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RECONNAISSANCE GEOLOGY OF THE MOUNT EDGECUMBE
VOLCANIC FIELD, KRUZOF ISLAND, SOUTHEASTERN ALASKA

By DAVID A. BREW, L. J. PATRICK MUFFLER,
and ROBERT A. LONEY, Menlo Park, Calif.

Abstract.—The postglacial Mount Edgecumbe volcanic field
contains at least 14 rock units ranging in composition from
olivine-augite basait to augite-bearing quartz latite. Mesozoic
graywacke and slate and Tertiary granitic intrusions underlie
the gently dipping basalt which forms the base of the pile.
Andesite and basaltic andesite overlie the basalt near Mount
HBdgecumbe and, in turn, they are probably overlain by the
dacitic rocks which make up the composite cone of Mount
KEdgecumbe proper and by dacite flows and cinder cones on its
southwest flank. Mount Edgecumbe and a nearby remnant of
a similar cone are cut by latite domes. The remnant is now
the site of a caldera 1.6 kilometers in diameter and 240 meters
deep. Widespread dacite(?) lapilli and ash probably resulted
from explosive eruptions during the formation of the composite
cones. Nine chemical analyses define a smooth compositional
trend that correlates with the relative age of the map units.
The magma series is calc-alkaline and has a close relationship
to the high-alumina basalt series.

Mount Edgecumbe is an inactive volcano 26 kilo-
meters west of Sitka, Alaska (figs. 1, 2, and 3). The
mountain is part of a Pleistocene and Holocene volcanic
field that covers about 260 square kilometers on the
southern end of Kruzof Island. The field consists of
gently dipping flows, composite cones, and air-fall
ash and lapilli. Augite basalt seems to be the most com-
mon rock type; olivine basalt, basaltic andesite, hy-
persthene dacite, and quartz latite are also present.

With the exception of Quaternary(?) vents on Li-
sianski Inlet, Chichagof Island (Rossman, 1959, p.
186), there are no known Holocene volcanic areas
within 240 km of Mount Edgecumbe (Brew, Loney,
and Mufller, 1966). The scattered vents of interior
British Columbia are 240 to 320 km away (Little,
1962) ; those of southern southeastern Alaska are 320
km distant; and the voleanic seamounts of the Gulf
of Alaska, a few of which could be Holocene, are also
at least 320 km away. The volcanic field is far distant

from those in the Aleutian Islands (Coats, 1950) and
the Wrangell Mountains (fig. 1).

The Mount Edgecumbe volcanic field is closer to
the continental margin (as defined by the 100-fathom
contour) than are the volcanoes of the interior con-
terminous United States, Canada, and Alaska, and is
even closer than most Aleutian volcanoes (fig. 1). Thus
the Mount Edgecumbe field may provide an informa-
tional link between the continental volcanoes and the
voleanic seamounts of the Gulf of Alaska (Engel and
Engel, 1963).

Unsubstantiated (and probably inaccurate) accounts
of volcanic activity at Mount Edgecumbe within his-
toric time have been summarized by Becker (1898, p.
13). Two radiocarbon dates provide evidence about
the absolute age of the major eruptions of Mount
Edgecumbe. One date, from peat underlying an ash
Jayer near Juneau, suggests that large-scale ash and
lapilli eruptions from Mount Edgecumbe occurred about
9000 Before Present (Heusser, 1960, p. 97, 184). This
date is in good agreement with one of 8750==300 B. P.
for rooted wood at the base of a peat layer that over-
lies the Mount Edgecumbe ash at Sitka (R. W. Lemke,
UJ.S. Geological Survey, oral commun., 1966).

The Mount Edgecumbe volcanic field has been visited
by few geologists. William Libbey, Jr., a geographer,
visited the field in 1884 (Libbey, 1886, p. 283-286),
and H. F. Reid climbed Mount Edgecumbe in 1892
(Cushing, 1897). F. E. Wright, of the U.S. Geological
Survey, climbed the volcano in 1904 and studied some
of the rocks but never published his results. Adolph
Knopf, also of the Geological Survey, visited the east
side of the field briefly in 1910 (Knopf, 1912, p. 14) and
described a specimen of the most common flow rock.
Berg and Hinckley (1963, p. O14-015) mapped the
northeast corner of the field and described the major
features briefly.
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PETROLOGY AND PETROGRAPHY

170° 165° 160° 155° 150° 145° 140° 135 130° 125 120° 115°
EXPLANATION | ] = 1
x | ~ <) \ LOCALITIES
Principal volcanoes and vents 70° ~ B N
/ o —+ e VN -
° / / S \ .| P-Pribilof Islands
Volcanic seamount P N B-Buldir
. P ~ U-Umnak
100 - fathom contour I \ - W-Wrangell Mountains
/ e K-Katmai
0 400 800 1200 MILES S E-Mt. Edgecumbe, Kruzof
1 I I I - ) © > Island
0 400 800 1200 KILOMETERS . ED-Fdziza Peak

50°

Pacrrre

/

ocEAN

BC-Interior British Columbia
- field

G- Garibaldi
R-Mt. Rainjer
C-Cobb Seamount
J-Mt. Jefferson
L-Mt. Lassen

\

FieurE 1.—Map of northeastern Pacific region, showing location of some Plio-Pleistocene, Pleistocene, and Holocene volcanoes (x),
voleanic seamounts (o), 100-fathom contour (short dashes), and outline of figure 2.

The present study is based on reconnaissance mapping
of the shoreline in August 1961 by R. A. Loney and
D. A. Brew, with some additional data provided by
H. C. Berg and J. S. Pomeroy, and on reconnaissance
mapping of the shoreline and island interior in June
and August 1962 by D. A. Brew and L. J. P. Muffler.
A preliminary photogeologic map of the island was
compiled by J. S. Pomeroy and combined with field
data by L. J. P. Muffler in 1962. Preliminary petro-
graphic examinations by H. C. Berg in 1961 were used
in the preparation of a preliminary map covering the
area (Loney and others, 1963). The petrographic
studies were completed by D. A. Brew. Some prelimi-
nary results of our studies were reported by Brew,
Muftler, and Loney (1966).

