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INTRODUCTION

Seismic evidence indicates that the crust of the Earth
varies in thickness from about five kilometers in the oceans
to an average of about thirty-five kilometers under the
continents. Continental crust in general has an upper 2zone
of granitic composition, and a lower zone believed to be of
gabbroic composition. The crust has a slightly lower over-
all density than the material of the upper mantle which lies
directly below it and is believed to rest in isostatic
equilibrium on that material.

The upper mantle has a thickness of approximately four
hundred kilometers. Little can be said about its exact
chemical composition or mineral composition except where
seismic evidence can be compared to various kinds of experi-
mental evidence. It is believed that many magmas are formed
as a result of processes occurrihg within the upper mantle.
These magmas mﬁst then pass through part of the upper mantle
and the crust‘to form igneous rocks observed on the Earth's
surface.

Many observable extrusive rocks can be usefully
classified in terms of their silica contents and a large
range of silica contents is found in various igneous rocks.

There is no reason to believe that each rock type was created

separately at depth and then transported directly to the
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Earth's surface unaltered. Rather, it is likely that in many
cases observed suites of igneous rocks are linked to some
paréntal magma or limited number of parental magmas. How-
ever, one cannot claim that magmas formed in the upper mantle
are exactly uniform from place to place and with the passing
of time, so that the characteristics of parental magmas are
not well determined.

In this commonly accepted view, some process must oc-
cur to a magma, either when it is formed or some time between
its formation and its.emplacement and cooling, that would
account for the differences one sees in suites of igneous
rocks at the surface of the Earth. The process of changing
the composition of a magma so as to produce different types
of observable rocks is called differentiation. In some sit-
uations, basalts (average SiO2 = 48%) and rhyolites (average
SiO2 = 72%) occur together in time and space without inter-
mediate rocks to represent a continuous range of silica
content. These occurrences have been termed basalt-rhyolite
associations. It has been frequently hypothesized that a
magma of basaltic composition was differentiated to an ex-
treme composition by some mechanism tonorm‘rhyolitic rocks.

It is the purpose of this dissertation to present
analytical data concerning rocks found at Newberry Crater in
Central Oregon, a classic basalt-rhyolite association, and

to use those data to examine some processes of magma

differentiation.
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NEWBERRY CALDERA - DESCRIPTION AND GEOLOGY

Regional Setting

Newberry Caldera (crater in common usage) is located

near the top of a Pleistocene shield volcano about 35 miles

east of the crest of the High Cascade range and about 25

miles south of Bend in Central Oregon, as shown in Figure 1.
It lies near three volcanic provinces: 1) the Columbia
Plateau to the northeast; 2) the Cascade province to the
west; and 3) the Basin-and-Range province to the southeast.
The boundaries of the Miocene provinces associated with each
of these presently recognized provinces are generally poorly
defined, but Newberry Volcano may lie near the junction of
these provinces.

The Miocene Columbia lavas of Oregon and Washington
mainly consist of tholeiitic basalts (Waters, 1961). Some
of these lava flows are found about 40 miles to the north-
east of Newberry Volcano in the Murray Mountains aﬁd are
dipping in a southerly direction, but their extent south and
west of the Murray Mountains is unknown.

The Miocene Cascade province of the Western Cascadeé
consists of a series of eroded mountain ranges with a pre-

dominately northerly trend paralleling the High Cascades.

They are composed of tuffs and lava flows and dip easterly
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under the High Cascades. In the area west of Newberry
Crater, their easterly extent is unknown, but’further north
they are exposed east of the High Cascades.

The northern part of the Basin-and-Range volcanic
province ranges from late Miocene to Quarternary in age and
is composed of high-alumina basalts with minor amounts of
rhyolites and andesites. Their extent near Newberry Volcano
is hidden by lake beds.

Newberry Volcano belongs to the Plio-Pleistocene High
Cascade province with its well-known stratovolcanoes. These
stratovolcanoes are composed mainly of hypersthene-andesites.
The shields underlying them contain much high-alumina basalt. .
Recent cinder cones are relatively common and dacite and
rhyodacite differentiates are found on many of the larger
volcanoes.

Most of the plateau upon which Newberry Volcano lies
is covered with pumice from Mount Mazama. To the north and
east, much of the area is covered with basalt cap-rocks over=-
lying the rocks of the John Day and Clarno formations, but
these are not exposed close to Newberry Volcano. Further to
the north in the Deschutes River valley, there is evidence
to indicate that the river valleys were at one time filled
with lavas from the nearby High Cascades. To the south and
southeast lie lacustrine deposits of Pleistocene lakes

mantled with pumice. Explosion craters and tuff rings are

numerous. Lorenz (1970) studied a large explosion crater,
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Hole-in~the~Ground, located about thirty miles south of New-
berry Volcano and found diktytaxitic basaltic rock fragments
of unknown origin which may correspond to early Newberry or
High Cascade rocks. To the west lies the north-south

trending Cascade Mountain range.

Physiography

The shield of Newberry Volcano has a basal diameter
of approximately 20 miles and rises about 4000 feet above
the surrounding plateau (Williams, 1935). The highest point,
South Paulina Peak, rises 7,985 feet above sea level and
forms part of the southwest section of the rim of Newberry
Caldera.

The caldera is about 5 miles long and 4 miles wide
and is bounded by cliffs up to 1500 feet high except on its
west side, which has been down-faulted. The floor of the
caldera contains two lakes, East Lake and Paulina Lake.

The slopes of the volcano are not deeply eroded at
present and are now covered with recent pumice from.Mount
Mazama and, on the southeast, from Newberry itself. Hundreds
of post-pumice cinder cones and several lava flows occur on
the slopes of the volcano.

Although basaltic cinder cones and flows are the pre-
dominant features on the slopes of Newberry Volcano, rhyo-

lite domes covered with Mazama pumice are also. found east of

the caldera (China Hat and East Buttes) and west of the




caldera (McKay Buttes). These domes along with the rhyolite
domes and flows in Newberry Caldera and those further‘east
forh an east-west trend of rhyolitic volcanic activity.
Figure 1 is a geological map showing the Newberry Crater
area and Figure 2 is a geological map by Higgins (1973)

showing various rock units and locations in the caldera.
Structure

Faults play a major role in the history of Newberry
Volcano and are described by Higgins (1973). The volcano is
located near the bend of the Brothers Fault Zone where it
turns from a northwest-southeast trend, east of Newberry
Volcano, to follow the Cascade range north of Newberry
Volcano. Green Ridge, about 50 miles to the northwest, was
formed by a major north-south fault. The Walker Rim, about
30 miles to the southwest, was formed by a fault which, if
extended, would pass through Newberry Volcano. Further to
the south, many north-south trending faults are found in the
Basin—-and-Range province. The closest "pre“—Newberfy
volcanic rocks are exposed in northwest~southeast trending
faults on Pine Mountain, located about 12 miles east-
northeast of the caldera, and at Indian Springs and Amota
Buttes, located about 10 miles south of the caldera.

The west side of the caldera rim is down-faulted

relative to the rest of the volcano, thereby providing for

the natural drainage of the caldera rather than for another







Crater Lake. Many of the cinder cones on the slopes are
aligned on faults. Faults apparently form concentric rings
related to the north and east rims and probably contributed
to the collapse of the caldera. Some faults show trends
radially away from the caldera, one of which extends from
the caldera northwest to Lava Butte (on Highway 97) and along
which are located the vents for several lava flows and cinder
cones. On the northeast flank of the volcano, northwest-
southeast lineations can be noted from the loéations of
cinder cones and are probably directly related to the
Brothers Fault Zone.

Little can be definitely stated about the basement
rocks under Newberry Volcano. Likewise, little can be said
about the history of Newberry Volcano itself because the

slopes are covered with a mantle of Mazama ash.

Volcanic Sequence

The oldest exposed rocks in the caldera are ;hyolites
which are found in the lower part of the caldera wall. Out-
side the caldera, the Amota Butte rocks, occurring about 10
miles southeast of the caldera, are probably the oldest
exposed rocks but no time correlation between them and the

caldera wall rocks is possible.

Higgins and Waters (1967) established a sequence of

pre-collapse rocks on the basis of their occurrences in the
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walls of the caldera. Their sequence includes the early
rhyolites, andesites, scoria, and tuffs. Late in that
sequence some lava flows and cinder cones were erupted on the
flanks of the volcano. Mazama pumice, from the eruption
which formed Crater Lake, covered the entire area about 7000
years B. P. (before the present time), thereby providing a
convenient time marker in the area.

Cinder cones were erupted following the Mazama pumice.
Newberry pumice, the Paulina Peak rhyolites, and the down-
faulting of the west rim are associated with the formation
of the caldera. The caldera was probably not formed in a
single event, but is thought to have been formed by many
smaller events over a period of years. The Newberry pumice,
found inside the caldera and principally to the southeast,
has been dated at 2054 * 60 years B, P. (Libby, 1952) and
1270 £ 60 years B. P. (Peterson and Groh, 1969). The
contrast in dates may indicate that more than one eruption’
of Newberry pumice occurred although field evidence support-
ing this hypothesis is lackiné.

Cinder cones were erupted on the flanks of the vol-
cano and both rhyolites and basalts have been erupted on the

floor of the caldera since the Newberry pumice fall.

Previous Investigations

Newberry Crater first appears in recorded history when

in 1826 it was visited by fur hunters. Early settlers knew
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o the area as the Paulinas because it was one of the hunting

‘ grounds for a Paiute raider, Chief Paulina. J. C. Russel

™ firét described Newberry mountain and its crater in 1905

- and named it Newberry Volcano after John J. Newberry, a

‘ scientist who visited it in 1905 with the Williamson Rail-

= road survey party. Williams (1935) described the geography,
geology, history, and petrology of Newberry Volcano.

= Peterson and Groh (1965) and Higgins and Waters (1968)

R include field trip descriptions of Newberry Crater, and

o

: Higgins and Waters (1967) and Higgins (1973) describe the

- petrology of the rocks at Newberry Crater. Laidley and
McKay (1971) showed the Big Obsidian Flow to be chemically

?m highly homogeneous, in agreement with Osborn and Schmitt
(1970) who studied manganese and sodium homogeneity in

h meteorites and used the Big Obsidian Flow as a standard.

- Peterson and Groh (1969) report ages of 1000 to 6000 B. P.

: for some flows and domes at Newberry Crater using methods

fm of radio-carbon dating and obsidian hydration rind dating.

-

=
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DATA AND RESULTS

Analytical

Samples from Newberry Crater were collected by D. J.
Lindstrom and R, L. Beyer and were prepared and analyzed by
R. L. Beyer. Collection locations with a map are given in
Appendix I.

Thin section blocks were sawed and weathered pieces
and saw marks removed by chipping them from the samples.
The samples were broken with a hammer and pneumatic jack,
crushed in a large iron jaw crusher, and then cfushed in a
small alumina-plate jaw crusher, yielding about 200 to 300
grams of coarsely crushed sample. The samples Qere then
split with about 60 grams being set aside for fine grinding
in preparation for X-ray fluorescence analyses (XRF). One
gram of the coarse ground sample was used for instrumental
neutron activation analyses (INAA). |

X-ray fluorescence techniques as described by Norrish
and Hutton (1969) were used for analyses of most major and
minor elements reported here as oxides. Duplicate rock
samples were analyzed. The raw data were normalized to 100%
total oxides. Iron is calculated as Fezo3 in the raw data,
but FeO is reported and is used for calculations in models
discussed in this dissertation. Sodium data were obtained

by INAA. Differences in duplicate analyses were within error

12
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limits as stated by Norrish and Hutton except for some silica
data. Generally relative errors for Fe0O, MnoO, Kzo, and P205
are less than 2%, those for 3102 and MgQ are less than 3%, and

errors for TiOz, Ca0O, and A1203 are less than 4%. For rocks
with particularly low abundances of an oxide, the errors may
approach 10 or 20% due to physical limitations such as peak
counts in relation to background and instrumental difficul-
ties involved in the experiments. The results of the XRF
analyses and the norms calculated from them (see Appendix II)
are found in Tables la through 1f. Graphical representation
for all daté in the form of variation (Harker) diagrams is
presented in Figures 3a through 3d.

Instrumental neutron activation analyses techniques
described by Gordon, et al. (1968) were used to analyze the
samples for sodium, iron, and trace elements. Inter-
experimental values for the INAA data obtained were normal-
ized to standard rocks, the values of which are reported with
the data in Table 1f. Generally errors are less than 2% for
Na, La, Sm, Eu, Fe, Co, and Sc, less than 5% for Tb, Yb, Lu,
Th, Hf, Ta, and Cr, and less than 10% for Rb, Ba, and Ce.

