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The Canyon Mountain complex (CMC) of northeast Oregon is a fore-

arc-related ophiolite. Gabbro intrudes through and is not genetically

related to the harzburgite. Transition zone cumulates are derived

from fractionating gabbro and the minor injection of Cr and Ni en-

riched, LREE depleted magma. The gabbro is a differentiated sequence

with an olivine, two pyroxene parent represented by pods and dikes

within the harzburgite. Succeeding fractionates are two-pyroxene

gabbro which crystallized at a higher P1
o'

two pyroxene gabbro with
2

minor olivine, norite, and quartz norite. Orthopyroxene is more

abundant in the CMC gabbro than in other ophiolitic gabbros, suggest-

ing an origin by partial melting of a hydrous source. Transition

zone rocks and primitive gabbro are tholeiitic. More evolved CMC

gabbro is caic-alkaline. The CMC is strongly LREE depleted, with

REE abundances similar to other ophiolites.

Plagiogranite and diabase intrude the CMC and pinch out down-

ward in the section. The host gabbro was solid but above temperatures

of about 600°C and is partly recrystallized adjacent to plagiogranite
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sills. The source of the plagiogranite may have been partial fusion

of altered oceanic gabbro into which the CMC gabbro magma was intruded.

The CMC is associated with a Permian to Triassic forearc terrane

of greenstones, plutonic ophiolitic fragments, metasediments, and

serpentinite melange. Relict clinopyroxene compositions indicate

that some greenstones associated with Elkhorn Ridge Argillite cherts

are alkalic and represent seamount or transform basalts. These rocks

are LREE enriched. Most other basaltic greenstones are calc-.alkaline

to arc tholeiite and have REE patterns with slight negative Eu anoma-

lies. Their major element data are caic-alkaline and within island

arc fields. Gabbros from a disrupted ophiolite in this terrane are

tholeiitic with trace element abundances and mineral compositions

distinct from the CMC.

The Canyon Mountain complex represents early forearc magmatism

generated by hydration and partial melting of depleted upper mantle

adjacent to the leading edge of the subducted slab. Forearc ophio-

lites may be recognized by diapiric harzburgite structure, abundant

orthopyroxene, high K20, low hO2, plagiogranite and diabase sills,

rarity of mafic volcanics, and the nature of the surrounding terrane.



Petrology and Regional Setting of Peridotite and Gabbro
of the Canyon Mountain Complex, Northeast Oregon

by

Ellen Domaratius Mullen

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Doctor of Philosophy

Completed March 16, 1983

Commencement June, 1983



APPROVED:

Professor of Geology
in charge of major

Head o Department of çeology

Dean of/G*aduate School

Date thesis is presented rch 16, 1983

Typed by Marge Bright for Ellen Domaratius Mullen

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy



AC KNOWLEDGMENTS

Investigation of the Canyon Mountain complex and the surround-

ing terrane has been pursued by the writer with varying degrees of

intensity throughout the past seven years. This work has been sus-

tained with the help and countenance of several organizations and

many individuals.

Foremost of these is Richard S. Mullen, who never failed to

provide moral and financial support, and who has been a constant

source of encouragement. Without his concern and sacrifices, this

research could not have been accomplished. The writer is deeply

grateful for his unflagging help, patience, and understanding.

The long-term interest and support of the writer's parents,

William and Laura Ellen Domaratius, is also acknowledged.

Many individuals in eastern Oregon, including Dennis Dall

and Clinton P. Haight, Jr., cheerfully allowed the writer access

to their property. Special thanks are extended to the Hon. and

Mrs. Robert Campbell and Judge Francis Cole for their generosity

and companionship.

The interest and suggestions of Dr. Thomas P. Thayer provided

much inspiration. The writer's appreciation of the Canyon Mountain

cor.iplex and its problems has been greatly enhanced through corres-

pondence, discussions, and five days in the field with Dr. Thayer.

Dr. Francoise Boudier and Dr. Maxirne Misseri worked with the

writer for portions of two field seasons. Joint observations and

many discussions on the outcrop were invaluable aids in recognition

of significant structural and petrologic features.



Many other scientists contributed toward this research

through discussions or help with analyses. Professor Hans Ae

Lallemant and Professor William P. Leeman participated in several

interesting conversations, as well as two days in the field in

early 1980. Discussions in the field with Howard Brooks and

Mark Ferns have also been enlightening. Professor M. Allan Kays

of the University of Oregon, and Dr. T. L. Valuer of the U. S.

Geological Survey have been sources of helpful suggestions and

encouragement.

Professor Peter Hooper of Washington State University pro-

vided major element analyses of 20 greenstones collected by the

writer, and also performed all major element analyses of Canyon

Mountain complex samples. The microprobe at the University of

Oregon was made available by Professor Daniel Weill. Analytical

work was supervised and standardized by Michael Schaffer, who

acted as co-analyst, and who deserves credit for the high quality

of the analyses. Trace element analyses on whole rock samples

by INAA were conducted at the Oregon State University Radiation

Center. Professor Roman Schmitt, Dr. Monty Smith, Dr. Scott Hughes,

and Mike Conrady all contributed to learning proper analytical

techniques, and made sample preparation and counting equipment

available at critical times.

In any scientific endeavor, persistance, independence of

thought, and attention to detail in observation, consideration,

and writing are of paramount importance. Professor W. H. Taubeneck



has sought to impart these principles to his students through ex-

ample and suggestion. His careful editing and concern for precise

expression substantially improved this dissertation.

Field and analytical work on the Canyon Mountain complex were

partly supported by a grant from the Oregon Department of Geology

and Mineral Industries and by the Penrose Fund of the Geological

Society of America (Grant 2887-81). All microprobe analyses of

relict minerals in greenstones and plutonic rocks of the forearc

terrane were generously supported by W. J. Bowes Mining.



TABLE OF CONTENTS

Page

INTRODUCTION

The Ophiolite Concept and the Canyon Mountain Complex

General Characteristics of Ophiolites

Previous Investigations of the Canyon Mountain Complex

Unresolved Problems of the Canyon Mountain Complex

FIELD RELATIONS AND PETROGRAPHY OF PERIDOTITE AND GABBRO
OF THE CANYON MOUNTAIN COMPLEX

Harzburgite Tectonite

Pyroxenite Dikes

Podiform Chromitites

Rocks of the Transition Zone

Field Relations

General Petrography of the Transition Zone

Detailed Field Relations of the Transition Zone

Field Relations, Ridge 4

Field Relations, Celebration Ridge

Petrography and Mineral Chemistry of Upper Celebration
Ridge

Mineralogical Considerations for Transition Zone
Crystallization

Zone of Infiltration

Units of the Zone of Infiltration

Zone A

Zone B

Zone C

1

1

4

9

11

16

17

22

23

38

39

45

47

47

48

53

69

71

7

72

77

77



ZoneD 79

Origin and Significance of the Zone of Infiltration 81

Gabbro of the Canyon Mountain Complex 87

Gabbro of Gwynn Gulch 88

Gabbro of Bear Skull Rims 94

Gabbro of Table Camp gg

Gabbro of Pine Creek Mountain 101

Surnary: Characteristics of Gabbro Units 103

Crystallization History of the Gabbro of the Canyon 104

Mountain Complex
109

Zone of Recrystallization

Central Zone of Plagiogranite and Migmatite 109

Zone of Partial Recrystallization (Gneissic Zone) 114

Poikiloblastic Zone 116

Diabase and Plagiogranite in the Zone of

Recrystallization 116

Origin and Significance of the Zone of

Recrystallization 119

MAJOR ELEMENT GEOCHEMISTRY OF PERIDOTITE AND GABBRO OF THE

CANYON MOUNTAIN COMPLEX
127

Major Element Abundances in Tectonite Harzburgite 127

Major Element Abundances in Rocks of the Transition Zone 129

Major Element Abundances in Gabbro 132

Major Eleiient Variation in Peridotite and Gabbro of

the Canyon Mountain Complex 134

Geochemical Affinity of the Canyon Mountain Complex 137

Sumary of Major Element Geochemistry 147



TRACE ELEMENT GEOCHEMISTRY OF PERIDOTITE AND GABBRO OF THE

CANYON MOUNTAIN COMPLEX 149

Rare Earth Elements 149

Rare Earth Element Geochemistry of Peridotite 151

Rare Earth Element Geochemistry of the Rocks of

the Transition Zone 153

Rare Earth Element Geochemistry of Gabbro 155

Comparison of REE Geochemistry to Other Ophiolites 163

Rb and Sr in Peridotite and Gabbro 166

Cr and Ni in Peridotite and Gabbro 166

Co and Sc in Peridotite and Gabbro 170

Sumary of Trace Element Geochemistry 171

PETROGENESIS OF THE CANYON MOUNTAIN COMPLEX 173

REGIONAL SETTING OF THE CANYON MOUNTAIN COMPLEX 190

Volcanic Greenstones and Associated Metasediments 192

Field Relations and Petrography of Greenstones
Associated with Chert

192

Field Relations and Petrography of Other Greenstones 194

Implications of Field and Petrographic Data 197

Major Element Geochemistry of Greenstones 198

Trace Element Geochemistry of Greenstones 205

Rare Earth Elements
205

Hf/Ta/Th
209

Relict Clinopyroxenes of Greenstones 209

Summary: Igneous Association and Origin of Volcanic

Greenstones
223

Perjdotjte and Gabbro of the Forearc Terrane 225



Field Relations and Petrography of Peridotite and Gabbro

Major Element Variation in Gabbro 227

Rare Earth Elements in Peridotite and Gabbro 227

Relict Clinopyroxenes of Peridotite and Gabbro 231

Nature of the Terrane 236

ORIGIN OF THE CANYON MOUNTAIN COMPLEX AND ITS RELATION TO

THE FOREARC TERRANE 238

B I BL I OGRAPHY
252

APPENDIX 1. DEFINITION OF OPHIOLITE BY THE 1972 PENROSE

CONFERENCE
261

APPENDIX 2. FIELD SETTING OF THE CANYON MOUNTAIN COMPLEX 262

APPENDIX 3. ANALYTICAL METHODS 265

APPENDIX 4. SUMMARY OF A4ALYZED SAMPLES 271



LIST OF FIGURES

Figure

1. General reference map of the Canyon Mountain
complex

2. General stratigraphy of ophiolites and the Canyon
Mountain complex

3. EDS images of chromite grains

4. Composition of chromite and associated silicates

5. Numerical designation of ridges, Canyon Mountain
complex

6. Lithologies of the transition zone

7. Pyroxene quadrilateral of the upper transition
zone

8. Cryptic variation of major constituents in minerals
of the upper transition zone, Celebration Ridge

9. Cryptic variation of minor oxides in minerals of
the upper transition zone, Celebration Ridge

10. Lithologies of the Zone of Infiltration

11. Gabbro dikes in the Zone of Infiltration

12. Mechanisms of layered dike development

13. Olivine two-pyroxene gabbro of Gwynn Gulch and
Table Camp

14. Two-pyroxene gabbro of Bear Skull Rims and Pine
Creek Mountain

15. Lithologies of Bear Skull Rim and Pine Creek
Mountain gabbro

16. Crystallization of the Canyon Mountain complex
gabbro in the system Fo-Di-Q (H20)

17. Crystallization of the Canyon Mountain complex
gabbro in the basalt-water system

Page

2

5

26

34

40

41

66

67

68

73

78

80

90

95

96

106

107



Figure
Page

18. Migmati tic textures of Norton basin 111

19. Lithologies of the migmatitic and gneissic zones 112

20. Petrography of recrystallized gabbro 113

21. Lithologies of the poikiloblastic zone 115

22. Si02 variation diagram for tectonite peridotite and

cumulate gabbro of the Canyon Mountain complex 135

23. Si02 variation diagram for rocks of the transition

zone of the Canyon Mountain complex 136

24. Ca0:Al03:Mg0 diagram for tectonite peridotite,
cumulate gabbro, and rocks of the transition zone

Canyon Mountain complex
138

25. K20/Si02 diagram for tectonite peridotite, cumulate

gabbro, and rocks of the transition zone 140

26. 1i02/FeO*:rlgO diagram for peridotite and gabbro of

the Canyon Mountain complex 141

27. Si0/Fe0*:MgO diagram for peridotite and gabbro of

the Canyon Mountain complex 142

28. Si0/FeO*:Fe0*+MgO diagram of tectonite peridotite
and cumulate gabbro of the Canyon Mountain complex 143

29. Si0/FeO*:FeO*+MgO diagram for rocks of the transi-
tion zone of the Canyon Mountain complex 144

30. AFM diagram for gabbro and peridotite of the Canyon

Mountain complex
145

31. MnO/T102/P205 diagram for gabbro of the Canyon

Mountain complex
146

32. REE for peridotite of the Canyon Mountain complex 152

33. REE for rocks of the transition zone
154

34. REE for gabbro dikes in harzburgite
156

35. REE for gabbro of Gwynn Gulch
157

36. REE for gabbro of Bear Skull Rims 158



Figure Page

37. REE for gabbro of Table Camp 160

38. REE for gabbro of Pine Creek Mountain and re-
crystallized gabbro 161

39. Range of REE in gabbros of ophiolites 164

40. Range of REE in transition zone cumulates of
ophiolites 164a

41. Cr varience with stratigraphy, peridotite and
gabbro 168

42. Ni varience with stratigraphy, peridotite and
gabbro 169

43. Peridotite stability in the system MgO-A1203-
Si02-CaO 176

44. Permian and Triassic terranes of northeast Oregon 191

45. Normative compositions of NE Oregon greenstones 200

46. CaO-Na20 relations in northeast Oregon greenstones 202

47. AFM diagram of northeast Oregon greenstones 203

48. MnO/Ti02/P205 diagram of northeast Oregon green-
stones 204

49. REE of northeast Oregon greenstones 207

50. Hf/Ta/Th diagram for northeast Oregon greenstones 210

51. Pyroxene quadrilateral of northeast Oregon green-

stones 219

52. Si02-TiO2 in clinopyroxene from northeast Oregon 220

greens tones

53. S102-A1203 in clinopyroxenes from northeast Oregon
greenstones 221

54. MnO/T102/Na20 in clinopyroxenes from northeast
Oregon greenstones 222

55. AFM diagram of gabbros of the forearc terrarie 228

56. TiO2/FeO*:MgO diagram for gabbro of the forearc terrane 229



Figure fage

57. Si02/FeO*:MgO diagram for gabbro of the forearc
terrane 232

58. REE of gabbro and peridotite of the forearc terrane 233

59. Pyroxene quadrilateral for relict clinopyroxene in
gabbro and peridotite of the forearc terrane 234

60. REE models for plagiogranite source rocks 240

61. Schematic model for origin of CMC and forearc
terrane 246



LIST OF TABLES

Table Page

1. Modal analyses of harzburgite, dunite, and
pyroxenite 20

2. Compositions of chromites 28

3. Compositions of silicates in podiform chromitite 30

4. Modal analyses of 579 sequence, upper Celebration
Ridge 55

5. Olivine of 579 56

6. Orthopyroxene of 579 57

7. Clinopyroxene of 579 58

8. Plagioclase of 579 60

9. Alteration of plagioclase to hydrogrossular, 579A 61

10. Accessory phases of 579 sequence 62

11. Modal analyses of gabbro 91

12. Major element analyses of peridotites of the Canyon
Mountain complex 128

13. Major element analyses of the upper transition zone,
Celebration Ridge 130

14. Major element analyses of gabbro of the Canyon
Mountain complex 133

15. Trace element analyses of rocks of the Canyon Moun-
tain complex in ppm 150

16. Fractionation of Gwynn Gulch gabbro to Bear Skull
Rim composition 182

17. Fractionation of Bear Skull Rim gabbro to Table
Camp gabbro 183

18. Fractionation of Bear Skull rim gabbro to Pine
Creek Mountain gabbro 184



Table
Page

19. Summary of CMC gabbro fractionation 185

20. Major element analyses of greenstones 199

21. Trace element abundances in northeast Oregon green-
stones 206

22. Relict clinopyroxene compositions of alkalic green-
stones 212

23. Relict clinopyroxene compositions, MV-48 213

24. Relict clinopyroxene compositions of MV-48A 214

25. Relict clinopyroxene compositions, BR-52 215

26. Relict clinopyroxene compositions, BR-61 216

27. Relict clinopyroxene compositions, V-252 217

28. Plagioclase of DXB-20 218

29. Major element analyses of plutonic ophiolitic rocks 226

30. Relict clinopyroxenes of plutonic ophiolitic rocks 230

31. A classification of ophiolites 247



LIST OF PLATES
(In pocket)

Plate

1, Petrologic units of the Canyon Mountain complex.

2. Geologic map of the Canyon Mountain complex.

3. Geologic map of Celebration Ridge.

4. Geologic map of Norton basin.

5. Geologic map of Canyon Mountain.

6. Greenstones and related rocks of the northern Blue
Mountains, northeast Oregon.



PETROLOGY AND REGIONAL SETTING OF
PERIDOTITE AND GABBRO OF THE
CANYON MOUNTAIN COMPLEX,

NORTHEAST OREGON

I NTRODUCT ION

The Ophiolite Concept and the
Canyon Mountain Complex

The term "ophiolite" is derived from the Greek "ophi", or

"serpent", for the comon abundance of serpentinite in these dis-

tinctive rock assemblages. A complete ophiolite is an orderly rock

sequence consisting of peridotite overlain by gabbro which is intruded

and re-intruded by basaltic dikes which feed overlying pillow lavas

and are capped by pelagic sediments. The concept of an ophiolite

as a meaningful, coherent entity was introduced by Steinman (1927)

and was defined for present usage by the 1972 Penrose conference on

ophiolites. (See Appendix 1.) Ophiolites have been studied inten-

sively because they serve as readily available examples of spread-

ing ridge systems and oceanic crust. Although field, petrologic,

structural, and geochemical investigations have resulted in better

understanding both of ophiolites and of oceanic and upper mantle

systems, we are only beginning to distinguish ophiolites of dif-

ferent petrologic and tectonic settings. Efforts to thoroughly

understand these rocks are hampered by limited exposure, missing

units, severe deformation, and, more significantly, by the tools

available to forge our concepts and construct our working models.

This study focuses on relations between gabbro and peridotite

in the Canyon Mountain complex (CMC), a Permian ophiolite of somewhat
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anomalous character in northeast Oregon which was visited by the 1972

Penrose Conference participants. (Figure 1). It is spatially and

temporally associated with a melange-like terrane which includes cherts,

alkalic greenstones, early arc greenstones, and ophiolitic fragments,

and has been interpreted as melange (Dickinson, 1979), ocean basin

(Brooks and Valuer, 1978), and a forearc region related to the Seven-

Devils arc (Mullen, 1982). The silicic character of the upper Canyon

Mountin complex has led recent workers (Age Lallemant, 1976;

Hininelberg and Loney, 1980; Gerlach, 1980; Gerlach, et al., 1981)

to interpret the CMC as an island-arc related ophiolite. Thus a study

of the petrogenesis of these rocks may further our understanding not

only of the specific petrology and tectonics of the Canyon Mountain

complex, but potentially has broader implications for the understanding

of the generation of island arcs and the crust upon which they are built.

