*) indicates X-ray spectroscopy.

2: Higgins (1973)—Major-element analyses by X-ray fluoresence spectroscopy. Note that Higgins' sample
locations are only approximately determined.

3: Linneman (1990)—Major-element analyses by induction-coupled plasma emission spectroscopy except NapO
and K20, which were measured by atomic absorption. Trace-element analyses by X-ray fluoresence.
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Table 5. Representative analyses showing major- and trace-element concentrations in Quaternary rocks from the

caldera and adjacent areas of Newberry volcano—Continued

Map unit Qyrf Qyre Qbep Qbce QObce GQr Qr Qru Qrd
Map No. {sheet 2) 1 J K L M N o P Q
Sample No. M8-61 M7-32 34 36 a7 Me&-23 M9-34 H-26 M8-19
Reference 1 1 2 2 2 1 1 2 1
Major-element analyses {(weight percent)

SiOg 735 72.13 53.10 554 63.41 70.91 70.85 69.88 67.4
AlzO3 13.5 13.96 17.68 16.4 16.63 14.44 14.21 14.96 15.1
FepO3 0.69 2.29 2.13 2.7 2.08 2.7 2.68 1.62 1.7
FeO 1.2 - 583 6.0 2.99 - — 1.37 2.7
MgO 0.21 0.3 541 37 1.39 0.4 0.5 0.53 1.2
Ca0 0.95 0.64 8.99 7.0 351 1.04 1.04 1.69 28
NazO 4.9 4.38 3.68 43 6.04 459 457 5.55 4.7
K20 4.1 4.13 1.09 1.5 1.78 348 348 312 29
HoO* 0.45 0.49 0.25 0.10 0.27 0.20 0.10 0.19 0.95
HO" 0.28 0.07 0.03 0.15 0.11 0.03 0.01 0.02 0.56
TiOg 0.23 0.22 1.18 15 1.04 0.33 0.32 0.36 0.74
Polx 0.03 0.05 0.35 0.35 0.43 0.06 0.06 0.09 0.15
MnO 0.05 0.048 0.14 0.18 0.15 0.06 0.053 0.09 0.12
COg 0.01 <0.01 0.01 <0.05 0.00 <0.01 <0.01 0.06 0.01
F 0.06 0.02 - e — 0.03 0.03 — 0.05
Cl 0.068 0.05 = == == 0.07 <0.01 — 0.048
Total 100.228 98.778 99.87 99.28 99.83 98.34 97.903 99.53 101.128
5102, normalized 74.0 735 53.3 55.9 638 72.3 72.5 704 67.7
Jo 10096, water-
free

Trace-element analyses (parts per million)
Rb 138° 123 — - o 96 88 — 81"
Sr 63° 64° -— —— = 113° 110 — 183°
Cs = 5.2 — — - 43 24 - —
Ba 817 204 - — - 918 970 — 706*
La - 32 — - - 29 28 - -
Ce - 65.6 — — - 58 65.5 - -
Nd = 32 - - - 27 28 - —
Sm = 7.05 - = = 6.25 6.3 - -
Eu 0.825 - — - 1.075 1.09 — -
T - 1.285 — -— - 1.12 1.105 - -
Lu - 0.81 - - - 0.685 0.675 — —
Zr -— 358 - - — 341 344 — —
Hf - 8.8 - - - 7.8 T2 - -—
Ta - 1.52 - = - 127 1.17 - -
Th - 11.8 — - - 9.4 9.3 — =
Se = 554 . = = 7.24 7.22 — -
Cr - 0.8 - — - 0.5 22 — -
Co - 13 - = - 16 1.7 — -—
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Table 5. Representative analyses showing major- and trace-element concentrations in Quaternary rocks from the
caldera and adjacent areas of Newberry volcano—Continued

Map unit Qrd Qrd Qrpl Qrps Qrpn Qat Qat Qat Qrpp
Map No. (sheet 2) R S T U v W X Y z
Sample No. M8-56  M6-103 33 M8-63 M8-45 M8-81 M8-75 22 M5-25
Reference 1 1 2 1 1 1 1 2 1
Major-element analyses {weight percent)
Si0g 71.0 68.89 69.7 68.4 69.8 658 60.6 51.65 70.32
AlpOg 14.4 14.96 15.2 15.1 14.6 15.8 15.8 17.05 14.68
FepOg 1.6 3.83 0.66 1.4 1.3 31 55 7.56 3.06
FeO 1.5 — 24 17 23 18 1.8 3.79 -
MgO 0.53 0.6 0.39 0.34 0.58 1 1.9 3.87 03
Ca0 1.5 1.71 1.7 1.3 1.8 2.5 4.3 8.26 0.86
NayO 5.2 5.0 5.4 5 5.71 6.6 5.8 4.10 5.02
K20 35 3.06 3.1 31 3.1 1.7 1.3 0.66 2.98
HO* 0.24 0.10 0.61 3.2 0.16 0.55 0.45 0.27 0.24
H O 0.28 0.04 0.07 1.1 0.20 0.17 0.41 0.07 0.04
TiO2 0.49 0.52 0.36 0.39 0.52 0.86 14 2.09 0.27
Po0s 0.11 0.13 0.12 0.06 0.13 0.22 0.60 0.32 0.05
MnO 0.10 0.087 0.09 0.11 0.12 0.15 0.19 0.18 0.076
COz 0.01 <0.01 <0.05 0.02 0.01 0.03 0.04 0.01 <0.01
F 0.03 0.07 - 0.06 0.06 0.03 0.02 - 0.03
Cl 0.045_ 0.07 - 0.076 0.072 0.068 0.014 — 0.07
Total 100.54 99.067 99.80 101.356 100462 100.4 100.12 99.88 97.996
Si0g2, normalized 71.0 69.7 70.3 70.6 69.8 66.1 61,1 51.9 72.0
to 1009%, water-
free

Trace-element analyses (parts per million)

101°* 86 - 88 82* 33 16° - 64°

134 178 - 147 177° 275° 401° — 101°
= = = = = = ~ - 27

736° 718 - 916° 726° 612° 536° - 820°
- - - - - - - - 295
- - - - - - - - 59.5

- - - - — - = - 31

1.32
- - - - s - - — 117
e - = - s - - = 0.76

= = — = = = - - 8.3

- - - - - - - - 1.17

o = = = o = - = 66

- - - ~ - - - - 8.56

- = o - - - = - 0.2
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CHIEFLY SEDIMENTARY
ROCKS AND DEPOSITS

CORRELATION OF MAP UNITS

VOLCANIC ROCKS AND DEPOSITS

MISCELLANEOUS INVESTIGATIONS SERIES
(SHEET 1 OF 2) MAP 1-2455

Pamphlet accompanies map

APPROXIMATE AGE,
IN MILLIONS OF
YEARS AGO

Rhyolitic to dacitic rocks and deposits and rhyolitic to basaltic andesite ash-flow tuff

" Age is either Holocene or Pleistocene

2 Age is either Pleistocene or Pliocene
8 Age is either Miocene or Oligocene

DESCRIPTION OF MAP UNITS

[Volcanic rocks are named according to chemical classification, in terms of weight percent SiO,,
as follows: basalt, <52 percent; basaltic andesite, 252 and <57 percent; andesite, >57 and <62
percent; dacite, 262 and <67 percent; rhyodacite, 267 and <72 percent; rhyolite, 272 percent.
Rocks without analyses were compared petrographically to analyzed rocks. Representative silica
content is reported where available (mainly from Laidley and McKay, 1971; Higgins, 1973; Beyer,
1973; Linneman, 1990; and our own unpublished data) after recalculating the analyses to 100 percent
(water-free). Analyses for samples from the caldera are listed in table 5]

[Most basalt and basaltic andesite from Newberry volcano contain phenocrysts of plagioclase, olivine,
and locally augite. The more silicic rocks contain plagioclase, hypersthene, and locally augite; hornblende
is rare. Quartz and potassium feldspar are absent in essentially all rocks regardless of silica content]

CHIEFLY SEDIMENTARY ROCKS AND DEPOSITS

Qs Sedimentary deposits (Holocene and Pleistocene)—Alluvial fan deposits on flank
of Newberry volcano that grade outward to interbedded fluvial and lacustrine deposits,
especially in La Pine basin. Partly correlative with sedimentary and pyroclastic
deposits (Qsp). Unit commonly contains abundant detritus derived from basaltic
andesite lapilli tuff (Qbt). In northwest corner of map area, includes alluvial and
glaciofluvial deposits derived from Cascade Range. In and near caldera, consists
of reworked lapilli from pumice-fall deposits (Qbop) of the Big Obsidian eruptive
period that have washed into closed depressions