Iron analyses were obtained by both INAA and XRF
methods. Figure 4 shows a graphical comparison of the
analyses obtained. The analyses are in good agreement
although XRF methods yield slightly high iron values for

high-iron rocks and slightly low iron values for low-iron

rocks when compared to values obtained by INAA techniques.
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133 12,43 11.74 12.70 12.56 12.40 10,07 11.78 11.89 10.51 12.97 9.9% 11.11
3 H 15.88 16.14 15.34 13.92 16.20 16.07 13.74 14,39 14,26 14.75 13.2% 14.3)
ey v L 6.35 5.96 6.44 6.37 6.11 5.1% 5.98 6.01 5.28 6.56 4.97 5.62
. 3 Bl 12.72 12.10 11.58 12.05 12.50 12.68 12.20 10.5) 9.14 11.00 8.40 10.18
!‘f 1 4] 9.24 9.81 10.02 10.05 9.7% 8.31 9.3 9.73 10.38% 10.15 9.82 9.584
3 aL - - - - —— - - — - -— —— —
Fo — - — ~— — — - - — - - —
FA - - - — — — -— - - - — —
e
) Nt 1.57 1.65% 1.87 1.48 1.83 1.37 1.56 1.64 1.79 1,69 1.69 1.81
1L 2.38 .37 .37 1.39 2.2% 1.88 2.20 2.41 1.90 2.3 .n 2.3
y AP 0.94 0.36 0.54 0.61 0.39 0.69 0.584 0.66 0.94 0.47 0.8) 0.49
3 [ (] s - s - — - . — -— -— — —
-
® Total Fa recalculated ns Fed
4 Cglculoted From INAA Ra date
d Datected but below limlte for aecurate determinatica
# See Appendiz 11 for explangtion of molecular norms
-
=
-] *:
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Sample Nama

Tabla le. Chemical Analyaes and Molecular Worwa.

Basait~Andesites

fi-B

JEESLANNNT * LT A

Major elements a@ oxldes (X

sio
T10.
ald
[

Ma0
HgO

Ca0
Na ,O%e
)
P,0.
275
Loss

52.6
« 102
16.9

6.73
0.1%
Q.4

6.91
4.18
1.2

0.24

54.5 53.0 56.0
1.06 1.13 1.12
15.6 1.0 16.1
1.6 1.7 1.7
0.13 0.13 0.14
4,87 4.52 4,49
8.0 8.1 8.2
3.%9 J.62 in
1.30 1.19 1.2

Minor and trace ¢lements {(ppm except as noted)

Na (D)
Eb
Cs

Ba
La
Ce

Nd
S
£u

k]
1]
Lu

™
ir
uf
Ta
Pe (1)
Cao

Se
Cr

Sanple Nama

3.08
d
1.3

840,
16.
28,

3.2
1.713

LB
-9
vh

0 wo

FI-B

5.79
8.21
35.38

2.9
7.5
15.08

J.83
10.31
8.54

2.90 2.93 2.90

39. - 33.
1.1 - 1.1
30, 3%0. 430.
14, 14, 14,
29, 29, 1.
.3 4.6 4.9
1.37 1,20 1.48
0.6 0.7 0.6
2.8 .7 2.3
0.43 0.45 0.42
3.6 3.4 3.4
s 3.7 L)
0. - 0,7
5.48 5.61 LN
21.% a7 27.4

4.12 4.52 4.59
1.96 7.21 7.47
3i.50 31.4) 31.83
23.45 24.31 23.80

.5 1,76 14.28
14,64 14.69 14.20

1.3¢ 6.98 1.23
11.80 11.5% 11.30
10.01 9.92 9.93

* Total Fe tecalculatad am FeO
#* Calculated from THAA Na data
d Detectad bur below limita for accurate detarmination
+ Major elament analysem by Willlam P. Leeman

2 Samples uned 1n sverage for Pra-Bas, eece Table 4

# See Appenglx II for explanation of wolecular rotms

-5t

2.9
Sl

3%0.
14,
0.

a.7
5.82
27.9

23,7
111,

181

—
~0 s
<=

o~
- e

i,

25.8
100.

LB B
a.52
32.56

23.90
11,82
14,46

6.00
11.02
9.16

High-Iron Bassits

6-12

0.7
a.07
32.1
35.9
23.

wPP-3d

I?P-Jz

3.14
37.90

19.17
13.62
13.64

6.79
&8.5)
11.93

1.52
0.39%
0.52

2,36
4,48
1.06

Nep-22

NPP-Z:

0.717
4.96
36.30

20.14
12.82
16.00

6.40
9.46
12,95

¥l

az-31

w
“w o
@

az-)?
0.1
514
36.38
20.23

15.54

Nep-12

NPP-)

0.33
3.3l
36.63

19.46
13.24
16.05

5,61
9.5)
13.14
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Table 1d, Chemical Anslysas and Molecular Norms.

Amota Butte

Sample Hame AN-6)

53 A-g? a3

Major elements aq omldas (I)

§10; 63.0

T10; 0.93
Al0; 16.6

Fed# 5.64
Mn0 0.1%
ngo L5l
cal 4.12
Na Oea 4.86
lz 1.2lB
0 0.27
l}u- 0.74

4.4
0.88 0.86 0.88
16.4 16.4

1.2%

2.7

0.25 0.26 0.25
0.80 0.50 0.5

Mipor awd trace elamsnte (ppo except as uoted)

Na (1) 3.56
Bb 45,
Ce L9
Ba 870.
La 2.
Ce 41,
Nd -
Sa 1.2
Eu 1.86
™ 1.1
i) 3.3
1] 0.58
Th 6.%
Ir 170.
nt 4.8
Ta 0.7
Fe (T) 4.33
Co 4.9
Se 16.6
cr -
3
Sample Mawe A6
92 24.862
aR 13.74
AD 24.69
AN 19.05
bl -
HY 11.05
wo -
EN ).83
Fs 1.22
oL -
» -
FA —
HT 1.21
1% 1.80
AP 0.65
o«© .61

3.62 3.68 1.87

55, 7. 6.
1.2 1.2 1.6
v10, Mo, 870,
23 23. .
a1, sl 4.
n. - -
1.4 6.1 7.0
2.0 .85 L177
11 1.0 0.3
a6 7 38
0.68 0.6  0.66
6.9 1.3 6.8
- - 1%0.
5.1 5.0 a9
0.6 0.6 0.5
438 391 406
8.3 1.9 8.2
162 150 15.6
5. - ..
as? oaesd a??

14.47 14,538 15.33
14.00 13.94 14,53
41.n 42.% 41.97

15.51 15.19 15.11
L1 1.32 0.48
9.28 8.82 8.79

0.34 0.63 0.23

1.12 1.08 1.10
1.67 1.6) 1.67
0.59 0.61 0.59

% TYotal Fe rucalculated as FeO
4% calculstad from INAA Ma date
d Detected bdut balow limite O dccurste determinstics

3 Samples used io average for AM-Avg, sea Table 4.
4 Samples used In average for PP-Avg, sea Tabla 4.

an-13

4 Sae Appeodiz L1 for explanation of molacular norms,

an-3?

-

23

14.93
15.18
45.94

11.3)
0.91
7.88

0.44
2.44
5.91

Rhyolites
re-gt

P9t

PP-9

20.96
17.%0
3.4
4.38
0.88
3.86

0.42

PP-54

4.47
2.3

BSD.

pr-s®

20.2)
18.18
31.1%

3,02
2,14
39

1.05
1.537
151

0.55
0.60
0.09

PB4

n.s
0,34
14.8

.70
.16

o0
w
o

-

PP-T4
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Table 1s.
Rhyolites
Sample Name RS~) PUMICE BS~2
Malor elements aa oxides {I)
510, 1.9 12.5 n.
Ti0, 0.3? 0.30 0.29
Al0, 1.5 a1 162
FeO% 2.39 .21 2.03
Mol 0.08 0.07 0.07
Hao 0.52 0.30 0.127
La0 1.3 0.93 1.00
LEP Ll 5.09 5.19 5.03
:15 3.50 4.03 413
P,0g 0.06 0.03  0.03
Loaa 0.19 2.2) 0.50

Chemical Analyses and Molecular Moras.

BOF o -3 -l KC-JA
n.2 73.6 73.6 73.8 74.3
0.26 0.26 0.20 0.23 0.23

14.0 13.8 1.7 1.9 1).6
2.02 1.80 .2 2.41 1.79
0.08 0.06 0.a7 0.07 0.03
0.2 0.3 0.23 .13 0.3
0.88 0.96 0.79 0.8) 1.06
3.07 W 5.02 4,76 4.0
4.08 4.25 3. 80 3.62 4.04
0.02 0.03 0,01 0.01 0.04
0.13 0.14 0.64 0.61 0.4%

MWinar apd trace alements (ppm sxcept as noted)

Na (I) .75 3.64 3.70
4] 96. 112, 121,
Cs 4.0 4.3 4.5
Ba 1100. 1030. 940,
la 17. 3. 3.
Ca bad - 62,
Nd M. M. 3.
Sa 6.5 6.7 1.7
Ru 1.24 0.98 0.82
T 1.0 1.1 .
1] 4.6 3.6 3
174 0.69 0.78 0.95
T 11.9 1.6 13.3
r 250. as0. 280.
114 &1 9.1 8.7
Ta 1.1 1.4 1.2
Fe {X) 1.73 1.89 1.58
Co 1.8 2.3 1.4
5c 7.83 1.78 3.99
cr 2. a, -
Sample Hame R8-3 PM1CE RE-2
Qz 23.97 23.22 24.05
OR 20.68 23.9) 24.52
AB 43.07 43.91 41.56
AN 8.3 3.40 3.9
DI - 0.87 0.71
A 4.36 3.2 2,95
wo -— 0.42 0.3
EN 1.29 a.74 0.67
S 3.07 2.91 2.63
oL - - —
PO -- - -~
PA - — —-
T 0.50 0.46 0,42
IL 0.70 0.37 0,55
AP 0.14 0.07 0.07
co 0.02 —-— -

% Total Fa racalculated as Fed
*e Calculated fvom INAA Na data
d Datected but below limits for accurste detsralnatios
1 Sen Appendix II for explanstion of molecular porma.

.1 3.46 3.1 3.51 J.18

113. 133. 103, 98. 127.
4.2 3.0 1,8 2.9 4.8
980, 1000. 1050. 1180. 1290.
1. 3. 30. . 26,
—-— — 53, - -—
35. 30. 39. 34, 11.
6.7 6.6 8.6 1.4 5.1
0.92 0.79 1.27 1.1 o.n
1.2 1.0 1.4 1.0 0.7
4.7 4.9 3.1 3.2 3.6
0.76 0.74 0.50 0.81 0.81

1.9 13.2 11.8 11.4 13.8
3. 210. 280, 280. 150,

9.0 4,7 8.0 9.1 6.5
L5 1.2 0.8 0.9 0.9
1.37 1.3 1.77 1.93 1.34
0.9 1.2 0.8 1.0 1,3

BOF no [~ 35 ] Q-1 MC~1A

23.12 26,47 26.49 28.73 30.19
23.99 25.11 22.43 21.39% 1).87
42.90 39.85 42.47 40.27 3.38

3.1 3.98 35 4.0% 4.99
0.80 0.49 0.29 - —
2.66 2.95 .84 .68 .07
0.38 0.24 0.14 - —
0,3% 0.87 0.37 0.37 0.74
2.68 . 2,3 .22 ko3 2.3

0.42 0.37 0.48 0.50 0.37
0,33 0.49% 0,38 0.43 0.47
0.04 0.07 0.02 0.02 0.09

- — - 0.66 0.36

13.7
1.73
0,04
0.16
0.93
4.6
387

[ i)}
0.23

3.4)
2.9
1010.

49.

EAB-3
29.43
22.86
39.17

4.64

2.78

18

.9 74.9
0.16 0,23
138 13.4
1.53 1.63
0.02 Q.04
0.3} 0.18
0.80 0.83
4.20 4,40
4.06 4.17
0.02 0.02
0.69 0.)3
3.11 3.28
120. 119,
4.2 2,2
1090, 1120.
27, 23,
— 3.
3. 9.
5.2 5.4
0.8) 0,58
0.8 0.6
3.2 3.4
0.45 0.61
1l4.0 13.8
1%0. 200,
6.0 3.9
0.8 0.8
1.13 1.29
0.4 1.3
4.47 3.00
B 2.