In the petrographic study of the Edgecumbe Vol-
canics, flat-stage methods were used in examining both
thin sections and grain mounts. Precise mafic mineral
determinations have not been made, although refractive
indices of olivine and clinopyroxene were measured in
some specimens. Determinative curves from Troger
(1959) were used. Plagioclase compositions were ob-

tained from extinction-angle data and checked in high-
dispersion oils, using the method of Emmons and Gates
(1948) and the curves of Tsuboi (1923). Modal values
were estimated visually from thin sections. The vol-
canic rocks were classified by means of Peterson’s (1961)
criteria. In addition, the rock names are modified by
prefixing the names of the most important mafic min-
erals in the specimen. Thus an olivine-bearing augite
basalt is a basalt containing more than about 10 percent
augite and less than 10 percent olivine in the pheno-
crystic and groundmass phases taken together. Nine
chemical analyses were obtained to verify the composi-
tional classification of critical specimens and to provide
a basis for better comparison of this volcanic field with
others. Semiquantitative spectrographic analyses for 50
elements were also obtained from these nine specimens
(Heropoulos and Mays, 1969).

This brief report cannot do justice to the complicated
eruptive and petrogenetic history of the Mount Edge-
cumbe volcanic field, but it summarizes our present
interpretations and hopefully will encourage a detailed

study of the area.















BREW, MUFFLER, AND LONEY

Several significant petrographic features common
to all specimens are not shown in table 1 and are
therefore noted here. Plagioclase phenocrysts common-
ly are progressively zoned over a range of 30 percent
An from core to rim with conspicuous oscillatory
zoning near the rims. Their composition in table 1 is
representative of the “outer core” and is practically
an average for the phenocryst. In some of the speci-
mens, the phenocryst outlines are irregular owing to
reaction with the groundmass material after crystalli-
zation or with the magma.

Another striking feature of some of these basalts is
the presence of glomeroporphyritic clots of plagioclase
and mafic crystals as large as 1 cm in diameter.

Minerals derived from olivine after crystallization
are described in table 1 simply as an orange-brown or
red-brown secondary mineral. Probably this late pro-
duct is “bowlingite” or “iddingsite.” Chlorophaeite
present in a few specimens is included with the glass
in table 1.

Three samples (61ABd720, 61ABd725b, and 61ALy-
566) of the “oldest flows” were analyzed chemically
(columns 2, 3, and 4, table 2).

Basalt and breccia—A lithologically distinct unit
consisting of volcanic breccia overlain by dense massive
lava flows is exposed in two areas along the east
shore of Kruzof Island. Between Port Krestof and
Mountain Point the unit rests uncomformably on horn-
fels derived from the Sitka Graywacke. South of Inner
Point the unit has been interpreted from photogeologic
evidence to rest on the “oldest basalt flows,” but the
evidence is poor. The stretch of shore separating the
northern and southern exposures is made up of horn-
fels overlain by “oldest basalt flows.”

The relations of the “basalt and breccia” unit to
the other rock units in the volcanic field are not clear
from the available reconnaissance data. The umit is
considered younger than the “oldest basalt flows” (fig.
5) and probably older than the “older unsampled
flows,” but could antedate or be coeval with the “oldest
basalt flows” unit.

The Tower part of the “basalt and breccia” umit is
volcanic breccia consisting of bomblike or pillowlike
fragments of vitrophyre and dense nonvesicular slight-
ly porphyritic olivine basalt as much as 75 em in maxi-
mum dimension in a poorly sorted matrix of irregular-
ly shaped breccia fragments and tuff. The breccia is
variable in thickness and locally contains fragments
that appear to be weathered fine-grained graywacke;
this latter feature suggests that subaerially weathered
debris was incorporated in the breccia during move-
ment. The “basalt and breccia” unit may have been
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erupted, at least in part, from a dissected cone about
2.4 km northwest of Mountain Point.

Flows of olivine basalt compositionally similar to
the large fragments in the breccia overlie the breccia.
The flows are subhorizontally layered, massive, dense,
fine grained, and generally nonvesicular. In places ero-
sional remnants of the flows rise above the breccia and
superficially resemble dikes.

The augite-bearing olivine and olivine-augite basalts
are characterized by the absence or near absence of
vesicles and phenocrysts (table 1). The available petro-
graphic data suggest that this unit may contain a
variety of rock types and, perhaps, compositions. One
sample (61ABg734d) from the “basalt and breccia”
unit was analyzed chemically (column 1, table 2).

Andesite—A distinctive unit of subhorizontal ande-
site flows is well exposed along the shore near Lava
and Goloi Islands and on St. Lazaria Islands (fig. 4).
These flows probably came from near Mount Edge-
cumbe. The andesitic composition suggests affinity with
rocks of Mount KEdgecumbe rather than with the
“oldest basalt flows,” which the andesites are inter-
preted to overlie and which they resemble in outcrop.

The unit consists of nonvesicular, highly porphyritic,
dark-gray olivine-bearing hypersthene andesite or ba-
saltic andesite flows a few meters thick. The andesites
have excellently developed joint columns about 30 cm
in diameter that are oriented perpendicular to flow
surfaces. The andesite flows are also characterized by
abundant domes as much as 15 m across and a few
meters high, and the columns appear to radiate from
many centers beneath the domes. Locally the flanks of
the domes dip as steeply as 40°.

Petrographic features of the andesite (table 1) in-
clude the following: abundant broken plagioclase
phenocrysts and microphenocrysts that are partly re-
placed by an epidotelike mineral, synneusis-twinned
plagioclase phenocrysts, glomeroporphyritic clots of
plagioclase and locally corroded pigeonitic augite, hy-
persthene apparently intergrown with clinopyroxene
and plagioclase, and rare quartz xenocrysts.

One sample (61Ly571) of this andesite unit was
analyzed chemically (column 6, table 2). Comparison
of the analysis with Nockolds’ (1954) averages suggests
that the rock is best called an andesite.

Basaltic andesite—Low on the southwest flank of
Mount Edgecumbe are rocks mapped separately (fig.
1) as basaltic andesite. The flows probably originated
from now slightly dissected cinder cones at elevations
between 700 and 1,200 feet and spread over the south-
western part of Kruzof Island. They rest on the “oldest
basalt flows” unit on the south side of the island and
between Engano Point and Neva Bay on the west side
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TABLE 1.—Petrographic characteristics of thin-section specimens from
[Specimen locations shown on figure 4. Asterisk (*) indicates chemically analyzed specimen. Abbreviations—General: Comp., composition; Tr., trace; V, very. Mineral:

m, medium;