Qypm Young pumiceous mudflow deposits (Holocene)—Poorly sorted pumiceous ash,
lapilli, and blocks that fill floors of ravines. Unit comprises deposits of several
ages on upper south and northeast flanks and on north side of caldera near Paulina
Lake. Overlies Mazama ash bed

Gravel and sand of the caldera (Holocene and Pleistocene)—Unconsolidated to
well-cemented (silicified) pumiceous gravel and sand on southwest and east shores
of Paulina Lake and around East Lake. Forms lacustrine terrace deposits several
meters higher than present level of Paulina Lake; lake level has been lowered by
downcutting of Paulina Creek at outlet of Paulina Lake. These deposits are rich
in wood and Equisetum. Deposits are mantled by Mazama ash bed and therefore
older than about 6,845 14C yr B.P.; a radiometric age of 4,300+100 14C yr B.P.
(table 1) obtained from wood is too young. Pumiceous gravels at East Lake are
older and younger than Mazama ash bed. A post-Mazama level of East Lake 4
m higher than at present is recorded by rounded pumice on wave-cut benches on
Interlake Obsidian Flow (unit Qiif, sheet 2). Although not shown, fluvial gravel
deposits are found beneath Mazama ash bed and ash-flow deposits (Qboa) south-
east of Paulina Lake; they are at a higher elevation than ancestral shoreline deposits
and may have been deposited along a former drainage connecting East and Paulina
Lakes

Landslide deposits (Holocene and Pleistocene?)—Poorly exposed deposits form-
ing hummocky terrain on caldera walls north and east of Paulina Peak. Smaller
unmapped landslide and talus deposits are found locally at base of caldera wall,
especially on east side of East Lake. Unit mostly older than Mazama ash bed, but
includes thin talus deposits that are younger

Sedimentary and pyroclastic deposits (Pleistocene)—Sand, gravel, and angular
pumiceous lapilli and ash. Poorly exposed; unit is unindurated or poorly indurated
and was mapped on basis of float augmented by reconnaissance excavations. Unit
contains abundant cobbles and boulders at higher elevations on flanks of volcano.
Locally contains abundant angular lapilli derived from basaltic andesite lapilli tuff
(Qbt). Includes thick rhyolitic pumice-fall deposits exposed on lower east flank;
elsewhere, presence of interbedded pumice-fall deposits is suggested by abundant
float of angular pumice lapilli. Unit is upslope equivalent of sedimentary deposits
(Qs) and is distinguished from it by presence of angular pyroclastic lapilli, float of
which is locally so abundant as to suggest that primary pyroclastic deposits are present;
similar lapilli in unit Qs are subrounded or well rounded owing to downslope re-
working. Age of unit spans several episodes of intermittent erosion and explosive
volcanism that occurred during late Pleistocene time

VOLCANIC ROCKS AND DEPOSITS

Rhyolitic to dacitic rocks and deposits and rhyolitic to basaltic
andesite ash-flow tuffs

- Young obsidian flows of the caldera (Holocene)—Dense to vesicular or pumiceous,
nearly aphyric obsidian lava. Obsidian commonly banded dark gray or black. Surface
exposures commonly dense black obsidian or coarsely to finely vesicular pumiceous
glass that varies from dark gray to light gray, respectively. Flow surfaces have
concentric ridges and furrows; flow fronts are generally steep and as high as 25
m. Vents for flows, shown by “x,” are marked by small protrusions that rise above
general flow surface. Small craters as much as 60 m across and 15 m deep are
scattered over surface of two flows (units Qiif and Qbof, sheet 2). These craters
are thought to have formed as result of explosive degassing from flow interior (Jensen,
1993). Flows in the unit are similar in composition; SiO; ranges from 72.0 to
74.0 percent. The young obsidian flows, as well as some slightly older rhyolites
(Qyrf, Qyrc), differ from most other rhyolitic rocks on Newberry volcano in their
much higher Rb/Sr ratio (MacLeod and Sammel, 1982) and by a generally higher
content of incompatible trace elements. Younger than Mazama ash bed; hydra-
tion-rind ages range from 1,400 to 6,700 yr B.P. (table 2). Unit includes young-
est lava flow on Newberry volcano, the Big Obsidian Flow (unit Qbof, sheet 2).
Divided on sheet 2 according to eruptive periods

Deposits of the Big Obsidian eruptive period—On sheet 1 divided into:

Ash-flow deposits of Paulina Lake (Holocene)—Unconsolidated, poorly sorted,
pinkish-brown rhyolitic pumiceous ash, lapilli, and blocks south of Paulina Lake.
One of several deposits produced during the Big Obsidian eruptive period as defined
on sheet 2; see there for complete description
Qbop Pumice-fall deposits (Holocene)—Distribution shown only by isopachs. Well-sorted,

— 25— angular, light-gray rhyolitic pumice lapilli, less abundant lithic fragments, and minor

ash. Contains about 72.8 percent SiO2 (average of five analyses with little varia-

tion). Produced during the Big Obsidian eruptive period. Forms one fall unit on
lower east flank but grades upslope into a thick fall deposit overlain by several thin
fall deposits on upper flank and in caldera. Unit contains breadcrusted accidental
lithic and juvenile obsidian blocks as much as 1 m in diameter within 2 km of vent.

Derived from same vent as Big Obsidian Flow (unit Qbof, sheet 2) (Friedman, 1977;

Sherrod and MacLeod, 1979) during initial phase of the Big Obsidian eruptive period.

Probably only slightly older than ash-flow deposits of Paulina Lake (Qboa), but radiometric

age of pumice-fall deposits is about 1,600 14C yr B.P. (table 1), and therefore unit

may be as much as 300 yr older

Qyt | Young rhyolitic tephra (Holocene and Pleistocene?)—Thick tephra deposits that
completely bury older units over large area of caldera and upper flanks. Unit comprises
chiefly medial and distal deposits; those near-vent deposits with well-defined
physiographic form, such as Central Pumice Cone (unit Qicp, sheet 2), are mapped
separately. Unit contains (1) pumice deposits younger than Mazama ash bed and
derived from vents in the caldera; (2) Mazama ash bed, which was derived from
caldera-forming eruptions at Crater Lake National Park; and (3) pumice deposits
older than Mazama ash bed and probably derived from vents in caldera. As mapped,
deposits younger than Mazama ash bed locally include thickest parts of pumice-
fall deposits (Qbop) related to the Big Obsidian eruptive period (distribution shown
by isopachs) and East Lake tephra deposit of MacLeod and others (1982). The
East Lake tephra deposit, a widespread ash deposit that covers most of east side
of caldera and upper east flank of volcano, typically comprises a lower 3-m-thick
section of unbedded, poorly sorted pumiceous ash, lapilli, and blocks and an upper
1- to 2-m-thick section of bedded pumiceous ash and lapilli with mud-armored pumice
lapilli. It probably resulted from phreatomagmatic eruptions at unknown vent(s)
in eastern part of caldera, perhaps beneath East Lake as interpreted from bathym-
etry (vent symbol shown dotted); mean age is 6,400+130 14C yr B.P. (table 1).
Not shown are pre-Mazama pumiceous tephra deposits found at several localities
along west rim of caldera and on Paulina Peak dome (unit Qrpp, sheet 2); these
deposits are buried by Mazama ash so their distribution is poorly known

- Young pumice-cone and pumice-ring deposits of the caldera (Holocene and
Pleistocene?)—Poorly bedded to well-bedded pumiceous ash, lapilli, and blocks
that form cones and rings. Cones have flanks and crater walls that dip 20°-30°,
whereas rings have lesser topographic expression and gentler slopes. Chiefly younger
than the Mazama ash bed and therefore Holocene in age, but deposits near Lost
Lake may be of latest Pleistocene age. Divided on sheet 2 according to eruptive
periods
Young rhyolite of the upper southeast flank (Holocene)—Three small domes and
associated pumice-ring(?) deposits. Unit contains about 73.9 percent SiO2 (two
analyses). Thickly mantled by pumice-fall deposits (Qbop) related to the Big Obsidian
eruptive period; may be older than Mazama ash bed but none of that unit was seen
upon it. Chemically similar to rhyolitic rocks younger than Mazama ash bed and
to young rhyolitic dome and flow of the caldera (Qyrc), all of which are chemi-
cally distinct from most Pleistocene rhyolite

[Mazama ash of Powers and Wilcox (1964). Not shown on map. Surficial deposit (herein referred
to as the Mazama ash bed) that forms important stratigraphic horizon. Derived from climactic eruption
of Mount Mazama (Crater Lake National Park), 100 km southwest of Newberry caldera (fig. 3); grain
size and thickness decrease northward and eastward. Thickness ranges from about 1.2 m on southwest
flank to less than 30 cm on lower north flank (fig. 3). Readily distinguished from locally erupted
tephra by its more abundant crystals and presence of hornblende, which is rare in Newberry-derived
tephra. Charcoal is common at base of deposit, probably the result of large forest fires started
by lightning associated with eruption cloud. Age about 6,845+50 14C yr B.P. (table 1)]