This dissertation utilizes field, petrographic and geochemical

data to determine genetic relations between gabbro and peridotite,

and to determine whether the gabbro and cumulate ultramafic rocks

are products of a single or of multiple magmas. Observations per-

tinent to the origin of diabases and late silicic magmas of the

Canyon Mountain complex are included. Finally, the study considers

the regional petrologic and tectonic setting of this ophiolite, and

combined with conclusions based upon petrologic work, discusses the

probable origin and significance of the Canyon Mountain complex,

and its possible implications for ophiolites of similar character,

as well as the evolution of arc-derived crust.
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General Characteristics of Ophiolites

The nearly complete, coherent ophiolites which have been re-

cently investigated via field, petrographic, structural, and geo-

chemical studies include the Samail ophiolite of Oman; Troodos com-

plex, Cyprus; Vourinos complex, Greece; Zambales range, Luzon; Bay

of Islands, Newfoundland; Point Sal, California; Josephine Peridotite

southwest Oregon and Canyon Mountain complex, northeast Oregon. These

are all Phanerozoic tabular masses which vary from five to 475 kilo-

meters in length, and from two to 80 kilometers in width. They con-

tain a basal harzburgite (depleted peridotite) with 70-75 percent

modal orthopyroxene (En8795), 20-25 percent modal olivine (Fo8892),

less than five percent modal diopside (usually Cr-enriched), and Cr-

spinel (chromite) of about two percent. These peridotites comprise

20-50 percent of most ophiolites, and are strongly foliated, with a

tectonite fabric which seems to indicate deformation by plastic flow

in the upper riantle. Bands of orthopyroxene and aligned spinels also

define foliation and lineation in outcrop. Thickness of basal

harzburgites is generally between two and five kilometers. Overall,

the harzburgite sections of ophiolites are too thick to have accumu-

lated differentiation of a basaltic or picritic melt parental

to the entire sequence. This, plus their extremely depleted geo-

chemistry and mineralogy, suggest the harzburgite is refractory

mantle residue which has undergone two or more episodes of partial

melting and is genetically unrelated to the overlying gabbro.

Mineralogy and chemical composition of tectonite harzburgite are
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generally homogeneous throughout the section, although dunite and

lherzolite lenses occur in most harzburgites of ophiolites. The

small bodies of dunite may be concordant with structure and be of

probable igneous origin or they may be discordant, and may have

formed late in the history of the ophiolite via metasomatic reactions

(Dungan and Ae Lallemant, 1977) or reaction between gabbro and harz-

burgite wall rock (Quick, 1982). Structurally concordant and dis-

cordant websterite veins and dikes, cornonly 10-30 cm wide, mostly

represent remobilized fluid from the harzburgite, rather than

11exotic11 melt.

Podiform chromite bodies with cumulate textures are associated

with dunites throughout the harzburgite section. The chromitites are

most comon at two stratigraphic locations: In the center of the

harzburgite and near the top of the tectonite harzburgite section

just below the contact with cumulate peridotites and gabbro. Among

the podiform chromitites, Cr203 content, Cr/Cr+Al and Fe/Fe+Mg of

chromite vary with stratigraphic position and associated mineralogy,

and have a much greater range than in chromitites from stratiform

intrusions such as the Bushveld or Stillwater complexes. High Cr203,

Cr/Cr+Al, and low Fe/Fe+Nlg are characteristic of deposits within the

harzburgite. Low Cr203 and Cr/Cr+Al more commonly occur in chromi-

tites high in the tectonite ultramafic section near the contact with

the gabbro.

Between the tectonite harzburgite and overlying cumulate gab-

bros, a sequence of cumulate peridotites and mafic gabbros varying
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from less than one to greater than three kilometers thick usually

occur. They are referred to as the transition zone, or "meta-

cumulates", as they display both tectonite fabric and cumulate tex-

tures. They include variable amounts of pyroxenite, wehrlite,

websterite, lherzolite, with minor troctolite and other feldspathic

peridotites which occur as persistant layers (Oman), or as dis-

continuous lenses (Bay of Islands). Diapiric remobilization (Point

Sal) may disrupt the sequence. Gabbros interlayered with the transi-

tion zone peridotites are comonly olivine rich; anorthosites also

occur. Layers in the transition zone vary from centimeter to meter-

wide, both graded bedding and phase layering have been noted in well

preserved sections of Oman and Point Sal (Coleman, 1977). Transitions

between ultramafic lithologies may be gradual, but boundaries between

gabbro and peridotite are usually abrupt. Feldspars are very calcic,

An9097. Clinopyroxene is diopside. The amount of orthopyroxene

varies, indicating differences both in magma composition and pressure

of crystallization. However, orthopyroxene is seldom abundant, and

is absent in the transition zone of the Samail ophiolite.

Textures and compositions of rocks in transition zone cumulates

have been interpreted as indicators of conditions within the magma

chamber. For example, in the Samail and Bay of Islands ophiolites,

uniformly small drain size, adcumulate textures, and the occurrence

of slump blocks suggest rapid cooling and accumulation of ultra-

mafic crystal mush, in a possibly turbulent or seismically active

wedge-shaped magma chamber (Figure 2).
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Cumulate gabbros of ophiolites are commonly layered, and pro-

gress from basal olivine-clinopyroxene through orthopyroxene-

clinopyroxene to upper-level norite. Layering is common in lower

gabbro where it may be traced as continuous sequences for hundreds

of meters, although individual layers may persist for no more than

50 meters. Layering is usually rare to absent in the more isotropic

(unlayered) hypersthene-bearing upper level gabbro.

Cryptic variation, where it has been investigated (Samail,

Point Sal), is evident through the entire cumulate sequence. The

influx of new batches of magma similar in composition to earlier

magma is indicated by periodic compositional shifts in the cumulate

sequence.

A sheeted dike complex which may represent ascendant magmas at

the spreading ridge axis commonly intrudes and overlies the gabbro.

These dikes are generally several meters wide. Their origin and the

timing of their intrusion is not well understood. Generally they

are chilled against the gabbro and one another, and crosscut gabbro

structure. They are not deformed, but they may be more altered than

the gabbro they intrude. Although they demonstratably feed volcanics

in Point Sal, Troodos, and Samail, they pinch out downward in the

gabbro, and seemingly are not derived from it.

The "normal" ophiolitic sequence as defined by the 1972 Penrose

Conference, may include silicic magmas (plagiogranite) such as albite

granite, tonalite, trondjhemite, or diorite which are usually in-

truded into upper gabbros late in the magmatic history of the



ophiolite. These rocks are little deformed, and crosscut gabbro

structures, but they are usually not as altered as the mafic dikes.

The geochemistry of ophiolites is relatively uniform, although

the data may lead to conflicting conclusions based upon major and

trace elements. The content of CaO and A1203 in whole rocks and

minerals is high; Ti02 is not abundant in the ophiolitic system.

No strong iron enrichment trend is evident. In fact, despite the

seemingly oceanic affinity, no ophiolite plots on a Skaergaard or

Thingmuli tholeiitic trend. Gabbros are strongly depleted in large

ion lithophile (LIL) and incompatible elements, and have low overall

abundances (0.1 to 2.0 x chondritic) of rare earth elements (REE),

with marked depletion of light rare earth elements (LREE). Lower

gabbros have positive Eu anomalies, confirming their cumulate origin.

Most peridotites have such low abundances of fertile geochemical

components (REE, LIL) that gabbros could not be derived from them

by partial melting. Similarly, trace element data of the diabases

of ophiolites indicate that these rocks and the plagiogranites

are not derived directly by fractionation of the gabbroic magma.

Previous Investigations of the Canyon Mountain Complex

The geology of the Canyon Mountain complex (CMC) was first sys-

tematically studied by Thayer (1940). His early descriptive and

analytical work provided the first clear concept of a predictable

relation between chromite composition and stratigraphy in rocks which

would later become known as alpine ultramafics. Thayer (1964) later

defined the cumulate podiform nature of the chrome bodies, and showed
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that the assemblage of rocks (rock succession) of the Canyon Mountain

complex was distinctive (1963a). Additional mapping and petrologic

studies which focused on the CMC (Thayer l963b, 1976, 1977; Thayer

and Himelberg, 1968) resulted in correlation between the ophiolitic

sequence and rocks of mid-ocean ridges, and the recognition that

ophiolites probably are comprised of magmas from more than one

source (Thayer, 1977).

Recent investigations of the petrology of the Canyon Mountain

complex by Himelberg and Loney (1980) utilized mineral compositions

to determine gabbro-peridotite relations, and concluded that the

complex represents a cumulate sequence of gabbros and more leuco-

cratic rocks derived by partial melting of the underlying harz-

burgite.

Gerlach (1980) studied the origin of leucocratic components of

the complex and concluded (Gerlach et al., 1981; Gerlach et al.,

1981b) based upon rare earth and trace element data that plagio-

granites were derived by partial melting of hydrothermally altered

upper-level gabbros. Upper gabbro of the complex has been dated via

U/Pb as 278 my (Mattinson and Walker, 1980). 40Ar/39Ar dates for

the more leucocratic rocks are similar, and slightly younger (268-

263 my) (Sutter, in press).

Peridotites of the Canyon Mountain complex have an upper-

mantle-derived tectonite fabric. Ae Lallemant (1976) and Misseri

and Boudier (pers. comm., 1982) recognize two distinct vertically

oriented diapiric structures in the east and west portions of the

harzburgite which over-print mantle flow fabrics. Himmelberg and
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Loney (1980) have noted a horizontally oriented tectonite fabric in

the ultramafic rocks of the transition zone, and have consequently

labeled them hlmetacumulates.0 They further noted that cumulate

gabbro lacks tectonite fabric, and hence crystallized later and

under different circumstances than the metacumulate or tectonite

harzburgite which have similar fabrics.

Unresolved Problems of the Canyon Mountain Complex

The sequence of rocks at Canyon Mountain, then, is similar to

most ophiolites: basal harzburgite overlain by cumulate peridotite

and gabbro, and intruded by diabases and plagiogranite. The upper

sequence, however, is anomalously silicic with respect to "oceanic"

ophiolites, and many problems of the CMC remain to be resolved.

The origin of the tectonite peridotite in the Canyon Mountain

complex, and its relation to spatially associated gabbros and more

calcium and aluminum-rich cumulates presently is open to debate. As

noted previously, the prevalent interpretation of the harzburgite

unit of ophiolites is that it represents thoroughly depleted residue

from two or more episodes of partial melting (Hopson and Frano, 1977;

Dick, 1980; Boudier and Coleman, 1981; Hawkins and Evans, in press).

This interpretation is supported by its geochemically depleted

character, its refractory mineralogy, and the tectonite fabric

noted in these rocks (Den Tex, 1969; Nicholas et al., 1980).

However, other characteristics of the harzburgite noted at

Canyon Mountain and elsewhere suggest that the true origin of this
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peridotite may not be so straightforward. Although there is a very

strong tectonite fabric, textures are seldom so obscured that an

overall cumulate fabric is not subtly present in the rocks. In the

field, the harzburgite contains feldspars with cuspate textures

which may be interpreted in thin section as a late intercurnulus

phase. The rock on the east side of Baldy Mountain, in the Canyon

Mountain complex, seems to grade upward toward dunites and more

feldspathic, gabbroic rocks. Furthermore, the peridotites and mela-

gabbro of the transition zone commonly have strongly tectonized

fabrics which parallel trends in the harzburgite. Nowhere has a

strong structural discordance been noted between transition zone

ultramafic and gabbroic rocks and the harzburgite. The basal harz-

burgite at Tiebaghi, Massif de Sud, New Caledonia has been inter-

preted by Moutte (1982) to represent a cumulate subjected to later

tectonite flow. Thayer (pers. comm., 1982) has suggested a similar

origin for the CMC harzburgite.

Further evidence for the cumulate nature of the basal harz-

burgite is found in the textures and occurrence of the podiform

chromites. These rocks which are found throughout the harzburyite

section and at the base of the transition zone are clearly cumulate

(Thayer, 1964). Local precipitation, or formation as a boundined

layer could account for their lateral restrictions and pod-like

form. Several mechanisms have been proposed for their occurrence

within a tectonite, strongly deformed and depleted harzburgite.

Dickey (1975) suggested they were infolded after formation at higher
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levels. Lago, et al. (1982) invoked precipitation in a chamber

adjacent to a rising dunite or ultramafic magma. Most recently,

Hawkins and Evans (in press) called upon plastic refolding of pre-

ci p i ta tes.

However, each of these alternative models has some objection-

able features. Dickey's model is not compatible with observed

structure. No lineation or foliation has been reported which is

indicative of infolding. Lago, et al.'s model does not explain the

variation in Cr/Cr+A1 in spinels with stratigraphic height. Feeder

pipes of ultramafic magma called for in Lago et al.'s model have

never been observed or noted in the field. To further complicate

the understanding of harzburgite origin and relation to associated

gabbros, there is evidence (presented later in this work) for a link

between the abundance of gabbro veins within the harzburgite, and

variance in Cr/Cr+A1 in chromitites. Hence, the harzburgite may have

been in a mushy, hypersolidus state until fairly late in its history.

Harzburgite structure is generally consistant with the presence

of a tectonite fabric. However, in the Canyon Mountain complex,

structural interpretations of Ace Lallemant (1976) as well as Misseri

and Boudier (pers. comm., 1982) indicate that two diapirs are present,

rather than a horizontal mantle flow. An additional school of thought

links the texture and foliated or banded structure of the harzburgite

to igneous lamination (Moutte, 1982; Thayer, in prep.), rather than

to tectonite fabric.

Relations between gabbro and peridotites of the Canyon Mountain

complex - and of ophiolites in general - are not well understood.
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Contacts are obscure and usually gradational through a deformed

cumulate ultramafic and mafic sequence. The gabbro of Oman is con-

sidered intrusive into the peridotite by Boudier and Coleman (1981).

However, textural, mineralogical, and geochemical evidence also

has suggested in the Canyon Mountain complex (Himmelberg and Loney,

1980), in New Caledonia (Moutte, 1980; Nicholas et al., 1980) and

in the Josephine peridotite (Dick, 1977) that gabbro originates from

the underlying peridotite jj partial melting.

In several respects, the gabbro of the Canyon Mountain complex

is anomalous relative to most ophiolitic gabbros, which follow the

general succession of olivine + clinopyroxene - then clinopyroxene,

and then clinopyroxene + orthopyroxene. Most Canyon Mountain gab-

bros contain orthopyroxene. Furthermore, the "standard" ophiolitic

sequence progresses from layered basal gabbro to isotropic gabbros

within about 200 meters. High level gabbros and norites are unlay-

ered. At the Canyon Mountain complex, even the norites contain

sporadic but well-defined layering. Hence, compositions or con-

ditions of crystallization allowed the development of pronounced

layers through a considerable portion of the magma chamber.

Geochemical evidence is equivocal regarding the tectonic environ-

ment of ophiolite origin. Major element AFM plots for ophiolites

follow both tholeiitic and calc-alkaline trends. The gabbros and

diabases of Samail and Point Sal iphiolites are generally tholeiitic

in overall composition and trend. The Canyon Mountain complex is

generally caic-alkaline. Other geochemical parameters such as rare
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earth elements, or major, minor and trace element discriminant dia-

grams (Si:FeO*/MgO; MnO/Ti02/P205; Ti/Cr) yield tholeiitic or ocean

ridge affinities for most ophiolites. However, the rocks of the

Canyon Mountain complex tend to plot in caic-alkaline fields, sub-

stantiating their probable island arc origin.

The principal problem of the Canyon Mountain complex is to

reconcile its ophiolitic lithologic sequence with its overall

island arc geochemistry. This requires an understanding both of

field relations and the precise petrology of ultramafic and mafic

rocks. It relates to the question of the origin of early island

arc magmas, and the nature and evolution of crust upon which ensi-

matic arcs are constructed, and is the principal theme addressed

in this dissertation.
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FIELD RELATIONS AND PETROGRAPHY OF PERIDOTITE
AND GABBRO OF THE CANYON MOUNTAIN COMPLEX

The occurrence of good exposure throughout much of the Canyon

Mountain complex permits detailed mapping and an improved under-

standing of field and petrologic relations in this ophiolite. Plate 1

shows the petrologic units mapped at 1:48,000. A 1:12,000 scale map

(Plate 2) was made of approximately 23 square miles (60 square kilo-

meters), (Plate 2), which extend in a four-mile (six km) wide strip

from Highway 395, eastward about six miles (10 km) to the Ray Mine on

the east slope of Baldy Mountain, and on the north approximately

from the John Day Fault south beyond the crest of the Strawberry

Range approximately to Sheep Rock. Units defined in the field and

shown on this map are discussed below. Sample localities of analyzed

Canyon Mountain complex specimens are shown on Plate 2.

In addition to the 1:12,000 scale map, three critical areas

were mapped at a 1:6,000 scale: Celebration Ridge (Plate 3) for

transition zone, the Norton Creek basin for upper gabbro and recrys-

tallized norites (Plate 4), and Canyon Mountain (Plate 5) for gabbro

and diabase dikes. These areas will be discussed with the pertinent

units.

On the basis of this mapping, the following units are defined,

and will be discussed in detail:

1. Harzburgite

2. Transition Zone (metacurnulates)

3. Gabbro (olivine-orthopyroxene-clinopyroxne gabbro,

two pyroxene gabbro, norite, and quartz norite).



17

In addition, two zones not recognized in other ophiolites were

mapped - a zone of recrystallization within the gabbro, and a zone

of infiltration, in which gabbro intrudes through the harzburgite.

These zones will also be described and discussed. Throughout this

work, horizontal distance will be given in metric units to conform

with scientific convention, but elevations are retained in feet for

consistancy and ease of reference to available U.S. Geological Sur-

vey topographic maps.

Harzburgite Tectonite

The northern third of the Canyon Mountain complex consists of

tectonite harzburgite, similar in its overall composition and tex-

tures to other ophiolitic basal harzburgites. The rocks have well-

developed foliation which is steeply dipping and trends generally

east-west. Lineation is expressed primarily by spinels. The unit

extends 19 kilometers east-to-west along the strike of its folia-

tion, and 3.2 to 6.4 kilometers in cross-section. Some of the best

outcrops of the harzburgite occur in the narrow canyon of upper

Dean Creek (el. 5000 to 6600 feet or 1525 to 2000 m) and along Little

Indian Creek to its head at a cirque on the north side of Baldy Mount-

ain. The highly magnesian nature of the rock renders its soils unsuit-

able for vegetation, and the contact between harzburgite and the over-

lying metacumulate and cumulate may be generally mapped at the

boundary between conifer forest and open ridges with juniper.