Texture Composition (percent)
Specimen Rock General Specific Average phenocryst size Plagioclase Olivine
No. name (percent) (mm)
Phenocrysts Groundmass Phenocrysts
Pheno- Plagio- Pyrox- An An Fa
Vesicles crysts Wholerock Groundmass clase Olivine ene Total content Total content Total content
OLDEST BASALT FLOWS (ob)
Typical flows
61ABd720%. .. Vesicular porphyritic =25 42 Porphyro- Intergranular 1X3 0.6 ... 30  50-60 46  50-55 8 5-10
%livaiﬁe-beaﬂng augite aphanitic.
asalt.
61ABd721b.....__. s =15 25 ... do...__.. Intergranular  1X5 IXL7 .. 22 57 52 57 3 12-15
to micro-
ophitic.
62ABdA5. .. ... (& (o T, =30-40 40 ____. do._.____ Intergranular 1X3 0.6 ... 35 61 30 48 5 15-25
62ABdA4. . Vesicular porphyritic =35 28 ... do......__._. do.___..... 0.8X3.5 0.5 .. ... 25 62 35 54 3 15-20
augite-olivine basalt.
Less typical breccia fragment
61ALy565a. .. Vesicular gorphyritlc =10 10 Porphyro- Intergranular 1X3 2 . 6 60 47 60 3 20-23
o 1vine- aring augite aphanitic.  to felty.
Other flows
61ABd722a._. Vesicular porphyritic =20 22 Porphyro- Intergranular 0.5X1 (18 S 12 70 15 54 10 15
olivine-augite basalt. aphanitic. :;1;;1: aflni:er-
61ALy566*. .. Vesicular microporphyritic =10 ... Micropor-  Felty inter- .o ... 5 48 55 51 3 15
augite-olivine basalt. phyro- granular to
aphanitic.  intersertal.
61ABd725b*__ Vesicular microporphyritic =15 ... .. do._..... Intergranular _.._._ ______________.________ 2 60 56 48 3 10-15
olivine basalt. to inter-
sertal.
BASALT AND BRECCIA (bb)
61ABg734a*. . Olivine-pigeonitic augite ... _.__... Aphanitic_.. Microophitic ... o ol 53 50 oo
basalt. to inter-
sertal.
62ABd3...... Slightly vesicular por- =5 7 Vitrophyric. Hyalopilitic. .- ----.-- . 0.7-8.0 e 47 56 7 10-15
phyritic olivine basalt.
ANDESITE (aa)
61ALy571*.__ Porphyritic hypersthene _.._...____ 40 Vitrophyric. Hyalopilitic... 0.75 0,2-0.6 0.2-0.6 30 65 20 46 2 10-20
basaltic(?) andesite. 1
BASALTIC ANDESITE (ba)
61ALy567a*. . Porphyritic olivine- .. .____.. 20 Porphyro- Felty inter-  0.5X1 1 0.5 15 58 38 50 4 15-26
earing pigeonite aphanitic.  sertal.
basaltic andesite.!
6LALy567b. .. Porphyritic hypersthene- <2 25 . do....._. Felty inter- 2 0.7 0.6 18 60 49 54 5 10
bearing olivine basalt or granular.
basaltic andesite.
61ALy569a. __ Slightly vesicular =5 15 ._...do..__... Felty inter- 0.4X%0.8 0.9 ? 9 52 50 52 3 0-5
porphyritic olivine- sertal.
bearing pigeonite basalt
or basaltic andesite.
61ALy568c. .. Slightly vesicular <5 20 ... do....... Felty inter-  0.6X1 0.6 0.6 16 53 20 48?7 4 15
gorphyntic olivine- sertal to
earing pigeonite pilotaxitic.
Fasaltic andesite.
61ABd725¢c. .. Slightly vesicular 10 20 .. do....... Felty inter- 0.8 0.3 1.5 15 58 50 47-55 1 15
porphyntic olivine- sertal.
b igeonite?-
augite basaltic andesite.

See footnotes at end of table,
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the Edgecumbe Volcanics, Kruzof Island, southeastern Alaska
Pg, sub]calcic augite; Di, diopside; Hy, hypersthene; Au, augite; Mg, magnetite; Il, ilmenite; Hm, hematite. Color: or, orange; br, brown; gn, green; gy, gray; dk, dark;
1t, light

Composition (percent)

Olivine Clinopyroxene Orthopyroxene Opaque minerals Glass Secondary
minerals
Remarks

Groundmass Phenocrysts Groundmass Phenoerysts Groundmass

Descrip- Descrip-
Total Type Total tion Total tion

Fa
Total content Total Comp. Total Comp. Total Comp. Total Comp.

OLDEST BASALT FLOWS (ob)
Typical flows

1 12 4 Pg?._.. 9 Pgl e eaeees 1 Mg?... 1 . Tr. Orbr..

2 12-15 15 Tirieh i 3 Mg II? 3 Murky.. Tr....do..._. Probable reaction around
olivine.

3 15-25 5 Di?...

15 515 oo 1 ...do..... No reaction around

olivine.

Less typical breccia fragment

1 23 1 Di?... 25 AU 10 Mg?... 5 Devit- .. Possible reaction around
rified. olivine.

Other flows

Tr. 15 o 27 DA 20 Mg?... 10 . Tr. Red br.. No reaction around
olivine.

12 15-20 oo 12 @0 e 7 ...do._... 6 Dkbr, Tr. Gn,or- Olivine has magnetite+
murky. br. clinopyroxene rims;

microphenocryst
composition is given.

2% 10-15 .l [ N -+ GO 3 ...do..... 6 ...do. . Possible reaction around
olivine; micropheno-
cryst composition is
given.

17 10-15 . 20 Pgoo . 1 Hy...._. 5 Mg.... 4 Bl('l, gn, 1 Gn

32 Vdkbroo_...__..___...__. No reaction around

10 10-15 ol 4 - X
olivine.

2?7 Pl . 6 Hy._..... 5 Hy?..... 15  Mg?. .. 18 Dk.___._. 2 Murky.. 10 percent plagioclase
microphenocrysts
included with pheno-
crysts; 5 percent hyper-
sthene micropheno-
crysts included with
groundmass; one quartz
phenocryst noted.

BASALTIC ANDESITE (ba)

_________________ 1 Pg?.._ 25 Pgo . 2 Mg?._. 15 Br,gy¥, --------------__.. Olivine has clinopyroxene
murky. rims; excellent fiow
alinement around
phenocrysts.

47 s 1 Au... 15 Au... 1 Hy...__. 7 . 4 __.do.___. 3 Mbro....o. Olivine has clinopyrozene
rims; proportion of
orthopyroxene may be >
given; one exotic sphene
grain noted.

2o 3 Pgho.. 20 Pg.o._ .. 8 __.do...__ 15 Ltmbr. 1 Chloro- Possibly two generations

phae- of plagioclase pheno-

ite. crysts; olivine has
clinopyroxene+-
magnetite rims; 5
percent “late alkalies”
in groundmass.