B

G

e | Young rhyolitic dome and flow of the caldera (Holocene or Pleistocene)—
N

Dome is near inner caldera wall south of East Lake. Associated obsidian flow, which
extends northward to East Lake, is labeled parenthetically and its outline shown
dotted owing to burial by Mazama ash bed and 4-5 m of pumiceous tephra (Qyt).
Contains about 72.9 percent SiOgz (three analyses)

Rhyolitic obsidian flows (Pleistocene)—Two flows on either side of caldera: at
top of south caldera wall east of Paulina Peak and on northeast side of East Lake.
Slightly porphyritic, with plagioclase and scant hypersthene. Both flows are mostly
buried by tephra deposits and cut by caldera ring faults. They are indistinguish-
able from each other in their major-oxide and trace-element compositions and phenocryst
characteristics, suggesting a probable comagmatic relation. Flow east of Paulina
Peak has one analysis: 72.5 percent SiOy. Flow northeast of East Lake has three
analyses: 71.3, 72.1, and 72.3 percent SiO3

- Rhyodacite domes and flows (Pleistocene)—Silicic, slightly to moderately porphyritic

lava containing 68-72 percent SiO,. Some domes are mapped on basis of very
sparse outcrops combined with geomorphic expression. Unit possesses normal-
polarity magnetization and probably is entirely younger than 0.73 million years in
age. Potassium-argon ages that we consider reliable range from 0.2 to 0.6 million
years. Subdivided on sheet 2 to distinguish large elongate dome (Qrpp) of Paulina
Peak and two domes (Qrpl) on southwest shore of Paulina Lake. Stipple pattern
indicates poorly exposed pumice ring deposits associated with domes on southwest
shore of Paulina Lake

Dacite domes and flows (Pleistocene)—Porphyritic lava containing phenocrysts of
plagioclase, hypersthene, augite, and opaque oxides. Exposures limited to one area
on southwest flank and two closely situated areas on northeast flank. Contains
64-66 percent SiOg

- Rhyolite, rhyodacite, and dacite lava flows and domes, undivided (Pleistocene)—

Petrographically similar to other silicic domes and flows on flanks, but not chemi-
cally analyzed. Some domes are mapped on basis of very sparse outcrops combined
with geomorphic expression. Two probable domes on upper east flank (southeast
of East Lake) are mostly buried by pumice-fall deposits (unit Qbop, sheet 2) of the
Big Obsidian eruptive period, young rhyolitic tephra (Qyt), and Mazama ash bed.
Labeled parenthetically for flow buried by young rhyolitic tephra (Qyt) in caldera.
Map-unit symbol shown queried for areas lacking outcrops but characterized by abundant
blocks (float)

Rocks of the caldera walls (Pleistocene)—Platy rhyolite lava flows, basalt and basaltic
andesite lava flows and breccia, tuff, ash-flow tuff, welded air-fall tuff, and palagonite
tuff. Detailed lithologic descriptions are given by Higgins and Waters (1968) and
Higgins (1973). Capping units that extend outward from caldera walls are mapped
separately (rhyolite and rhyodacite domes and flows of units Qr and Qrd and andesitic
ash-flow tuff of unit Qat). Rhyolite at base of caldera wall southeast of Paulina
Peak has K-Ar age of 0.80+0.23 million years (table 3, No. 21), but it possesses
normal-polarity magnetization and is likely younger than 0.73 million years. Rhyolite
in lower part of north wall (“The Spire” of Higgins and Waters [1968], shown on
sheet 2) has K-Ar age of 0.12+0.01 million years (table 3, No. 9), but it may intrude
and be younger than wall rocks, or the age may be incorrect

Rhyodacite pumice deposit of the southwest flank (Pleistocene)—Ash-flow tuff
and pumice-fall deposit. Large size of pumice lapilli and blocks (to 50 cm) in the
pumice-fall deposit suggest unit is near its vent. Two analyses: 69.7 and 70.6 percent
SiOg; unit differs in composition from nearby Paulina Peak dome (unit Qrpp, sheet
2) and adjacent obsidian flow (Qr) at caldera wall
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MAZAMA ASH BED (not shown on map)

Rhyodacite pumice deposit of the northeast flank (Pleistocene)—Unconsolidated
to agglutinated pumiceous fall deposits, welded tuff that also may be of fallout origin,
and obsidian; the latter may be densely welded tuff, but flowage of material has
obliterated macroscopic and microscopic evidence. Phenocrysts of plagioclase, hy-
persthene, and opaque oxides. Remnant of pumice ring may be indicated by lo-
cally well-bedded, steeply dipping deposits of pumiceous blocks, lapilli, and ash.
May be equivalent to welded air-fall(?) tuff (part of unit Qcw) that forms upper-
most part of the east caldera wall sequence on basis of their chemical similarity
and phenocryst content. Unit contains 69.8 percent SiOz (one analysis). Queried
map-unit symbol indicates area of petrographically similar, weakly agglutinated pumice
deposits of probable air-fall origin that underlie pumice-littered hill 5.5 km north-
east of East Lake. Potassium-argon age from main exposure 3 km northeast of
East Lake is 0.07+0.12 million years (table 3, No. 8)

Ash-flow tuff (Pleistocene)—Four unrelated ash-flow tuffs exposed at widely sepa-
rated localities. Divided into:

Tuff southeast of Paulina Peak—Vitrophyre of either air-fall or ash-flow origin.
One exposure, on upper south flank of Newberry volcano, about 2 km southeast
of Paulina Peak

Lithic-rich pumiceous ash-flow tuff—One exposure, on upper south flank of Newberry
volcano, about 3 km south of Big Obsidian Flow. Well-exposed basal vitrophyre
dips 45°-70° northeast. Contact of tuff with surrounding rocks is unexposed, and
outcrop may be isolated kipuka older than Newberry volcano

Tuff west of China Hat—Poorly exposed tuff plastered on west side of China Hat
rhyolite dome (part of unit Qer) near east edge of map area. Slightly porphyritic,
with small phenocrysts of plagioclase and sparse iron-rich olivine(?). Contains 71.7
percent SiOz (one analysis). Source unknown; may be equivalent to the ash-flow
tuff of the lower east flank (QTae), but exposures are discontinuous and correla-
tion is uncertain

Tuff along gas pipeline—Dark-gray pumiceous welded ash-flow tuff. Contains 65.3
percent SiOz (one analysis). Exposed only in vicinity of pipeline 5 km west of Sugarpine
Butte at northwest margin of Newberry volcano

Ash-flow tuff of the lower east flank (Pleistocene or Pliocene)—Poorly con-
solidated to welded, very pumiceous, lithic-rich ash-flow tuff. Contains 70.1 percent
SiO2 (one analysis). Overlain by sedimentary and pyroclastic deposits (Qsp) and
mafic lava flows (Qba); contacts with adjacent mafic vent complex (part of unit QTmv)
not exposed. Potassium-argon age is 2.75+0.49 million years (table 3, No. 31),
suggesting unit is too old to be a pyroclastic flow of Newberry volcano. However,
it is lithologically similar to other ash-flow tuffs derived from Newberry volcano and
may be equivalent to unit Qafs, in which case the K-Ar age is incorrect

Andesitic tuff (Pleistocene)—Interbedded porphuyritic lapilli and ash that form py-
roclastic fall and flow deposits on upper west flank. Phenocrysts are plagioclase,
orthopyroxene, and opaque oxides. Fall deposits are mostly less than 1 m thick
and vary from slightly agglutinated to densely welded; ash-flow deposits are as thick
as 3 m, poorly sorted, and weakly consolidated to slightly welded (in basal part).
Mostly andesitic in composition (four analyses range from 61.1 to 62.8 percent
SiOy), but one sample contains 66.1 percent SiOz. Unit along caldera rim north
of Paulina Creek consists of dense, streaky basaltic andesite lava flows with scat-
tered accidental lithic fragments that probably originated as fountain-fed flows (three
analyses, 51.5-52.7 percent SiOz). Maximum exposed thickness about 30 m. Overlies
basaltic andesite lapilli tuff (Qbt) and is banked against and locally overlies cinder-
cone deposits (part of unit Qc) and related lava flows on west side of outcrop area;
underlies basaltic andesite flows (Qba) on north side. Probably younger than Paulina
Peak dome (unit Qrpp, sheet 2), but contact is buried by younger talus deposits.
Possesses normal-polarity magnetization; unit has not yielded meaningful K-Ar age
(table 3, No. 28). Forms youngest major pyroclastic-flow deposit on volcano