31.88 30,39
23.99 24.64
5.3 .23

3.2 3.98
2,88 2.51
0.82 0.44
2.05 2.06
0.32 0.34
0.3 0.47
0.04 Q.

1.84 0.2L




o

Sample Name

Table 11,

Newberry Aren Sasples

ri-a

PE-1

Hajor elements aw oxides (I)

5107
Tio;
AlyDy

Feo#
M0
Mg2

Ca0
Na oo
X0

P30s
Logs

5,09
0.17
3.06

10.80
2.9
0.3%

0.25
0.31

6,15
0.18
2.10

4,23
s.78
1.51

0.52
0.58

17

Minor and trmce clemente (ppm except a¢ noted)

Ha (X}
Rb
[}

Ba
La
Ca

Nd
Sm
Ey

kLl
T
L

Th
i
Bt

Ta
Fe (X)
- Ca

Sc
=4

2,13

4.29

PF~-1

¥.49
a.51
49.20

12.70
4.17
10.44

2.08
5.26
7,27

* Totul Pe recalculatad s» FeQ
*& Calculated from 1HAA Ng dets
d Datected but balow linite for accurace detarmination
4 Ses Appendix 11 (ar axplanation of molecular norma.

34,

1?7

5.06
32,31

29.76
11.27
13.57

5.7%
11.47
a.8)

2.05
.13
Q.93

1.68
2.45
0.8%

Chenical Aralyses and Molecular Hofws,
am Qo 7€
¥
8 19 BRE~G 2
53.7 5.9 58.2 60.9
.22 0.80 0.85 0.76
16.9 18.% 1.3 16.6
8.02 6.23 6.18 3.84
0.15 0.12 0.13 0.12
6.41 h.62 4.13 3.60
1.9¢6 B.20 7.21 6.28
3.58 3.15 .97 3.3
0.94 0.97° 1.20 1.60
8.23 0.1% 0.21 0.18
0.2% 0.48 0.3 0.84
2.67 2,78 ° 2,93 2.68
- d d 4
4 d 4 d
210, 300, 380. 830.
11. 1. 14, 16.
22, 19, 29, al.
- d - -
.1 1.8 3.6 4.1
1.3 1.00 1.14 1.12
0.5 0.4 0.5 0.3
2.0 1.4 1.6 1.6
0.3 0.24 0.26 0.34
2.1 1.8 2.2 3.1
- 140. 120. -
3.0 2.1 2.8 3.2
0.4 0.4 0.4 Q.2
5.66 4.60 4.45 4.3
34.2 5.0 1.1 1.1
3.3 18.7 16.3 17.3
212. 58, &4, 6.
’

1.10
3.59

4.54 7.68 13.39
5.76 7.13 9.45

30,33 3.9 N9 30.20

2.% 31.18 13,83 24.40

8.8y

7.18 717 4.58

21.93 16.21 14.94 14.30

4.33

3.65 3.65 2.32

16.08 11.37 10,47 B.98

10.18

8.14 .99 7.39

1.31 1.3 1.22
1.32 1.62 1.44
a.3s 0.30 0.42

33.85
16,38
20.93
13.99

4,20

1100.

37.

0.70

Q.48
0.57
0.2

0.76

Standard Rocka

W=l

8CR-1

C5P~1

117
253,
0.9

1380.
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This slight discrepancy is probably due to errors in the
matrix correction factors applied in the analyses using XRF

techniques.

Sample Notes

All rocks in the area were assumed to be genetically
related to the central complex with obvious exceptions to be
stated later. Homogeneity of individual units was not
tested, but the five pulses at Lava Butte are relatively
uniforﬁ (see Table lc, samples'LB-l thru LB-5) and the Big
Obsidian Flow has been tested and is known to be of surpris-
ingly uniform composition. As will be discussed in detail,
most of the basaltic andesites have a consistent composi-
tional variation and regardless of variations within
individual units, appear to be compositionally related as

shown by data and graphs. Sample locations are given in

Appendix I.

Basalt~Andesites

Samples were collected from most flow units on the
volcano's flanks, including samples SP-1, SSP-F, B8-5, and
DG~2 to the northwest, CH-B to the northeast, and SU-F to
the south. Samples NS-1, LC-1, LCF-F, LR-1, LP-F, TV-F, and

MB~1 are from flows along the northwest fissure. Samples

LB~1 thru LB-5 were donated by W. P. Leeman for trace element
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analysis. These samples are all hypersthene- or augite-
bearing basaltic andesites. Phenocrysts of plagioclase are
numerous and of varying sizes up to several millimeters.
Most of the larger plagioclase phenocrysts have a very moth-
eaten texture. Few large pyroxene phenocrysts are present
but many smaller ones are present in the ground mass.
Magnetite 1is present in all samples to varying degrees and
some apatite is present. Most samples collected, including
flow samples, are filled‘with large vesicles indicating much
gas in the magma as would be expected in the cinder cones.
Samples FU~-B, PI-B, PPCC-1, and CH-B were collected from
cinder cones north of the caldera, EPP-2 from east of the
caldera, and RE-B, DH-B, and FI-B from south of the caldera.
The petrology of these scoria samples is similar to that of
samples of lava flows. Inside the crater, RS and F-1 are
from cinder cones on the north wall while ILB and Bl0-1l are

from basaltic flows on the crater floor. These samples are

also similar to the samples from the flows on the flanks of

the volcano.

High-Iron Basalts

Sample DG-1 is from a flow northwest of the caldera
and sample F-2 is from a cinder cone on the north wall of the

caldera. Samples NPP-1 through NPP-3 and A2~3 are from flows

in the walls of the caldera.

All are similar to flows on the
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- flanks of the volcano with the exception of having fewer

phenocrysts and larger amounts of magnetite.

™
| Amota Butte Series
The Amota Butte rocks are described by Williams as
- hypersthene-bearing andesitic basalts and contain large
moth~eaten plagioclase phenocrysts. The samples are older
- than other Newberry samples discussed.
™~ Rhyolites
- Samples MC2-A, MC2-B, EAB-1l, EAB-3, CH~1l, and CH-3
’ are from rhyolite domes west and east of the caldera while
i R8-2 is from a dome on the caldera floor. ILO and BOF are
from obsidian flows on the caldera floor. R8-3 represents
b the oldest exposed unit at Newberry Crater, coming from the
- lower northeast wall of the caldera. PP-4 through PP-9 are
‘ from South Paulina Peak. These rhyolites showed large
f variations in coloring and textures and exhibited a great
deal of banding. BOF and ILO are the only glassy samples.

Small plagioclase laths are abundant in all other samples.

Newberry Area Samples

Several samples of rocks from the area, which are not
a part of the Newberry suite, were analyzed in an effort to
obtain some control on regional compositional variations and

- to show that the Newberry rocks are distinctive in a
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compositional sense. The analyses of these rocks are re-
ported along with those of the Newberry suite in Table 3f‘
and are plotted on the variation diagrams as crosses (except
for FS-B). They will not be treated in the discussion of
magma differentiation which follows. '

Two Newberry samples, FS-B collected east of the
caldera and PF-1 from near Paulina Falls, are included in
this group of samples. FS-B is similar to the basalt andes-
ites but contains abundant olivine. PF-1 contains many
clasts foreign to the tuffaceous ground mass.

The samples from Black Rock Butte and the McKenzie
Pass area can not be compositionally separated from the
Newberry samples except for slightly lower abundances of most
of the trace elements. This observation suggests that
aspects of the discussion of magma differentiation that
follows might apply to suites of rocks from the nearby
Cascades. These High Cascade rocks are olivine- and
hypersthene-bearing basalts and andesites with abundant
phenocrysts of plagioclase.

Three samples from the Pine Mountain area are differ-
ent from the Newberry rocks in terms of trends and the models

that will be discussed. These rocks contain many laths and

small phenocrysts of plagioclase with small amounts of

hypersthene.
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Observations

Frequency distribution diagrams for SiO

Na,O, and

2’ 2
FeO are plotted in Figure 5. These diagrams represent only
chemical compositions and in no way represent the relative
volumes of rocks or groups of rocks at Newberry Crater.

The silica concentrations of the rocks show a remark-
able bimodal distribution (excluding the older Amota Butte
series) with a large gap. The basalt-andesite samples range
from 48 to 58% SiO2 while the rhyolites‘range from 71 to 75%
silica. The Amota Butte series has silica contents lying
between 63 and 66%, intermediate between the basalt-andesite
and rhyolite silica values. That rocks from Newberry Crater
have a discontinuous distribution of silica contents is a
well known fact.

It is noteworthy that among the major element oxides,
only sodium fsee Figure 5) and aluminum do not exhibit a
pronounced bimodal relationship. .Although the basalt-
andesite and rhyolite data tend to be different over-all,
the range of sodium and aluminum abundances is nearly con-
tinuous and no concentration of samples around a particul;r
value is observable for those two elements.

Iron contents are easily divided into four groups on
the basis of concentrations around a particular value on the
variation diagrams. Rhyolites contain from 1.5 to 3.5% iron;

the Amota Butte series contains 5 to 6.5% iron; the basalt-
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andesite group from 7 to 10.5% iron; and the fourth group

from 11.5 to 13% iron. The fourth group is also distinct in

abundances of titanium and manganese, but tends to be in the
basalt-andesite group for all other elements examined. The
six samples making up this group are of pre-collapse age and
older than the basalt-andesite group and most of the rhyolites.

A dharacteristic which is apparent upon study of the
variation diagrams is the lineér relationships between com-
positions of the basalt-andesite group and of the Amota Butte
series. While in some cases the scatter of the basalt-
andesite compositions is rather large and a straight line
drawn would be of questionable validity, none of the varia-
tion diagrams exhibit a definite curved line between the
groups. It is also apparent that the rhyolite values do not
fall on this 1line.

A plot of logarithms of chondrite-normalized rare
earth element abundances versus ionic radii for a typical
basalt and a typical rhyolite are shown in Figure 6.' The
rhyolite is enriched over the basalt in all analyzed elements
by a‘factor of ébout two except for europium which is de-
pleted by a factor of about two. The depletion of europium
is generally attributed to the crystallization of plagioclase
in at least one stage of the rock's formation. The rare
earth elements in general exhibit a normal continental pat-

tern with enrichment of the light rare earth elements.
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DIFFERENTIATION QOF MAGMAS

Differentiation of a magma is the changing of the
magma in some way so as to produce a compositionally differ-
ent type of rock when it is cooled or to produce a family of

rocks which can be described essentially by changing of magma

compositional characteristics. There are several recognized

processes for differentiation of a magma, but most of these
are little understood. Knowledge of these processes is
hampered by the fact that only the final product is observed
in most cases and that erosion usually has not progressed to
the point where other products of differentiation emplaced
as intrusive bodies or left behind as residues are observable.
Six differentiation processes are generally recognized.
Others can be classified within these six general processes.
Crystal fractionation as applied to a differentiating
magma is a process where a mineral or minerals crystalize in
the cooling magma and are then separated from the liguid by
some means, thereby changing the bulk composition of the
magma that will form the observable end product. Gravity
separation may occur with crystals that are more dense than
the magma sinking and those which are lighter than the magma
floating, or crystals may be filtered out of the magma if
they aggregate to form a clot or felty mass and only the

liquid is driven away from the site of crystal fractionation.

33




34

As the process of fractional crystallization proceeds, the
elements enriched in the minerals being formed are depleted
from the magma, and elements excluded from the minerals being
formed are enriched in the magma because its volume is
decreasing. Geochemists have studied trace element concen-
trations in many rocks and are beginning to understand how
trace elements should behave in cases involving fractional
crystallization.

Mixing of magmas is a process of magma differentiation
which is not frequently substantiated from geological field
evidence. It involves two magma types and their mixing to
form the magma which produces the observable rock. The
history of the resultant magma and therefore its differentia-~
tion path are complex and difficult to study. Mixing of
magmas could easily be studied by means of simple mixing
models if the composition of one of the original magmas were
known along with that of the observable end product. How-
ever, the compositions of the magmas are usually unknown and
any model of magma differentiation based on mixing of magmas
can not be dealt with without knowledge of specific magma
compositions.