R 4 Pg?.. 48 Pgt.. . .. 8 _..do._.. 8 MDbrooooo . Plagioclase and olivine
phenocrysts reacting
with groundmass.

""""""""" 4 Pg... 0 Au 10 ...do..... 10 Dkbr.................... Plagioclase, olivine, and
pigeonite phenocrysts
reacting with
groundmass.
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TABLE 1.—Pelrographic characteristics of thin-section spectmens from

[Specimen locations shown on figure 4. Asterisk (*) indicates chemically analyzed specimen. Abbreviations—General: Comp., composition; Tr., trace; V, very. Mi(rllieralz
m, medium;

Texture Composition (percent)
Specimen Rock General Specific Average phenocryst size Plagioclase Olivine
No. name (percent) (mm)
Phenocrysts Groundmass Phenocrysts

Pheno-
]

Plagio- Pyrox- An An Fa
Vesicles cryst: Whole rock  Groundmass clase Olivine ene Total content Total content Total content

DACITE (de)

62ABd446*___ Slightly vesicular =8 25 Porphyro- Hyalopilitic... 0.2 _....... 0.4 17 55 43 43 o ena
goapeg%’ri&i)czauglte aphanitic.
ndesite

DACITE FLOWS (df)

61ABd723a... Lineated porphyritic =~ __.______._ 5 Porphyro- Pilotaxitic.._.. ) 33 64 40 43 o iieieian-
pyroxene andesite or aphanitic.
trachyandesite.

61ABd723d*._ Porphyritic augite- ... ... 7 ... [ 0 S ¢ (s M S 54 78 40 35 aienaaa
hypersthene andesite or
trachyandesite. 2

61ABd724c. .. Vesicular porphyritic 20 4 __...do....... Hyalopilitic... 0.5%X1 ______._.__...____ 3 46 8 55 47 e
hypersthene-augite
andesite?

61ALy568_ ... Porphyritic hypersthene- ... __... 8 ... do.___... Pilotaxitic_.... 0.3X0.8 _...._.. 0.3X0.5 95 53 23 33 e
augite andesite or
trachyandesite.

QUARTZ LATITE DOMES (qld)

62ABd444*_ .. Banded porphyritic =2 5 Vitrophyric Felty hyalo- 0.5X1 ____.__. 0.3X1 4 46? 40 LY S
augite-bearing andesite pilitic.
or trachyandesite,10
VENT BRECCIA (vb)
61ALy729b___ Vesicular porphyritic 15 25 Porphyro- Intersertalto .. . ... ..... ..o.o.._..... 1110 50 36 3539 ...
augite-bearing andesite? aphanitic.  inter-
or trachyandesite? granular.
LAPILLI AND ASH (Ia)
61ABd719-1_. Pyroxene- and plagioclase- 40 5 Holohyaline_._.........._... 0.3%X1 . B e an
bearing pumice.
61ABA719-2__ Hyﬁrsthene- and 50 4 o 1 YA 2 k& S
Dlagioclase-bearing
pumice.

t Andesite on basis of chemical analysis.

2 Dacite on basis of chemical analysis.

3 Twenty percent microphenocrysts of Ans; and Anss (two generations).
4+ Two percent augite microphenocrysts also.

5 Ten percent microphenocrysts of Ans; and Angs also.

¢ One percent augite microphenoerysts also.
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as the Cascade Range (Hopson and others, 1967); (3) tailed petrologic model for the Mount Edgecumbe
the geographic isolation from other Holocene volcanic volcanic field. However, the available data do permit
centers eliminates problems of mixing or contamination a few tentative conclusions and a comparison with
with other magma series; and (4) the geomorphic other volcanic series.
features are varied and well preserved and consequently The chemical analyses (table 2) define a relatively
are useful in establishing stratigraphic succession. smooth compositional trend (figs. 9 and 10) that we
The reconnaissance nature of our fieldwork and the interpret as reflecting differentiation in a subjacent
lack of precise determinations of phenocryst and magma chamber. The trend from basalt to quartz
groundmass compositions preclude setting up a de- Iatite also correlates with sequence of eruption, as

TABLE 2.—Chemical analyses and CIPW norms of specimens from the Edgecumbe Volcanics, Kruzof Island, Alaska

[Analyses 1 and 3~7 by P. L. D. Elmore, S. D. Botts, Lowell Artis, D. Taylor, G. W. Chloe, H. Smith, and J. L. Glenn using rapid-rock techniques (Shapiro and Brannock,
1962) supplemented by atomic absorption. Analyses 2, 8, and 9 by A. C. Bettiga using X-ray spectroscopy for 8i0s, A1203, CaO (Nos. 8 and 9 only), TiOz, MnO, and total
iron, by L. B. Beatty using wet chemistry for FeO, MgO (No. 2 only), CaO (No. 2 only), Nas0, K20, H20+, H:0—, P20;, and COz, and by R. E. Mays using quanti-
tative spectrographic analysis for MgO (Nos. 8 and 9 only)]

BT S 11 T SO 1 2 3 4 5 6 7 8 9
Chemical analysis
SiO0s - o e 48.0 50. 0 51. 3 52.6 53. 8 56. 7 59.5 60. 4 69. 5
ALOs e 17.3 17. 4 18.1 18. 4 18. 1 17.7 17. 5 16. 9 15. 2
.1 2.3 2.0 2.8 L5 1.0 1.2 1.8 3.2
. 5 6. 2 6.1 5.5 6.1 6. 2 4.7 4.9 .33
. 6 7.1 6. 5 5.6 5.2 4.2 3.6 2.6 .42
.0 10. 8 10. 2 9.0 9.1 7.0 6. 8 5.5 2.3
3 3.4 3.3 3.4 3.8 3.5 4.2 4.8 50
.20 .25 . 47 . 40 1.3 .81 L2 2.1
12 .10 .12 04 . 08 09 .05 .25
26 .51 . 48 26 64 39 07 85
1.1 1.1 1.1 98 1.1 .74 96 32
30 .34 .35 39 40 .32 37 10
.18 .16 . 16 . 16 .15 .12 .13 .12
<.06 <.05 <.05 <.05 <.05 <.05 . 06 <. 05
99.4 100 100 100 100 100 99. 7 99. 7
Specific density:
Powder_ _ __ .. 294 ________ 2. 91 2. 88 2. 89 2.78 2,78 .
Bulk_ . 2.88 .. __ 2. 50 2. 60 2. 63 2. 69 2.48 ..
CIPW norms
.......................................................... 0.1 3.5 2.6 7.9 11. 1 11. 4 27.29
0.8 1.2 1.5 2.8 2.4 7.7 4.8 7.1 12. 4
21. 2 28. 8 27.9 28. 8 32.2 29. 6 35. 5 40. 6 42. 3
35. 6 3.6 33. 8 33.6 31. 1 28. 7 26. 5 21.0 10. 4
7.4 8.2 59 3.5 4.6 1.3 2.0 1.4 _____.__
11. 6 11.0 16. 2 13. 9 13.0 10. 5 9.0 6.5 1.0
4.5 50 80 6.3 86 9.0 6.6 6.2 ________
8.6 A T e
3.7 D2 S S UP U PP
3.0 3.3 2.9 4.1 2.2 1.5 1.7 2.6 .5
1.5 2.1 2.1 2.1 1.9 2.1 1.4 1.8 .6
.3 .7 .8 .8 .9 9 .8 .9 .2
<.1 <.1 <.1 <.1 <.1 <.1 <.1 .1 <.1
98. 3 99. 0 99. 3 99. 5 99. 6 99. 3 99. 5 99. 6 98. 6
14. 3 15. 9 11. 5 6.9 9.1 2.5 4.0 29 o _____.
9.2 8.3 18. 6 16. 9 17. 2 18. 2 13. 7 11. 2 1.0
12.3 00 o e