Basaltic andesite lapilli tuff (Pleistocene)—Poorly to moderately consolidated, poorly
sorted, dark-gray lapilli tuff. Lapilli and less abundant bombs are finely vesicular
to pumiceous, have cauliflower-shaped surfaces, and contain ubiquitous angular rhyolitic
to basaltic inclusions; some silicic inclusions are fused and frothed. Matrix is dark
ash with abundant accidental lithic fragments. Mostly deposited as pyroclastic flows
(hot), as indicated by similar normal magnetic polarity for lapilli and matrix. Mudflow

origin may be indicated where unit is palagonitized in largest of three isolated outcrop
areas north of McKay Butte on middle west-northwest flank. Maximum exposed
thickness about 35 m. Four analyses range from 52.8 to 59.5 percent SiOz. Unit
is deeply eroded, poorly exposed, and has yielded meaningless K-Ar ages (for ex-
ample, table 3, No. 29). Underlies andesitic tuff (Qat). Overlies some rhyodacite
domes and flows (Qrd) that have K-Ar ages of about 0.4 million years (table 3,
Nos. 11 and 13). Overlies basaltic andesite flows (Qba) derived from vents mid-
way on west flank (section B-B') but underlies other flows (also unit Qba) that border
its north and south edges there. Younger than dacitic tuff (Qdt) and overlain by
or interbedded with sedimentary and pyroclastic deposits (Qsp) on northeast flank

- Tuff of Orphan Butte (Pleistocene)—Dark-gray or brown, very pumiceous ash-flow
tuff near Orphan Butte on northeast flank. Crops out sporadically farther south;
queried map-unit symbol indicates uncertain assignment for three southernmost exposures
of unit. Contains 65.9 percent SiOz (one analysis). Interbedded with sedimentary
and pyroclastic deposits (Qsp). Younger than dacitic tuff (Qdt); probably older than
basaltic andesite lapilli tuff (Qbt). Possesses normal-polarity magnetization. Maximum
exposed thickness about 20 m

- Dacitic tuff (Pleistocene)—Ash-flow tuff containing dark-gray or brown poorly sorted
pumice blocks, lapilli, ash, and minor accidental lithic fragments. Partially welded;
pumiceous blocks and lapilli are locally collapsed. Contains ubiquitous obsidian
fragments, probably cognate glass. Contains about 66.6 percent SiOz (two analy-
ses). Exposed on northeast flank, where it is overlain by or interbedded with sedi-
mentary and pyroclastic deposits (Qsp). Base of unit not exposed. Possesses
normal-polarity magnetization. Older than basaltic andesite lapilli tuff (Qbt) and
younger than tuff of Tepee Draw (Qtp). Maximum exposed thickness about 20
m

Tuff of Tepee Draw (Pleistocene)—Poorly sorted pumiceous ash, lap:"i and bhlocks.
Moderately porphyritic, containing abundant phenocrysts of plagioclase, lesser augite
and iron-rich olivine, and sparse hypersthene. Varies from weakly consolidated
in distal northeasterly exposures to moderately welded upslope on flanks of Newberry
volcano. In many outcrops, degree of welding increases upward with densely welded
part exposed at eroded top. Contains about 70.7 percent SiOz (two analyses),
but differences in pumice color and phenocryst content suggest that unit is com-
positionally variable. Exposures on lower east and northeast flanks bordered by
younger lava flows (Qba) and buried upslope by progressively thicker sedimentary
and pyroclastic deposits (Qsp). Locally surrounds kipukas of older basalt (in unit
Qba) north of section B-B'. Maximum exposed thickness about 20 m, but base
not exposed (except adjacent to kipukas) and upper surface is eroded. Age poorly
known; K-Ar ages are 0.50+0.25 and 0.7£0.7 million years (table 3, Nos. 30a
and 30b). Possesses normal-polarity magnetization. Oldest known major pyro-
clastic unit exposed on volcano

Shevlin Park Tuff of Taylor (1981) (Pleistocene)—Dark-gray andesitic ash-flow
tuff; pumice lapilli are andesitic. Contains about 60.4 percent SiO2 (one analysis,
Mimura, 1991). Overlies Tumalo Tuff and Bend Pumice (shown undivided in unit
Qtb). Exposures near High Desert Museum (fig. 2 for location) and perhaps elsewhere
may, as mapped, include part of Century Drive Tuff of Taylor (1981) (E.M. Taylor
and B.E. Hill, oral commun., 1991), which is recognized by its rhyodacitic and andesitic
pumice (Hill and Taylor, 1990). Both units erupted from source in Cascade Ke:nge
northwest of map area

Tumalo Tuff and Bend Pumice of Taylor (1981) (Pleistocene)—Most exposures
are weakly consolidated to welded pink rhyolitic ash-flow tuff (Tumalo Tuff). Also
includes a locally exposed, underlying rhyolitic pumiceous air-fall tephra (Bend Pumice),
which is as much as 6 m thick. Exposure at summit of Green Mountain (2.5 km
northwest of Lava Butte) consists only of Bend Pumice; exposure at summit of cinder
cone 1.5 km northeast of Lava Butte consists of large blocks of Tumalo Tuff. Outcrops
of tuff along Deschutes River north of Lava Island (north edge of map area) were
assigned by Taylor (1981) to a unit that he named Lava Island Tuff, but that are
here interpreted as gas phase-altered part of Tumalo Tuff; a similar interpretation
was reached by Hill and Taylor (1990). Bend Pumice and Tumalo Tuff are ex-
posed from Lava Butte northward to Bend area, 7 km north of map area. They
probably originated as comagmatic pumice falls and ash flows erupted from vents
approximately 20 km west of Bend (Hill, 1985; Hill and Taylor, 1990). Ten analyses
range from 72.5 to 75.5 percent SiOz (Mimura, 1991). Tumalo Tuff possesses
normal-polarity magnetization. Early geochronologic efforts produced unsatisfac-
tory results; ages ranged from about 4 to 1.8 million years (Fiebelkorn and others,
1983), and several ages were in conflict with known stratigraphic relations. Regional
correlations and recently obtained K-Ar ages suggest that the Tumalo Tuff and Bend
Pumice are perhaps 0.4-0.3 million years in age (Sarna-Wojcicki and others, 1987,
1989)

- Rhyolitic to dacitic domes and flows near Deschutes River (Pleistocene or
Pliocene)—Rhyolite or rhyodacite dome at Benham Falls shows reversed-polarity
magnetization and has K-Ar age of 1.8+0.8 million years (table 3, No. 26); over-
lain by the Tumalo Tuff and Bend Pumice (Qtb). Small, poorly exposed domes
or flows southwest of Benham Falls are dacite
Early rhyolite domes and flows (Pleistocene)—Aphyric to porphyritic lava with
phenocrysts of plagioclase, hypersthene, and variable amounts of augite and iron-
rich olivine in glassy to felsophyric matrix. Includes (1) dome and associated flows
at China Hat (preferred K-Ar age is 0.80£0.21 million years, table 3, No. 24a)
and East Butte (K-Ar age is 0.87+0.05 million years, table 3, No. 25) at base of
east flank, all possessing reversed-polarity magnetization, (2) three domes of unknown
magnetic polarization at and adjacent to McKay Butte on west flank (K-Ar age is
0.60£0.10 million years, table 3, No. 22), and (3) five small domes on southeast
flank (ages probably comparable to McKay Butte domes). Unit ranges in compo-
sition from 72.8 to 75.0 percent SiOz (13 analyses) and is characterized by high
Rb/Sr ratio and high contents of incompatible trace el ments. China Hat and East
Butte domes lie at west end of age-transgressive belt of rhyolitic rocks that extends
across eastern Oregon (fig. 1; Walker, 1974; Mac' eod and others, 1976). Con-
ceivably all domes in this unit are related to that rivdlitic belt

Dacite of Amota Butte (Pleistocene or Pliocene)—Dome complex of Amota and
Indian Buttes on lower southeast flank. Seven analyses range from 63.4 to 66.1
percent SiOz (Beyer, 1973). Possesses reversed-polarity magnetization, but age
is unknown. Older than surrounding mafic lava flows (Qba). Northeast-striking
fault that cuts unit has a much higher scarp than in adjacent basaltic andesite (Qba)

- Rhyolite of Pine Mountain (Miocene or Oligocene)—Flow or dome in small area

along east border of map area near latitude 43°49' N. Unit is more widespread
to east where it includes dacite and rhyodacite (Walker and others, 1967); three
analyses are 61.2, 72.7, and 72.7 percent SiOz (Beyer, 1973). Unit has K-Ar
age of 22.0+£4 million years (table 3, No. 27; sample location approximately 13
km east of Pine Mountain summit, fig. 2). Age is late Oligocene or early Miocene.
Correlative with upper part of John Day Formation