Immiscibility of magmas involves the separation of
one magma into two different and separate magmas, or the
unmixing of magmas. Bowen reached the conclusion that "On
the basis of immiscibility, it is impossible to build up an

adequate explanation of the associated members of rock series
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which is the fundamental problem of petrology." Experiments
have’shown that certain chemical compositions would yield
immiscible liquids under reasonable pressure and temperature
conditions and Roedder and Weiblen (1971) have demonstrated
liquid-liquid immiscibility in lunar basalts and a few
terrestrial rocks. Many petrologists have not ruled out
immiscibility as a means of magma differentiation. The
study of immiscibility would be subject to the same re-
straints as the mixing of magmas as well as knowledge of the
distribution of elements into the two magmas under magmatic
conditions.

Assimilation is a process in which the magma dissolves:
some of the wall rock which confines it. 1In its simplest
sense, assimilation would only be the mixing of the magma
with the dissolved wall rock. However, in a practical sense,
equilibrium reactions occur between the wall rocks and the
magma with or without any solution of the wall rock so that
the differences in chemical potential for the elements
involved are minimized. Various elements are exchanged at
different rates. These exchanges cannot yet be described
rigorously enough to be modeled systematically in natu:al

systems. Assimilation occurring in the upper crust will

6

alter the Sr87/Sr8 isotope ratio, but this effect will only

give evidence of assimilation in some parts of the crust and

says nothing about what may occur below that level.
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Volatile transfer is an ambiguous type of differentia-
tion process involving volatile complexing and transfer of

chemical elements. The chemical potential of volatile

com~-
ponents and their complexes will vary with temperature and
pressure, and therefore with depth, and any element in com-

plexes will be tran5ported within the body of magma as the
complex seeks its equilibrium within the magma. Oxidized
and reduced compounds of hydrogen, carbon, sulfur, and the
halogens are probably the main complexing agents within the
magma. As a magma is rising from its place of formation, it
reaches a pressure at which it may no longer be able to con-
tain its dissolved volatile components. At this stage,
bubbles may be formed as a separate phase and rise, thereby
transporting some elements to the upper parts of the rising
magma. Two very different types of complexes are involved
because of the liquid and gaseous phases and insufficient
information is available to be able to study volatile trans-
fer in this sense as a differentiation process.

Partial melting is a process of magma formatibn which
may haQe a great deal to do with differentiation. It in-
volves the melting of pre-existing rocks and is usually
thought of as an upper mantle process. In this process,»a
change in a variable such as temperature, pressure, or con-
tent of volatile components will start a phase or phases
within the source rock region to melt. If newly formed

liquid is removed as the melting process continues, a magma
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composition different from that of the original whole rock
will be formed. (In the unlikely case of the liquid not
being removed and the whole rock is melted, no differentia-
tion would occur by means of such melting.) The question

of attainment of equilibrium is also involved in that element
transport across phase boundaries may occur and the chemical
composition of the magma may thereby be changed. Partial

melting may involve all of the types of magmatic differentia-

tion mentioned here in some way or other. It can not be

- handled in detail by itself because the components of the

rocks where it occurs are generally unknown. Partial melting
may be discussed in the unrealistic sense that it is the
opposite of fractional crystallization thereby yielding some
insight into its possible effects from that way of thinking
about it.

In a realistic sense, it is improbable that one and
only one of these ways of magma differentiation can account
for the observed compositions of rocks. Although one may
start with a single model in explaining observed roéks, it
is unrealistic to jump to any conclusion that we understand
exactly how a magma was differentiated and that we can
account for the process by which an observed rock was formed
on the basis of that model.

A closer look at several differentiation processes will

be taken with applications made to the basalt-rhyolite prob-

lem at Newberry Crater.



IMPLIED MAGMA DIFFERENTIATION PROCESSES AT NEWBERRY CRATER
Mixing

A study of the variation diagrams presented with the
data in Figures 3a through 3d demonstrates that there is a
nearly linear relationship between compositions of the ba-
salt—-andesite and the Amota Butte series of rocks and hence
one infers an important characteristic of the Amota Butte
rocks. The fact that all major, minor, and trace elements
follow this trend is an indication that mixing of magmas is
a major type of differentiation involved at Newberry Crater,
but unmixing, or immiscibility, cannot be completely dis-
counted in examining only the linear relationships shown by
the variation diagrams.

There is no way to determine the concentrations of
the individual elements in the two end members that would be
involved, but they must lie on the line that could be drawn
between the two rock groups for each element and possibly
near (but at or beyond of course) the extremes of the ele-
mental abundances found in the rocks involved. On the basis
of the variation diagrams, no estimate of silica content can
be made for the low-silica magma and only on the basis of
the chromium variation can the high-silica magma be described

because the chromium values for these samples approach zero

38
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in rocks with silica contents near 65%. Herein the Amota

Butte rocks take their importance: Their analyses possibly

represent the composition of a magma involved in mixing to
differentiate the basalt-andesite rocks of the Newberry |
Suite.

It must be re-emphasized that no one model can be
used to describe rock differentiation. The scatter along
the mixing line, particularly as shown by the aluminum varia~
tion diagram (see Figure 3a) could indicate that other proc-
esses of differentiation are involved in the formation of

the basalt-andesite Newberry series of rocks.

Volatile Transfer

The numerous vesicles found in lava samples along with
the large number of cinder cones and the pumice fall indicate
that volatiles were plentiful in some of thése magmas at the
time of their eruptions. There is, at this time, no way to
tell what part volatiles played in magma differentiation at
Newberry Crater. However in the basalt-andesite group of
rocks with prominent vesicles and cinders, mixing seems to
be the predominant type of magma differentiation'and volatile

transfer would seem to be limited to minor differentiation

in the rising magma, at best.
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Fractional Crystallization

Fractional crystallization is generally accepted by
geochemists as a means of magma differentiation. Bowen
(1928) suggested that rhyolites were formed from basaltic
parent magmas through the process of fractional crystalliza-
tion. In his paper dealing with Newberry Caldera, Williams
(1935) accepted this hypothesis but offered no direct evi-
dence either for or against it. More recently, fractional
crystallization has been guestioned as a solution to the
basalt-rhyolite problem. If it were important, rocks of
intermediate silica contents (intermediate differentiates)
would be expected in sufficient numbers to form a smooth
distribution curve with the basalts and rhyolites. However,
as is the case at Newberry Caldera, these intermediate rocks
generally are missing in basalt-rhyolite complexes. Frac-
tional crystallization generally starts with magmas having
a basaltic composition and proceeds to more silicic com-
positions suggesting that basalts would be erupted first,
followed by more silicic rocks as time progresses. At
Newberry Crater, the suggested trend is not followed.

Three age groups of rhyolites are found and basaltic mégmas
were erupted between the times of rhyolite eruption.

Despite the improbability of magma differentiation

by fractional crystallization at Newberry Crater, it seems

worthwhile to apply our knowledge of this type of

IR T R T ET T T
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differentiation to the major and trace element data to see
if any information can be brought to light regarding this

process and the basalt-rhyolite problem. The boundary con-

ditions I have applied in my approach are extremely liberal

in hopes of obtaining some type of a fit for fractional

crystallization models. Mixing models using analyzed rocks

and stoichiometric major element compositions of minerals
were used to determine amounts of minerals crystallized for
a given magma transition. High and low values selected from
published trace element distribution coefficients for the
minerals involved (see Table 2) were then applied to trace
element data for a parent magma, assumed to be represented by
an analyzed rock, to determine if the abundances of those
elements in the resulting magma, represented by another
analyzed rock, could be accounted for by the process of
fractional crystallization.

If crystal fractionation were the major cause of
magma differentiation at Newberry Crater, there should be
little trouble in reproducing the composition of'any.rock

sample analyzed from another appropriate sample by models

of this kind.

Distribution Coefficients

Crystals form spontanecusly in the magma when the

proper conditions are allowed by the variables involved.
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= Table 2. Selected Partition Coefficients Prom the Literature.
ELEMENT PLAGIOCLASE CLINOPYROXENE ORTHOPYROXENE OLIVINE
(-
! Co 0.085° -0.51° 10t - 2222 gl .92 3.k
cr 0.06° -0.67° 8.0 32005 0.20  -35.42 1.2
- Sc 0.018% -0.197° 298 - 3292 12! -2 0.s!
E Ba 0.0537%-1.42% 0.02% - o0.388% 0.01° - 0.06° -—
&b 0.007% -0.46° 0.0129° - 0.284> q.0148% - 0.0287° -
= K* 0.0188-1,60° 0.01853 - 0.273%  0.00908%- 0.0190° -
La 0.0 —0.49° 0.08) - 0.33% o.086% - 0% 0.0026"
Su 0.0247 -0.168° 0.38 - 2152 0.0477 - 0.43% 0.0027}
o]
; Eu 0.055% -4,2° 0.39 - 1.4  0.079% - 0.332 0.0046"
‘ L 0.02! -0.24° 0.9t - 222 ol o8t 0.0139%
- ut. o.o4! -0.17° 0.6! - 0.o1®
*Although potassium is a major rock forming element, it is not.a major component for
o= any of the minerals used and is therefore concentrated in the liquid during
. crystallization of tha above minerals.
1('.'cu'liu (1970).
- andke. vnpublished resulta from Crater Lake, Oregon.
: 3S:hneuler and Philpotts (1970) and Philpotta and Schnetzler (1970).
l's:hnetzler and Philpocts (1968),
- 3budas et al. (1971).
6Bwu': and Taylor (1969).
[ ]
Sl
)
=
m
-
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The process is slow and small changes in the variables in
the opposite direction may result in the redissolving of the
crystals by the magma. In this situation, the conditions at
the surface of the growing crystal approach equilibrium.
Assuming equilibrium conditions, the chemical potentials for
any given component in the portion of the two phases which
are in equilibrium must be equal.

Hip = Vin (1)

where U represents the chemical potential of the component i,
1l for the liquid, aﬁd m for the mineral phase. Under con-
ditions other than ideal, which would in general include
magmatic conditions,

* —3 *
Miq + RT 1n aiq Wi + RT 1n ain (2)

where pu* represents the standard chemical potential, R is
the gas-law constant, T is the temperature and a represents

the activity of the component under consideration.
Rearranging,
- *
im _ Mi1*7Wim

1n = (3)
ail RT

The distribution coefficient can now be defined in terms of

the activities of the components,

a.
D = _1m (4)

241
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= where D represents the distribution coefficient. From equa-
tion 3, the only variable other than the activities to which

- the‘distribution coefficient is related is temperature.

- Ac£ivities of trace elements are, at best, difficult

| or impossible to measure in our present state of technology.

- However) for very small concentrations of a trace element in
a magma, we may assume that the concentration of that trace

- element approximates its activity in the magma. Concentra?

- tions of trace elements in rocks can be determined and most

| of the known distribution coefficients are approximations

= based on concentrations.

Cim

- D, = 8:1_ (5)

= where DC represents the distribution coefficient determined
by the*ZBncentrations, and ¢ is the concentration of com-

N ponent i in the liquid or solid.

- Distribution coefficients may be applied by use of

| the Rayleigh Distribution Law which is represented by the

- eguation

Fm ;% = E(Dc - (6)

- where < represents the concentration of the trace element
in the“;tarting magma, C, represents the concentration in

——

the liquid after crystals have been removed, F is the frac-

- : tion of liquid remaining after crystallization, and Dc is

—
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the distribution coefficient for the element under considera-
tion between the liquid and the crystal. The Rayleigh
Distribution Law is valid under the condition where the
liguid is in equilibrium with the skin or outside portion of
the forming crystal, a condition similar to that found in
many natural systems. At Newberry Crater the large number
of vesicles in some samples and the pumice fall indicate the
magma did not remain in a shallow chgmber for a sufficient
time to de-gas and therefore not loné enough for any crystals
to equilibrate with the magma. The Rayleigh Distribution
Law would be especially applicable for this case.