61ABg734a. Olivine-pigeonitic augite basalt from ‘‘Basalt and breccia’ unit.

61ABd720. Porphyritic olivine-bearing augite basalt from ‘““Oldest basalt flows” unit.

61ABd725b. Microporphyritic olivine basalt from ‘“Oldest basalt flows’’ unit.

61ALy566. Microporphyritic augite-olivine basalt from “Oldest basalt flows” unit.

61ALy567a. Porphyritic olivine-bearing Figeonite basaltic andesite from ‘Basaltic andesite’”’ unit.
. 61ALy571. Porphyritic hypersthene basaltic(?) andesite from “Andesite’ unit.

. 62ABd446. Porphyritic augite dacite from “Dacite and possible dacite’” unit.

. 61ABd723d. Porphyritic pyroxene dacite from “Dacite flows and associated cinder cones’ unit.

. 62ABd444. Porphyritic augite-bearing quartz latite from “Quartz latite domes’” unit.

OGO
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FeO + 0.9Fe,03 + MnO

Weight percent
VN N NV MgO

Na,0 + K,0 AV VAR VARV

Ficure 9.—AFM diagram comparing Mount Edgecumbe rocks with selected volecanic
rocks from the Pacific coast of North America. Open circles, Mount Edgecumbe
(numbers refer to columns of table 2). Closed circles, Mount Jefferson (Greene, 1968).
Open triangles, Mount Lassen (Williams, 1932). Closed triangles, aphyric lavas and
groundmasses, northeastern Umnak Island, Aleutian Islands, Alaska (Byers, 1961).
Open squares, magma types of Waters (1962); Y, Yakima type; PG, Picture Gorge

type; Al, high-alumina type from the Oregon Plateaus and Cascade Range.

deduced from the field criteria (fig. 5). The younger
rocks are closer to the AF side of the AFM diagram
(fig- 9) and richer in silica (fig. 10). The apparent
exception is No. 1, the basalt lowest in silica and high-
est in MgO. If the admittedly tentative stratigraphic
assignment is correct (p. D7), this sample was extruded
later than the “oldest basalt flows” (samples 2, 3, and 4,
table 2).

Many of the analyzed specimens from the Mount
Edgecumbe field are porphyritic, and, as Bowen (1956)
has emphasized, the composition of a porphyritic rock
may or may not represent. the composition of a liquid,
depending on the gain or loss of crystals during crys-
tallization. Smooth variation on diagrams such as fig-
ures 9 and 10 is commonly taken to indicate close ap-
proximation of the rocks to liquids. Efforts to correct
the Mount Edgecumbe chemical data for phenocryst
content, by use of data from table 1, scattered the data
points and considerably distorted the simple AFM
variation of the uncorrected analyses. We therefore
conclude that the porphyritic rocks closely approxi-
mate a liquid.

The chemical variation displayed by the Mount
Edgecumbe series is similar to that displayed by many
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Figure 10.—Variation of Na;,O-+K,O0 with SiO. in the
Edgecumbe volcanic series. Open circles, Na,0+K.0
uncorrected for phenocrysts. Closed circles, composition
of groundmass as calculated by subtraction of pheno-
crysts. Dashed lines are boundaries of magma series of
Kuno (1965). Numbers refer to columns of table 2.

circum-Pacific volcanic suites (fig. 11). The alkali-lime
index of the Mount Edgecumbe series is 60-61, thus
falling within the calc-alkalic subdivision of Peacock
(1931). This index is lower than that of the calcic High
Cascades magma series (61-64), but higher than that
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of the calc-alkalic Oregon Plateaus series (55-58;
LeMasurier, 1968).

The variation curve of the Mount Edgecumbe series
in the AFM diagram shows a relative low iron content
that is characteristic of calc-alkaline volcanic series
(Nockolds and Allen, 1953) (fig. 9). The data suggest
that the various calc-alkaline series plotted in figure 9
differ systematically in Fe/Mg+alk ratio, the Lassen
series having the smallest ratio and the Umnak series
the largest.
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Figure 11.—Variation of major oxides with SiQ; in the
Ecllﬁecumbe volcanic series. Numbers refer to columns of
table 2.

The differences among the series in figure 9 cannot
be evaluated simply, for the various series are not com-
parable as to the manner in which the phenocrysts were
treated in the evaluation of the raw analyses. The
variation curves for Mount Lassen, Mount Jefferson,
and Mount Edgecumbe are probably comparable, be-
cause they are for whole rocks, many of which are
porphyritie, and have not been corrected for phenocryst
content. The Umnak data, on the other hand, are from
aphyric lavas or have been corrected for phenocryst
content (Byers, 1961). Recalculation of the Mount
Edgecumbe data for phenocryst content reduces, but
does not eliminate, the difference between the Mount
Edgecumbe series and the Umnak series.

Interpretation of the Mount Edgecumbe data in the
framework of Kuno (1960, 1965) shows that all the
analyses fall within the high-alumina basalt series
(fig. 10). Correction for phenocryst content. and com-
position (as above) shifts all the analyses within the
high-alumina field. The exception, 61ABd720, is the
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sample rich in olivine and plagioclase phenocrysts. The
basalts of Mount Edgecumbe are also compared in fig-
ure 9 with the three basalt types of Waters (1962)
from the Columbia Plateau and Cascade Range in
Oregon. The Edgecumbe basalts are closer to his high-
alumina Cascade basalts than the Yakima and Picture
Gorge Basalts of the Colunbia Plateau.