Mineral compositional data of Himmelberg and Loney (1980) con-

firm that the mineralogy of harzburgite is uniform. Olivine CEo8891)
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and serpentinized olivine comprise approximately 60 percent of the

unit (Table 1). Orthopyroxene (En8890) is about 25-29 modal per-

cent. Clinopyroxene (usually Cr-diopside) is two to three percent,

and Cr-spinel makes up about two percent of the rock.

The amount of serpentinization varies greatly throughout the

complex. In the north, the rocks grade into sheared serpentinite

and serpentine-matrix melange with no vestige of igneous mineralogy.

Alteration similarly affects the ultramafic rocks on the west end

of the complex.

Serpentinization and related alteration affects most CMC harz-

burgite. Clinopyroxene in the rock is not strongly affected. In

the west, comonly 30-70 percent of the olivine is altered, and

orthopyroxene may be completely bastized. In central portions of

the complex north of Baldy Mountain, and along upper Little Indian

Creek, the rocks are less than ten percent serpentinized. In all

peridotites examined, serpentine is chrysotile-lizardite, indicating

hydration at low to moderate temperatures.

In outcrop, orthopyroxene usually occurs as red-brown to

greenish brown, resistant, five riiii long crystals which impart a

knobby texture to weathered surfaces and are usually elongate paral-

lel to foliation. Clinopyroxene is bright chrome green and seldom

exceeds three percent of the rock. It is less prominent on weathered

surfaces than orthopyroxene. Spinels are black and usually equant.

Foliation is expressed as bands, strings, or tabular concen-

trations of orthopyroxene which impart a layered appearance to the

harzburgite. These bands may be greater than 1 cm wide and usually
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persist across an outcrop. Spinels (chromite) are also foliated,

and provide the most reliable means for measuring lineation and

foliation in the field. Chromite occurs in thin bands which persist

for about 0.5 meters.

The intensity of foliation visible in the harzburgite varies,

partly due to its less pronounced expression in more altered or

serpentinized rocks, and partly due to differences in modal abun-

dance of enstatite, as well as the amount of deformation. In

northwest areas at the base of the harzburgite, foliation is gen-

erally less apparent in the field. Upwards in the western half of

the section, foliation becomes more pronounced, and the rocks de-

velop a banded appearance. This progression is noted best south-

ward along ridges east and west of Dog Creek from the Ward Mine

toward the vicinity of the Haggard and New Mine. In the east part

of the CMC harzburgite, foliation is most strongly expressed near

the Ray Mine, where bands of orthopyroxene from three to five cm

wide clearly define foliation planes.

In thin section the mineralogy of the harzburgite is almost

as uniform as harzburgite in outcrop. Olivine is deformed, commonly

shows glide twins, and is elongate parallel to foliation. Where it

is altered substantially to serpentine, mesh structures are usually

intact. As noted by Boudier and Coleman (1981), this suggests that

deformation occurred prior to serpentinization - or at least prior

to the last serpentinization event. Olivine forms small inclusions

in some orthopyroxenes, and hence is probably an earlier mineral

than the pyroxene.



Table 1. Modal analyses of harzburgite, dunite and pyroxenite.

Harzburgite Dunite Pyroxenite
449A 563 664

Olivine 39.l 78.4

Orthopyroxene 28.7 1.5

Clinopyroxene 1.5 --

Plagioclase -- --

Amphibole 1.2 --

Serpentine 21.3 14.2

Chromite 4.6 3.8

Magnetite 1.5 2.1

Chlorite 2.1 --

Hydrogrossular --

7.1%

2.6

86.4

1.1

1.1

1.2

0.5

100.0 100.0 100.0
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The orthopyroxene is enstatite, En8890 (Himmelberg and Loney,

1980). Schiller structure and exsolution lamellae occur in fairly

fresh crystals, and are subtly apparent in altered and bastitic

orthopyroxenes. This pyroxene deforms more brittly than olivine.

Enstatite is also elongate parallel to foliation, and commonly shows

strain effects such as glide twins and wavy extinction. Although

orthopyroxene may constitute up to 55 percent of the harzburgite,

usually it comprises about 25 percent of the rock.

Clinopyroxene, although deformed, is usually less altered than

either orthopyroxene or olivine. The bright green color suggests

it is enriched in Cr203, and the large 2V indicates it is Ca-rich

diopside. Crystals vary in size from 0.1 mm to greater than 1 mm,

and are unzoned - as are the other minerals of the harzburgite.

In many thin sections, clinopyroxene is subhedral to euhedral, and

has a blastic appearance. However, it is cut by the same fractures

which transect olivine and orthopyroxene, and hence is probably not

post deformation or substantially later than either of its asso-

ciates. Both glide twinning and wavy extinction affect the diop-

side. Clinopyroxene seldom exceeds three percent, except along

parts of Little Indian Creek (elev. 5150'), where some peridotite

(sample 284) is lherzolite, rather than harzburgite.

Spinel is subhedral to anhedral, and markedly elongate par-

allel to foliation. Individual grains seldom exceed two mm, but

aggregates may exceed four mm in length. The color of spinel varies

with Cr203 and Fe203 content, from deep red brown for Cr203-rich
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to golden yellow brown for more iron rich compositions. Modal

abundance of spinel in harzburgite varies from more than ten per-

cent in Cr203-rich rock near the Ward Mine, to less than one per-

cent on southeast slopes of Baldy Mountain.

Alteration of harzburgite is generally rather simple and in-

dicative of low temperature. Olivine transforms to chrysotile and

lizardite plus magnetite. Enstatite alters to serpentine minerals,

"bastite", and some nontronite. Clinopyroxene is generally un-

affected by mineralogical alteration. Spinel goes to magnetite.

Alteration mineralogy of the harzburgite is generally uniform

throughout and alteration products indicative of high temperatures

(above 350°C) such as talc, anthophyllite, or antigorite, are not

present. A conscientious search was made for humite minerals, but

none were observed in 78 slides of harzburgite and dunite from

widely dispersed localities within the harzburgite unit.

Pyroxenite Dikes

Dikes and sills of websterite, clinopyroxenite and ortho-

pyroxerite occur throughout the harzburgite unit of the Canyon

Mountain complex. Few exceed four cm in width, although dikes of

websterite more than one meter wide occur along Little Indian Creek

and on the north face of Baldy Mountain. There are several genera-

tions which cannot be distinguished on the basis of either miner-

alogy or orientation. Early veins - comonly rich in clinopyroxene -

are folded along with parallel structure in harzburgite. Others in-

trude in a sinusoidal fashion. These are crosscut by straight veins.
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The majority of pyroxenite dikes are straight, and usually follow

joints or fracture systems. Dikes and pyroxenites which parallel

foliation are comonly offset along shears or slip-planes which in

turn provided pathways for emplacement of more websterite or pyroxen-

ite. Rarely, displaced pyroxenites show drag folds. Usually the

rocks appear to have behaved in a brittle manner.

Most dikes and sills are coarse grained. Pyroxenes may reach

1-2 cm in length, and comonly are in the range of 0.5 cm. No

pyroxenite dike shows any contact effect. These dikes probably

represent, as they do in other complexes, segregation of melt

either generated within the harzburgite by stress and heating

associated with deformation, or introduction of magma from an out-

side source (Boudier and Coleman, 1981; Nicholas and Jackson, 1982).

Podiform Chromitites:

Podiform chromitites are a significant feature of the harzburg-

ite tectonite because they are widely dispersed through the unit,

and because their compositions and seemingly cumulate textures are

difficult to reconcile with the tectonite fabric and depleted nature

of the harzburgite.

Chromitite bodies of the Canyon Mountain complex have been

studied and described in detail by Thayer (1940, 1969, 1976, 1977).

Partly on the basis of these studies, a distinction may be made

between chromitites of stratiform intrusions which have low Cr/Cr

+ Al ratios, high Fe/Mg + Fe ratios, and occur as thin, laterally
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extensive layers, and chromitites of alpine ultramafics which are

generally higher in Cr/Cr + Al, lower in Fe/Fe + Mg, and occur as

oblong pods surrounded by dunite (Jackson and Thayer, 1972).

Chromitites of the CMC are typical of the alpine ultramafic

association. They are usually oblong to lensoidal in shape, and

range from less than a meter to tens of meters in dimension. They

are distributed throughout the harzburgite, and seem concentrated

either near the middle of harzburgite or near the contact of harz-

burgite with gabbro and the transition zone. No chromitites occur

in the transition zone. Cr203 content of spinel in the chromite

deposits varies from 35 to 57 percent (Thayer, 1940). High Cr

values are generally associated with chromitites near the middle

or base of the harzburgite section. Although they are grossly

similar in detail, chromitite deposits vary in texture, mineralogy,

and composition. For purposes of discussion, the deposits will be

considered on the basis of chromite composition and associated sili-

cates, rather than stratigraphic or structural association.

Chromitites which contain only chrornite and olivine, or

chromite and serpentinized olivine are most abundant in the north-

ern, basal portions of the Canyon Mountain complex harzburgite.

They include the Ward, Iron King, and Dry Camp mines, and numerous

small, unnamed prospect pits. Farther up in the section, the

Haggard and New Mine also has an assemblage of olivine and chromite.

Modal proportions of chromite and olivine vary; olivine commonly

ranges from 30 to 60 percent in nodular ore, and may be entirely
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absent in rare massive chromitite. Leopard ore - large, 1-1 1/2

cm ovoid clots of chromite in an olivine (or olivine and pyroxene)

matrix - occurs in most olivine-chromite deposits. The texture is

well displayed at the Haggard and New and Ward Mines. Samples from

the Ward Mine contain olivine dispersed or enclosed within the

chromite aggregate, whereas chromite nodules in leopard ore from

the Haggard and New Mine contain only rare olivine.

Microprobe analyses (Table 3) of both enclosed and matrix

olivine in sample 82 from the Ward Mine and Sample 410 from the

Haggard and New Mine indicate no difference in composition between

enclosed and matrix olivines. In these samples, and in Sample 169,

Haggard and New, olivine is very magnesian (Fo9296), is unzoned, and

is of uniform composition throughout the probe section as well as in

multiple samples from the sarnple deposit. Its high NiO/Fo ratio

suggests early crystallization. Olivine is nearly equigranular, with

straight boundaries suggestive of adcuniulus growth, possibly with

later recrystallization.

Chromite is subhedral to euhedral where present as single

grains. In leopard ore, grain boundaries are apparent in the ovoid

clusters, unlike textures from Tiebaghi, New Caledonia or Troodos,

Cyprus where rapid growth and subsolidus re-equilibration have

obliterated traces of individual chromite crystals (Moutte, 1982;

Greenbaum, 1977). Chromite is unzoned. Neither stepwise micro-

probe analyses of individual grains, nor EDS hlmapsu of Cr203, A1203

and FeO* (Figure 3) indicate any compositional variation in these

spinels. The composition of chromite in chromite-olivine deposits
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(Table 2) is generally high in Cr203 (Cr203 > 50%), and Cr/Cr + Al

(> 0.60), and low in Fe/Fe + Mg. However, one sample (667) from a

small prospect pit on the east side of Gwynn Creek contained chromite

with anomalously low Cr/Cr + Al, which plots in an intermediate posi-

tion between olivine- and clinopyroxene-associated chroniites. This

suggests crystallization from a liquid of anomalous composition for

stratigraphic height, emplacement from a higher stratigraphic location

via deformation, or possible contamination or reequilibration of this

chromite with Al-enriched fluids.

Silicate content of chroniitites varies (Table 3). Some chromi-

tites contain orthopyroxene + olivine + chromite. Orthopyroxene,

where present, is very megnesian (En9592), usually somewhat altered,

and interstitial to both olivine and chromite. It is a late phase

in the crystallization of chromitite bodies. The rarity of ortho-

pyroxene within the chromitites contrasts with its abundance in the

harzburgite and gabbro of the Canyon Mountain complex. Olivine is

slightly less rnagnesian in these rocks (Fo9592), and chromites are

about equal in chrome content to those in olivine-bearing rocks.

No mineral zoning was detected either optically or via microprobe

WDS (wave dispersive) and/or EDS (energy dispersive) analyses. The

orthopyroxene-bearing chromitites are generally stratigraphically

higher in the harzburgite, and include Celebration Mine. They have

leopard as well as massive and layered ores. Chromitites enclose

olivine but do not enclose orthopyroxene.



TABLE 2. Compositions of chromites

1

149

2

(opx+cpx+ol)
3 4 5 1

169

2

(opxi-ol )

3 4
1

rim
1

core
74

2

(ol)
3 4

Sb2 0.07 0.09 0.13 0.04 0.13 0.12 0.20 0.06 0.17 0.1 0.2 0.07 0.12 0.12

A1203 18.24 17.90 18.00 18.52 18.05 28.49 28.09 27.13 28.00 14.00 13.67 13.70 13.71 14.09

T102 0.75 0.69 0.67 0.65 0.65 0.29 0.34 0.38 0.37 0.09 0.01 0.04 0.15 0.10

FeO* 17.27 17.67 16.99 17.52 17.71 16.65 16.58 17.19 17.17 14.57 14.28 14.29 13.78 14.47

MnQ 0.21 0.21 0.27 0.20 0.21 0.16 0.20 0.18 0.18 0.26 0.24 0.22 0.18 0.24

Mg0 14.09 14.16 14.06 14.10 13.94 15.71 15.58 15.44 15.54 15.70 15.95 16.31 15.99 15.95

Cr203 48.49 48.36 48.25 48.05 48.40 37.25 36.33 37.39 35.85 55.24 55.79 54.59 54.81 56.13

NiO 0.18 0.19 0.19 0.21 0.24 0.09 0.14 0.18 0.13 0.01 0.01 0.00 0.00 0.01

Total 99.32 99.29 98.56 99.28 98.37 98.78 97.47 97.93 97.40 99.97 100.21 99.38 99.74 100.78

Cr! 72.7 73.0 72.8 72.7 72.8 56.7 56.4 58.0 56.1 79.8 80.3 19.9 80.3 79.9
Cr+Al

MgI 44.9 44.5 45.3 44.6 44.0 48.5 48.4 47.3 47.5 51.9 52.8 53.3 53.7 52.4
Mg+Fe



Table 2 (Continued)

410 (ol)

Si02 0.10 0.13 0.09 0.12 0.13 0.14 0.13

A1203 13.21 12.97 12.84 12.64 12.60 13.73 13.38

Tb2 0.14 0.16 0.15 0.17 0.14 0.13 0.10

FeO* 14.27 14.72 14.97 14.31 14.75 14.73 14.82

0.23 0.23 0.21 0.22 0.18 0.23 0.24

MgO 15.01 14.87 14.98 14.73 15.86 14.60 15.02

Cr203 56.27 55.31 56.04 56.71 56.13 53.71 53.23

NlO 0.20 0.14 0.15 0.13 0.22 0.15 0.12

Total 99.94 98.23 99.10 99.03 99.21 97.41 99.40

Cr1 81.0 81.0 81.4 81.8 81.7 79.6 80.5

Cr+A1

Mg/ 50.4 50.3 50.0 50.7 50.5 49.8 50.3

Mg+Fe

82 (ol) 667 (ol)

0.10 0.11 0.04 0.21 0.14 0.07 0.01

13.79 14.01 13.84 14.23 14.21 28.75 28.21

0.15 0.11 0.16 0.15 0.13 0.36 0.06

14.67 14.66 14.71 15.02 14.51 14.46 12.81

0.19 0.27 0.32 0.23 0.22 0.20 0.20

14.60 15.17 15.22 13.63 14.99 17.01 15.76
-

54.54 54.21 55.72 55.03 55.39 38.09 37.16

0.06 0.13 0.08 0.00 0.08 0.21 0.01

98.10 98.68 100.15 98.50 99.70 99.19 97.75

79.8 79.5 80.1 79.5 79.6 57.0 56.8

49.9 50.9 50.9 97.6 50.8 54.1 55.2



ThBLE 3. Compositions of silicates in podiform chromitites.

CMC 90

Clinopyroxene

Si02 51.89 53.00

Ti02 0.35 0.36

A1203 2.34 2.47
FeO* 1.68 1.62
MnO 0.07 0.02
MgO 18.62 17.34
CaO 24.29 24.27

Na20 0.11 0.15

Cr203 1.19 1.13
NiO 0.01 0.01

99.32 99.79

Stoichiometry - 6 oxygens

Si 1.904 1.929
Ti 0.009 0.008
Al 0.106 0.097
Fe 0.049 0.044
Mn 0.000 0.000
Mg 0.948 0.932
Ca 0.955 0.946
Na 0.007 0.010
Cr 0.034 0.032
Ni 0.000 0.000

4.019 4.002

Fc 0.03 0.02
Mg 0.48 0.49
Ca 0.49 0.49

53.28
0.30
2.37
1.61

0.00
18.17
22.28
0.16
1.15
0.00

99.31

1.933
0.002
0.106
0.046
0.000
0.933
0.917
0.007
0.033
0.000
3.999

0.02
0.49
0.49

Or thopyroxene

57.11 56.24
0.10 0.08
2.05 1.75
5.51 5.38
0.14 0.07

34.47 35.22
0.46 0.25
0.00 0.00
0.56 0.47
0.09 0.13

100.50 99.58

1 . 954

0.002
0.080
0. 157

0.004
1 . 758

0.016
0.000
0.015

3.994

93.4

1. 942

0.002
0.07 1

0. 155

0.001
1.813
0.009
0.001
0.003
0.003
4.001

92.1

01 iv me

40.34 40.33
0.00 0.00
0.04 0.01
7.21 6.34
0.05 0.07
52.20 52.58
0.00 0.00
0.00 0.00
0.00 0.00
0.45 0.53

100.29 99.92

0.978
0.000
0.000
0.146
0.000
1.887
0.000
0.000
0.000
0.050
3.002

92.8

0.978
0.000
0.000
0.128

O.00Q
1 . 902

0.000
0.000
0.000
0.050
3.001

93.7

CMC 286

Clinopyroxene

53.22 53.25
0.10 0.11
2.28 2.38
1.38 1.49
0.06 0.03
17.44 16.98
23.59 24.05
0.14 0.19
0.76 0.80
0.11 0.02

99.10 99.30

1.944 1.930
0.002 0.003
0.098 0.103
0.042 0.045
0.001 0.001
0.950 0.935
0.923 0.951
0.010 0.013
0.021 0.023
0.003 0.000
3.998 3.995

0.02 0.01
0.50 0.50
0.48 0.49

a



Table 3. Continued

CMC 74 CMC 82 CMC 410 CMC 667

Olivine

Si02
41.28 41.97 41.99 41.82 41.83 42.42 42.30 42.05

Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe* 3.12 3.46 3.56 4.11 4.24 4.29 5.09 5.05

MnO 0.00 0.00 0.00 0.00 0.03 0.02 0.07 0.09

MgO 56.41 55.29 54.46 54.36 52.72 52.19 52.48 51.86

CaO 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00

Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr203 0.00 0.00 0.00 0.00 0.01 0.01 0.04 0.01

NiO 0.797 0.72 0.61 0.54 0.57 0.65 0.57 0.50

101.60 101.43 100.64 100.87 99.40 99.58 100.54 99.57

Stoichiometry, 4 oxygens

Si 0.990 0.973 0.996 0.991 1.005 1.016 1.008 1.010

Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe 0.060 0.068 0.070 0.081 0.085 0.086 0.001 0.106

Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Mg 1.948 1.979 1.930 1.923 1.888 1.864 1.864 1.856

Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Ni 0.013 0.014 0.017 0.015 0.011 0.012 0.011 0.011

3.020 3.010 2.991 2.995 2.990 2.978 2.985 2.983

Fo 97.0 96.6 96.5 95.9 95.7 95.6 94.9 94.6
()
I-



Table 3. Continued.