Basaltic to andesitic lava flows and near-vent deposits

Young basaltic andesite (Holocene)—Block, aa, and pahoehoe lava flows with sparsely
vegetated, youthful surfaces. Lava is fresh, dark gray, aphanitic to sparsely porphuyritic,
and vesicular. Phenocrysts mostly plagioclase; microphenocrysts of augite and olivine.
Unit contains discrete flows numbered 1-15 on map, generally from north to south
(see also fig. 4), many of which have formal geographic place names assigned to
them (most flows first named by Peterson and Groh, 1965). Erupted from vents
marked by young cinder-cone and fissure-vent deposits (Qyc) mainly on northwest
flank of Newberry volcano in a zone popularly referred to as northwest rift zone
(Peterson and Groh, 1965), although three flows were erupted on south or south-
east flanks. Roughly 0.6 km3 of lava was emplaced along northwest rift zone, mostly
in flows erupted at Lava Butte (Qybq, 0.3 km3) and Mokst Butte (Qybs, 0.2 km3).
Chemical analyses indicate that most flows are basaltic andesite, but a few are basalt
and one may be andesite. Three flows on upper north flank (Qybg, Qybq1, Qyb4z)
contain rhyolite and pumice inclusions, probably owing to greater abundance of
rhyolitic bedrock (wallrock to the basalt-feeding dikes) toward geographic center
of the volcano. Most carbon for dating has been charcoal from tree molds, which
are locally abundant. Dated carbon from beneath or in flows ranges in age from
5,800 to 6,400 '4C yr B.P. (table 1), and undated flows are probably of similar
age, on basis of preserved surface features. All flows may have been emplaced
in a relatively short period of time. Most are known to be younger than Mazama
ash bed, but one flow (Qyb14) on southeast flank is older than Mazama ash bed,
and another (Qybs3) is of uncertain age relative to the ash bed, owing to a cover
of younger tephra (Qyt). Divided into:

Lava Butte Flow—On northwest flank of volcano. Seven analyses average 56.3
percent SiOg (range is 55.1-57.6 percent SiOg). Age is 6,160+65 14C yr B.P.
(table 1)

Gas-Line Flows—On northwest flank of volcano. Unanalyzed. Age determinations
are 5,800+150 and 6,150+£65 14C yr B.P. (table 1); weighted mean age is 6,100+60
14C yr B.P. Unit is older than Lava Butte Flow (Qyb,), but it seems likely that
both units are about same age and resulted from northwestward migration of eruptive
center

Basaltic to andesitic lava flows and near-vent deposits
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Mokst Butte Flows—Northwest flank of volcano. Four analyses average 56.8 percent
SiO; (range is 56.3-57.8 percent SiOjy). Most lava comprising this unit was pre-
viously included in the Mokst Butte Flow of Peterson and Groh (1965). But a flow
they named the Twin Vent Flow (Peterson and Groh, 1965), once thought to have
erupted from a separate vent, is now known to have erupted from Mokst Butte,
and we include it with the Mokst Butte Flows

Flow on middle north flank—Located northeast of Mokst Butte Flows. Unanalyzed

Flow on west side of Sugarpine Butte—On northwest flank of volcano. Two
analyses: 51.0 and 51.7 percent SiOz. Age is 5,870+60 14C yr B.P. (table 1)

Flow south of Sugarpine Butte—On northwest flank of volcano. Two analyses:
52.6 and 53.1 percent SiOg

Forest Road Flow—On northwest flank of volcano. Two analyses: 52.4 and 53.7
percent SiOg. Age is 5,960+100 14C yr B.P. (table 1)

Lava Cast Forest Flow—On northwest flank of volcano. One analysis: 52.8 percent
SiOgz. Age 6,380+130 and 6,150+210 14C yr B.P. (table 1); weighted mean age
is 6,320+110 14C yr B.P. Name first applied by Peterson and Groh (1965), but
locality name “Lava Cast Forest” was in use by U.S. Forest Service prior to 1938
(Nichols and Stearns, 1938)

Lava Cascade Flow—On northwest flank of volcano. Five analyses range from 53.6
to 55.3 percent SiOp. Age is 5,800£100 14C yr B.P. (table 1). Unit overlies Lava
Cast Forest Flow (Qybg) but is underlain by scoria from Lava Cast Forest vent, suggesting
that the two flows are about same age

Flow east of Lava Cascade Flow—Small flow erupted from fissure 0.8 km east
of main fissure system. Known locally as “hidden flow” (Jensen, 1988) because
it is mantled by scoria from a west-lying vent that erupted Lava Cascade Flow (Qybg).
Unanalyzed

Flow on upper north flank—One analysis: 55.0 percent SiOg

North Summit Flow—Two analyses: 54.6 and 55.1 percent SiO;. Age is 6,090+60
14C yr B.P. (table 1)

The Dome flow—Informally named flow on upper southeast flank. Erupted from
The Dome cinder cone (part of unit Qyc). Overlain by pumice-fall deposits (Qbop)
related to the Big Obsidian eruptive period. May predate Mazama ash bed, but
none was observed on flow. One analysis: 54.2 percent SiO;

Devils Horn flow—Informally named flow on upper south flank. Erupted from Devils
Horn cinder vent (part of unit Qyc). Two analyses: 54.3 and 58.0 percent SiOs.
Overlain by pumice-fall deposits (Qbop) related to the Big Obsidian eruptive period.
Predates Mazama ash bed

Surveyor Flow—On south flank of volcano. Eight analyses average about 54.8 percent
SiOg (range is 53.1 to 56.1 percent SiOz ). Age determinations are 6,080+100
and 5,835+195 14C yr B.P. (table 1); weighted mean age is 6,030+90 14C yr B.P.

- Young cinder-cone and fissure-vent deposits (Holocene)—Rudely bedded bombs,

blocks, lapilli, ash, and spatter of scoriaceous basaltic andesite, basalt, and minor
andesite. Thin cinder-fall deposits extend leeward from most cones and fissures;
isopachs shown for cinder-fall deposits associated with Lava Butte, unnamed butte
south of Sugarpine Butte, Mokst Butte, vents associated with Forest Road Flow,
Lava Cast Forest Flow, and Lava Cascade Flow on northwest flank, and from vent
associated with Surveyor Flow (Qybis) on south flank. Note that Mokst Butte has
two cinder falls, one older than some of its flows and another younger. Some deposits
on middle and upper flanks contain inclusions of rhyolite and fused vesicular rhyolitic
glass, especially East Lake Fissure (Williams, 1935; Higgins and Waters, 1970).
Same age as and related to young basaltic andesite (Qybq.15), about 6,000 14C yr
B.P. Most deposits are known to be younger than Mazama ash bed, but those
associated with Devils Horn flow (Qyb14) on southeast flank are older, and those
associated with The Dome flow (Qybi3) are of uncertain age relative to Mazama
ash bed, owing to a cover of younger tephra (Qyt). Map-unit symbol shown queried
for cinder deposits on east side of Devils Horn flow (Qybq4). These deposits form
long ridge (highest point is ragged pinnacle named Devils Horn) and are thought
related to eruption of Devils Horn flow but may be older and unrelated

Basaltic andesite (Holocene? and Pleistocene)—Lava flows typically 0.5 to 3 km
wide and 4 to 8 km long. Levees, pressure ridges, and tumuli are common, and
lava tubes are well developed in some flows (Greeley, 1971). Margins of individual
flows within unit are shown by dashed lines where readily distinguished; numerous
other flow margins are locally obvious but lose expression over short distances and
are not shown. Unfaulted except for some older flows on northernmost and
southernmost flanks; these flows cover large areas and extend many kilometers beyond
map area. Slightly to moderately porphyritic, with phenocrysts of plagioclase, olivine,
and locally clinopyroxene. Probably consists chiefly of basaltic andesite, with lesser
basalt and minor andesite, on basis of numerous chemical analyses; SiOg ranges
from 47 to 62 percent (Williams, 1935; Higgins, 1973; Beyer, 1973; Linneman,
1990; our unpub. data). Volumetric proportions of basaltic andesite, basalt, and
andesite are poorly known. Analyses are biased towards younger flows, and many
voluminous older flows, especially those low on the flanks of the volcano, contain
less than 52 percent SiO3. Older than Mazama ash bed. Youngest part of unit
includes flows with well-preserved surface features, which are particularly abundant
on southeast, middle southwest, and northwest flanks. These flows may largely
postdate last major glacial epoch and thus be younger than about 15,000 yr B.P.
Most flows, however, have surfaces covered by pumiceous tephra deposits, fluvial
gravel, cinders, and loess and are considered older than 15,000 yr B.P. Recon-
naissance paleomagnetic determinations suggest that entire unit is normally polar-
ized and likely younger than about 0.73 million years in age; older ages (table 3,
Nos. 4, 5, and 6) are considered spurious. Exposures of uncertain assignment are
shown by queried map-unit symbol north of Horse Ridge and Green Butte (north-
east and southwest corners of map area, respectively)