This equation can be applied for only one mineral
phase at a time. If two or more minefals crystallize from
the magma, the order in which they crystallize is important
since results of calculations to predict trace element con-
centrations differ, sometimes substantially, if the order of
crystallization of minerals is altered. Therefore some
knowledge of the order and relative fates of crystallization
is important in any fractional crystallization scheme. 1In
order to handle part of this problem, M. M. Lindstrom and
D. J. Lindstrom (personal communication) developed an
equation which takes into account the simultaneous crystal-

lization of several minerals. It may be expressed as

C
2 _ I1lnF . _




46
? where Cqs cz, F, and Dc are the same as in equation 6 and J
repres;nfs_;ne fracti;n of mineral i crystallized.
- Distribution coefficients have been published which
- g have been determined on the basis of concentrations of trace
| elements in minerals and ground mass. To determine values
= of distribution coefficients, minerals must be known to be
in equilibrium with the co-existing magma. If the crystal
- shows any zoning or is rimmed, it is definitely not in
- f equilibrium with the liquid and can not be used in a simple
K% way for the determination of distribution coefficients. The
- 1 history of the crystal and its immediate surroundings can
usually be established in at least a crude way by the study
- of thin-sections with a microscope.
- g The problem of analysis of the mineral and its purity
is important. There are few technical systems known today
= which can analyze minerals for a variety of trace elements
with concentrations in the parts-per-million (ppm) range
- without separation of the mineral of interest from coexisting
- glass or groundmass. Minerals can be separated from glass
| i or groundmass, but the small bits of contaminants clinging
= E to the crystal are critical. For example in an extreme case,
; if a small crystal of olivine with a sodium concentration of
- f around ten ppm has clinging to it a small piece of groundmass
- ; with a sodium concentration of around two percent (20,000
1 ppm) , the sodium analysis of the "olivine" would be of no
-~ ; scientific value.
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Distribution coefficients have been determined experi-
mentally (Drake, 1972 and D. J. Lindstrom, personal communi-
cation) in doped systems where the concentration of the
trace element of interest is increased to the point where it
can be detected by analytical means without mineral
separations. These determinations are generally in agreement
with determinations made from natural systems.

Selected partition coefficient data, comprising
reasonable ranges of high and low values from the literature,
are given in Table 2. As shown in equation 3, the distri-
bution coefficients vary with temperature. A variety of
rocks and rock systems with different thermal histories were
used for determinations of the distribution coefficients, so
that the range observed reflects these variables.

Distribution coefficients are associated with minerals on
the basis of their crystal structure, not on the basis of the
major elements which form the mineral. At present; no dis-
tinction is made between iron- or magnesium-rich olivines in
the application of distribution coefficients. Likewise in
applying distribution coefficients to pyroxenes, no dis-
tinction is made on the basis of iron, magnesium, or calcium
concentrations (although ortho~-pyroxenes have limited calcium
contents because of their large ionic radius), but it makes
a great deal of difference whether the pyroxene is in the
orthorhombic or monoclinic crystal habit. Plagioclases, of

the continuous series, may be described in terms of variations
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in sodium and calcium contents and are not distinguished in
considering distributions of trace elements, although in

some circumstances other crystal habits occur which are given
different names and must have their own distribution co-
efficients applied. Changes in composition along one of
these solid-solution series are generally reflected in
changes in equilibration temperatures and so, indirectly,
affect distribution coefficients.

The different crystal habits will allow for various
trace element impurities depending on the ionic radii, crys-
tal imperfections, lattice configuration, charge on the ion
involved, and ability to fit into the crystal field of the
mineral. For one reason or another, some trace element ions
are rejected by all the minerals that are involved in the
early stages of fractional crystallization of a cooling
magma. These elements are enriched in the final magma be-
cause of its decreasing volume.

Crystallizing minerals that leave the scene of crys-
tallization and are effectively separated from the magma
cannot stay in equilibrium with the magma as it evolves and
must be compared, for model-building purposes, with the magma
composition in which they were formed. 1In many cases, this
magma no longer exists and consequently its characteristics
must be inferred. Crystals which are resorbed by a magma
would enrich the magma in those trace elements initially

present in notable abundance in the crystals, thereby causing
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changes in the trace element equilibrium concentrations in
newly forming minerals. These problems are certainly in part
reflected in the published partition coefficient data and
wouldrbe involved in some way in models applied to natural
systemé. Consequently, one would not expect to find exact

agreement between calculated and observed abundances in such

models.

Fractional Crystallization at
Newberry Crater

Williams (1935) and Higgins (1973) describe mineral
compositions found in rocks at Newberry Crater. They found
that plagioclase is the predominant mineral formed during
magma crystallization. Other minerals found in significant
abundances in various rocks are olivine, orthopyroxene,
clinopyroxene, and magnetite. Minor amounts of alkali
feldspar, apatite, and some amphiboles are also found.

I explored paths of magma differentiation by allowing
one rock analysis or an average of several analyses to
represent a "parent magma" composition and another rock
analysis to represent the final prodﬁct of differentiation
by fractional crystallization. Stoichoimetric proportions
of the major element oxides as well as approximated com-

positions of significant rock forming minerals found in

Newberry rocks are listed in Table 3.




Table 3.

10

11
12
13

14

15

16%

COMPOSITION

Olivine

Fezslo6
ngsm6

Fe, gMegg

Pyroxenes
FeSiO3

MgS1i0
CaS510

3
3

Orthopyroxenea

Ca Mg Feyy
Ca Mgy Fe)q

HgygFecs

H8goFe,g
HgéSF'JS
Hg;Fey0

Clinopyroxenes

Ca30Me0Fe,0
Ca sMB,sFe
Caggtegg

Plagioclase

CaAlzslzﬂs
NaA151308
CazgNa,g

£a40%%0

CaggNagg

Cagola,g
Ca,oNaJO

Magnetite

FeJDA

5102

29.49
42,70
40.06

45.54
59.85
51.73

54.70
56.80
50.55

54.13
54.84
35.56

51.69
54.75
55.179

43.16
68,74
61.08

58.53
55.97

53.41

50.85

A1203

-—

36.65
19.44
24.60

26,32
28,04

29.77

31.49

FeO

17.43
10.35
35.40

21.78

19.06
16.34

1.78
5.46

93.09

* End-member containing only one cation.

Mg0

57.30
45.84

24.49
30.92
14.05

24.09
26.10
28,11

12,05
18.07
20,07

+ Numbers correspond to compositions in Table 5.

Composition of Minerals Used in Mixing Hodels.

14.438
21.72
24.14

20,16

-

6.05

8.06
10.08
12.11

14.1

11.82
8.27

7.09
5.91
4.7
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In order to test any model involving fractional crys-
tallization as a magma differentiation process, specific
samples had to be chosen to represent concentrations of
beginning and final magmas. The analyses of these samples
are given in Table 4. For mixing model purposes, several
groupings were used and the average analyses representing
these groupings are also given in Table 4. These groupings
are shown by circles on the variation diagrams presented
with the analytical data in Figures 3a through 3d.

Pre~Bas represents a group of iron enriched "pre-
collapse" basalts found in the rim of the caldera and on the
slopes. Higgins (1973) believes the composition differences
between the iron enriched basalts and the basalt-andesites
are due mainly to contrasts in the oxygen fugacity before
and after formation of the caldera.

AM-Avg represents an average of the seven Amota Butte
rocks. These are "pre-Newberry" rocks, certainly older than
the other samples collected. HoweQer, being located within
a reasonable distance of Newberry Crater, their composition

may tell something about the chemical system which is re-

sponsible for Newberry rocks. If these rocks are related to

Newberry Crater samples, and they fit nicely as shown in
Figures 3a through 3d, it is quite possible that similar
compositions of magmas or rocks might be involved at Newberry
Crater.

Samples AM-2 and AM-6 were used in models along with

AM-Avg sO the extremes of the group were also studied.
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Table 4. Analyses and Aversges Used in Mixzimg Models.

Sample Name F5-B RS Pre-Bas!.  B8-5 Pri-Mag?  10-1 LP~F  Bl0-1 Fi-3 AM-b  AM-Avg® AM-2  PP-avgd BOF CH3 EAB~1

Major elements as oxides (%)
510, 48.8 51.8 52.4 52.9 $3.3 $4.8 55.6 55.8 57.6 63.0 64.? 65.7 .4 73.2 713.6 74.9
Ti0; 1.03 1.27 2.26 0.93 1.28 1.21 0.99 1.53 1.02 0.91 0.85 0.82 0.33 0.26 0.20 Q.16
Al,03 17.6 ,l7'7 15.4 19.1 17.1 16.6 17.3 16.1 16.9 16.6 16.2 15.9 14.6 14.0 11.7 13.8
FeO> 9.09 7.60 11.03 6.87 8.07 7.718 6.5 8.52 6.75% 5.64 5.12 4.1 270 2.02 2.32 1,55
MnO .17 0.14 0.20 0.13 0.15 0.16 a.14 0.16 0.14 0.15 0.15 0.12 0.11 0.06 0.07 0.02
Mgo 8.06 6.19 3.51 5.77 5.28 5.02 5.07 *3.67 4.14 1.51 1.15 0.98 0.61 0.23 0.23 0.33
CaQ 10.80 9.68 1.94 9.686 8.97 8.317 §.13, 7.29 6.91 4.12 3.40 2.87 1.16 0.38 0.79 0.80
Baj0en 2.90 3.36 4.29 3.12 3.63 3.84 3.69 4.19 4.18 4.86 5.13 5.43 .93 5.07 5.02 4.20
K0 0,36 0.97 0.91 0.58 0.98 1.13 1.52 1.43 1.39 2.28 2.52 2.57 3.03 4.08 3.80 4.06
P205 0.25 0.43 0.44 0.18 0.31 0.25 0.29 0.40 0.24 0.27 0.25 0.25 0.04 0.02 0.01 0.02

Minor and trace elements (ppm except as noted)
Na (X) 2.15 2.45 3.16 2.31 2.8% 2,84 2.71 314 3.08 3.56 3.n 4.03 4.39 3.73 3.72 3.11
Rb — - - — —— -— - - el 45. $9.(4) ~ 71. 113, 105. 120.
Cs -~ -— -— -— - 0.9 1.0 1.0 1.3 1.9 1.7(¢5) -~ 2.1 4.2 2.8 4.2
Ba — 530. 360, 300. 390. 330. 610. 4l0. 640. 870. 920. 950. 950, 980. 1050. 1090.
La 7. 21.- 15. 8. 15. 13. 21. 20. 16, 22. 24. 2. 28. 31. 3o. 27.
Ce 14. 45, 30. 18. o, 21, &1, 40. 28. 41. 43, 42, 53.(4) - 53. -
Nd .- - - - 26.(3) 25, - 23, - - 3.3y 35, 6. 35. 39, lo.
S 3.2 6.0 6.8 1.2 4.9 4.8 5.9 6.5 5. 7.2 1.4 8.0 1.6 6.7 8.6 5.2
Eu 1.12 1.75 2.18 1.0% 1.55 1.42 1.57 1.88 1.73 1.86 1.91 1.82 1.52 0.92 1.27 0.83
™ 0.5 0.6 1.0 0.4 0.7 0.7 0.7 0.8 0.8 1.1 1.1 1.2 1.2 1.2 1.4 0.8
Yb 2.3 1.6 3.6 1.4 2.4 2.4 2.4 3.0 1.9 3.3 3.9 3.7 5.3 4.7 5.1 3.2
la 0.42 0.31 0.58 0.26 0.39 0.42 0.43 0.44 0.48 0.58 0.67 0.70 0.79 0.76 0.90 0,45
Th 0.7 2.7 1.5 0.9 2.2 2.8 4.4 2.3 3.3 6.9 . 5.4 7.6 13.9 11.8 14.0
ir - —- - - - — - — - 170. 180.(2) - 300. 230, 260. 150.
HE 1.8 3.1 4.1 2.0 3.2 3.2 4.1 4.5 4.1 4.8 5.4 5.8 8.6 9.0 8.0 6.0
Ta 0.9 0.4 0.7 0.3 0.5 0.% 0.6 0.7 0.5 0.7 0.6(4) - 1.1 1.5 0.8 0.8
Fe (X) 6.81 5.92 8.45 5.53 6.26 6.07 4.90 6.61 5.6 4.33 3.93 1,68 2.05 1.57 .77 1.15
Co 3.4 3.1 31.0 3.2 30.1 29.0 24.9 24.0 21.8 8.9 6.5 4,1 0.8 0.9 0.8 0.4
-Sc 3.8 27.1 35.3 24.7 29.7 29.0 22.9 28.0 22.0 16.6 15.1 4.4 9.21 6.36 9.91 &4.47
cr 118. 117. - 133. 97. 107. Q2. 26. 17. - 5.(2) - 3.(3) - - 1.

* Tatal Fe recalculated as FeO.

*# Laiculated from INAA Na dacs.

1 Average of six samples, see Table la.
2 Average of six samples, see Table lc.
) Average.of seven sawplex, see Table 1d.
& Average of five samples, see Table 1d.
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PP-Avg is an average of the five Paulina Peak samples.

There is no evidence as to the actual composition of
the starting magma, but some starting point is necessary in
order to study the differentiation process by fractional
crystallization. The composition chosen, Pri-Mag, is in the
lower silica abundance range and is the average of six
samples that fall in a close composition range for all ele-
ments analyzed. Other samples were excluded because all of
their elemental abundances do not fall within the close range
of the main group.