CMC 149 CMC 169

Clinopyroxene Orthopyroxene Olivine Clinopyroxene Olivine

Si02 53.15 54.36 58.30 57.66 42.02 52.96 53.09 42.27 41.64
Ti02 0.29 0.22 0.10 0.13 0.00 0.33 0.27 0.00 0.00
A1203 1.99 1.97 1.19 1.18 0.00 2.69 2.97 0.01 0.00
FeO* 1.18 1.96 4.40 4.15 5.11 1.58 1.73 6.07 5.95
MnO 0.06 0.08 0.08 0.07 0.02 0.04 0.09 0.06 0.05
MgO 17.34 17.38 35.34 35.33 52.17 16.74 16.99 51.72 51.39
CaO 23.60 22.72 0.47 0.46 0.00 23.77 23.48 0.00 0.00
Na20 0.16 0.34 0.00 0.00 0.00 0.12 0.17 0.01 0.01
Cr203 1.03 1.14 0.34 0.46 0.04 1.04 1.14 0.00 0.00
NiO 0.08 0.05 0.07 0.13 0.69 0.01 0.09 0.42 0.41

98.88 100.19 100.26 99.57 100.05 99.28 100.02 100.56 99.51

Stoichiometry, 6 oxygens

Si 1.946 1.963 1.985 1.978 0.995 1.934 1.925 1.010 1.006
Ti 0.008 0.006 0.003 0.003 0.000 0.009 0.007 0.000 0.000
Al 0.086 0.084 0.048 0.098 0.000 0.116 0.127 0.000 0.000
Fe 0.036 0.059 0.125 0.119 0.110 0.048 0.052 0.121 0.120
Mn 0.002 0.002 0.002 0.002 0.000 0.001 0.003 0.000 0.000
Mg 0.947 0.935 1.794 1.807 1.886 0.911 0.918 1.930 1.850
Ca 0.926 0.879 0.017 0.017 0.000 0.930 0.912 0.000 0.000
Na 0.011 0.024 0.000 0.000 0.000 0.009 0.012 0.000 0.000
Cr 0.030 0.032 0.009 0.012 0.000 0.030 0.033 0.000 0.000
Ni 0.002 0.001 0.000 0.004 0.080 0.000 0.000 0.030 0.008

3.991 3.982 3.981 3.987 2.991 3.986 3.986 2.990 2.986

Fe 0.02 0.03 0.03 0.03
En 0.50 0.50 93.5 93.8 94.1 0.48 0.48 93.8 93.9
Ca 0.48 0.47 0.49 0.49

C..)

N)
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Clinopyroxene-bearing chromitites occur primarily in upper

sections of the harzburgite, within 500 m of the transition zone

contact. They include the Chambers, Bald Eagle, Ray, and Celebra-

tion mines investigated in detail for this thesis, and others

(U. of 0., Ajax, and unnamed pods) studied by Thayer (in prep.).

Soriie (Chambers, Ray, and Bald Eagle) contain olivine, orthopyroxene,

and clinopyroxene. Some samples from the Ray Mine contained very

little matrix orthopyroxene; several from the Bald Eagle were

exclusively clinopyroxene + chromite. As in previous mineralogical

types, no zonation of minerals was detected optically oryj

mi crop robe.

Olivine in clinopyroxene-bearing chromitite is slightly less

magnesian (Fo9295), and less Ni-rich in general than olivine in

clinopyroxene-absent chromitites, suggesting that the magma was

slightly more fractionated. Orthopyroxene is En94 - not signifi-

cantly different than in clinopyroxene absent chroniitites. How-

ever, orthopyroxenes present with clinopyroxenes contain slightly

more CaO (average = 0.50%) and NiO (average = 0.14%), and slightly

less A1203 (average = 1.25%) than those without clinopyroxene

(average CaO = 0.30%; average NiO = 0.07; average A1203 = 1.70%)

which suggests, conversely, that the magma was less fractionated.

Fo/NiO values of olivine in clinopyroxene-bearing chromitites are

intermediate to values of clinopyroxene-absent chromitites, indicat-

ing that fractionation is not the simple explanation for differences

in gangue mineralogy.
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FIGURE 4. Composition of chromite and associated silicates.
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All clinopyroxenes have similar compositions, and are in a

tight cluster on a plot of En versus Di. They contain one to two

percent Cr203, two-three percent A1203, 17-18 percent MgO, and

22-24 percent CaO. They are not zoned.

Chromite in clinopyroxene-bearing pods has a lower Cr/Cr + Al

ratio than most chromite in olivine or olivine + orthopyroxene pods,

and falls mostly outside the field of stratiform chromites on a

Cr/Cr + Al: Mg/Fe + Mg diagram (Figure 4). Zoning is not present

in chrotnitites.

In thin section, textures of clinopyroxene-bearing pods are not

substantially different than others. Chromite is subhedral-to-

euhedral, forms aggregates with visible grain boundaries, and may

enclose silicates. Olivine is slightly deformed and euhedral.

Clinopyroxene and orthopyroxene have adcumulate textures.

The areal distribution of chromitites, and the variation in corn-

positions of their constituent minerals are important, and will be

considered in more detail under conclusions regarding the origin of

the Canyon Mountain complex. However, some discussion is pertinent

here. Generally, Cr-rich chromite compositions are restricted to

the west part of the CMC. East of Pine Creek, Cr/Cr + Al ratios of

chrornite in podiform deposits are less than about 0.50 (Plate 2).

These chromitites cornonly contain clinopyroxene, although they are

not all clinopyroxene-bearing. The low Cr, clinopyroxene-bearing

chromitites occur within zones of harzburgite which are intruded by

numerous gabbro dikes (Zone of Infiltration). These gabbros intrud-

ed at high temperature, and appear to have infiltrated the
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harzburgite during and after its deformation. This coincidence of

low-Cr, high Ca podiform chromites with the intruded gabbro is sig-

nificant, and suggests re-equilibration, or partial re-equilibra-

tion of chromitites with gabbroic magma. Straight grain boundaries

and tendency for triple-point junctions in some chromitites suggest -

but do not prove - that partial re-equilibration and recrystalliza-

tion may have occurred. To confirm the occurrence of such a process,

it is desirable to find a similar change in spinel composition in

the host harzburgite. However, no systematic variation in accessory

chromite is evident in data of Himelberg and Loney (1981) (Figure 4)

and a concomittent podiform-accessory Cr/Cr + Al change cannot be

demonstrated.

There are several hypotheses for the origin of chromitites.

Irvine (1965, 1967) suggested contamination of a differentiating

magma by either alkalic wall rocks or a more differentiated basalt

to drive equilibria back into the Cr-spinel field. Increase in f02

(Ulmer, 1969) or decrease in P1 (Cameron, 1979), have also been

proposed.

Several explanations have been suggested for the mechanism of

introducing podiform cumulate textures into tectonite harzburgite.

Dickey (1970) thought podiform chrornitites to be the product of

partial fusion of lherzolite to release Cr from silicates, and

indicated that some other, unspecified, probably cumulate, process

is necessary to concentrate Cr sufficiently to form ores. Moutte

(1982) considers podiform chromitites of Tiebaghi, New Caledonia
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to be primary, cumulate layering, somewhat deformed. Thayer (1964)

also attributes podiform deposits of the Canyon Mountain complex

and elsewhere to a cumulate origin. More recently, Dickey (1975)

considers podiform chromitites to be late-stage introduction which

have sunk into harzburgite after precipitation as pods in lower

parts of oceanic crust. Greenbaum (1977) attributes the stratigraphic

distribution throughout the harzburgite of Troodos to Hinfoldingu.

Lago et al. (1982) suggest accumulation of chromitite by elutriation

and deposition of chromite-olivine in chambers adjacent to conduits,

or within the magma pipes themselves. Later, partial melting of

mantle peridotite generates olivine-orthopyroxene-chromite resi-

dues. Based upon Lago et al.'s model, Cassard et al. (1981) proposed

a structural classification of chromite deposits - with structurally

discordant as primary, and structurally concordant as more deformed.

The variation in modal mineralogy of the chromitites in the

Canyon Mountain complex indicates that liquids varied in composition,

or that metasomatic introduction of CaO + A1203 and re-equilibration

similar to that suggested for the Bushveld (Cameron, 1979) was com-

mon. CaO-rich chromitites are generally higher in the section, as

are Al203-rich spinels. This fairly straightforward relation sug-

gests that a more fractionated fluid precipitated upper-level

chromitites. However, the low Cr/Cr + Al ratio of the Gwynn Gulch

sample (667) from the zone of infiltration complicates this simple

model, and suggests instead that re-equilibration at least played a

role in chromitite history. The adcumulate textures of podiform



chromitites suggest that they originally formed as cumulates and

that cumulate texture was preserved through upper mantle deforma-

tion by the structural rigidity of chromite-rich rocks. No field

evidence supports the conduit model of Lago et al. (1982) for the

Canyon Mountain complex. Similarly, no structural trace is present

for either in-folding (Greenbaum, 1977) or sinking (Dickey, 1975).

A model of initial in situ precipitation with later hyper-

to subslidus deformation, and some equilibration with infiltrated

gabbro is preferred for chrornitite of the CMC because: 1) the

textures of most podiform chromitites do not preclude re-equilibra-

tion with CaO-A1203-rich fluids at high temperature, 2) gabbroic

dikes and infiltrate are present in at least two clinopyroxene-rich

deposits, 3) mineralogical fractionation trends are reversed in some

Ca-enriched systems from those expected if fractionation was the sole

process responsible for harzburgite podiform chroriiites.

Rocks of the Transition Zone

The transition zone - or metacumulates of Himelberg and Loney

(1980) - extends from the stratigraphic top of the harzburgite near

Baldy Mountain and Gand Saddle toward the main ridge less than one

kilometer south. It is a sequence of alternating gabbro (20 per-

cent)., melagabbro (10 percent) and clinopyroxene-rich peridotite

(70 percent). These rocks are not a laterally continuous unit, ex-

tending without interruption across the east-west extent of the

Canyon Mountain complex. As shown on Plate 1 and Plate 2, instead
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they are well exposed on eastern-most ridges, covered by alluvium

in intervening valleys, and decrease in abundance westward. The

"transition zone" is virtually absent in Norton Creek near the center

of the CMC. Layered mafic and ultramafic rocks reappear near the

Iron King Mine at the extreme west limit of exposure.

Field Relations

To facilitate discussion of locations within the transition

zone, ridges where transition zone rocks occur will be referred to

by the numbers shown on Figure 5. Ridges are numbered consecutively

from east (1) to west (9). Layers in the rocks are commonly five to

ten meters thick, but vary from a few centimeters to 50 meters

(Figure 6). Layers are not laterally continuous and may persist only

for several meters. The order of rock types, compositions, crystal

sizes and abundance varies. Flo graded bedding, or sedimentary features

similar to other ophiolites' transition zones have been noted at the

Canyon Mountain complex. Instead, the rocks in the east are strongly

deformed, with well defined foliation, and occasional lineation.

Tectonism may obscure primary "sedimentary" features. Deformation

notable in outcrop decreases westward through the complex, as does

the abundance of transition zone rocks. Himelberg and Loney (1980)

designated the transition zone as "rneta-cumulates" because the rocks

have a tectonite fabric similar to the basal harzburgite.

There is no readily definable contact between the "metacumulate"

rocks of the transition zone, the underlying tectonite harzburgite,

or the overlying gabbro. Rather than gradation from harzburgite to
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Transition zone sequence, Ridqe 1

Metacumulate gabbro intruded by isotropic
gabbro, Ridge 1

FIGURE 6. Lithologies of the transition zone.
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ultramafic cumulate, as found in Samail, Bay of Islands, and other

ophiolites, gabbro seems to intervene between peridotite and transi-

tion zone, and also seems to underlie, surround and intrude the

transition zone mafics and ultramafics. Plates 1 and 2, and Figure

6 show that isotropic gabbro crosscuts strongly foliated or lineated

gabbros and peridotites of the transition zone in several locations,

and gabbro seems to surround isolated pods of transition zone rocks.

On ridge tops, contacts between the isotropic gabbro and more

structured transition zone rocks are poorly exposed. Where it is

visible over considerable extent, such as on the west side of Ridge 4,

the isotropic gabbros comonly develop a foliation or layering paral-

lel to the contact which suggests that the gabbro flowed and con-

gealed around a screen or large inclusion. Near Norton Creek (west

fork of Pine Creek), five to 30 meter-long screens and large xeno-

liths of the foliated and lineated transition zone gabbro are en-

closed within isotropic gabbros. The foliation of the inclusion is

on strike with the transition zone trend, indicating that intrusion

was quiet. Farther west, on Green Mountain, foliated ultramafic

rocks and melagabbros occur within isotropic and layered clino-

pyroxene-orthopyroxene cumulate gabbro (see Bear Skull Rim gabbro).

Pods and xenoliths of foliated and isotropic ultramafic rock occur

in many localities within the upper gabbrd, including Norton Basin

(Plate 4), Canyon Mountain (Plate 5) and Sheep Rock (Plate 5).

Previous interpretations (Thayer, 1977; Himelberg and Loney,

1980) have explained these rocks as channel fillings, similar to
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exposures of the Skaergaard and the Finneskasset. However, several

pods are well foliated, and a thin section of one showed textures

and deformation which could be interpreted as a tectonite fabric.

An alternative explanation for the pods is that they represent

transition zone (metacumulate) xenoliths - or even roof pendants -

picked up in CMC gabbro. Two observations support this interpreta-

tion: First, the maintenance of uniform strike from ridge to ridge

in many large, identifiable pods of transition zone rocks within

gabbro as shown on Plate 2 suggests that the transition zone was

intruded and enveloped by gabbro. Second, five to 25 cm xenoliths

of ultramafic rocks occur in fine-grained gabbro of Norton Basin.

If small xenoliths occur, large ones might also occur. Hence, the

ultramafic rocks exposed within upper gabbros are interpreted as

large xenoliths of the transition zone, rather than as in situ

channel fillings.

The width of the transition zone diminishes rapidly westward

from Baldy Mountain where the zone is two kilometers wide (Ridge 1),

to Yellow Jacket Ridge (Ridge 5) where transition zone ultramafics

and lineated gabbro occupy less than 100 meters, and are surrounded

by upper level gabbro. The transition zone cannot be mapped as con-

tinuous bands due to lack of exposure on ridges, intervening talus,

alluvium, and moraine, and lack of recognizable lithic continuity

from zone to zone.

On Baldy Ridge (Ridge 1), where the rocks are very strongly

foliated (Figure 6), the mafic and ultramafic sequence is generally
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lineated gabbro wehrlite websterite lherzolite gabbro

wehrlite dunite + pyroxenite. However, this sequence of units

is unique, and is not repeated on this, or other, ridges.

Gabbro associated with the transition zone occupies discreet,

usually straight, bands within the peridotites. It is rodigized

and does not have chilled margins. The transition zone gabbro is

parallel to foliation - gabbro which has pronounced structure rarely

crosscuts the foliation of ultramafic rocks in the zone.

Significantly, on Celebration Ridge (Ridge 2), as in harz-

burgite of Baldy Mountain, the mineralogy of the gabbro layer" may

change along strike (for example - from plagioclase and clinopyrox-

ene to a clinopyroxenite). This change of mineralogy along strike

may be due to one or more of the following possibilities: Migration

of more mafic components into narrow spaces after early crystal-

lization of feldspars; change in equilibrium conditions along strike;

lateral filter pressing, change in composition of liquid within the

layer as more magma is injected, or metasomatic reactions. Change

of liquid composition with the injection of more magma is the most

probable explanation.

The layered gabbroic rocks of the transition zone are mostly

melagabbro to olivine-clinopyroxene-orthopyroxene gabbro. Modal

amounts of minerals vary, but mineral compositions are nearly con-

stant. Melagabbro samples from the base of the sequence on Celebra-

tion Ridge, west of the Celebration Mine, have mineralogical com-

positions nearly identical with those of gabbro and melagabbro at
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the uppermost portion of the ridge (Tables 4-8). Gabbros and mela-

gabbros are layered on a scale similar to peridotites.

General Petrography of the Transition Zone

Rocks of the transition zone are dominantly clinopyroxene-

olivine rocks, websterite to wehrlite, with gradations in miner-

alogy from dunite through clinopyroxenite. Clinopyroxene is

corroded and recrystallized; olivine is pervasively deformed and

recrystallized, and altered partly (15-70 percent) to serpentine

minerals. In one thin section from the ridge south of Baldy Moun-

tain (Ridge 1), alteration patterns of clinopyroxene are suggestive

of initial zoning. However, minerals in transition zone rocks have

not retained zoning, but have re-equilibrated at temperatures of

900-925°C (Himelberg and Loney, 1980).

Clinopyroxene is Ca-rich diopside, with 2V between 60° and 55°,

based upon estimates from optic figures. It comonly is broken, has

ragged edges, and displays glide-twins resulting from deformation.

Twinning increases up-section, suggesting greater deformation, or

more subsolidus brittle deformation with stratigraphic height. In

poikilitic rocks, clinopyroxene forms a matrix which encloses frac-

tured olivine. This clinopyroxene is also twinned, and cleavage

lamellae are bent.

Orthopyroxene is mostly bronzite, with 2V in the ra.nge of

75°-85°. It is comonly more deformed than clinopyroxene, shows

exsolution and twinning due to strain, and infrequently forms rims

around small olivines. Only one sample (228) contained olivine
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within poikiloblastic orthopyroxene. Most orthopyroxene is partly

altered to "bastite"; secondary amphibole was not observed in

association with orthopyroxene of the transition zone.

A noteworthy characteristic of transition zone metacumulates

which contrasts with similar sections of other ophiolites is their

more coarse-grained nature. Pyroxenes usually range between one and

five m in size. Many approach 10 mm. This relatively large crystal

size indicates slow cooling, substantial adcurnulus growth, and possibly

late growth during the 900-925° equilibration, rather than conditions

of rapid crystallization noted in other ophiolites.