Cinder-cone and fissure-vent deposits (Holocene? and Pleistocene)—Ash, lapilli,
blocks, bombs, and agglutinated scoriaceous spatter that form vent deposits related
to basaltic andesite, basalt, andesite, and locally dacite of units Qba and Qbc. Cinder
cones range in size from a few tens of meters to 140 m high and from 100 m
to 1 km across; a few are probably small lava shields (lack abundant cinders), as
the cone in secs. 8-9, T. 19 S., R. 13 E. Unit includes small, fountain-fed flows
locally associated with mafic vents near north caldera rim. Many deposits contain
inclusions of pumice, fused rhyolite, and mafic rocks, which probably were torn
from underlying bedrock units. A well-known example is “Mixture Butte” 3 km
west-southwest of the caldera in the northeast corner of sec. 5, T. 22. S., R. 12
E. (sheet 2) (Williams, 1935); rhyolite crops out near it and likely underlies it. Aligned
cones are interpreted to be fed by fissures (shown by barred lines on map). Most
cone alignments on south flank trend north-northeast, whereas those on north flank
trend northwest. Cone alignments on upper north flank commonly are concentric
with caldera rim. Queried map-unit symbol indicates areas lacking outcrops but
characterized by abundant scoria (float). Age is primarily Pleistocene, but a few
deposits could be Holocene

- Basaltic andesite of the caldera (Holocene? and Pleistocene)—Three lava flows,
all of which are overlain by Mazama ash bed and young rhyolitic tephra (Qyt). Subdivided
according to location and probable vent source on sheet 2

Palagonite tuff (Holocene? and Pleistocene)—Palagonitized, formerly glassy basaltic
lapilli tuff. Forms (1) tuff cones and rings in caldera at southeast side of Paulina
Lake (Little Crater, sheet 2) and on south side of East Lake, each representing
eruptions from multiple vents (multiple overlapping crater rims). Unit south of East
Lake is probably a vent complex, most of which is buried by young rhyolitic tephra
(Qyt); (2) palagonite tuff erupted from an unknown vent and now found plastered
on north caldera wall above Interlake Obsidian Flow (unit Qiif, sheet 2); and (3)
tuff cones at Moffitt Butte on southwest flank. The Moffitt Butte cones are older
than adjacent lava flows (Qba) and are probably related to a sequence of palagonite
tuff cones, rings, and maars extending southeastward beyond map area and including
Fort Rock, Hole-in-the-Ground, and Big Hole (fig. 2; Heiken, 1971; Heiken and
others, 1981; MacLeod and Sherrod, 1992). Age is chiefly Pleistocene, but tuff
cone of Little Crater may be Holocene

Basaltic andesite and basalt flows of the Cascade Range (Pleistocene and
Pliocene?)—Flows exposed west of Deschutes River. Unit includes widespread
lava flows of very plagioclase-phyric basalt or basaltic andesite north and west of
Benham Falls that were erupted from a large mafic vent complex (part of unit QTmv)
near Kiwa Springs (fig. 2), in northwest corner of map area. Some flows are older
than Shevlin Park Tuff (Qsh) or Tumalo Tuff and Bend Pumice (shown undivided
in Qtb); others are younger

Mafic vent complexes (Pleistocene and Pliocene?)—Shield volcanoes composed
of basaltic flows, tuff, and breccia. Most volcanoes are Pleistocene in age, but
those on southwest flank of Newberry volcano may be as old as Pliocene

Cinder-cone deposits (Pleistocene and Pliocene?)—Vent deposits related to basaltic
andesite and basalt flows of the Cascade Range (QTbc). Also includes cinder cones
related to mafic vent complexes (QTmv) on northwest, south, and southeast flanks
of Newberry volcano

Older basaltic andesite (Pleistocene)—Sampled only in drill holes and shown only
in cross section. Lava flows are lithologically similar to those of Pleistocene and
Holocene(?) basaltic andesite (Qba) but either possess reversed-polarity magneti-
zation or are known to underlie reversely polarized volcanic rocks. Therefore unit
is older than 0.73 million years; that is, older than Brunhes Normal-Polarity Chron.
By our interpretation, overlying strata are part of Newberry volcano, whereas this
and underlying units may partly or completely predate Newberry volcano

Basalt (Pliocene and Miocene)—Unit as shown on geologic map (sheet 1) consists
of thin basalt flows, flow breccia, and interbedded near-vent deposits of basaltic
cinders, blocks, and bombs that form Horse Ridge in northeastern part of map area.
Potassium-argon age is 7.61+£0.08 million years (table 3, No. 7). As shown on
cross section, unit includes minor rhyolitic to dacitic ash-flow tuff, lava flows, and
domes. Age is late Miocene and Pliocene

Contact—Approximately located or inferred; dotted where concealed. Units completely
buried by young rhyolitic tephra (Qyt) are labeled parenthetically
—-——-— Contact within unit—Separates adjacent domes of unit Qer, adjacent palagonite tuff
cones of unit Qpt, and adjacent cinder cones of units Qc and QTc

———— Margin of individual lava flows in units Qyb; and Qba—Shown only where flow
fronts are sufficiently steep and distinct for at least 0.5 km; interpreted in part
from aerial photographs. Less obvious flow contacts, particularly of older flows,
are not shown

Subsurface dike-filled fissure—Showing trace. Inferred from alignment and shapes
of cinder cones. Crater rims commonly notched parallel to trend of inferred fissure,
and lava flows may show fractured ground along trend

e~ Lava tube system—Showing surface trace and entrance. Queried where uncertain.
From Greeley (1971) and our own mapping. Most lava tubes are known by caves
that form the still-accessible parts of the tubes, such as Lava River Cave in north-
western part of map area, Skeleton and Boyd Caves in northern part, South Ice
Cave in southeastern part, and Arnold cave system (including Wind Cave, Char-
coal Cave, and Arnold Ice Cave) in northeastern part. Trace of Arnold cave system,
5.5 km long, derived by connecting known cave segments with collapsed segments.
The longest single cave, however, is Lava River Cave. From a collapsed section that
serves as the entrance, it extends 1,650 m to the northwest and 500 m southeast—
a total length of 2,150 m

- ———.... Fault—Ball and bar on downthrown side. Dashed where inferred; dotted where con-
cealed

eeececcee Caldera ring fault—Ring faults are entirely concealed and are inferred from topo-
graphic evidence

Thickness of pumice-fall deposits (Qbop)

——25——  Isopach—Showing thickness in centimeters. Contour interval 25 cm for thicknesses
to 200 cm, and a single 300-cm line. Unit not mapped separately: where thick-
est, it is mapped as part of unit Qyt, as in caldera and on upper flanks of vol-
cano; elsewhere, underlying rocks and deposits are depicted, and unit is distinguished
only by isopachs

1<2)2 Measurement locality—Showing thickness in centimeters
——30—— Thickness of young cinder-cone and fissure-vent deposits (Qyc)—Isopachs for
deposits from selected vents, showing thickness in centimeters; dotted where con-
cealed; T = trace
>< Holocene silicic vents—Vent locations for rhyolitic lava flows, pyroclastic flows, and

air-fall tephra in units Qyo, Qyp, and Qyrec, all of which are found in caldera; and
unit Qyrf, on upper southeast flank. Dotted where buried by younger deposits or
flooded (floor of East Lake)

-¢- Geothermal well in caldera or on flanks—See table 4 for specific well locations
and total depth drilled

Thermal features in caldera

- Hot springs—Northeast shore of Paulina Lake and southeast shore of East Lake.
Described as drowned fumaroles (table 5 in Brook and others, 1979) because of
high concentration of elements that are preferentially enriched in a gas phase

F Fumarole—In crater of pumice ring (Qyp) near Lost Lake along northeast lobe of
Big Obsidian Flow (unit Qbof, sheet 2). Intermittently drowned by Lost Lake
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DESCRIPTION OF MAP UNITS

[Units listed only with name are described more completely on sheet 1]

CHIEFLY SEDIMENTARY ROCKS AND DEPOSITS

Qs Sedimentary deposits (Holocene and Pleistocene)

Young pumiceous mudflow deposits (Holocene)

Gravel and sand of the caldera (Holocene and Pleistocene)

Landslide deposits (Holocene and Pleistocene?)