The initial magma composition, the product composition,
and the various mineral compositions were mixed by a computer
using a program developed by Bryan, et al. (1969) and adapted
by A. R. Duncan. The quality of a particular mix was judged
by examining the sum of the squares of the differences of
the elements being compared and the sum of the squares of
the ﬁercent differences in the mix. A mix with the lowest
values of these indicators and for which the proportion of
minerals used in mixing was in agreement with the obéerved

minerals was regarded as the best mix for the rocks and

minerals involved.

Results of Mineral Mixes

Two approaches were used in applying mixing models to

the data from Newberry Crater. First, a selected primary

magma type was used to try to reproduce each of the selected
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final rock compositions, and second, a step sequence was used
to model differentiation from the primary magma to more
silicic final rock compositions. In the first case, it was
almost impossible to subtract linear combinations of mineral
compositions from the initial magma to produce a good final
rock composition for cases.with large silica variations, from
basalts to rhyolites for example. Results of both approaches
are intermixed in Table 5, ordered by increasing silica
concentration in the‘final magma. Table 5 shows the samples
used to represent the initial and final magmas (see Table 4
for analyses). The percentage of initial magma removed as
minerals (see Table'3 for composition) to form the final
magma is found under the headings of the minerals removed in
the mix. The first four mixes represent accumulations of
the minerals which are mixed with the initial magma to form
the final magma.

Pre-Bas could only be reasonably formed from Pri-Mag
if the average Amota Butte composition was included as a
mixing component. To obtain a mathematically reasonable mix
without the Amota Butte average composition, it was neces-
sary to add magnetite while subtracting other mineral
compositions. The composition of the plagioclase,rAnzo, in
the best fit suggests that this average basalt could be'
related to the accumulation of minerals which might have been
formed from a fractionating rhyolite magmé and then somehow

incorporated into the primary magma with some further
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fible 5. Results of Mixing Model Processes.

INITIAL FINAL PLAGIOCLASE CLINOFYROXENE ORTHOPYROXENE OLIVINE MAGNETLTE OTHER INDICATORS *%
MAGMA - MAGMA COMP.%  AMT. COMP.*  AMT. COMP.®  AMT. COMP .+  AMT. COMP.*  AMT. COMP. AMT. 1 2
+ Pri~Mag Pre~Bas 11 iz B8 162 ~- — - - 16 5% Pri~Mag 39X
Am-Aug 7% 0.25 6.60 +
¢ Pri-Mag FS-B 15 282 10 9t - - 1 31 16 42 Pri-Hag 52T Q.72  4.95 +
+ Pei-Mag BB-§ . 1. 1 29% - - 2 112 - - - - Pri-Mag 591 1.01 4.B9 +
+ Pri-Mag RS 14 251 9 52 5 " - - 16 22 Pri-Mag 60X 0.01 0.07 +
Pri-Mag BLO-1 15 18X 10 32 - - 1 42 . 16 82 - -~ 0.00 0.01
Pri-Mag P1-B 16 241 9 91 7 [ —— - 16 3z - - 1.50  7.79
Pri-Mag Le-1 16 161 9 [3] 6 E} - - 16 22 -— - 0.00 0.01
Pri-Mag LP~F 13 20z 9 62 7 1 - — 16 iz - - 0,00 0.11
Le-1 Le~F 11 91 L] 52 - -— —_ - 16 b} ] - -— 0.14 0.64
LP~F AH-6 14 351 9 101 [ 101 —— -- 16 el - - 0.31 1.71
Pri-Mag AM-Avg 14 381 9 142 - o 1 51 16 51 - — 0.00  0.01
LE-F AM-Avg 14 381 9 112 6 1z -- - 16 31 - e 0,00 0.02
LP-F AM-2 14 [ 35} 4 9 111 6 112 — - 16 22 — o 1.05  5.65
AN-6 PP-Avg 14 24X 9 11 4 6% - - 16 2% - -~ Q.74 2.85%
AM-Avg PP-Avg 15 161 9 1z 3 21 - - 16 3 - — 0.01 0.05
AM-2 PP-Avg 14 152 9 1 6 2z - - 16 34 -~ -— 0.16  0.68
JUBES BOF 13 292 9 P4 [3 h}4 -— - 16 [34 - - 1.78 10.74
AM-Avg BOF 14 2921 9 21 4 4% - - 16 12 —— -— 0,00 0.0)
AM-2 BOF 11 292 9 b} 4 b} 4 - - 16 3z - e 0.14 12,99
A~ cH-2 13 1z 9 3 6 %3 - - 16 %4 — - 2.54 11.84
AH-Avg CH-3 12 31x 9 it 4 51 - - 16 12 — - 0.01 0.08
AM~2 ci-) 11 292 9 21 [ 12 - -— 16 k4 - - 0.22 21.08
AM-6 EAB-1 12 372 9 b} 6 31 - - 16 4% — - 0.92 24.B9
AM~Avy EAB-1 11 sz 9 4% 6 1z - - 16 [ - ~-  0.14 5.59
AN-2 EAB-1 11 351 9 h}4 6 21 - - 18 41 - - 0.50 ?7.12

Numbers in this columm correspond to mineral compositions in Table 3.

#*¢ Indicator 1 is the sum of the differenced of the expected final wagma and the calculated wagma concentrations.
Indicacor 2 is the sum of the squares of thcse differences.

+ N9 erystal fracrionation for these transitions. The Final magma 19 formed by aixing compoalticns of the
minerals and other components.
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fractionation. The amount of clinopyroxene involved in the
mix is large and it has an extremely high iron content and
does not fit into any pattern of crystal fractionation
studied in terms Qf other mixing models. Thus, the model
is petrologically implausible.

Samples FS-B, B8-5, and RS each have silica contents

less than that of the primary magma and, in terms of the

mixing model, are.best described as containing accumulations
of crystals fractionated elsewhere from the assumed primary
magma. FS-B, from a flow several miles east of the caldera,

could be related to Bl0~1 on the basis of olivine found

necessary with those mixes. B8-5 and RS accumulations could

be related to several of the other mixes used, but in no
case very closely. Samples B10-1, LP-F, and FI-B best fit
into the mixing model in terms of the primary magma losing

crystals, possibly by gravity settling.

The Amota Butte average, AM-Avg could be formed
satisfactorily by the mixing models, but the rhyolites could
not be formed directly from the primary magma.

The step sequence started with the primary magma.

The composition of sample LC-1 could satisfactorily be
modeled by fractional crystallization, but the step from
LC-1 to LP-F was hardly satisfactory in terms of the low-

calcium plagioclase, An,g, which is not observed in the

basalt~andesite group of rocks. The low anorthite content

was also reflected in the primary magma to LP-F mix. The
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steps were split into three parts and LP-F was used to dupli-
cate the compositions of the Amota Butte series, AM-6 with
the highest silica value of the series, AM-Avg averaging all
compositions of the series, and AM~2 with the lowest silica
value of the series. Each of the Amota Butte compositions
could be duplicated.

These steps were studied on the basis of rock compo-
sitions involved at Newberry Crater and are not real in a
practical sense in light of the differences in ordef of
appearance of these rocks.

The three Amota Butte compositions were each used to
form four rhyolites. The rhyolites could be successfully
formed by the mixing model in terms of plagioclase, clino-
pyroxene, orthopyroxene, and magnetite although the sums of
the squares of the percent differences are higher than ac-
cepted for other models. Late stages of extreme differenti-
ation could involve minor minerals such as biotite, horn-

blende, sanidine, and apatite which appear in small amounts

as minerals of the rocks involved.

Trace Element Fractionation

Percentages of minerals crystallizing in going from
one magma composition to another are found in Table 5. These
mineral compositions were used with high and low values of

distribution coefficients as found in Table 2 to bracket the

analyzed final composition used in the particular model.
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- The results are found in Tables 6a, 6b, and 6c. Where
bracketing was not achieved, the last column indicates the
= peréent of the actual concentration by which the mix failed,
- f% a plus sign indicating greater than the highest calculation,
| ; and a minus sign indicating lower than the lowest calculated
- i% concentration. Those transitions which were modeled as
% crystal accumulations from the primary magma were not tested
o L owing to lack of sufficient constraints.
- i Cobalt final compositions can be bracketed for the
| f basalt-andesite transitions. In the rhyolite transitions
o i% it is sometimes within the bracket and sometimes lower than
% the lower calculated composition indicating a greater loss
- of cobalt than fractional crystallization would predict and
- % that the model removes too much pyroxene.
| : Chromium contents of the final magma are higher than
- the predicted values for the basalt-andesite transitions
indicating that the model would remove too much chromium.
= Chromium is too low for detection in many of the rhyqlites.
i One should note that appreciable chromium may have been
. 5 removed in magnetite. If this loss is taken into account,
- ? the predicted values would then be even lower.
>§ Scandium contents of the final magmas generally agree
- ?' with those predicted but trends are similar to cobalt in
- some of the rhyblite'transitions.

Barium is generally predicted and found to be concen-

- k| trated in the magma but it behaves erratically in the
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Table 6a. Traca Elemant Resulta Defng Cryatal Practionaticn Procesess.

COBC, CONCENTRATION
TRACE 1RITLAL PREDICTED
ELFHENT MAGHA BICH Low

Pri-Mag To 810-1 °

182 Plag - 3% Cpm = &Y Dliv ~ BX Mag

Ca .l 3.8
cr 9.1 41.48
Sc 9.7 n.a
Ba 3gn. 311.
Rb 0. 26.

K 0.81 1.07
la 15.1 n.7
k) 4.86 §.58
Eu 1.35 2,08
Ly 0,183 0,309
nf n &A1

Pri-Mag to P1-B

20 Plag - 91 Cpx ~ 3% Opa ~ X Mag

Co 30.1 7.6
Cr 97.1 19.1
Se 9.7 1.9
[ 390, blh.
L1 10, 1,

E o.81 1.29
La 15.2 23.4
5m 4.8 1.
Eu 1.5 .0
Lu Q.18 0.333
wt .21 4.8

Pri-Mag o LCw1

161 Fiag ~ 4 Cpm ~ 3% Opx =~ IX Mag

ca 0.1 3.1
[ 97.1 34,3}
Se 9.7 2.4
[ 39a, 30).

LUY 20, 16.

| & 0.8} 1.08
la 13.2 19,4

Sa [N.1) 6.19
Ey 1.3 1.96
Lu 0.3% 0.48
HI Ln 4,00

Pri-Mag to LP-F
0% Plag - &Y Cpx ~ 2% Opx

Co 30.1 6.8
Cr 97.1 37.3
Sc 9.7 2.4
Ba 50, 338,
Rb 20. 4,

K 0.81 1.12
La 15.2 20,3
Sm A. 8% b.53
Bu .33 1,02
Lu 0,388 0.502
LY hPp3Y 4.3

0,431
461

-

4.1

CDNC
FIRAL
HACHA

I FROM
PREDICTED

cone,

+3.61

+2.2%

+73.1

+3.81
-123.1
+17.91

+19.)%
-8.6%

~13.3%

3.3

-17,5%

31,2
-13.42

2,42
=27.%

ComNe., CONCENTRATION
TRACE INITIAL TREDICTED
ELEMENT HAQA Bicn : LAl

Pri-Mag to AM-Avg

382 Plag - 145 Cox ~ 5% Oliv ~ 55 Mag

o 30.1 4.1
cr 9.1 I3
8c 9.7 1.8
Ba 990, 849,
» . 48,

« wn 1.80
La 1.2 3.5
Sm .86 10.1
Bu 133 L3
Lu 0.388 0,766
ur 3.2 .52

P-F to AM-Av

&
JEX Plag ~ 11X Cpx = 11T Opx ~ 2% Mag

Ca 4.9 5.3
Cc 9.9 9.9
Se 2.9 8.4
-] 603, 1490,
Bb 1% 48,
I 1.26 3.18
La 1.2 50.0
Su 5.86 1).69
[ O] 1.37 3.%8
ku 0.431 0,913
B 4,10 8.31

iL-1 to LP-F

ST Plag ~ 5% Cpx ~ 32X Map
Ca 29.0 .7
Cr 107.0 6.8
¢ 9.7 9.3
Ba 315, e,
Rb — -~
X 0.9 1.09
a 13.2 15.2
S 4.78 5.40
Eu 1.42 1.6l
La 0.42 0.4
L 14 kY J.67

LP-F to AM-6

35T Plsg ~ 10X Cpu ~ 10X Opa « IX Mag
Co 26.9 ».0
€ w.9 1B
8c .9 27.9
Ba 603, 1328,
Rb 19, 43,
| § 1.28 .81
La 1.2 44,7
5= 5.86 12.27
B 1.57 .n
Lu Q.431 0.819
RE 4.10 1.73

0,001
£6.001
0.04

COoNC
FIRAL

59

X FRON
PREDICTED
CORG.