Throughout the transition zone, the sequence of crystallization

appears to have been olivine + clinopyroxene, or (olivine + spinel)

clinopyroxene. However, subtleties of texture have been obliterated

by deformation. Where plagioclase occurs, it is interstitial, with

rounded boundaries suggestive of late reaction with adjacent dm0-

pyroxene, and may be rimed by pink-to-brown (pargasitic?) amphibole.

An contents (An9297) determined optically are extremely calcic in

keeping with the character of other ophiolite transition zones, and

a magma rich in GaO. In gabbroic rocks, feldspars are almost com-

pletely converted to hydrogrossular and chlorite. Alteration of

the feldspar is gradual - analyses of progressively altered plagio-

clase are given in Table 9. The feldspars of gabbroic rocks tend

to be subhedral, rather than lobate, and compositionally overlap

feldspars in ultramafic rocks of the transition zone.
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Detailed Field Relations of the Transition Zone

Detailed field observations of two well exposed areas of

transition zone rocks, Celebration Ridge (Ridge 2) and Ridge 4,

were made. These ridges were chosen because both have excellent

exposure of transition zone rocks, they are far enough apart to

show changes in overall style across the transition zone, and

lastly because the contact between rocks of the transition zone

and cumulate gabbro of the Canyon Mountain complex is well ex-

posed on the west side of Ridge 4.

Field Relations, Ridge 4

Ridge 4 rises steeply from Pine Creek and consists principally

of strongly sheared and altered gabbro from the first outcrops to

100 meters beyond the ridge nose at elevation 7100 feet (2220 m).

This gabbro is similar to the gabbro of Bear Skull Rims, and is

mapped as part of that unit. Layered gabbro occurs in several lo-

cations on the steep part of the ridge. However, most gabbro is

isotropic or foliated by late deformation. A layered sequence of

dunite, websterite, melagabbro and gabbro occurs on the northeast

flank of the ridge. However, the relation of these layered, slightly

foliated transition rocks and the gabbro which comprises the north

part of Ridge 4 is not apparent.

The ultramafic portion along the crest of Ridge 4 comences at

an elevation of 6300 feet (1921 m). These rocks are less foliated

than similar lithologies on ridges to the east. Olivine websterite



with large clinopyroxene oikiocrysts occurs 20 meters south of the

ridge nose, and appears to be enclosed in nearly isotropic gabbro.

Bands of ultramafic rock which vary from dunite to lherzolite to

troctolite strike east-west across the ridge and vary from 0.5 to 5.0

meters in width. The ultramafic-gabbro layered sequence continues

nearly one kilometer south to an elevation of 7400 feet (2255 m)

where it terminates against gabbro and norite of Pine Creek Moun-

tain.

Field relations and textures throughout much of the transition

zone do not indicate prevalent turbulent or 'mushy' conditions within

the metacumulates, and in this respect are anomalous to most ophiolite

transition zones. Subsolidus deformation - noteably folds in gabbro

and small slump features - are present in two locations on Ridge 1

and three locations on Ridge 2 (Celebration Ridge). On Ridge 4,

there is some evidence of remobilization and perhaps diapiric intru-

sion of ultramafic layers into mushy gabbro. Gabbroic foliation

turns nearly 90° to parallel enclosed large peridotite blocks. En-

closure of foliated gabbro in mushy peridotite is also indicated by

field relations on the west flank of the ridge. Hence, some features

do suggest that the transition zone persisted as mush, and was locally

deformed by slumping or subsolidus movement. However, such occur-

rences are not a major feature of the transition zone.

Field Relations, Celebration Ridge

Celebration Ridge was mapped at a scale of 1:6,000, or 1 inch =

500 feet (Plate 3). Ten lithologies were identified:
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1. Serpentinite (Serpentine minerals > 75%)

2. Dunite

3. Harzburgite

4. Lherzolite (ol opx cpx)

5. Olivine websterite (ol cpx - opx)

6. Websterite (cpx ol opx)

7. Plagioclase websterite (cpx ol + opx plag)

8. Mel agabbro

9. Gabbro

10. Norite

The rock types vary unsystematically along the crest of the

ridge, with different lithologies every 5-10 m and layers or bands

commonly persisting laterally no more than 10-40 meters. Some band-

ing is very narrow, and even at l = 500, all changes in lithology

could not be shown. An additional handicap in mapping this ridge is

that although exposure at the ridgecrest and to approximately 61 m

below the crest is excellent, major portions of the lower ridge, and

much rock adjacent to the upper ridge is obscured by talus, glacial

moraine, and alluvium.

Celebration Ridge extends approximately 2 km north-south on the

east side of upper Pine Creek and provides a cross section from

harzburgite on Baldy Mountain to norite at Pine Creek Mountain. The

nose of Celebration Ridge rises steeply from Pine Creek. The Celebra-

tion Mine occurs in dunite at the north end which persists upward to

6400 feet (1951 m). The dunite is fine-grained, with a slightly
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tectonized fabric, and rare, one centimeter wide gabbro veins which

crosscut foliation. Although the Celebration Mine chromite body has

been largely removed by mining, float of nodular chromitite confirms

its cumulate nature. The surrounding dunite is considered similar to

dunites in other ophiolites which occur at the top of the harzburgite

or between harzburgite and metacumulate section. Unfortunately, the

contact bewteen the harzburgite and this dunite is not exposed. The

concentration of gabbro dikes on Baldy Mountain west of the ridge

and the occurrence of gabbro near Table Camp, east of the ridge,

strongly suggest that early cumulate gabbro intervenes between dunite

on Celebration Ridge and the main body of harzburgite. However, two

large, irregular dunite bodies occur on the south side of Baldy

Mountain, and may be related to the dunite body on Celebration Ridge.

West of the dunite, on the northwest side of the ridge, inter-

layered olivine websterite and plagioclase websterite to melagabbro

occur. These rocks are strongly foliated; banding is 10-20 cm thick

and strikes slightly oblique to the trend of the ridge.

Orthopyroxenites and clinopyroxenites occur as knockers in

dunite matrix from 6200 to 6800 feet (1890-2073 m) along the crest

of the ridge. On the north side, a layered outcrop of olivine

websterite and lherzolite with oikiocrystic pyroxene occurs. Modal

abundance of minerals varies greatly between bands. Irregular

patches of dunite are present. Olivine websterite which occurs

at the summit of the nose (el. 6800 feet or 2073 m), consists of

generally about 60 percent clinopyroxene, 30 percent olivine, and
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10 percent orthopyroxene. Dunite adjacent to and between these

pyroxene-rich pods is strongly serpentinized. One hundred meters

farther up the ridge, layered, foliated gabbro and alternating

gabbro and ultramafic rocks occur. The rocks are deformed and

possibly folded as hyper- or sub-solidus phases. Identifiable

lithologies include dunite, lherzolite, wherlite, websterite, and

melagabbro. Southward (up-slope) across the outcrop, orthopyroxene

generally decreases and clinopyroxene increases. Contacts between

units are gradational; units average about one meter in width. Un-

fortunately, these zones can be traced no more than five meters due

to poor exposure. Layered rocks of similar character were not found

on strike below the outcrop. Ultramafics and gabbros of this se-

quence are relatively unaltered and not strongly serpentinized or

rodingized.

Extensive exposures of orthopyroxene-clinopyroxene gabbro occupy

the next 400 meters. Some gabbro is layered. Approximate modes are

60 percent plagioclase, 20 percent clinopyroxene, and 20 percent

orthopyroxene, with local variations. Orthopyroxene generally in-

creases upward. Gabbro at lower elevations near the layered ultra-

mafics at the ridge nose is Ni-sulphide bearing. Gabbros are altered

sporadically along this portion of the ridge, with no predictable

pattern of alteration. In thin section, the alteration is usually

plagioclase (hydrogrossular + chlorite). Broad folding and minor

(5-10 m) displacement also affect the gabbro. Early subsolidus faults

offset gabbro layers two to five meters.
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At the contact of gabbro and upper peridotites, elevation 7280

feet, the two-pyroxene gabbro is strongly lineated, but not foliated,

and plunges steeply, parallel to the contact. The gabbro is medium

grained, 60 percent plagioclase (An75), 20 percent clinopyroxene, and

15 percent orthopyroxene (En80). As is true of all other gabbros in

the complex, the gabbro of the central portion of Celebration Ridge

is not chilled against the peridotite. The peridotite is severely

serpentinized at, and within 20 meters of the contact, possibly be-

cause the more competent gabbro acted as a barrier to movement of

water during alteration. Diabases are altered and amphibolized here,

as well as farther up Celebration Ridge.

Peridotite persists from the contact at 7280 feet (2220 m) to

the ridge summit at 7860 feet (2396 m) near Pine Creek Mountain.

Sporadic steep lineation suggests localized crumpling of peridotite

either as a nearly solid mush or subsolidus prior to substantial cool-

ing. Generally, the layers or bands of different lithologies are not

strongly foliated, and mineralogical changes are gradual over one to

ten cm, except for interleaved gabbros which do not have gradational

contacts with peridotite. Banding or layers vary in width from be-

tween 5-10 cm to more than 50 meters, with most in the range of four

to eight meters. Banding is more pronounced, lithologic changes are

more abrupt, and contrasts between adjacent mineralogies are greater

at the top of the ridge, near the contact with gabbro of Pine Creek

Mountain.
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Rodingized gabbro occurs along the ridge generally as bands

less than five meters wide which are not always strongly foliated,

and vary in texture from extremely coarse foliated gabbro to medium-

grained isotropic gabbro. With one noteable exception described

below, their contact with peridotite is sharp. Feldspathic perido-

tites (including troctolite) are virtually absent from Celebration

Ridge. Troctolites are most common as pods within gabbro at the

very top of the transition zone sequence.

At the top of the transition zone sequence, lithologies change

rapidly and abruptly. Gabbro becomes more abundant. Strongly

foliated gabbro alternates with bands of olivine websterite, plagio-

clase websterite, and dunite in bands 0.3 to 5 meters wide. The

rocks at the summit of the Celebration Ridge transition zone sequence

have escaped the pervasive serpentinization which effects the rocks

below. Bands of very fresh websterite one to five meters wide al-

ternate with dunites and mafic, two-pyroxene gabbro. Changes between

lithologies are abrupt; contacts are sharp.

Petrography and Mineral Chemistry of Upper Celebration Ridge

A sequence of interlayered gabbro, melagabbro, websterite,

olivine-plagioclase websterite, and wehrlite at the upper limit of

the transition zone at 7700 feet (2350 m) elevation on Celebration

Ridge (Ridge 2) was chosen for detailed petrographic and micro-

probe study to determine whether 1) interlayered hypersthene-

clinopyroxene gabbro was part of the transition zone or whether
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it was intrusive into the transition zone, 2) whether any cryptic

variation occurred in transition zone rocks, and 3) whether any

subtle mineral zonation was present.

In outcrop this sequence is alternating plagioclase-rich and

plagioclase-poor bands five to ten meters wide, with sharp boundaries

between layers where contacts are visible. The rocks are strongly

foliated, trend nearly east-west, and dip steeply northward, parallel

to the general trend within the transition zone. In these exposures

on the upper part of the ridge, serpentinization and alteration are

not as pervasive as they are below. There is no evidence of recrys-

tallization due to thermal effects, and the small amount of serpen-

tinization may be due to absence of conduits for water in these

stronger, more rigid upper rocks.

The location of the sequence analyzed from station 579 is shown

on Plate 2, modal analyses are given in Table 4 and microprobe data

for olivine, orthopyroxene, clinopyroxene and plagioclase are presented

in Tables 5-9. Late amphibole is given in Table 10.

The total interval investigated is 50 meters. Layer A, at the

top, is plagioclase-olivine websterite, five meters wide. Layers B

and C are five-meter-wide two-pyroxene gabbros. Layer D is plagio-

clase-bearing olivine websterite four meters wide, with less than one

percent plagioclase. Approximately ten meters of olivine-rich

lherzolite intervenes between each analyzed layer. Three thin sec-

tions of each layer show only minor variations in modal mineralogy.

In thin section, 579A is very fresh, with only three percent

alteration to serpentine and hydrogrossular. Texture is equant and
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Table 4. Modal analyses of the 579 sequence, Upper Celebration
Ridge.

579A 579B 579C 579D

Olivine 14.5 -- -- 14.7

Orthopyroxene 8.3 14.5 17.8 12.9

Clinopyroxene 61.3 20.0 36.5 47.6

Plagioclase 6.1 47.1 31.9 0.2

Amphibole 3.2 12.2 -- 2.1

Serpentine 3.2 6.0 -- 13.8

Chlorite -- tr 9.0 6.0

Prehni,te -- -- 2.6

Oxide 2.2 0.2 0.2 2.5

Suiphide 1.2 -- -- 0.2

100.0 100.0 100.0 100.0



TABLE 5. Olivine of 579.

579A

S102
39.17 39.14 38.74 37.92 38.92 40.27 39.96 39.53

A1203
0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00

Tb2 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00

FeO 22.85 22.51 22.20 22.70 22.87 17.99 18.52 17.88

0.36 0.37 0.35 0.35 0.32 0.26 0.23 0.26

1490 38.55 38.35 37.56 38.80 37.86 42.43 42.12 41.84

CaO 0.04 0.06 0.04 0.04 0.05 0.00 0.00 0.04

20
0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01

Cr03 0.02 0.03 0.02 0.02 0.04 0.00 0.00 0.00

HI0 0.17 0.22 0.20 0.21 0.18 0.18 0.17 0.16

101.15 100.68 99.15 100.03 100.26 101.16 101.01 99.76

StochIotry - 4 oxyqens

SI . 1.00 1.00 1.01 1.07 1.00 1.00 1.00 1.00

Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe 0.49 0.49 0.49 0.50 0.50 0.37 0.39 0.38

0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.38

14g0 1.48 1.48 1.47 1.51 1.47 1.57 1.57 1.57

CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cr203
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

NW 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.03

4.01 4.05 2.98 3.09 2.97 2.94 2.96 2.97

Fo 75 75 75 75 75 81 80 80 (TI



TABLE 6. Orthopyroxene of 579

579_A 5798
5790

5102
54.28 54.35 55.43 54.44 54.53 55.56 55.39 54.70 54.66 54.98 54.80 54.1! 55.05 54.65

81203 2.25 2.45 1.82 1.17 1.70 1.87 1.80 l.68 2.21 2.21 2.32 2.13 2.26 2.24

1107 0.16 0.15 0.07 0.09 0.03 0.08 0.04 0.04 0.05 0.01 0.00 0.06 0.04 0.04
FeO 14.32 13.91 12.29 12.53 13.40 12.61 12.55 13.15 13.09 12.99 13.17 13.44 11.92 11.89
I0 0.35 0.32 0.23 0.27 0.24 0.24 0.24 0.30 0.24 0.22 0.23 0.22 0.24 0.22
IlgO 26.80 26.80 28.55 28.66 28.81 27.46 28.56 28.39 27.14 28.14 28.21 29.79 29.50
CaO 0.65 0.92 0.73 0.77 0.63 0.80 0.80 0.67 0.79 0.87 0.58 0.78 0.63 0.64

Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.02 0.00 0.02 0.00 0.00

Cr203 0.16 0.20 0.03 8.77 0.45 0.01 0.11 0.05 0.07 0.10 0.11 0.08 0.22 0.24
810 0.12 0.22 0.07 0.04 0.00 0.0! 0.00 0.03 0.00 0.12 0.00 0.03 0.04 0.05

99.08 99.30 99.26 95.63 99.36 98.63 99.50 99.52 99.49 98.72 99.35 99.06 100.18 99.53

Sto1choaitry - 12 oxygens

SI 3.92 3.92 3.96 3.92 3.91 3.99 3.95 3.96 3.91 3.96 3.92 3.89 3.89 3.89
8! 0.19 0.21 0.15 0.15 0.14 0.16 0.15 0.15 0.19 0.19 0.20 0.16 0.19 0.19
11 0.01 0.01 0.00 GUI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.87 0.84 0.73 0.75 0.80 0.76 0.75 0.18 0.78 0.78 0.78 0.79 0./0 0.7!
Un 0.02 0.02 0.04 0.02 0.14 0.01 0.01 0.0! 0.0! 0.01 0.01 0.01 0.0! 0,0!
Mg 2.89 2.81, 3.37 3.08 3.08 2.24 3.04 3.0! 3.03 2 9! 3.00 3.0! 3.14 3.13
Ca 0.05 0.07 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.07 0.04 0.04 0.05 0.05
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.0! 0.01 0.0! 0.00 0.01 0.00 0.0! 0.00 0.00 0.00 0.0! 0.00 0.00 0.0!
Ni 0.01 0.05 0.00 0.00 0.00 0.00 0.00 0.00 07/) 0.00 0.00 0.00 0.00 0.00

1.91 1.97 7.96 8.00 8.01 7.93 1.97
7 99 7.94 1.98 7 99 8 0! 8 00

En 77 71 82 80 79 15 80 79 80 75 79 79 82 82

01



TABLE 7. Clinopyroxene of 579

579 A
5798 579C

I 2 3 4 Core 5 .. RI. I 2 3
4

RI. Core Cpo 1 Cpx2 Cpx3 Cpx4 Cpo5 Cpx6
5102 51.47 51.32 50.30 51.59 51.10 50.49 52.51 51.54 50.78 51.83 53.32 52.71 53.12 53.42 52.51 50.49 52.55 53.31 52.16 52.82 52.83 52.78
A1203 3.57 3.62 3.71 3.67 3.97 3.70 3.59 3.85 3.48 3.59 2.52 2.54 2.43 2.29 2.46 2.98 2.82 2.92 2.92 2.87 2.82 2.92
1102 0.60 0.54 0.53 0.51 0.61 0.53 0.50 0.56 0.52 0.47 0.21 0.17 0.12 0.19 0.19 0.05 0.10 0.15 0.17 0.17 0.21 0.23FeO 6.40 5.07 6.01 5.71 5.94 5.95 5.95 6.60 5.44 7.57 5.39 5.43 5.03 4.72 5.07 5.34 5.29 5.67 5.90 5.08 5.27 4.9716i0 0.18 0.17 0.17 0.22 0.16 0.18 0.17 0.24 0.19 0.23 0.13 0.08 0.13 o.oa 0.11 0.09 0.10 0.12 0.16 0.12 0.11 0.12
1490 14.79 14.64 14.84 14.77 14.92 15.49 14.78 15.26 55.03 16.92 15.50 16.03 15.75 55.82 15.56 15.52 15.91 55.42 15.49 15.45 15.32 15.41CoO 20.82 22.85 21.63 22.08 22.36 21.98 21.72 25.00 22.27 18.41 21.62 22.01 22.21 22.48 22.83 21.92 22.01 22.04 20.46 22.50 22.45 22.31NaO 0.28 0.23 0.29 0.29 0.37 0.27 0.26 0.28 0.26 0.20 0.58 0.16 0.15 0.52 0.55 0.21 0.20 0.23 0.20 0.21 0.21 0.22
Cr203 0.41 0.46 0.40 0.32 0.44 0.42 0.34 0.46 0.39 0.40 0.13 0.15 0.15 0.13 0.13 0.18 0.14 0.17 0.18 0.25 0.16 0.23N10 0.08 0.07 0.13 0.05 0.50 0.01 0.51 0.04 0.14 0.11 0.03 0.06 0.00 0.04 0.00 0.07 0.03 0.00 0.04 0.05 0.13 0.07Total 98.58 98.97 97.99 98.90 99.90 99.01 99.92 99.77 98.50 99.72 99.03 99.33 99.08 99.33 99.00 96.95 99.14 100.03 97.69 99.51 99.50 99.26
StoichIolEtry - 12 oxygens
SI 3.84 3.83 3.79 3.84 3.77 3.76 3.86 3.81 3.80 3.82
Al 0.35 0.32 0.33 0.30 0.35 0.33 0.31 0.33 0.31 0.35