Sedimentary and pyroclastic deposits (Pleistocene)

VOLCANIC ROCKS AND DEPOSITS

[The first 18 map units of young eruptive products are mostly younger than the Mazama ash bed.
Rhyolite is abundant in and near the caldera; basalt and basaltic andesite become increasingly abun-
dant away from the caldera on the volcano flanks, where young rhyolitic rocks are lacking. Rep-
resentative chemical analyses are listed on table 5]

Deposits of the Big Obsidian eruptive period—Divided into:

Big Obsidian Flow (Holocene)—Nearly aphyric rhyolitic glass. Chemically
homogeneous, as shown by 91 analyses (Laidley and McKay, 1971); SiO,
is about 72.8 percent. Contains inclusions of more mafic rock interpreted
as mixed magma by Linneman (1990). Age about 1,300 4C yr B.P. on
basis of 14C age of related underlying pyroclastic-flow unit (Qboa) and hydration-
rind age of obsidian. Youngest volcanic unit on Newberry volcano; part of
an eruptive sequence that began with pumiceous tephra showers (Qbop) followed
by ash flows (Qboa) and terminating with the Big Obsidian Flow. Vent for
all three units shown by “x” near south end of Big Obsidian Flow, where
small protrusion rises above general flow surface. A northeastern lobe of
the flow buried an older unrelated vent, shown by dotted “x.” Irregular black
dots show size and shape of explosion craters on surface of flow. Beneath
some of these craters are large spherical chambers as large as 15 m in di-

ameter and interpreted as the source of the crater-forming explosions (Jensen,
1993)

Ash-flow deposits of Paulina Lake (Holocene)—Unconsolidated, poorly
sorted, pinkish-brown rhyolitic pumiceous ash, lapilli, and blocks south of
Paulina Lake. Unit includes ash-cloud deposits northeast of Big Obsidian
Flow (Qbof) and near-vent deposits southwest of it. Bedded sand and ash
along shore of Paulina Lake may result from interaction of hot pyroclastic
flow with lake waters. Three analyses: 72.4, 73.1, and 73.4 percent SiOs.
Age about 1,300 14C yr B.P. (table 1; Libby's [1952] age is too old); derived
from same vent as Big Obsidian Flow. Second youngest volcanic unit on
Newberry volcano

Qbop Pumice-fall deposits (Holocene)—Distribution is shown only by isopachs.
—7100— Well-sorted, angular, light-gray rhyolitic pumice lapilli, fewer lithic fragments,
and minor ash. Forms one fall unit on lower east flank but grades upslope
into a thick fall overlain by several thin fall deposits on upper flank and in
caldera. Unit contains breadcrusted accidental lithic and juvenile obsidian
blocks as much as 1 m in diameter within 2 km of vent. Contains about
72.8 percent SiO3z (average of five analyses with very little range). Derived
from same vent as Big Obsidian Flow (Qbof) (Friedman, 1977; Sherrod and
MacLeod, 1979). Probably only slightly older than ash-flow deposits of Paulina
Lake (Qboa), but pumice-fall deposits have age of about 1,600 14C yr B.P.
(table 1) and therefore may be as much as 300 yrs older. Third youngest
volcanic unit on Newberry volcano

Young rhyolitic tephra (Holocene and Pleistocene?)—Thick tephra deposits
that completely bury older units over large areas of caldera and upper flanks.
Those near-vent deposits with well-defined physiographic form, such as Central
Pumice Cone (Qicp), are mapped separately. Unit contains (1) pumice deposits
younger than Mazama ash bed and derived from vents in the caldera; (2)
Mazama ash bed, which was derived from caldera-forming eruptions at Crater
Lake; and (3) pumice deposits older than Mazama ash bed and probably derived
from vents in caldera. Deposits younger than Mazama ash bed locally include
thickest parts of pumice-fall deposits (Qbop) of the Big Obsidian eruptive
period (distribution shown by isopachs) and East Lake tephra deposit of MacLeod
and others (1982). East Lake tephra deposit, a widespread ash deposit that
covers most of east side of caldera and upper east flank of volcano, typi-
cally comprises a lower 3 m of unbedded, poorly sorted pumiceous ash, lapilli,
and blocks and an upper 1-2 m of bedded pumiceous ash and lapilli with
mud-armored pumice lapilli. It probably resulted from phreatomagmatic eruptions
at unknown vent(s) in eastern part of caldera, perhaps beneath East Lake
as interpreted from bathymetry (vent symbol shown dotted); mean age is
6,400£130 14C yr B.P. (table 1) and SiO5 content is 71.9 percent (one analysis).
Not shown are pre-Mazama pumiceous tephra deposits found at several localities
along west rim of caldera and on Paulina Peak dome because their distri-
bution is too poorly known

Deposits of the East Lake obsidian eruptive period—Consists of:

East Lake obsidian flows (Holocene)—Informally named unit. Hydration-
rind age is 3,500 yr B.P. (table 2). Erupted from vents near inner caldera
ring fault; pumiceous tephra from same vents are found within 1 km of the
flows and are included as part of young rhyolitic tephra (Qyt). Five chemi-
cal analyses: range is 71.5 to 73.9 percent SiO,. Probably fourth young-
est volcanic unit on volcano; older than deposits of the Big Obsidian eruptive
period (Qhof, Qboa, Qbop)

Young basaltic andesite (Holocene)—See sheet 1 for more complete de-
scriptions and for other parts of this eruptive sequence. Units shown on
sheet 2 are:

North Summit Flow

The Dome flow—Informally named unit

Devils Horn flow—Informally named unit

- Young cinder-cone and fissure-vent deposits (Holocene)

Deposits of the Interlake eruptive period—Several rhyolitic lava flows and
near-vent deposits, representing the first major post-Mazama eruptions within

1 Age is either Holocene or Pleistocene

MAZAMA ASH BED (not shown on map)

the caldera. Includes two well-known volcanic features, the Central Pum-
ice Cone and the Interlake Obsidian Flow. Conceivably the caldera con-
tained a single large lake until eruptive products of the Interlake eruptive
period formed a barrier across center of caldera. Divided into:

Central Pumice Cone and related deposits (Holocene)—Divided into:

Game Hut Obsidian Flow—Three analyses: 73.1, 73.3, and 73.7 per-
cent SiO2. Hydration-rind age is 6,700 yrs B.P. (table 2); younger than
Central Pumice Cone. May formerly have been connected to crater-filling
obsidian flow (Qicf)

Crater-filling obsidian flow—Probably represents remnants of a lava lake
that ponded in the Central Pumice Cone (Qicp). Three analyses: 73.3, 73.5,
and 74.0 percent SiOs. Hydration-rind age of 4,500 yr B.P. from flow is
probably too young, in view of hydration-rind age of 6,700 yr B.P. from
Central Pumice Cone itself (table 2)

Central Pumice Cone—Present between Paulina and East Lakes. Chiefly
pumiceous to dense (obsidian) lapilli and ash. Includes massive and agglu-
tinated obsidian plastered on crater wall midway from the top, which may
represent “bathtub-ring” remnant of a former lava lake. (Game Hut Obsid-
ian Flow [Qicg] may have been produced by draining of lava lake, and the
crater-filling obsidian flow [Qicf] may be a remnant of lake.) Three analyses
from pumiceous bombs range from 72.7 to 74.0 percent SiO,. Hydration-
rind age of obsidian clasts in cone is 6,700 yr B.P. (table 2)

Interlake Obsidian Flow and related deposits (Holocene)—Divided into:
Interlake Obsidian Flow—Five chemical analyses: range is 72.6 to 74.0
percent SiOs. Hydration-rind age is 6,700 yrs B.P. (table 2). Related pu-
miceous tephra ramparts (Qiip) surround vent at base of north caldera wall.
Irregular black dots show size and shape of explosion craters on surface of
flow. Younger than Central Pumice Cone (Qicp)

Pumice-ring deposits—Pumice deposits that mark vent at north end of
Interlake Obsidian Flow (Qiif)

Pumice Cone at Warm Springs Campground (Holocene)—Pumice cone
complex at Warm Springs Campground on northeast side of Paulina Lake.
Older than Interlake Obsidian Flow (Qiif). Not associated with extrusion of
obsidian flow

Deposits near the south inner wall (Holocene)—Divided into:

Obsidian Flow (Qbof). One analysis: 72.8 percent SiO2 (Linneman, 1990).
Undated; Mazama ash bed not found on surface, but poorly exposed flow
is thickly covered by pumice-fall deposits (Qbop) of the Big Obsidian erup-
tive period and may be older than Mazama ash bed
Pumice-ring deposit—Elongate small pumice ring along inner south wall.
Filled by obsidian flow (Qisf). Overlain by young rhyolitic tephra (Qyt); probably
younger than Mazama ash bed

Pumice-ring deposits south of East Lake (Holocene)—Pumice ring near
caldera wall south of East Lake. Overlain by young rhyolitic tephra (Qyt);
probably younger than Mazama ash bed

[The following eruptive products are older than the Mazama ash bed. They are diverse in
composition and include rocks that predate caldera-forming eruptions]