The chemical correspondence of the Edgecumbe
basalts to high-alumina basalt is compatible with their
petrographic characteristics. However, neither the
chemical nor the petrographic data indicate definitely
whether the Edgecumbe basalts are alkalic basalt or
whether they are tholeiite, according to the criteria of
Macdonald and Katsura (1964). The “oldest basalt
flows” (p. D6-D7) contain sporadic phenocrysts
of olivine rimmed by grains of clinopyroxene and
magnetite. This apparent reaction relationship, to-
gether with the occurrence of at least some subcalcic
augite, suggests a tholeiite affinity when one uses the
criteria of Macdonald and Katsura. On the other hand,
the abundant groundmass olivine suggests an alkalic
affinity.
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CONCENTRIC STRUCTURE IN ELONGATE PILLOWS,
AMADOR COUNTY, CALIFORNIA

By WENDELL A. DUFFIELD, Hawaiian Volcano Observatory,

Hawaii National Park, Hawaii

Abstract.—A porphyritic pillow lava crops out in the pre-
Cenozoic bedrock complex of the western foothills of the Sierra
Nevada, Amador County, Calif. Its form and structures sug-
gest that the pillows are interconnected, and that they formed
on a slope when a magma-crystal mixture flowed into and then
through them as local rupture of chilled skins gave rise to new
pillows. Field evidence that suggests this mode of formation
is (1) the pillows are elongate, (2) their long axes are alined,
and (3) large tabular phenocrysts are uniformly parallel to
pillow walls from skins to cores. Both the concentric structure
and calculations which describe flow through a cylindrical con-
duit argue that the movement of material through the pillows
was effectively laminar. This mode of formation for pillows is
generally the same as that proposed by J. V. Lewis in 1914 and
J. G. Jones in 1968; the concentric structures within pillows
add new support for their idea.

Since pillow lavas were first recognized and de-
scribed, their genesis and significance have become
controversial topics, and multiple theories for their
origin have evolved (see Lewis, 1914 ; Zavaritsky, 1960;
and Snyder and Fraser, 1963).

This report describes a distinctive pillow lava whose
form and structures suggest a specific mode of forma-
tion. The interpretation developed is similar to the idea
of digital advance of a lava flow as suggested by Lewis
(1914) and Jones (1968), and, as Jones (1968, p. 487)
pointed out, this model probably has general applica-
tion to pillow lavas with certain morphologic and
structural features.

Acknowledgments—Norman MacLeod, Howard
Wilshire, and Robert V. Sharp reviewed the manu-
script and offered useful suggestions for its revision.
Robert V. Sharp was also a coworker in the field while
gathering data for this study.

GEOLOGIC SETTING

The pillow lava described in this report forms part
of the folded and faulted pre-Tertiary bedrock com-
plex of the western foothills of the Sierra Nevada

(fig. 1). It is one of the few mappable stratigraphic
markers in a steeply dipping section of volcanic rocks
which are sandwiched between Paleozoic( ?) and Juras-
sic(?) sedimentary and metasedimentary units. Vol-
canic rocks below (that is, west of) the pillow lava are
primarily breccias of augite porphyry. Those above it
are fine- to coarse-grained bedded tuftf and breccia, mas-
sive augite porphyry, and a digitated tabular body of
feldspar porphyry which is similar to the pillow lava in
many respects. Although the original mineralogy of
these volcanic rocks is generally altered, relict structures
and textures and fresh augite phenocrysts suggest that
the unaltered rocks were andesitic to basaltic in com-
position. Knopf (1929, p. 16) analyzed a massive augite
porphyry from a locality a few miles south of the pil-
low lava and reported that it had the composition of a
basalt.
DESCRIPTION OF THE PILLOW LAVA

The outcrop pattern of the pillow lava is cigar
shaped and trends nearly parallel to the contacts of the
larger voleanic unit within which it occurs. The maxi-
mum width of outcrop is 850 feet, the average width is
about 400 feet, and the length along strike is 3 miles.
As the entire volcanic unit forms a steeply dipping
homocline, width of outcrop is approximately equal
to stratigraphic thickness. The surface upon which the
pillows formed now strikes N. 25° W. and dips 70°-
80° eastward; flattened and draped bases of the pil-
lows, together with graded beds in the overlying tuffs,
show that the section has not been overturned.

Most. outcrops on drainage divides are small and are
separated by tens to hundreds of feet, and often only
part of a single pillow is exposed. Consequently, the
nature of the northern and southern terminations is
poorly known. For lack of compelling evidence to the
contrary, these terminations are assumed to represent
the original extremities of the lava rather than later
structural or erosional features. The most northerly
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EXPLANATION
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of relatively small scale turbulence) to “catch up”
these crystals and start them rotating toward a pre-
ferred position. A similar effect might be caused by
variations in the shapes of the crystals.

Test for laminar flow

If flow through the pillows was turbulent, the pre-
ferred orientation of phenocrysts remains unexplained
and the model is invalid. Intuitively, the preferred
orientation itself is strong evidence for laminar flow,
but with the data now available on viscosities of basaltic
and andesitic melts (see Clark, 1966; and Shaw and
others, 1968), an independent test for laminar flow may
be made by determining the probable Reynolds number
for basaltic magma flowing through elongate pillows.
To compute the Reynolds number, several simplifying
assumptions must be made. The calculations are based
on flow through a pillow with only a thin solid rind.
The effect of crystallization on the radius of the pillow
and consequently on the predicted type of flow can be
assessed by assuming progressively smaller radii, and
it is easy to show that the maximum radius provides the
critical limiting condition.An equation for the stream-
lined flow of an incompressible fluid through a circular
pipe is used. This equation is the Hagen-Poiseuille law
(see McAdams, 1954, p. 148; and Shaw, 1965, p.
137-138):

wPa*
Q=W 1)

where @ is the volume rate of flow for a fluid of viscosity
n through a cylinder with radius ¢ and length /, and P
is the pressure gradient which drives the flow.

The elongate pillows are good approximations of
cylinders, and the magma-crystal mixture must have
been nearly incompressible, although vesicles suggest
that a minor amount of exsolved vapor phase was
present during flow in some pillows. The pressure
gradient, P, is attributed entirely to the effect of
gravity on the vertical distance between the ‘‘top” and
“bottom’ ends of a pillow. This provides the minimum
pressure gradient, to which a force of extrusion might
add. However, if extrusion were very forceful, pillows
would tend to brecciate or perhaps never form.