3.94 3.89 3.92 3.93 3.89 3.83 3.88 3.90 3.91 3.89 3.89 3.89
11 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

0.22 0.22 0.25 0.20 0.22 0.27 0.25 0.25 0.26 0.25 0.24 0.24
Fe 0.40 0.32 0.38 0.36 0.37 0.37 0.37 0.45 0.34 0.47

001 0.01 0.01 0.01 0.05 0.01 0.01 0.01 0.01 0.01 0.01 0.01
P6 0.01 0.01 0.05 0.01 0.01 0.01 0.01 0.05 0.01 0.05

0.33 0.33 0.35 0.29 0.31 0.34 0.33 0.35 0.37 0.31 0.32 0.31
lix 1.65 1.62 1.67 1.64 1.65 1.72 1.62 1.68 1.68 5.86

0.01 0.00 0.01 0.00 0.05 0.01 0.01 0.01 0.01 0.05 0.01 0.01
Ca 5.66 1.82 1.75 1.76 1.77 1.75 1.71 1.66 5.79 1.45

1.75 1.76 1.73 1.73 5.72 1.76 1.75 1.68 1.73 1.70 1.68 1.69
Na 0.04 0.03 0.04 0.04 0.43 0.04 0.04 0.04 0.04 0.03

1.71 5.74 1.76 1.77 1.81 1.78 1.74 1.73 1.64 1.77 5.77 1.76
Cr 0.02 0.03 0.02 0.02 0.25 0.03 0.02 0.03 0.02 0.02

0.03 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03
NI 0.00 0.00 0.0) 0.00 0.01 0.00 0.01 0.00 0.01 0.01

0.01 0.01 0.07 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.05
C 7.98 8.00 8.03 8.00 8.03 8.05 7.96 8.00 8.02 8.00

0.00 0.00- 0.00-- 9j Q 0.00 p p Q.92 Q!Q 9i!J
7.96 8.00 7.98 7.97 8.00 8.04 8.00 7.97 7.97 7.99 7.98 7.98

Fe 10 8. 10 9 9 9 50 10 8 12
08 08 08 08 08 09 08 09 10 08 08 08

44 44 " "
45 46 46 46 46 46 46 45 46 45 45 45Ca 44 48 4 46 46 45 46 44 46
46 46 46 46 46 46 46 46 44 47 47 47



Table 7. Continued.

579D

59

1 2 3 4

Si02 S2.44 51.98 51.47 52.23

A1203 3.12 2.97 3.46 311
Ti02 0.32 0.32 0.35 0.31
FeO 4.20 4.88 4.80 4.55
bi0 0.10 0.09 0.12 0.11
MgO 15.66 16.07 15.41 15.59

CaO 21.48 22.08 21.88 21.19

Na20 0.12 0.19 0.19 0.15
Cr203 0.45 0.46 0.54 0.47
Ni0 0.07 0.03 0.00 0.43
Total 97.98 99.07 98.22 97.76

Stoichiometry - 12 oxygens

Si 3.40 3.85 3.88 3.89
Al 0.27 0.26 0.02 0.02

Ti 0.02 0.02 0.30 0.27
FeO 0.26 0.30 0.30 0.28
MnO 0.01 0.01 0.01 0.01
MgO 1.73 1.77 1.71 1.73

CaO 1.71 1.75 1.75 1.69

Na20 0.01 0.03 0.03 0.02
Cr203 0.02 0.03 0.03 0.03
NiO 0.02 0.00 0.00 0.00
Sum 7.95 8.01 7.99 7.95

Fe 07 08 08 08

Mg 47 46 46 46

Ca 46 46 46 46



TABLE 8. Plagioclase of 579.

579A 579B 579C 5790

Si02 44.80 44.71 45.17 44.73 44.71 45.23 No

Ti02 0.00 0.00 0.00 0.00 0.00 0.00 Plagio-

.A1203 36.11 35.88 35.52 36.21 36.32 36.41 clase

FeO* 0.30 0.39 0.19 0.20 0.20 0.15 analyzed

MnO 0.00 0.00 0.00 0.00 0.00 0.00

MgO 0.02 0.03 0.02 0.00 0.02 0.01

CaO 18.71 19.20 19.21 19.11 18.99 18.85

Na20 0.85 0.81 0.66 0.63 0.63 0.62

100.79 101.07 100.75 100.89 100.67 101.27

Stoichiometry - 32 oxygens

Si 8.24 8.19 8.28

Ti 0.00 0.00 0.00
Al 7.81 7.75 7.67

Fe 0.05 0.13 0.03
Mn-- -- --

Mg-- - - - -

Ca 3.67 3.77 3.77

Na 0.30 0.29 0.23

20.07 20.13 19.98

8.19 8.19 8.21

0.00 0.00 0.00
7.81 7.83 7.81

:08 0.08 0:02

3.75 3.70 3.67
0.22 0.22 0.22

20.06 20.02 19.94

An 92 93 94 94 94 94
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TABLE 9. Alteration of plagioclase to hydrogrossular, 579A

Plagioclase
1 2 3 4

Hydro-

An90 grossular

Si02 44.80 44.70 38.60 36.70 35.50 37.15

Ti02 0.00 0.00 0.00 0.00 0.00 0.00

A1203 36.11 35.9 28.1 27.10 25.10 24.03

FeO* 0.30 0.39 2.52 5.87 6.56 12.65

MnO 0.00 0.00 0.24 0.22 0.23 0.48

MgO 0.21 0.03 2.04 3.41 2.51 3.53

GaO 18.71 19.20 22.9 20.14 20.65 13.59

Ma20 0.85 0.80 0.02 0.03 0.11 0.01

100.79 101.80 94.39 93.45 90.64 91.43
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Table 10. Accessory phases of the 579 sequence.

AMPHIBOLE PREHNITE

579A1 57982 57982 579C2 579C3 57903 579C

Si02 42.78 51.32 51.21 52.17 45.36 45.49 43.17

hO2 2.13 0.14 0.10 0.17 1.01 0.74 0.00

A1203 13.56 7.20 6.85 2.92 12.61 11.96 24.94

FeO* 8.32 6.09 5.79 5.91 8.57 7.03 0.09

MnO 0.08 0.03 0.05 0.16 0.07 0.07 0.01

MgO 14.99 18.25 18.88 15.49 14.85 17.18 0.03

CaO 12.02 12.01 11.57 20.46 11.34 11.22 25.98

Na,O 2.57 0.87 0.97 0.20 2.04 1.68 0.03

Cr 0.69 0.04 0.02 0.17 0.20 0.43 0.01

Ni 0.04 0.00 0.03 0.04 0.05 0.04 0.00

Sum 97.18 95.95 95.47 97.69 96.10 95.84 94.23

Associated with plagioclase + clinopyroxene.

2Associated with orthopyroxene.

3Associated with clinopyroxene.
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granoblastic, recrystallized from adcumulate. Most clinopyroxene

has rounded, lobate borders, indicating late growth and re-equilibra-

tion. Plagioclase (An9093) is intercumulus, comprises about six

percent of the rock, is complexly twinned, and shows little evidence

of deformation. The feldspar is partly altered to dark brown hydro-

grossular and chlorite. This alteration commences at the center of

the plagioclase grain, rather than migrating inward from the edges.

The alteration (Table 9) progressively depletes feldspar in Si02

and A1203 and enriches it in FeO*, MnO, and MgO until a seemingly

uniform end-member hydrogrossular composition is achieved. CaO varies

during the alteration process, increasing at intermediate stages.

Olivine (Fo75) is strongly deformed in 579A. Usually it is

kneaded into interstitial positions from a probable euhedral con-

figuration. Strain features such as glide twinning are present

but not abundant, suggesting that deformation occurred at high

temperatures under conditions of plastic flow (Gueguen and Nicholas,

1980).

Orthopyroxene (En77) is nearly euhedral, corroded, and faintly

pleochroic. It averages 0.7 m in diameter. Clinopyroxene is

slightly later in crystallization, subhedral, about the same size

as orthopyroxene, and is not zoned. Probe traverses and energy dis-

persive analysis scans (EDS) of clinopyroxenes in 579A indicate that

although slight variations in composition are present, no systematic

zonation occurs (Table 7).

Amphibole (Table 10) is a clear to light green late magmatic

phase, rims some clinopyroxene, and forms boundaries between
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clinopyroxene and plagioclase, or between plagioclase and suiphide.

The amphibole is a high A1203 hornbleride, with as much as two per-

cent hO2, 0.7 percent Cr203, and 2.6 percent Na20.

Primary sulfides constitute 1.1 percent of 579A, but are absent

in other layers of this sequence. They contain up to three percent

NiO and are a significant phase.

In 579B, overall textures and mineral relations are similar to

579A. The principal difference is the variation in modal abundance

between layer A and layer B. In 579B, plagioclase is much more

abundant, and the texture is more nearly adcumulate. Plagioclase

is very calcic (An9294), undeformed, and complexly twinned. Its

alteration is similar to that in 579A.

Olivine and sulfide are absent in 57gB. Orthopyroxene is

euhedral and somewhat larger (1.0 mm) than in 579A. It is also

slightly more magnesian (En7582) than in 579A, with an En80 average.

Clinopyroxene is similar in texture and size to 579A. It is slightly

more magnesian and less calcic, and contains substantially less 1102.

Amphibole, which forms reaction rims between plagioclase and

orthopyroxene in 57gB, is an iron-rich tremolite. It is high in Si02

(51-52.5 percent), and is post-solidus.

Sample 579C has similar recrystallized adcumulate textures to

samples 579A and 579B, and contains no olivine. The grain size is

slightly smaller than in other layers, averaging 0.5 mm. Plagio-

clase (An91) is uniform in composition, complexly twinned, and partly

replaced by hydrogrossular and chlorite from the center outward.

Orthopyroxene (En7580), is very noticeably rounded and corroded.



65

Clinopyroxene is more euhedral in this rock than in others. Its

composition is nearly identical with 579B, except for possibly

slightly higher Cr203 and Na20. It is unzoned. Amphibole forms

as a reaction between clinopyroxene and plagioclase. Its low Si02

content (45 percent) and moderate concentrations of A1203, FeO*,

and CaO classify it as a hornblende.

Sample 579D is the most altered and deformed of the sequence.

It is an olivine websterite, with less than one percent plagioclase.

Plagioclase composition could not be accurately determined due to

pervasive alteration. Olivine (Fo8081) is very strongly deformed.

Orthopyroxene (En82) is homogeneous and its more magnesian character

is in keeping with the higher Fo content of olivine. Clinopyroxene

is less iron-enriched, contains slightly less CaO and slightly more

A1203 than 5798 or 579C.

Overall, clinopyroxene of the 579 sequence is more enriched in

CaO than clinopyroxene in the Skaergaard trend (Figure 7). Both

clinopyroxene and orthopyroxene in the lower two layers of the

sequence (5790 and 579C) become more iron rich, and ties for pyrox-

ene pairs are nearly parallel. However, pyroxenes of the next layer

(5798) reverse this trend, and increase in MgO and CaO. Sample 579A,

the top layer, contains pyroxenes which are slightly more enriched

in FeO*, and show a return to normal major element fractionation.

Major oxide compositions of olivine, orthopyroxene, clino-

pyroxene, and plagioclase in the 579 sequence (Figure 8) generally

show trends expected in a differentiating magma. Fo of olivine
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increases, En of orthopyroxene decreases, and the An content of

plagioclase decreases slightly.

Minor element variation in minerals of the upper transition

zone sequence (Figure 9) has seemingly contradictory trends. MnO

increases in olivine at the top of the sequence, as would be expected.

However, NiO also increases, which is incompatible with simple frac-

tionation. In clinopyroxene, 1102 and Cr203 decrease upward through

the lower three units, then increase dramatically in the top olivine

websterite. The increases in NiO, Cr203, and the abrupt increase in

1102 for the upper layer are inconsistant with continuous fractiona-

tion, and can be best explained by the influx of a more primitive

and possibly picritic, magma.

Mineralogical Considerations for Transition Zone Crystallization

In summary, the 569 sequence shows phase and subtle cryptic

variation in major and minor constituents over a short stratigraphic

distance in keeping with a cumulate origin of all four layers. Varia-

tions in modal proportions of minerals and abrupt changes at layer

boundaries may be maintained by growth mechanisms such as double

diffusive convection (Irvine, 1980), but probably originated due to

changes in conditons of crystallization such as increases of H 0
2

rather than gradual fractionation. The abrupt change from 579A

olivine websterite to the two-pyroxene gabbro of 579B could be

accomplished by an increase in H 0
which would shift equilibria

2

from the olivine-orthopyroxene field to orthopyroxene-diopside crys-

tallization in the olivine-diopside-quartz system (Kushiro, 1969).
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Minerals of the transition zone have slight cryptic variation

which is compatible with fractionation or precipitation from a liquid

of gabbroic composition. In the four layer sequence investigated,

with increased stratigraphic height in the first three layers olivine

disappears, and the En of orthopyroxene decreases slightly. Plagio-

clase, however, becomes very slightly more calcic upward, and dm0-

pyroxene of 579C is slightly more enriched in Ca and Mg than in the

two layers below. Hence, major oxide variation is not completely

regular and suggests that accumulation of the upper transition zone

was not a simple process.

Minor elements indicate that a model of continuous, simple,

closed system fractionation is incorrect. Although the increase in

MnO of the upper, 579A olivine is compatible with its higher strati-

graphic position and higher iron content, the increase in NiO of

this olivine, and the increase in Cr203 of 5.79A clinopyroxene re-

quires replenishment of the magma in these components. Because the

entire spectrum of major and minor elements is not reset, and hO2

and Na20 continue to increase in the minerals, fractionation of the

magma probably continued with periodic injection and enrichment by

small quantities of mafic liquid. A picritic magma, or, more

likely, melts of a clinopyroxene-rich source are possibly sources

for the observed variations.
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The Zone of Infiltration

Previous workers (Thayer, 1977; Dungan and Ave Lallemant,

1977; Himmelberg and Loney, 1980) have noted that gabbro and

pyroxenite dikes intrude the tectonite harzburgite. Systematic

mapping of gabbro dikes for this thesis has shown that they occur

in a zone 3.5 km wide which trends northeast through the central

portion of the harzburgite, and includes a pod of gabbro approxi-

mately 25 m wide enclosed within the basal harzburgite (the gabbro

of Gwynn Gulch). The zone of infiltration is shown on Plates 1 and

2. The distribution and quantity of the dikes and associated felds-

pathic harzburgite are remarkably symmetrical , and suggest that the

zone of infiltration is a significant feature of the Canyon Mountain

complex rather than simply the result of random intrusion.

Dikes within this zone vary in width from less than one milli-

meter to more than two meters. Generally they crosscut the harz-

burgite fabric, but have no preferred orientation. Where not

obscured by rodingization, their mineralogy is nearly identical.

They are olivine-two pyroxene gabbro, with clinopyroxene the domi-

nant mafic phase. Their major and minor element geochemistry varies

slightly, but indicates that they are relatively unfractionated.

Because overall exposure of bedrock is poor within the zone of

infiltration, a quantitative estimate of dike distribution could not

be accurately based upon number of dikes per square meter. However,

where there is no bedrock exposure, gabbro from dikes or veins is

commonly present as float that usually weathers into pieces with



widths approximately the same as the dike from which they originated.

Float may be narrower than the dike, but is unlikely to be wider.

Hence, instead of the quantity of dikes per unit area, the maximum

width of dikes, or float from dikes, was used as an index of gabbro

abundance. It should be noted that where wide dikes occur, narrower

dikes and veinlets are present also.

Units of the Zone of Infiltration

The sub-zones distinguished in mapping dike distribution are shown

on plates 1 and 2. They are:

Zone A. Gabbro, feldspar, and/or clinopyroxenite veinlets

less than one cm wide, or feldspathic harzburgite.

(Presence of feldspar or altered feldspar in

harzburgite, including isolated individual blobs,

was criteria for inclusion of a rock in this zone.)

Zone B. Gabbro veins one to ten cm wide.

Zone C. Gabbro dikes greater than ten cm wide.

Zone 0. Gabbro dikes greater than 20 cm wide, forming ten

percent or more of the exposures.

Zone A

The outermost zone (Zone A) contains only thin veinlets of

gabbro (clinopyroxene + feldspar), feldspar or clinopyroxene. Felds-

pathic harzburgite, which may contain as much as 35 percent plagioclase,

or as little as a single 0.1 mm bleb of feldspar in a square meter of

depleted, foliated peridotite, was also mapped as this zone. The



Feldspathic harzburgite, Zone A. East side of Pine Creek

Early and late gabbro veins in harzburgite, Zone B, Baldy Mtn.

FIGURE 10. Lithologies of the Zone of Infiltration.

73



74

transition from unaffected harzburgite to zone A is gradual. Blobs

of feldspar and thin veins increase slightly in abundance inward from

the localities where they were first noted. Significantly, early veins

are commonly contorted and may be oblique to peridotite foliation;

later vei.ns follow fractures and crosscut early gabbros as well as

harzburgite fabric. This relation suggests that early gabbros were

present while the harzburgite was mushy or at least behaved in a very

plastic manner, and that later gabbros intruded after discrete frac-

tures or cleavages formed in a more solid mass. However, as far as

has been determined, there is no significant mineralogical or geo-

chemical difference between early and later gabbro.

Many veins in zone A are discontinuous. They may persist for

only a few cm, or may extend, especially where they follow a frac-

ture, across the width of available exposure. Larger veins within

this zone have sharp, serpentinized boundaries. Commonly, smaller

veins, or early, contorted veins are fringed by feldspars which de-

crease in abundance away from the vein, and may be elongate either

parallel or oblique to harzburgite foliation.

Feldspathic harzburgite is widespread in zone A. Feldspar may

occur in broad, layer-like zones, or may be restricted to rare, iso-

lated single lobate blobs (see Figure 10). Where gabbro dikes are

large, with straight boundaries, and appear to follow fractures,

dispersed feldspar is less common than where gabbro veins are more

irregular.