- Young rhyolite of the upper southeast flank (Holocene)—Three small domes
and associated pumice-ring(?) deposits. Contains about 73.9 percent SiO,
(two analyses). Thickly mantled by pumice-fall deposits (Qbop) of the Big
Obsidian eruptive period; may be older than Mazama ash bed but none was
seen upon it. Chemically similar to rhyolitic rocks younger than Mazama
ash bed and to young rhyolite dome and flow of the caldera (Qyrc), all of
which are chemically distinct from older rhyolites
- Young rhyolitic dome and flow of the caldera (Holocene or Pleistocene)—
Dome is near inner caldera wall south of East Lake. Associated obsidian
flow, which extends northward to East Lake, is labeled parenthetically and
its outline shown dotted owing to burial by Mazama ash bed and 4-5 m of
pumiceous tephra (Qyt). Unit contains about 72.9 percent SiOs (three analyses)
Pumice-ring deposits of Lost Lake (Holocene or Pleistocene)—Ash, lapilli,
and blocks that form pumice ring partly filled by north end of Big Obsidian
Flow (Qbof). Probably Holocene, but may be of latest Pleistocene age

Basaltic andesite (Holocene? and Pleistocene)

Cinder-cone and fissure-vent deposits (Holocene? and Pleistocene)—
Ash, lapilli, blocks, bombs, and agglutinated spatter that form vent deposits
related to basaltic andesite, basalt, andesite, and locally dacite in units Qba
and Qbc (sheet 1)

Palagonite tuff (Holocene? and Pleistocene)—Palagonitized, formerly glassy
basaltic lapilli tuff. Forms (1) tuff cone of Little Crater at southeast side
of Paulina Lake; (2) scattered outcrops on south side of East Lake—prob-
ably a vent complex, most of which is buried by young rhyolitic tephra (Qyt);
and (3) palagonite tuff erupted from an unknown vent and now found plas-
tered on north caldera wall above Interlake Obsidian Flow (Qiif). Age is chiefly
Pleistocene, but tuff cone of Little Crater may be Holocene

Basaltic andesite of the caldera (Holocene? and Pleistocene)—Three lava
flows, all of which are overlain by Mazama ash bed and young rhyolitic te-
phra (Qyt). Divided into:

- Basaltic andesite of Paulina Lake (Holocene or Pleistocene)—Lava along

east shore of Paulina Lake. Four analyses range from 52.6 to 54.3 per-

cent SiOs. Older than adjacent gravel and sand of the caldera (Qgs). Vent
presumably is buried by Central Pumice Cone (Qicp)

Basaltic andesite of Sheeps Rump (Holocene or Pleistocene)—Lava
that issued from Sheeps Rump cinder cone northeast of East Lake and extends
nearly to lake shore. Its steep, leveed margin protrudes through blanketing
young rhyolitic tephra and Mazama ash bed, giving the flow a dikelike appearance
locally

- Basaltic andesite near East Lake Resort (Pleistocene)—Lava that issued
from east rim fissure near top of caldera wall and flowed northwest nearly
to East Lake. Highly variable phenocryst content and chemical composi-
tion; it and east rim fissure (mapped as part of unit Qc) range from 55.5
to 63.7 percent SiO2 and may be products of mixed magma. Age is 10,970+500
calendar yr B.P. (14C age of 10,500+500 yr B.P., table 1) or very latest
Pleistocene. Equivalent to (informal) Resort and East Lake andesite flows
of Higgins (1973)

7,640

10,000

Pleistocene

Obsidian flow—Small pumiceous obsidian flow in pumice ring east of Big

Rhyolitic obsidian flows (Pleistocene)—Two flows: at top of south caldera
wall east of Paulina Peak and on northeast side of East Lake. Slightly por-
phyritic, with plagioclase and scant hypersthene. Both flows are mostly buried
by tephra deposits and cut by caldera ring faults. They are indistinguish-
able from each other in their major-oxide and trace-element composition and
phenocryst characteristics, suggesting probable comagmatic relation. Flow
east of Paulina Peak has one analysis: 72.5 percent SiO5. Flow northeast
of East Lake has three analyses: 71.3, 72.1, and 72.3 percent SiO,

- Rhyolite, rhyodacite, and dacite lava flows and domes, undivided (Pleis-
tocene)—Lava petrographically similar to other silicic domes and flows on
flanks, but not chemically analyzed. Some domes are mapped on basis of
very sparse outcrops combined with geomorphic expression. Two probable
domes on upper east flank (southeast of East Lake) are mostly buried by
pumice-fall deposits (Qbop) of the Big Obsidian eruptive period, young rhyolitic
tephra (Qyt), and Mazama ash bed. Labeled parenthetically for rhyolite flow
buried by young rhyolitic tephra (Qyt) in caldera

_ Rhyodacite domes and flows (Pleistocene)

Rhyodacite of Paulina Lake (Pleistocene)—Two domes on southwest shore
of Paulina Lake. Unit contains 70.3 percent SiO; (one analysis). Potas-
sium-argon ages are 0.56£0.40 and 0.58+0.40 million years (table 3, Nos.
15 and 16), but unit is likely younger than rhyodacite of Paulina Peak (Qrpp).
Pattern indicates associated pumice-ring deposits preserved only on south-
east side of unit

Rocks of the caldera walls (Pleistocene)—Platy rhyolite lava flows, basalt
and basaltic andesite lava flows and breccia, tuff, ash-flow tuff, welded air-
fall tuff, and palagonite tuff. (See sheet 1 for complete description)

Rhyodacite pumice deposit of the southwest flank (Pleistocene)

Rhyodacite pumice deposit of the northeast flank (Pleistocene)

Ash-flow tuff (Pleistocene)—See sheet 1 for more complete descriptions. Unit
shown on sheet 2 is:

— Tuff southeast of Paulina Peak

Andesitic tuff (Pleistocene)

Rhyodacite of Paulina Peak (Pleistocene)—Large, elongate dome of Paulina
Peak and two small domes west and southwest of it. Unit contains about
71.4 percent SiOs (average of nine analyses with little variation). Paulina
Peak dome has K-Ar ages of 0.58+0.40 and 0.2440.07 million years (table
3, Nos. 19 and 20) .

Basaltic andesite lapilli tuff (Pleistocene)

Contact—Approximately located or inferred; dotted where concealed. Units
completely buried by young rhyolitic tephra (Qyt) are labeled parenthetically

—-——— Contact within unit—Separates adjacent cinder cones in unit Qc

———— Margin of individual lava flows in unit Qba—Shown only where flow fronts
are sufficiently steep and distinct for at least 0.5 km; interpreted in part
from aerial photographs. Less obvious flow contacts, particularly of older
flows, are not shown

Subsurface dike-filled fissure—Showing trace. Inferred from alignment and
shapes of cinder cones. Crater rims commonly notched parallel to trend
of inferred fissure, and lava flows may show fractured ground along trend

——-1___ Inferred fault—Ball and bar on downthrown side

eccccsecce Caldera ring fault—Ring faults are entirely concealed and are inferred from
topographic evidence

——200—— Bathymetric contours—In Paulina and East Lakes; datum is mean lake level,
contour interval is 40 1t (from unpub. data, Oregon Department of Wild-
life). Supplementary contour at 20-ft interval shown dashed in southwest
corner of East Lake, the area interpreted as vent for East Lake tephra deposit

Thickness of pumice-fall deposits (Qbop) of the Big Obsidian eruptive

period

——50—  Isopach—Showing thickness in centimeters. Contour interval 25 cm for thicknesses
to 200 cm, and a single 300-cm line. Unit not mapped separately: where
thickest, it is mapped as young rhyolitic tephra (Qyt), as in caldera and on
upper flanks of volcano; elsewhere, underlying rocks and deposits are depicted,
and unit is distinguished only by isopachs

97
o Measurement locality—Showing thickness in centimeters
>< Holocene silicic vents—Vent locations for Holocene silicic lava flows, pyro-

clastic flows, and air-fall tephra units erupted in caldera and on upper southeast
flank of volcano. Dotted where buried by younger deposits or flooded (floor
of East Lake)

®%  Craters on obsidian flows—Showing size and shape. Craters pock parts of
the surfaces on Interlake Obsidian Flow (Qiif) and Big Obsidian Flow (Qbof)

-¢- Geothermal well in caldera or on volcano flanks—See table 4 for spe-
cific well locations and total depth drilled

417 Analyzed rock sample—Showing location and letter for chemical analysis (table 5)
and (or) sample number for K-Ar age determination (table 3)
Thermal features in caldera

- Hot springs—Northeast shore of Paulina Lake and southeast shore of East
Lake
F Fumarole—In crater of pumice ring along northeast lobe of Big Obsidian Flow
(Qbof)
_______ Trail

—. Caldera access road
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