*1A.8X

+7.71
+22.8
+13. 93

-2.51

~30.%

+)8.8X

~AL.%
~18.0%

~65.1

9.1

+38.1
+1).42

+28.%
+7.9%

+10.5¢8

¢4, 0%

k6. T
-15.6%

~30.%




Tabiz 6b. 7Trasce Element Repuizs Yeing Cryaral Fracticoation Procesass.

QONC. CONCENTRATION [>)
TRACE IRITIAL PREDICTED FINAL
Low MAGMA

ELEHENT NAGHA HIGR

LP-F o AN-2 .

40Y Plag - 111 Cpx - 121 Upa - 21X Mag

Ca 4.9 1.1
cr 1.9 .4
Bc 2.9 5.8
L] 403, 1392,
[ Q. st

x 1.28 LY
La 2.2 33.3
5a 3.86 16.61
[ 1.57 3.81
Lu o.40 o.971
Wt . 410 6,91

A6 1o PP~Avy

241 Flag ~ 2% Lpx ~ 6X Opx - 21 Mag

<o 8.90 10.8)
Cr - —
Se 16.61 1.87
Ba ara, 1271,
1 43, &6.

X 1.88 .76
La 2. n.6
Sa .17 10.%
By 1,88 1.6
=] 0.%84 0.833
L1 4.82 6,54

A-Avg to PP-Avg

16X Flag = 1T Cpx ~ 2T Opx ~ 3% Wag

o 8.3 7.5
Cr A8 6.3
se 1512 17.%¢
B 0. 1129,
Rb 9. n.

K .0 2,33
(¥} 3.8 ..
Se nL” §.0%
En .9 2.3
Lu a,67 o.82
Bf 3.38 .43

AM~2 eo PP-Avg

131 Plag ~ 1X Cpx ~ 21 Opw - 2% Mag

[ 4,08 6.68
Cr — -—
8c 14.38 16,52
Ba ). 5.
2y - i
R .13 2.49
La 23,9 28.7
L 8.00 95,69
Ev 1.82 2,19
La 0.495 0.8)8
L1 3.8 6.91

€0.001 4.08
<9.001 -
0,03 16.38
604. ).
3. --
118 1.13
3.3 3.9
9.01 5.00
< 0.001 1.82
0.384 0.698
6.3) 3.8)
0.0 0.8
- 2.3
548 9.21
a7t 930,
[EN n.
1.72 2.9
26.8 7.5
9.20 7.81
0.7¢ 1.52
o.n1e o.749
8.29 8.41
1.9 0.8
0.3 7.3
10.74 .2
a76. 950,
7. n.
1.9 2.52
26.3 .
8.57 1.61
1.08 1.9
0.76 0.7y
6.28 a4
L2) o.7¢
- 2.3
w70 9.21
9z, 930,
- n.
1.99 1,52
26.4 7.3
9.70 7.81
1.08 .52
o0.782 0,789
()] 8.41

X RO
PREDICTER

amic

~44, X
~12.B%

~8.0%

+7.00

~212.2

+22.%

-1M,2
~11.1%

12,61

+24.%

~41.1

«3.3%

~.3

L

CONC.,
TRACE INITIAL
ELEMENT WACHA

AM~6 to BOF

291 Plug - 32 Opx = IX Opn - 4T Meg

191 Flag ~ 1% Cpa ~ 4T Dpx = 1T Mag

291 Flag ~ X Gpm » 32 Opx ~ T Mag

CONCENTMAT 1ON
FREDICTED

RiH

12.0%
2.

1336,
10.
2.91

N1
10. %0
2.1

0.869
L

a8
4.6
.9

1393,
.
3.
35.1
1.1
1.8%

1.000
1.13

$. 50
18.80

1432,

328

5.7
12.12
.12

1.0
8.%7

31X Plag ~ 33 Cpx ~ 4% Opx ~ 4X Mag

1 &.50
Cr -
8¢ 16.81
Bs 8ra.
ab A3,
3 1.88
La 18.1
= .1
Eu 1.86
L 0.%44
[ ] 4.82
At-Avg To BOF
o 6.5
Cr 4.8
He 13.12
Ba 910,
b 39,
| 4 .
(] tAN ]
= Ly
Eu | 8
p 7 0.4
e 5.3
AM-7 vo BOP
(-3 &, 08
or -
Se 13,58
Ba 5.
™ —
[ 3 2.13
La 239
Smy a.00
By 1.a2
1 ) 0. 683
L1} 3.8)
-6 ta CB~)
Co .90
Cr —
Sc 16.64
[T} BYa4.
®b a8,
1 4 1.88
La 2.1
S 7
En 1.86
[ 0. 584
ar 4,82

11,26

2,93

1400,
7.
3.08

bLES )
11.43
.9

0.911
1.34

. Um

.80
4.9
192,
1.6
.8
%5
0.38

©, 743
6.78

TORC,
FINAL

0.87
[ 9 1]

s,
113,
.41

n.l
6,63
0.92

0.76%
8.98

0. 901
8.02

60

T FRoN
PREDICTED
CONC,

+34.1
+14.91

-AL%

+20.8)

+15.3%
vb.A2

50,1

1312
+13.9%

+5. 1%
~39.%

~15.81
+4,6X

+1.1
+3.21

«15.42

+7,5¢
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= Table 8c. Trace Element Results Using Crystal Practiomatiop Frocesees.
! 5 CONC. CONCENTRATION Cconc. X RO CONC, COMCEXTRAT 10N cone 1 Fron
o TRACE INITIAL PREDICTED FINAL PREDICTED TRACE INTTIAL PREDICTED FluL PRLLICTED
» ELENENT MAGA H1cH Low wou oome. ELERENT NAGA RICH Low AGHA cane,
o - )
k3 AM-Avg to CH-) AM~Avg 10 EAB~)
b 1% ?lag - 21 Cpx. ~ SX Opm ~ 11 May 33% Flag = 4X Cpr - 11 Opx ~ 4% Mag
o 6.3 8.8 v.24 0.81 o 5.5 9.86 1.41 0.37 ~28).1
. cr 4.8 475 0.004 - [~ 4.8 3.0% 0.09 1.1
4 Sc 15.12 20.9) 3.67 9.51 Sc 15.12 21,48 3.6 A7
. | 1 5 %20 1458, 8, 1052, +9.51 Ba 920, 1521 190, 10%.
v ¢ kb 59, 5. 78, 105. b 9. 100. 8D, 120, 1671
; X 1.09 3.36 LM 3.15 X 1.09 L5 1.87 138
i La 7,38 36.7 0.0 30.2 La 1.6 3.2 3.2 7.0 ~13.6%
5= 1.1 11.67 10.30 8.55 «20.51 Sm 2.3 12,10 10.28 5,21 ~97.1
£ L9 2.98 0.57 w27 Bu 1.91 3.09 0.47 6.0
= E Lu 0.671 1,048 0.887 0.%01 Ly 0.671 1073 0.89¢ 0.451 ~99.%
‘ k i $.35 7.99 7.59 9.0 +0.41 NL 5.3 6.7% B.24 6.01 ~31.%
A AM-2 to CH-) AN-2 to EAD-1
g 29% Flag ~ 2% Cpx ~ 1T Opx ~ )X Mag 33X Plag = 3T Cpn ~ 2T Opu - 43 Mag
b to 4.08 3.63 1. 0.81 ~1.22 o 4,00 6.11 0.44 0.37 -1.2
Sl or - - - - cr - - .- 1.3 -7.8%
8c 14.38 19.44 .94 9491 Sc 18,38 20.87 4,82 47
. o Ba 953, 1187, 839, 1052, Ba 951, 1576, 821. 10%0.
K Rb — — - - . Rb — w— o— —
X 2.13 1,14 1,77 3.13 .1 K .13 35 N 1.3
- La 1.9 8.2 29.11 0.1 Ls 1.9 3.7 .9 7.0 ~16.1%
' Sm 8.00 11,84 10.54 8.35 -13.2 Su 5.00 13.19 31,29 5.1 ~118.%
2u 1.82 1.6 0.58 L B 1.82 3.01 0.42 0.8%
Lu 0.693 0,999 0.887 0.501 Lu 0.693 L1221 0.945 0.451 -110.1
T4 5.8) 8.4l 8.02 8.02 He 3.5) 9.4 8.87 6.1 -46.3
(- AN—6 to EAB-1
: 40 Plag = IX Cpx ~ 1T Opx - &X Map
[N 8.90 14,30 6.84 6.37 -73X
cr - o - 1.3
Sc 16.61 16.24 500 4.41 ~11.9%
- Ba avé, 1606, T 1090,
) E 1 Rb %3, BS. 6. 120. +29.%
3 1.88 3 1.48 3.38
La 2.1 .5 30.4 7.0 ~9,61
sa I3 13.13 11.11 5.12 -1108
Bu 1.86 1.15 0.3 0.83
- Lu 0.584 1.048 0.851 0.451 ~89.%
Nt 4.82 B.34 7.% 6.01 -12,1
-
o E
)
v»
.}
]
:
)
] E
(- ;
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basalt-andesite transitions. Barium fits in well in all

rhyolite transitions.

Rubidium behaves erratically for the basalt-andesite

transitions but generally is not bad considering the low

concentrations. For the rhyolites, the actual concentration

is above the calculated values. Possible reasons for this

include that crystallizing models did not proceed far enough,
that the element was concentrated by volatiles, or that the
magma was contaminated by the Earth's crust.

Potassium, although not a trace element, generally
behaves well for all transitions, but where it does not fit
the model, it is higher than the calculated concentrations.
Since rubidium and potassium are closely related chemically,
they would be expected to behave in similar fashions.

The rare earths behave well in all transitions except
for that generating the high silica rhyolite, EAB-1,
Europium observed concentrations are bracketed in all cases
and deviations for the other rare earth elements may be due
to small amounts of apatite which was not considered in the
crystal mixing models.

Hafnium behaves rather erratically, sometimes having

a higher observed concentration than calculated and sometimes

a lower concentration.

It is difficult to draw any conclu-

sions in this case.
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Conclusions

There are few transitions that appear to be acceptable
on the basis of the models used here because, in general, the
differences between the calculated concentrations and the
observed concentrations are too great for some elements in
most transitions. The notable exception is the transition
Pri-Mag to B10-1. 1In most of the other transitions, only one
or two observed elemental concentrations vary drastically
from the calculated concentrations, but enough to indicate
that the model is not a completely satisfactory answer to
the problem of magmatic differentiation at Newberry Crater.

The tests of fractional crysfallization~do not indi-
cate that this is the major method of magma differentiation
taking place at Newberry Crater, a conclusion which is con-
sistent with the lack of intermediate silicic rocks. How-
ever, fractional crystallization can not be ruled out com-
pletely as a means of magma differentiation there. 1t is
probably limited to generating small deviations from the

primary magma(s) which may be involved in forming the rocks

at Newberry Crater.




SOME ASPECTS OF PARTIAL MELTING

In some ways, partial melting may be thought of as the
opposite of fractional crystallization, but there are several

important differences. First, a different type of equilib-

rium is probably involved. The process is most likely a
relatively slow one and bulk equilibrium, rather than the
surface equilibrium of rapid crystal fractionation, must

play the major part as far as laws governing the distribution

of minor and trace elements. That in itself is not a problem

because this type of equilibrium can be handled theoretically,
but the mineral assemblage in the part of the Earth where the

partial melting takes place is unknown. Pressure-temperature

experiments have been run on several types of rocks, but no

definite assemblages have been assigned or even agreed on by
petrologists. Green and Ringwood (1968) and O'Hara (1970)

attempt to determine the composition of the upper mantle

experimentally, but give no indication of what could be

called definite assemblages. For this reason, no in-depth

attempt will be made to model partial melting as a differen-
tiation process.

Pichler and Kussmaul (1972), Pichler and Zeil (1971),
Taylor, et al. (1969), and Kay, et al. (1970) have each
proposed partial melting of the crust and upper mantle in

various ways to account for the origins and differentiation
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of various basalts, andesites, and rhyolites.