There is a broad range of texture in feldspathic peridotite,

from very fine-grained (0.1 mm), evenly dispersed plagioclase, to
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irregular, large (> 1 cm) plagioclase and clinopyroxene, which may

occur in either harzburgite or dunite. In some dunite, plagioclase

and clinopyroxene are intimately associated. Finely dispersed tex-

tures are generally confined to bands which may crosscut or parallel

foliation, or are adjacent to larger (± 2 cm) gabbro veins.

Plagioclase grains, in outcrop, may trail off along foliation,

even where veinlets cross foliation. Smaller plagioclase are aligned

with clinopyroxene in discontinuous veinlets, or may form aggregates

up to five m wide. There is no notable "depleted" zone around

veins, and very little clinopyroxene in peridotite.

In thin section,.the feldspar dispersed in peridotite is

lobate and occasionally cuspate, and is pervasively altered to a

brown to white isotropic mat of chlorite and hydrogrossular. Twin-

ning is complex, but the plagioclase is not notably deformed.

Where composition of feldspar could be determined via Michel -Levy

rotation, the plagioclase is An9197. Feldspars may have thin re-

action rims of red-brown to pink amphibole, especially where they

are adjacent to orthopyroxene or chrome-spinel. Optically these

amphiboles are similar to those described in Gwynn Gulch and other

gabbro, and are probably a chrome-rich hornblende.

The dispersed feldspar in tectonite harzburgite, where not

strongly altered, shows little evidence of strain. It may follow

or crosscut foliation. Although spinel is adjacent to much plagio-

clase, in none of the thin sections did it core or rim a plagio-

clase, or seem to be converting from spinel to plagioclase as

might be expected if decreasing pressure and consequent phase
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transformation were responsible for the generation of plagioclase.

Rather, amphibole reaction rims occur at rare contacts of plagioclase

and spinel grains in harzburgite.

In contrast to the unstrained but altered isolated feldspar and

clinopyroxene crystals within harzburgite, minerals in small gabbro

veins are deformed as well as hydrated. Both feldspar and clino-

pyroxene are granulated and sheared; plagioclase twin lamellae are

bent. The veins obviously did not escape deformation during late

plastic flow or emplacement of the harzburgite. Plagioclase is al-

tered to hydrogrossular + chlorite, and clinopyroxene is bordered by

red-pink amphibole as well as rimmed and replaced by acicular tremo-

lite. Hence, the gabbro veins do not show any contact effects with

the host peridotite, and they display effects of fairly high tempera-

ture alteration. The veins, as well as individual, isolated crystals

were probably hydrated and rodingized at the same time that ser-

pentinization occurred.

Many clinopyroxenite bands and websterite dikes parallel to folia-

tion have a border of depleted, pyroxene-free dunite which may be

one centimeter or more wide, and probably represents contribution

of the harzburgite to the websterite band. This contrasts markedly

with the gabbro veins which do not have a depleted zone adjacent to

them. Instead, feldspar and clinopyroxene increase in abundance

with proximity to the vein (Figure 10) and may be emplaced from the

gabbro into the peridotite. Hence the clinopyroxenite websterite

bands and dikes, and the gabbro veins seem to represent different

events or episodes of rnagmatism the pyroxenites from an early
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squeezing out of still slightly fertile peridotite (Nicholas and

Jackson, 1982) or cumulate episode (Thayer, 1963), and the gabbro

from intrusion into the harzburgite.

Zone B

The width of gabbro dikes generally increases inward from the

A zone. Dikes with a width of up to 10 cm were mapped as zone B.

The gabbro mineralogy, alteration, and field relations are similar

to narrower dikes in zone A. Generally, the dikes tend to follow

fractures and have straight boundaries. Feldspathic harzburgite is

not as comon in zone B as in zone A.

Zone C

Zone C contains rather broad dikes, greater than ten cm wide.

The dike mineralogy and textures are similar to those of zones B

and A. Deformation is notable in thin sections. The gabbro has

been slightly rodingized and hydrated at elevated temperatures.

Dikes in zone C, and some even broader dikes in zone D, are

banded, or hhlayeredu parallel to their borders (Figure 11). This

banding might be construed as of either cumulate or flow origin.

The gabbro in dikes does not have a flow lamination, per Se, as do

the upper level gabbros of Pine Creek Mountain. Dike texture is

essentially deformed adcumulate, rather than hypidiomophic- or

panidiomophic-lamiriar. However, they are constricted in that magma

in dikes cannot move or be removed yj filter-pressing upward in the

same manner as cumulates in larger chambers.
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Banded dikes, Zone D, north side of Baldy Mountain

Dikes enclosing harzburgite, Zone D, north side
of Baldy Mountain

FIGURE 11. Gabbro dikes in the Zone of Infiltration.
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A proposed mechanism for the origin of banding is as follows

(Figure 12): 1) flow banding segregated mafic and felsic constituents;

2) the melt stagnated, 3) long, slow cooling within a peridotite at some

depth allowed diffusion of last melt to minerals. This mechanism is

similar to Irvine's diffusive convection (1980) but occurs on a smaller

or more limited scale. Texture and composition of a rock formed in

this manner would differ somewhat from a cumulate in a large chamber

because melt could not readily be removed or reequilibrated with, over-

lying magma.

An additional possibility is that partly solidified dikes were

forcefully injected with more gabbroic magma of similar composition.

If this process occurred, some dikes might contain xenoliths of

banded gabbro in a more isotropic matrix. Indeed, this process of

periodic injection of similar magma will be suggested for the

gabbro of Gwynn Gulch. This gabbro does contain autoliths of lineated

gabbro in an isotropic matrix. Although smaller scale analogies were

not observed in any dikes, this process of continued injection of

primitive magma into a mushy, partly solidified dike is another

probable mechanism for generation of layered dikes which might account

for strain effects evident in larger dikes.

Zone D

In zone D, gabbro occurs in dikes greater than 20 cm wide, and

forms more than ten percent of visible outcrops. This zone occurs in

two localities: the south side of Baldy Mountain, and in the north-

west part of the zone of infiltration, east of Pine Creek. On Baldy
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A. Segregation in crystal mush flow.

B. Intrusion into mostly solidified gabbro.

FIGURE 12. Mechanisms of layered dike development.



Mountain, dikes crisscross both one another and foliation, and form

anastomosing clusters in which gabbro may be more than three meters

wide and contain inclusions of harzburgite (Figure 11). Upward, the

dikes pinch out. Some gabbro dikes change into pyroxenite along their

length. The base of Baldy Mountain and the probable contact of harz-

burgite and gabbro or transition zone rocks is completely covered

with talus - much of which contains gabbro - and the question of

whether this zone of dikes originated from a larger body of gabbro

cannot be resolved. The 0-zone to the east of Pine Creek, however, is

not associated with any known, larger gabbro body, and must represent

a locus of dike concentration.

Origin and Significance of the Zone of Infiltration:

Gabbro of the zone of infiltration is typically olivine - two

pyroxene gabbro with abundant clinopyroxene and little modal ortho-

pyroxene and olivine (Table 11, sample hOG). Plagioclase is very

calcic. The layering in wide dikes indicates magmatic flow, and the

increasing mafic content along dikes which narrow upward on Baldy

Mountain suggests that filter-pressing and forceful injection were

operative.

There are at least three, and possibly four generations of

gabbro dikes in the tectonite harzburgite.

1. The earliest dikes have irregular boundaries, "bleed" into

the surrounding harzburgite, and are plastically deformed. They

were probably emplaced into a crystal mush, or highly plastic

peridoti te.



2. The second generation of dikes have straight boundaries, and

were emplaced into fractures which crosscut foliation in the harz-

burgite. They have mineral foliation which parallels the harzburgite.

Boundaries of these dikes may be offset along foliation. They were em-

placed into fractures while the harzburgite experienced ductile shear.

3. A third generation of dikes have banding or layering parallel

to their straight edges. They were intruded forcefully into fractures

in brittle peridotite after deformation ceased, and developed layering

by flow segregation or repeated injection of phyric magma.

4. The last intrusives are isotropic gabbro in dikes which cross-

cut or parallel foliation of the harzburgite. These dikes may be the

same generation or later than #3.

This chronology of dike emplacement and similar mineralogy of all

gabbro dikes examined indicates that gabbro of very similar composition

was emplaced throughout much of the cooling and deformation history of

the harzburgite.

The following considerations are germane to understanding the

origin of these dikes: 1) There is no zone of depletion around the

gabbro dikes, as there is adjacent to very early pyroxenite bands

in harzburgite. Instead, feldspar and clinopyroxene are enriched

near the edges of early veinlets and deformed dikes, and decrease

in abundance with distance from the dike; 2) Veinlets and dikes

crosscut tectonite fabric; 3) There are no 'fertile" phases in this

peridotite except clinopyroxene and plagioclase; 4) Composition of

all dikes seems uniform, and similar to gabbro of Gwynn Gulch;

5) Importantly, spinels in chromitites within the zone of



infiltration are high A1203 varieties. Elsewhere in the Canyon Mount-

ain complex they are chrome-rich.

Structural studies of the Canyon Mountain complex by Misseri

and Boudier (pers. corn., 1982) are also important to consideration

of the origin of the zone of infiltration. Detailed structural pet-

rography coupled with field work has shown that the Canyon Mountain

complex tectonite harzburgite consists of two diapiric structures -

one on the east and one on the west with steep foliation and

lineation. Between these areas, and coincident with the infiltra-

tion zone mapped on the basis of gabbro dike distribution, the

structure of the harzburgite flattens. Consequently, it seems that

the intrusion of gabbro may have significantly affected the peridotite-

was channeled by peridotite structure at a very early stage in the

history of the Canyon Mountain complex, while the peridotite behaved

plastically or as a mush.

Gabbro of the infiltration zone is not considered to originate

through partial melting of the harzburgite of the Canyon Mountain

complex for the following reasons:

1) No fertile components, or trace of fertile components (e.g.,

feldspathic harzburgite or pyroxene-feldspar veins) occur in harz-

burgite east or west of this zone. Pyroxenite bands are present,

and probably represent "sweating out" or reorganization of original

ultramafic rock. It is considered unlikely that mantle peridotite

fertile enough to produce the quantity of gabbro in the zone of in-

filtration could have all feldspathic melt removed, even by repeated

episodes of partial melting.



2) No zone of depletion occurs around gabbro veins to indicate

migration out of the peridotite and into the vein as is present at

Lanzo (Boudier and Nicholas, 1977) and Ronda (Dickey, 1975), or in

early CMC websterite veins. Instead, a "zone of enrichment" is present,

suggesting migration of feldspathic components from the dike into host

pen doti te.

3) In Lanzo (Boudier and Nicholas, 1977; Nicholas and Jackson,

1982) and other fertile massifs where partial melting can be demonstrated -

gabbroic melt and veins - especially of early stages of partial melting -

are parallel to foliation of the parent peridotite. In contrast, gabbro

dikes of the Canyon Mountain complex zone of infiltration cormionly cross-

cut the harzburgite fabric.

4) Spinel or garnet do not apparently contribute to plagio-

clase or clinopyroxene. Where Cr-spinel occurs adjacent to plagio-

clase in the harzburgite the two phases are separated by a reaction

rim of Cr-rich amphibole or cliriopyroxene. Hence partial melting in

not due to phase transformation at lower pressure, as is true of the

fertile massifs cited above. The mineralogy of the harzburgite is

stable at low pressure.

5) Isolated feldspars are not deformed, and were not greatly

effected by plastic flow or deformation in harzburgite, although in

some rocks they occupy "pockets" (Himmelberg and Loney, 1980) parallel

to foliation.

6) Early, contorted gabbro veins most comonly enrich adjacent

peridotite in gabbroic melt (feldspar and clinopyroxene) and intruded

mushy or very plastic harzburgite. Larger and later veins which
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that with time the peridotite cooled and behaved in a more brittle

manner, despite the presence of an increased proportion of gabbro.

If partial melting was responsible for production of the gabbro,

the reverse sequence might be expected - brittle, followed by in-

creasingly plastic behavior as the proportion of melt increased

and temperature either increased or, for partial melting at de-

creasing pressure, remained constant.

Nicholas and Jackson (1982) proposed a three-stage model for

sequential intrusion of dikes produced by partial melting of perido-

tite: 1) dikes emplaced prior to plastic deformation, including

pyroxenite dikes; 2) dikes emplaced during shear flow. These would

be parallel to the shear flow plane and the foliation; 3) later dikes

which crosscut foliation eriplaced by hycirofracting of gabbroic magma

under pressure.

However, it is questionable whether a peridotite which con-

tained a large amount of partial melt at high temperature would be

brittle enough to fracture across a strongly developed foliation.

Waff and Hoidren (1981) have shown that grain boundaries in

mantle nodules do not contain residual melt, and the lava which

transported the nodules to the surface did not penetrate the xeno-

liths. Dry intergranular surfaces are stable and resist wetting.

Hence, intergranular introduction of melt is inhibited. Therefore,

a refractory layer in the upper mantle would be impervious to magma

injection via grain-boundary wetting, and some mechanism such as the

propagation of fractures is necessary for magma transport. Such
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due to hydrofracting during early melt generation, and in the Canyon

Mountain complex it could occur in the zone between two rising

mantle diapirs, or could be developed by migration of a volatile

phase which was an early stage of melt infiltration. Volatiles

(H20) might account for the occurrence of Cr-rich amphibole and

the ubiquitious alteration of feldspar in the ultramafic rocks. If

infiltration occurred during serpentinization, volatiles would be

abundant, as would strain effects due to harzburgite volumetric

increase.

The fact that gabbro from all generations of Canyon Mountain

complex gabbro dikes is virtually identical in composition, and

does not show any systematic change in major or trace element com-

position from early to late dikes suggests that the gabbro in the

infiltration zone was supplied from a large external source, and

not generated by partial melting of this harzburgite.

Field relations shown on Plate 2 and discussed above suggest

that the gabbro dikes of the zone of infiltration directly feed

and blend into the principal gabbro of the Canyon Mountain complex.

Although this relation cannot be unequivocally demonstrated in the

field, the absence of a well-defined transition zone stratigraphically

above the center of the zone of infiltration, and the apparent en-

velopment of the limited amount of transition zone rock by gabbro

attest to the abundance of gabbro and lack of precipitation in this

area. The influx of a primitive magma through this zone would
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yield both effects. Primitive gabbro would probably not fractionate

imediately, hence there would be a few cumulates or transition zone

rocks in the area where the gabbro entered the chamber, and a better

developed transition zone farther away. An influx of magma might

also envelope whatever precipitates did accumulate.

The mineralogical composition of gabbro within the dikes pro-

sented above and the chemical data discussed in subsequent sections

of this work also indicate that the gabbro within the dikes is mostly

a primitive composition from which the principal CMC gabbro units are

derived by fractional crystallization to produce the main CMC gabbro

and much of the transition zone cumulates. Thus, the dikes in the

zone of infiltration represent conduits or passages through which

gabbro entered the CMC magma chamber, rather than downward injections

of fractionated magma.

Gabbro of the Canyon Mountain Complex

Cumulate gabbro which lacks identifiable tectonite fabric com-

prises approximately one-third of the Canyon Mountain complex. The

gabbro includes a variety of lithologies: olivine, two-pyroxenes;

two-pyroxenes; norite; and quartz norite, a variety of textures

from adcumulate to panidiomorphic and flow laminated, and a variety

of alterations, from pristine through p1agioclaseiydrogrossu1ar, to

"epidiorite° (Thayer, 1972) with amphibole replacing pyroxene, and

chlorite in plagioclase. Host gabbros contain orthopyroxene, con-

trary to the majority of ophiolites.



Field evidence was sought for the occurrence of multiple

gabbroic rnagmas. However, no field evidence for separate intru-

sions of major gabbro units was found. Although four gabbro units

are described below, the contacts between them are gradational

over a hundred meters or more, and the gabbrorepresents a single,

differentiated sequence. The four units identified on the basis of

field and petrographic evidence are discussed below.

Gabbro of Gwynn Gulch

The gabbro which occurs in Gwynn Gulch is very limited in

extent (see Plates 1 and 2) but is among the most significant rocks

of the complex. This gabbro is best exposed in low logging road

cuts on the west side of Gwynn Creek, at an elevation of approxi-

mately 4600 feet (1400 m), in the NW 1/4, sec. 7. Small outcrops

and float occur along the nearly E-W strike on hills west of this

locality, indicating that the gabbro extends in a thin lens, east-

west, parallel to harzburgite foliation. The band of gabbro of

Gwynn Gulch is at least 25 meters wide and extends for at least 300

meters along strike. This gabbro is Hrimmedhl by about five meters

of coarse clinopyroxenite. Float of interlayered gabbro and

peridotite was collected along Gwynn Creek, but no outcrops of

this rock were noted. The contact of.gabbro, pyroxenite, and

layered sequence with the enclosing harzburgite is not exposed.

The gabbro of Gwynn Gulch varies in texture, although its

mineralogy (and geochemistry) is uniform. Two types of gabbro
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occur: 1) coarse (5-7 mm) lineated gabbro which plunges steeply

northeast, and is folated and layered E-W, parallel to the enclos-

ing harzburgite, and 2) medium-grained (0.5-3 imi) isotropic gabbro.

This mixture of lineated and isotropic gabbro suggests that de-

formation occurred prior to solidification and/or final emplacement

of all gabbro. Because early gabbros which are deformed (665) have

virtually the same composition and geochemistry as later, isotropic

gabbro (666) and no differentiation is evident, the magma of Gwynn

Gulch must have been replenished by melt of composition similar to

the early magma.

The gabbro of Gwynn Gulch is an olivine, two-pyroxene gabbro

(Figure 13) with small amounts of early olivine. Textures are ad-

cumulate. The rock contains three to twelve percent olivine (Table

11) up to two mm in diameter, lobate to anhedral, somewhat corroded,

and usually interstitial although occasionally enclosed in dm0-

pyroxene. Optic figures suggest a composition of Fo7580. In un-

altered gabbro, olivine is fresh, and shows faint glide twins.

Where adjacent to plagioclase, olivine may have thin rims of clino-

pyroxene.

Orthopyroxene is non-pleochroic, less abundant (four to twelve

percent) than olivine or clinopyroxene, interstitial to anhedral,

and shows fine, deformed exsolution lamellae. Optic figures sug-

gest that orthopyroxene is bronzite, approximately En80. Ortho-

pyroxene appears to be slightly later than olivine.

Clinopyroxene, coriprising 38-48 percent of the Gwynn Gulch

gabbro, is anhedral to lobate or cuspate in forri, has only limited



Sample 666. Gabbro of Gwynn Gulch
X 20

Sample 5140. Gabbro of Table Camp
X 20

FIGURE 13. Olivine, two-pyroxene gabbro of Gwynn Gulch and Table Camp.