The Reynolds number, R,, is related to the Hagen-
Poiseuille expression through

R,=22%, )

where p is the density of the fluid, and the other
parameters have their usual meanings. Combining
equations 1 and 2:

_pPd®
Re'_ 4’721 (3)

D23

The critical Reynolds number for circular pipes has
been determined experimentally and is about 2X103
(see McAdams, 1954, table 6-2). Thus laminar flow
should obtain for all values of R, less than 2103

For the pillows being considered here, equation 3 may

be rewritten as
P

Re zKZZ‘l’ (4)
where K is a constant. The density of the fluid (basaltic
to andesitic magma), making a very generous allowance
for uncertainty, should be between 2.0 and 3.0 grams per
cubic centimeter; and the radius, @, of a pillow is fixed at
about 50 centimeters by field data. Thus, to the nearest
order of magnitude, K is 10°.

The limiting condition for laminar flow may now be
tested by substituting 2X10® for R, and 10° for K in
equation 4. The expression reduces to

n2z50 B;
l
and since P=Ip sin 6, where 6 is the angle of the pipe
(elongate pillow) with the horizontal, the final expres-
sion is
72=100 sin 6. (5)
Discussion

Figure 5 shows the relationship of equation 5 graphic-
ally. All values of sin 6 and 7 on the convex side of the
curve are in the field of laminar flow. If the calculations
are valid for the pillow lava, then turbulent flow would
have been possible only if the viscosity of the magma
had been 10 poises or less—a very unlikely condition for
andesitic to basaltic lava somewhat below its liquidus
temperature. Most reported viscosities for andesitic
and basaltic melts range from 10° to 10° poises (see
Macdonald, 1963; Clark, 1966; Shaw and others, 1968);
Shaw and others (1968, p. 263), however, reported a
viscosity of 400 poises for an Hawaiian tholeiitic lava at
its liquidus (1,200°C) and 100 poises at 1,300°C. But
even these relatively low values do not violate the cal-
culated criteria for laminar flow.

The Hagen-Poiseuille equation assumes flow of an
incompressible Newtonian fluid through a smooth-
walled pipe at constant temperature; probably none
of these conditions was entirely satisfied as the pillow
lava formed—especially the condition of constant tem-
perature. For while magma flowed through a pillow,
there must have been a temperature gradient in cross
section and a steady decrease in absolute temperature
throughout. This situation would have caused a similar
viscosity gradient and an increase in viscosity through
time. Intuitively, such departures from the ideal con-
ditions for the calculations should not destroy a lami-
nar, velocity-gradient flow regime. They might actually
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F1GURE 5.—Graph of #2=100 sin 8. This ex-
presses the boundary between laminar and
turbulent flow through a pipe under the
conditions described in the text. The area
on the convex side of the curve is the field
of laminar flow. 5 and 0 are defined in text.

facilitate formation of flow structures by steepening
the velocity gradient over that of an isothermal envi-
ronment.

There are many other problem in connection with the
analysis of flow through the pillows. For instance,
the effect of water in a submarine eruption was pur-
posely ignored in the calculations; for even though field
evidence (such as associated marine fossils and graded
beds) suggests a submarine environment, it is not
conclusive. Pillow forms may also develop from sub-
aerial flows (see Jones, 1968, pl. 5). But with other
conditions being unchanged, the correction for an
eruption in water would increase the size of the field
of laminar flow, and therefore would not change the
implications of figure 5. At best, the calculations pro-
vide only a first approximation to the flow regime for
the pillow lava. Nevertheless the relatively low limit-
ing value of viscosity on the large field of laminar flow
suggests that turbulent flow would only have resulted
from rather exceptional conditions (such as super-
heated melt), and the geological evidence argues aginst
such an unusual situation.

Other considerations

The digital advance mode of formation assumes
feeder necks between pillows, yet the pillows of this
report show mno interconnections. Like the elusive
“ends™ of pillows, this may well simply result from
the type and limited amount of outcrop available for
study. However, if pillows never were joined, then at
least two other possibilities must be considered :
(1) Discrete pillow-sized bodies of lava were forcibly

erupted through water (or air).

PETROLOGY AND PETROGRAPHY

(2) Discrete pillow-sized bodies of lava were erupted

less violently and collected at the base of a slope.
With the former type of eruption, even if pillows were
originally elongate (an unlikely circumstance), it is
difficult to imagine how they would settle in a preferred
orientation rather than as a completely disordered
mass. With the latter type of eruption, elongate pillows
might indeed collect with their longest axes perpendic-
ular to the direction of slope. And even if the original
bodies were spherical, such spheres might deform into
elongate shapes as they roll down a slope—if they do
not first become too rigid.

But neither of these hypothetical types of eruptions
provides a good explanation for the concentric struc-
tures within pillows. Some investigators (Reid and
Dewey, 1908, p. 267; Lewis, 1914, p. 647) have sug-
gested that similar structures in other pillow lavas
were formed through ballooning—either by the exsolu-
tion of a vapor phase from the melt or by the continued
introduction of lava into the yet unruptured pillows.
As vesicles are volumetrically minor for the pillows
under examination here, inflation by a vapor phase
could not have been important ; and ballooning through
continued introduction of lava cannot account for the
fabric thronghout each pillow. A rolling-kneading
motion might produce a fabric parallel to the skins
of pillows. However for our purposes, virtually every
pillow would have had to roll or flatten enough to
orient the phenocrysts and to orient them equally as
well at the core as at the skin of the pillow.

It is also noteworthy that despite the proposed flow
of a magma-crystal mixture through elongate pillows,
there is no apparent concentration of crystals toward
the axes of the pillows, such as might be expected from
the experiments of Bhattacharji and Smith (1964) and
Bhattacharji (1967). This is perhaps due to the rela-
tively rapid cooling and crystallization that the pillows
must have experienced. This suggestion may be borne
out if future work shows that an axial concentration
of phenocrysts, which is thought to result from a
migration toward areas of relatively high flow velocity,
is found only in environments where cooling and crys-
tallization were slow compared to movement of ma-
terial through its geological conduit. It might also be
that flow through any one pillow or set of connected
pillows was not sustained long enough for axial migra-
tion to occur. But for the present, the apparent con-
tradiction remains unexplained.

CONCLUSIONS

I conclude that elongate pillows formed on a slope
and were fed by and served as feeders for other pillows.
The length of individual pillows is unknown. Intra-
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pillow structures suggest that flow was laminar; and
subject to many recognized limitations, the calculations
describing flow through a cylinder also support this
suggestion. I agree with Jones’s conclusion (1968, p.
487) regarding the importance and meaning of the
form and fabric displayed in pillow lavas, and I fur-
ther propose that structures within individual pillows
may well provide information as important as inter-
pillow relationships.
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AIRFALL ASH AND PUMICE LAPILLI DEPOSITS FROM
CENTRAL PUMICE CONE, NEWBERRY CALDERA, OREGON

By MICHAEL W. HIGGINS, Beltsville, Md.