Kushiro (1969) and Yoder (1971) have studied partial
melting in terms of the diopside-forsterite-quartz system
and have advanced the partial melting theory on the basis of
high pressure work. The stability fields of the components
change vastly between one atmosphere and 20 kilobars of water
pressure. The first high silica melt at 20 kilobars pressure
lies within the pyroxene stability field of this system.
Figure 7 shows the diopside-forsterite-quartz system at one
atmosphere pressure with dotted lines and the system at 20
kilobars water pressure with dashed lines. Groupings of the
normative analyses of Newberry rocks are also plotted on it.

Yoder (1969) cites experimental evidence for partial
melting of a peridotite under different water pressures
yielding different mineral assemblages. In dry conditions
basaltic rocks (similar to group 1 in Figure 7) are the first
formed, in wet conditions at 20 kilobars water pressure
rhyolites (similar to group 4 in Figure 7) are first formed
and, after the first phase of melting is completed and with
an increase of temperature, andesites (similar to the center
of group 2 in Figure 7) are the next formed rocks. Points on
the normative plot of Newberry rocks, with the exception of
the older Amota Butte series, are located near the compo-~

sitions indicated by Yoder.

Progressive melting with removal of the resulting

liquids may be a good type of model to form magmas without
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Figure 7.
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The Dicpeide-Fosterite-Silice System. The dotted lives ladicare [ields of stability at 1 ocw alter
Bowens {1928). The dashed linas indicata fields of stability at 20 kb water pressuce afcer Kuvhiro
(1969). The clcsed lines represunt areas corrosponding to Newberty sasples: 1) FS-B; 1) Basalt~
Andesitee; 3} Amota Butie Serles; and 4) Rhyolites.
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; : having large amounts of intermediate compositions involved.

2 i

Magmas formed in this manner could be responsible for the

s oDk

primary differences in composition in rocks found at Newberry

Crater.
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SUMMARY AND CONCLUSIONS

The analytical data for a suite of Newberry Crater
rocks are presented in Tables la through 1f. Variation dia-

grams for each element analyzed are given in Figures 3a

through 3d.

Four major groupings of rocks are found at Newberry
Crater, the basaltic-andesites, the high-iron basalts, the

Amota Butte series, and the rhyolites.

The high-iron basalts do not fit well into any scheme
or model of differentiation discussed in this dissertation.

These rocks are pre-pumice in age, indicating they are pre-

collapse in age.

The Amota Butte series of rocks is important in that

it may compositionally represent a body of magma apparently

involved in a mixing process. The rocks are several miles

from the caldera and pre-Mazama ash in age. The fractional

crystallization model indicates that their composition can
be formed from the basalt-andesite group of rocks except for

some trace element abundances.

Examination of the variation diagrams indicates that
mixing of two primary magma types may be the main type of

magma differentiation process which formed the basaltic-

andesite rocks in the suite. The exact silica concentrations

pf the magmas involved could not be established, but one
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must have a silica concentration of around 65% as determined
from the chromium variation diagram.

The lack of differentiates with intermediate silica
contents and the unsatisfactory results from mixing models
argue strongly against fractional crystallization on a large
scale as the major means of magma differentiation at Newberry
Crater. It may account for deviations from the mixing line
and other small observed differences in the rocks.

The pumice, cinder cones, and vesicles in lava indi-
cate that volatile transfer might have played a minor part
at Newberry Crater.

As exemplified by Yoder's work with the diopside-
forsterite-silica ternary diagram, partial melting may help
explain the composition of rocks at Newberry Crater. With
our present kﬁowledge, this does not ekplain the composition
of the Amota Butte series nor the linear trend of composi-
tions of the basaltic-andesites toward the Amota Butte

series. No single model is likely to explain magma differ-

entiation and rock relationships at Newberry Crater.




APPENDIX I
SAMPLE LOCATIONS

Appendix I gives the locations from which samples were

collected and contains topographical maps of the Newberry

Crater Quadrangle for reference.

The order of samples cor-

responds to that in Tables la through 1f.

Sp-1

SS5P-F

B8-5

ILCF-F

Basalt-Andesites

Sugar Pine Butte Flow R1l1lE, T20S, Sec 23. Northwest
slope from beside road. :

Red Slide Cinder Cone R12E, T21S, Sec 23. Wall of
crater north of Paulina Lake.

South Sugar Pine Flow R11E, T20S, Sec 25. Northwest
slope from dead end road at base of unnamed butte.

Kwinnum Butte Flow R12E, T20S, Sec 35. Pre-Mazama
flow from roadcut.

Fuzztail Butte Cinder Cone R13E, T20S, Sec 6. North-
east slope.

Pilpil Butte Cinder Cone R12E, T21S, Sec 1. North
slope, upper of two flows in roadcut.

Lava Road Flow R12E, T20S, Sec 21. Northwest fissure
near road.

Unnamed Dry Gulch Flow R11E, T21lS, Sec 1ll. Northwest
slope, upper of two flows in roadcut.

Lava Cast Forest Flow R12E, T20S, Sec 34. Northwest
fissure south of campground.

Red Butte Cinder Cone R13E, T23S, Sec 22. Southeast
slope.
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ILB

CH-F

NS-1

LC-1

LP-F

SU-F

B10-1

MB-1

EPP-2

V-F

FI-B

o,;

Interlake Basalt Flow R12E, T21S, Sec 25. Crater

floor from north wall, sample from above trail on
Paulina Lake shore.

North Paulina Peak Cinder Cone R12E, T21S, Sec 24.
North slope near crater.

Devils Horn Butte Cinder Cone R13E, T22S, Sec 17.
Southeast slope.

Cinder Hill Butte Cinder Cone R13E, T21S, Sec 1l4.
Northeast slope, this sample is post-Newberry pumice

in age.
Cinder Hill Flow (not from Cinder Butte) R13E, T21S,

Sec 14. This sample is pre~Newberry Pumice from a

roadcut 1/4 mile east of Cinder Hill Butte, northeast
slope.

North Summit Flow R12E, T21S, Sec 13. On northwest
fissure.

Lava Cascade Flow R12E, T21S, Sec 3. Northwest
fissure from lower part of cascade.

Lava Pass Flow R12E, T20S, Sec 31. Northwest fissure
from near road.

Surveyor Flow R12E, T22S, Sec 32. South slope.

Fissure Cinder R13E, T21S, Sec 19. North wall of
caldera, north of East Lake.

Resort Lava Flow R13E, T21S, Sec 29. Caldera floor.
Mokst Butte Flow R12E, T20S, Sec 22. Northeast slope.

East Paulina Peak Cinder Cone R13E, T21S, Sec 28.
East slope between caldera wall and east fissure.

Twin Vents Flow R12E, T20S, Sec 22. Northwest
fissure.

Finley Butte Cinder Cone R1lE, T22S, Sec 20. South-
west slope.

LB~1 through LB-5 Lava Butte Flows represénting five

distinct flow units R11E, T19S, Sec 24. Extreme end
of northwest fissure.
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High-Iron Basalts

Unnamed Dry Gulch Flow R11lE, T21S, Sec 1ll. Northwest

slope, lower of two flows in road cut.

through NPP-3 North Paulina Peak Flows R12E, T21S,

Sec 24. North-central caldera wall.

Fissure Cinder Cone R13E, T21S, Sec 19. North caldera

wall above East Lake.

North Wall Andesite Flow R12E, T21S, Sec 24. North
caldera wall. :

Amota Butte Series

AM-1 through AM-8 Amota Butte Flows R13E, T23S, Sec 28.

Southeast slope, from pre-Mazama pumice fault scarp.

Rhyolites

PP-4 through PP~9 South Paulina Peak Rhyolites R12E, T22S,

R8-2

PUMICE

R8-3

BOF

ILO

Sec 10, 11. Roadcut samples.

Rhyolite Dome R13E, T21S, Sec 31. East of Big
Obsidian Flow on caldera flow. . i

fouy ©
From beside road near southeast rim of crater.

Rhyolite R13E, T21S, Sec 20. Float from north side
of East Lake.

Big Obsidian Flow R12E, T21S, Sec 36. Toe of flow.

Interlake Obsidian Flow R12E, T21S, Sec 25. Near
Paulina Lake.

CH-1 and CH~3 China Hat Rhyolite Dome R14E, T22S, Sec 10.

East slope from road cuts.

MC-2A and MC-2B McKay Butte Rhyolite Dome R11lE, T21S,

Sec 24. West slope.

EAB-1 and EAB-3 East Butte Rhyolite Dome R14E, T22S, Sec 13.

East slope from road cuts (just off map on Figure I=-
14, see Figure 1).
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Newberry Area Samples

Firestone Butte Flow R15E, T22S, Sec 7. East slope,

pre-Newberry pumice (just off map on Figure I-1d,
see Figure 1).

Paulina Falls Tuff R12E, T21lS, Sec 34.

Thick unit
below falls.

and 19 High Cascade Flows from the McKenzie Pass area
(not on maps}.

Sims Butte on Route 242 from vertical cut.

Little Belnap Flow on the Skyline Trail 1 1/2 miles
west of Dee Wright Observatory.

Yapoah Cone 1 1/2 miles northwest of Black Crater.

Black Rock Butte Flow R7E, T24S} Sec 24. High
Cascades quartz bearing basalt (not on maps).

PM-1 and PM~-3 Pine Mountain Rhyolite R15E, T20S, Sec 28

PM~2

and R15E, T21S, Sec 9. 1 from road cut and 3 from
bluff 1/4 mile northwest of road (see Figure 1).

Pine Mountain Andesite R15E, T20S, Sec 28.
cut (see Figure 1).

From road
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APPENDIX II
MOLECULAR NORM CALCULATIONS

Norms are recalculated rock analyses in which oxide

analyses are converted into a standard set of mineral

molecules. They offer a system in which rock analyses can

be quantitatively studied and compared from a petrological

point of view. The calculations are simple and, in most

cases, the normative minerals correspond well with minerals

observed in natural systems.

Norm calculations must be made in the right sequence

and the rules for the calculations adapted from Barth (1951)

follow. These rules are based on equivalent molecular units

for ease in calculations.

1, Calcite is formed from CO, and an equal amount of

Cao.

2. Apatite, AP, is formed from P,0¢ and 3.33 times

this amount of CaO.

3. Pyrite is formed from S and half this amount of

FeO.

4. Ilmenite, IL, is formed from TiO2 and an equal

amount of FeO.

5. The alkali feldspars (orthoclase, OR, and albite,

AB) are formed provisionally from KZO and Na20 combined in

o




(4

the right proportions with A1203 and Si02.

6a. If there is an excess of A1203 over K20 + Na20,
it is assigned to anorthite, AN, one half the remaining
amount of Ca0 being allotted to the excess of A1203.

6b. If there is an excess of A1203 over this Cao,

it is calculated as corundum, CO.

6c. If there is an excess of CaQ over this A1203 of

6a, it is reserved for wollanstonite, WO (8).

7a. If in 5 there is an excess of Na20 over Al203,
it is to be combined with an equal amount of Fe,0, to form
the acmite molecule. There is then no anorthite in the norm.

7b. 1f, as usually happens, there is an excess of
Fe203 over Na20, it is assigned to magnetite, MT, one half
the remaining amount of FeO being allotted to it out of what
remains from the formation of pyrite and ilmenite.

8. Wollanstonite, WO, is formed from the amount of
Ca0O left over from éa.

9. Enstatite, EN, and ferrosilite, FS, are formed
provisionally from all the MgO and FeO remaining from the
previous allotments.

10a. If there is an excess of Sioz, it is calculated

as quartz, QZ.
| 10b. If there is a deficiency of Sioz, minerals of a
lower degrée of silification have to substitute, in part or

wholly, for those minerals that were formed provisionally.

Wollanstonite, WO, would be combined with an equal amount of



enstatite, EN, plus ferrosilite, FS, to form diopside, DI.
The excess.enstatite and ferrosilite form hypersthene, RHY.
The proportion of Fe0O to MgO should be the same for diopside,
hypersthene, and olivine.

10c. The necessary amount of enstatite and ferrosilite

remaining from 1l0b is converted into olivine, OL (forsterite,
FO, and fayalite, FA), according to the equatidn

4EN = 3FO + 1QZ.

10d. 1If there still is not enough 5102 in the analysis,

albite, AB, is turned into nepheline according to the equation

5AB = 3NE + 2QZ.

l0e. Finally, if the analysis is very low in SiO2

orthoclase, OR, is in part or wholly converted into leucite

50R = 4LE + 1Q2Z,

10f. In rare cases there is not even enough SiO2 to

form leucite. Then kaliophilite is formed

4LE = 3KP + 1QZ.
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