Abstract.—There are two airfall ash and pumice lapilli de-
posits from Central Pumice Cone, Newberry Caldera, Oreg.
The older deposit is poorly exposed, and its extent is unclear.
The younger deposit is more distinctive, widespread, and
valuable for relative dating. It can be divided into (1) a main
pumice fall, consisting chiefly of ungraded pumice lapilli, that
extends 20-40 miles from the caldera; and (2) an overlying
unit of as many as five graded ash falls, consisting of pumice
and lithic fragments, confined to within about 8 miles of the
caldera. Wood beneath the main pumice fall has a carbon-14
age of 1,720+250 years. China Hat and East Butte, east of the
volcano and once thought to be cones, are actually domes of
pre-Mazama age and did not contribute material to the younger
deposits from Newberry Volcano. What Wilcox considered
pumice from a China Hat vent is part of the main pumice fall
of the younger deposit.

Mount Newberry is a large shield voleano which rises
from the basalt plateaus of central Oregon about 40
miles (64 kilometers) east of the Cascade crest and just
south of Bend (fig. 1). At the summit of the shield is
Newberry Calderal, a large, complex, nested caldera
with two large lakes and numerous small cones and
other eruptive features on its floor (Higgins and
Waters, 1967). Central Pumice Cone (fig. 2) is one of
the most conspicuous of these features. It occupies
approximately the center of the caldera and rises more
than 700 feet (214 meters) from a strip of land sepa-
rating the lakes. Ash and pumice erupted from Central
Pumice Cone form deposits that cover the eastern part
of the caldera, the eastern and southeastern parts of the
shield, and large areas east and southeast of Newberry
Voleano (Walker, 1951; Walker and others, 1967; Wil-
liams, 1942). One of these deposits is an easily recog-
nizable datum plane that should be valuable for rela-
tive dating of geologic features and archaeological
sites. However, its physical characteristics are not well

1The official geographic name of this caldera is Newberry Crater.
However, it was named at a time when no distinction was made be-
tween craters and calderas (Russell, 1905). Since it is undoubtedly a
caldera and not a crater, according to present usage of these terms

(see Williams, 1941), it will be referred to in this paper as Newberry
Caldera.

known and its precise age has only recently been deter-
mined. Moreover, there has been confusion regarding
the source of this ash and pumice blanket.

This blanket deposit is the second or younger of two
known unwelded airfall ash and pumice lapilli deposits
from Newberry voleano, here informally called New-
berry ash deposit No. 1 and Newberry ash and pumice
deposit No. 2. Deposit No. 2 is thicker and areally more
extensive than the first, and is relatively undissected.
Therefore, there are relatively few exposures of the
older or first deposit, its shape and extent are unclear,
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Fiaure 1.—Index map showing part of the Newberry shield
volecano and geographic features mentioned in the text.
The dashed line represents the 2-inch (5 em) isopach of
Newberry ash and pumice deposit No. 2. Dots show
sample and measurement localities. Open circle shows the
locality of the carbon-14 sample.
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Formation in the western part of the field, the West Elk
Breccia in the northern part, and the Conejos Forma-
tion in the eastern and southeastern parts.

Isotopic age studies currently in progress indicate
that most of the intermediate rocks formed during the
relatively restricted interval of from 30 to 35 million
years (P. W. Lipman and H. H. Mehnert, unpub.
data). However, some of these rocks may have formed
earlier, and petrologically similar rocks continued to
be erupted in diminished volume during the succeeding
several million years while the voluminous more silicic
ash-flow tuffs were being erupted. The early inter-
mediate rocks were originally deposited over more than
25,000 km* and probably had a volume of at least
10,000 km?.

A histogram of SiO. contents of available analyses
of the early lavas and breccias (fig. 24) has a mean of
60 percent SiO., with a positive skewness toward more
silicic compositions. The analyzed samples are, how-
ever, biased in favor of extreme compositions, and the
volumetric predominance of intermediate-composition
rocks is greater than indicated.

Ash-flow tuffs

About 30 m.y. ago eruption of intermediate lavas
waned, and major volcanic activity changed to explo-
sive ash-flow eruptions of quartz latite and low-silica
rhyolite that persisted until about 26 m.y. ago (Steven
and others, 1967; P. W. Lipman and H. H. Mehnert, un-
pub. data). Source areas for the ash flows were large
cauldron complexes (fig. 1) in the central and western
San Juan Mountains (Steven and Lipman, 1968;
Luedke and Burbank, 1968). The original extent of the
ash-flow tuffs was similar to that of the intermediate
lavas (about 25,000 km?), but their volume was only
about half as great (about 20,000 km?3). Some individ-
ual ash-flow sheets were very large, spreading over as
much as 15,000 km?, with volumes as great as 2,000
km?.

A histogram of SiO, contents of available analyses
of the ash-flow tuffs (fig. 2B) displays a broad maxi-
mum from about 64 to 74 percent SiQ. with few values
beyond. This broad maximum reflects mainly the non-
systematic alternation of rhyolitic and quartz latitic
ash-flow sheets. Also, compositional zonations within
some individual sheets, becoming more mafic upward,
mndicate eruption from vertically zoned magma cham-
bers in which rhyolite overlay quartz latite (Ratté and
Steven, 1964). Three zoned sheets display variations
that nearly bracket the compositional range of the en-
tire sequence of ash-flow sheets (fig. 2B).

Later intermediate-silicic lava flows and breccias are
mterlayered with and overlie the ash-flow sequence
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locally but are greatly subordinate in volume (fig. 2C).
Some of the lavas, which occur adjacent to cauldron-
collapse structures, petrographically and chemically
resemble the ash-flow tuffs and are clearly genetically
related to the pyroclastic eruptions. Other lavas, gen-
erally somewhat more mafic, are distinguishable only
by stratigraphic position from the intermediate lavas
that preceded the ash-flow eruptions, and appear to
represent a continuation and waning of this phase.
Most of the intermediate lavas of both types are older
than 26 m.y. (Steven and others, 1967; P. W. Lipman
and H. H. Mehnert, unpub. data).

Shallow plutons

A few small epizonal porphyritic stocks and lacco-
liths intrude the volcanic pile, especially in the north-
ern, western, and southeastern parts of the volcanic
field. Most of these were indicated by Larsen and Cross
(1956, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>