Table 11. Modal analyses of gabbro

GG'
666 665

BSR-
626 629 95 540

'Pine Creek
708 707

Mountain-------
713 714 335

Dikes
hOG

Olivine 12.2 3.1 -- -- 4.3 3.8 -- -- -- -- -- 1.0

Orthopyroxene 12.6 8.5 2.3 1.3 6.7 7.5 17.8 21.2 19.1 16.9 20.6 3.1

Chinopyroxene 47.1 43.4 31.5 12.4 36.2 39.1 25.7 19.6 17.1 14.7 16.4 29.1

Plagioclase 18.9 4.7 15.7 10.1 41.9 38.7 46.2 51.9 52.4 61.3 59.7 16.9

Hornblende 3.2 3.1 5.8 1.7 1.2 1.6 2.5 3.7 17.2 2.8 1.2

Chlorite -- 17.9 12.9 31.6 3.1 6.2 6.2 2.4 2.5 1.9 0.6 28.3

Actinohite -- 5.4 2.9 18.4 -- -- -- -- -- -- -- --

Hydrogrossular 4.2 8.6 28.7 24.5 5.7 3.1 -- -- -- -- -- 21.3

Serpentine 1.1 4.1 -- -- -- -- -- -- -- -- -- 0.3

Fe-oxide 0.7 1.2 0.2 -- 0.9 -- 1.4 1.2 1.7 2.1 1.1 tr

Sulfide -- -- -- -- -- 0.2 -- tr -- 0.4 --

Apatite -- -- -- -- tr tr tr tr tr 0.3 tr --

Quartz -- -- -- -- -- -- -- -- -- -- tr --

I-.

TOTAL 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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exsolution, and is relatively undeforrned. It encloses both oh-

vine and orthopyroxene, hence crystallized fairly late. It has

a 2V of about 55° based on optic axis figure estimates, suggest-

ing a diopsidic composition.

Plagioclase (An8592) is strongly and complexly twinned, and

subhedral in shape. Zoning was not noted. Plagioclase probably

enlarged by adcumulus growth. It occurs between mafic phases.

Where two feldspars join, their grain boundaries are straight.

The absence of apparent zoning may indicate either that a uniform

magma composition was maintained by exchange with crystals near the

top of a growing pile, or that pervasive recrystallization re-

equilibrated the gabbro of Gwynn Gulch.

Late magmatic amphibole replaces and rims mafic phases (most

comonly, chinopyroxene), and also forms interstitial patches be-

tween grains. It may completely enclose plagioclase. It has red-

pink (ct) to cream-pink () to very light green (y) pleochroism, low

second order interference colors, extinction angles of 21° to 24°,

a 2V of 75-80°, and is optically negative. Hence, the optic data

indicate that the amphibole is hornblende. The pronounced reddish

coloration may be due to substantial Cr203 in the mineral. Amphi-

boles of similar optic characteristics in chromitites whose com-

position was determined by microprobe contained up to 1.5 weight

percent Cr203 (Table 4).

The pyroxenite and layered peridotite associated with the

gabbro of Gwynn Gulch contain varying abundances of clinopyroxene,

olivine, and altered pseudomorphs of orthopyroxene. Chinopyroxene

S
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is dominant in sample 664 which contains 86% clinopyroxene, with

about seven percent olivine, three percent orthopyroxene, and one

percent amphibole, opaque and alteration. Clinopyroxene is the

most abundant phase in all ultramafic rocks associated with the

gabbro of Gwynn Gulch. Clinopyroxene and orthopyroxene lamallae

are bent somewhat by moderate deformation. These ultramafic rocks

may represent cumulates from fractionating gabbroic magma or, less

likely, a reaction product of gabbro and harzburgite.

As noted, the gabbro of Gwynn Gulch is adcumulate, and of very

limited extent. Hence, it is plausible that it might represent a

cumulate layer in a sequence of cumulate harzburgite. However, the

greater degree of deformation and tectonite fabric of adjacent harz-

burgite, coupled with presence of isotropic gabbro in Gwynn Gulch,

and the lack of equivalent cumulate textures in the nearby harz-

burgite argues against simple accumulation of a cumulate pile.

An alternative explanation is that the Gwynn Gulch gabbro repre-

sents trapped melt of magma which intruded along a zone of weak-

ness in the harzburgite and penetrated foliation planes within the

ultramafic rocks. Periodic replenishment or replacement of the

Gwynn Gulch magma may have occurred as gabbro repeatedly moved

upward through the peridotite. The clinopyroxene-rich ultramafic

rocks of Gwynn Gulch may represent cumulates from fractionating

gabbroic magma - a sort of small transition zone. The extent of

these cumulates is not large, but is greater than would probably

accumulate from a single pulse of fractionated primitive gabbro.
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No rocks more silicic than olivine gabbro are present with or near

the Gwynn Gulch gabbro. Such rocks might be found if the gabbro

fractionated without replenishment. Their absence is good evidence

for replenishment by primitive magma.

Textures and mineral compositions of Gwynn Gulch rocks are

similar to rocks of the transition zone. It is possible that the

Gwynn Gulch gabbro is infolded transition zone. However, there is

no structural evidence to support this hypothesis (Misseri and

Boudier, pers. contn., 1982). Also, the association of Gwynn Gulch

gabbro with a zone in which many gabbro dikes cut the peridotite

(Plates 1 and 2) suggests that Gwynn Gulch served as a way station

for passage of gabbro through harzburgite when both were at ele-

vated temperatures. The gabbro of Gwynn Gulch is the most primi-

tive gabbro of the Canyon Mountain complex, and represents trapped

melt which was parental to the major gabbro units of the CMC.

Gabbro of Bear Skull Rims

Coarse-grained to medium-grained gabbro in which clinopyroxene

is the dominant mafic phase outcrops on east and west sides of Pine

Creek (Figure 15 and Plates 1 and 2). These rocks are well exposed

along the tops of Bear Skull Rims. Several good outcrops also occur

on steep slopes west of Baldy Mountain. Similar clinopyroxerie-rich

gabbro occurs on east and west sides of Norton Creek, and on lower

parts of major north-south ridges. Gabbro merges with, and in

places seems to intrude the transition zone sequence of layered

gabbro and ultramafic rocks iiear Gand Saddle.



Sample 629. Gabbro of Bear Skull Rims Sample 708. Gabbro of Pine Creek Mountain

X35 X35

FIGURE 14. Two-pyroxene gabbro of Bear Skull Rims and Pine Creek Mountain.

1.0

0,
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Layered gabbro of Bear Skull Rim, west of Pine Creek

Layered norite, Norton basin, Intrusive diabase has
chilled margin

FIGURE 15. Lithologies of Bear Skull Rim and Pine Creek Mountain

gabbro.
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Grain size of the gabbro of Bear Skull Rims varies in outcrop;

layering is usually present although it may be subtle or not per-

sistant. Layering is comonly developed at a five to ten centimeter

scale, although layers varying between three and 30 cm were observed.

Phase layering is coninon, but grain-size layering was not noted and

graded layering is very rare. In some locations, such as the north-

east side of Bear Skull Rims, layering is contorted, and changes in

orientation are very abrupt, suggesting folding or slumping prior

to solidification. Melanocratic and ultramafic bands or pods are

distributed through the gabbro, especially in the vicinity of the

Gand Saddle transition zone rocks (SE 1/4, sec. 15).

The gabbro of Bear Skull Rims persists up the southwest side

of Baldy Mountain as major apophyses of gabbro which interfinger

with tectonite harzburgite, and blend into a system of dikes which

intrude through the harzburgite.

No olivine was observed in gabbro mapped as the Bear Skull Rim

unit. Clinopyroxene of Bear Skull Rim gabbro is generally anhedral,

and may be corroded or 1squeezed' between grains of plagioclase.

The clinopyroxene rarely shows glide twins, but bent exsolution

lamellae or wavy extinction are common. Optic figures suggest a

composition of very calcic augite to diopside. This inference is

supported by microprobe data on an equivalent gabbro (Himmelberg

and Loney, 1980).

Orthopyroxene is strongly altered to serpentine + chlorite +

amphibole. Where present as relict or pseudomorph, it retains a
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euhedral to subhedral form. Compositional data, again from Himmel-

berg and Loney (1980), indicate that it is bronzite (En85).

Some clear amphibole rims orthopyroxene. Clino- and ortho-

pyroxene are fringed and replaced by amphibole which is light pink-

brown to pale green, with 2V suggested by optic figures of about 85°,

negative, and maximum 29° extinction angle - a hornblende. This

amphibole seems to be late magmatic. Secondary, fibrous actinolite

rims and replaces clinopyroxene and also replaces some late horn-

blende.

Plagioclase is anhedral, and twinned more simply than feld-

spar in Gwynn Gulch gabbro. Optical measurements of 001 twin ex-

tinction angles yield An7075, in good agreement with Hinuiielberg

and Loney's (1980) determination of An72 via microprobe analysis.

The plagioclase of Bear Skull Rim gabbro is unzoned.

In thin section (Figure 14) the gabbro of Bear Skull Rims is

relatively undeformed, with adcumulate to hypidiomophic textures

where alteration has not obscured original mineral relations.

All samples of Bear Skull Rims gabbro are at least somewhat

altered. Feldspar generally is changed to hydrogrossular + chlorite.

Mafic minerals are altered to acicular amphibole (actinolite,

cummingtonite). The pervasive alteration may partly account for

the absence of olivine and dearth of orthopyroxene in these rocks.

However, pseudomorphs were not observed, and the low abundance of

olivine and orthopyroxene is probably real.



Gabbro of Table Camp

Olivine-bearing, two pyroxene gabbro occurs on the south and

east slopes of Baldy Mountain. This gabbro has a more evolved

rare earth element signature (Figure 37) and higher Si02 (Table 14)

than the gabbro of either Gwynn Gulch or Bear Skull Rims. Hence,

although texturally and mineralogically similar to gabbro of Gwynn

Gulch (but with substantially less modal olivine), the gabbro of

Table Camp is somewhat later, or represents a different batch of

magma.

The gabbro of Table Camp is medium-grained, with prominent

pyroxenes on weathered surfaces. Layering is usually subtle phase

layering in bands five to 20 cm wide which do not persist more than

three meters. Foliation in some unlayered rocks may be due to slight

flow lamination, but is usually associated with deformation. There

is no apparent lineation.

In thin section (Figure 13) the gabbro of Table Camp has an

adcumulate texture, with granoblastic recrystallization due to

brittle deformation. Pyroxene exsolution 'lamallae and plagioclase

twins are strongly bent; glide twinning occurs in mafic minerals

and plagioclase. Embayed and lobate grains of olivine 1.0 mm or

less in diameter are interstitial to the other primary phases but

may be enclosed in clinopyroxene. Optical data for olivine suggest

a composition of Fo75_80.

Orthopyroxene is a very minor but significant component of

the gabbro at Table Camp. It is subhedral, usually 1.0-1.5 m in
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maximum dimension, and optically negative with a 2V of about 80°

indicating bronzite. Fine exsolution lamellae are well preserved.

The crystals are not embayed or resorbed, as are the olivines. How-

ever, deformation of Table Camp gabbro obscures many textural de-

tails, and the generally brittle behavior of orthopyroxene would

obliterate most embayments or apophyses.

Clinopyroxene is anhedral to subhedral, with a moderate 2V

which suggests augite. It is usually larger than orthopyroxene,

ranging from 0.5 to 3.0 nih in diameter. Exsolution and the develop-

ment of cleavage are pronounced, and were probably enhanced by

strain.

Late magmatic amphibole, similar to amphibole in the Gwynn Gulch

gabbro occurs as an interstitial phase, and rims and corrodes niafics-.

especially clinopyroxene. It is red-brown - to cream-pink - to

light green, with a large ( 80°) 2V and optically negative, with a

maximum extinction angle of about 23°. It is hornblende, probably

chrome-enriched.

Plagioclase of the Table Camp gabbro is strongly deformed. Twin

lamallae are usually bent. Deformation precluded determination of An

content, except in a few properly oriented unstrained feldspars en-

closed within larger deformed plagioclase or pyroxene crystals which

have taken up the strain. These enclosed grains are An9294.

In a few locations the gabbro of Table Camp is strongly altered.

This alteration post-dates consolidation. Actinolitic amphiboles

form uralitic mats of small acicular crystals around clinopyroxene,
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and entirely replace orthopyroxene. Plagioclase is altered to prehn-

ite + chlorite.

Gabbro of Pine Creek Mountain

The gabbro of Pine Creek Mountain is gradational with the

cumulate gabbro of Table Camp and Bear Skull Rims texturally,

mineralogically, and geochemically. In the mapped area (Plate 1

and 2), it extends westward from the top of Celebration Ridge and

Pine Creek Mountain along the ridge-crest toward Canyon Mountain.

The area of exposure is difficult to determine precisely because

contacts with other gabbro units are gradational. However, it

represents at least one-third of the total gabbro, and includes at

least six square miles (about 15 square kilometers).

In the field, this gabbro is fine-grained, and is the only

gabbro in which sulphides (chalcopyrite, pyrite) may be seen in

hand specimen. both phase and grain-size layering occur in the

rocks. Grain size layering is present on Yellow Jacket Ridge

(Ridge 5) near 6600 ft (2010 m), and is abundant in upper Norton

Creek (Figure 21). In the gabbro near Pine Creek Mountain (Figure

15), grain-size layering is uncomon, and most layers are dis-

tinguished solely on the basis of the varying modal proportions of

mafic minerals and plagioclase. Layers are five to 20 centimeters

in width, and may have very marked contrast between adjacent and

alternating mafic and leucocratic bands. Some layering is folded

gently into broad folds such as those described by Ae Lallernant

(1976) as F2, post magmatic deformation. Alignment of grains
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(igneous lamination) can be distinguished in the field. Many layered

rocks are finer-grained than isotropic counterparts. Gabbros within

a broad zone which extends from Yellow Jacket Ridge to the southeast

flank of Canyon Mountain are recrystallized and will be discussed in

a separate section (see recrystallized zone).

r1icroscopic textures of the Pine Creek Mountain gabbro are

adcumulate to heteradcumulate (Figure 14). Some upper, well layered

gabbro shows striking igneous lamination, with nearly parallel align-

ment of lath-shaped plagioclase and rectangular hypersthene (Figure

20). Textures of some quartz-free gabbro approach panidiomorphic.

Grain size in thin section varies from 0.1 to 0.5 Tin.

Olivine is not present in the gabbro of Pine Creek Mountain.

Optical data suggest that the rosy-pink to faint green, pleochroic

orthopyroxene is hypersthene, approximately En6570. It ranges from

16 to 21 modal percent of the rock (Table 11). Clinopyroxene (14-26

modal percent) is subhedral, faint green, and non-pleochroic.

Pyroxenes are rimmed, corroded, and replaced by late magmatic to

subsolidus pale green to light pink-brown amphibole. Clinopyroxene

is not strongly altered. Plagioclase is generally about An55, and

forms 46 to 65 percent of the rock. In late upper gabbro it is

commonly lath-shaped, whereas in early gabbro of Pine Creek Mountain,

plagioclase is an adcumulate phase. Adcumulate overgrowth of plagio-

clase is apparent in some samples due to alteration of rims.

Fine-grained (0.1-0.3 m) suiphides are interstitial and probably

represent a late, immiscible suiphide phase which was concentrated
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in upper gabbro of the Canyon Mountain complex. They constitute as

much as ten percent of the rock.

Quartz is uncornon, but occurs in several gabbro samples, note-

ably from the eastern limits of mapped Pine Creek Mountain gabbro and

in Norton basin, where it constitutes up to seven percent of the rock.

It is interstitial, has wavy extinction and in two samples (335, 355)

corrodes some plagioclase. It is mostly a late magmatic phase, but

also occurs in small clear, lobate blobs and veins which are post-

magmatic and related to albite granite intrusion.

The presence of the Pine Creek Mountain gabbro in the upper

stratigraphic levels of the Canyon Mountain complex mafic section

is anomalous with respect to most ophiolites because it is well-

layered, has cumulate to laminar textures, and the abundance of hyper-

sthene and the occurrence of quartz indicate that it is a late gabbro

of the Canyon Mountain complex series. Most of the Pine Creek Mount-

ain unit may properly be termed norite to quartz norite. Norites, as

noted earlier, are coniiionly present in upper sections of ophiolitic

gabbro, but are not usually layered.

Sumary: Characteristics of the Gabbro Units

Gabbro of Gwynn Gulch: Olivine - two pyroxene gabbro, with large,

subhedral olivine. Adcumulate texture. Plagioclase =

An8592.

Gabbro of Bear Skull Rims: Two-pyroxene gabbro. Hydrated and

altered. Plagioclase = An7075, orthopyroxene relatively

minor.



104

Gabbro of Table Camp: Olivine - two pyroxene gabbro. Adcumulate

texture with small subhedral olivine five percent. Early

plagioclase = An9294; later plagioclase lower An, possibly

An70.

Gabbro of Pine Creek Mountain: Two - pyroxene gabbro and norite,

rare quartz norite. Euhedral hypersthene up to 21%. Iron and

copper-iron suiphides in upper levels. Plagioclase = An6570.

Flow lamination and hypidiomorphic textures.

Crystallization History of the Gabbro of the Canyon Mountain Complex

The crystallization history of the gabbro inferred from tex-

tural and mineralogical evidence is shown in Figures 16 and 17.

Crystallization is described below in the Fo-Di-Si02 system ± H20

(Kushiro, 1969). The sequence of crystallization is: 1) crystalliza-

tion of Gwynn Gulch gabbro at low
H 0

in the olivine-enstatite field,
2

2) later crystallization of the clinopyroxene in the Gwynn Gulch

gabbro as magma composition moved onto the Di diopside-enstatite

cotectic, 3) crystallization of the Bear Skull Rim gabbro under more

hydrous conditions, and movement of the magma into the diopside field,

4) decrease in
H 0

and return to olivine crystallization on the
2

olivine-enstatite-diopside join, and lastly, 5) movement of magma

and precipitate compositions along the diopside-enstatite join toward

increasingly siliceous compositions, with quartz norites as an end

product.

Gabbro of Gwynn Gulch contains olivine and orthopyroxene which

show some evidence of resorbtion; the rock overall has an adcumulate
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texture. Its mineral compositions seem to be the most primitive

of the gabbros, and it is interpreted to have crystallized on the

Fo-Pr cotectic as composition of the magma moved toward the Fo-Di-Pr

invarient point (Figure 16).

The gabbro of Bear Skull Rims contains rather calcic plagio-

clase, but no olivine and little identifiable orthopyroxene. Its

clinopyroxene is substantially altered to early amphibole and its

plagioclase is altered to hydrogrossular and chlorite. The absence

of olivine, and abundance of hydrous phases suggest that an increase

in
H 0

during crystallization moved the magma off the Fo-Di-Pr
2

invarient, and into the Di field. Gradual loss of H20, and de-

hydration, or possibly an enclave which did not experience hydra-

tion, resulted in a return to the Fo-Di-En cotectic, and crystalliza-

tion of the gabbro of Table Camp.

The gabbro of Pine Creek Mountain contains plagioclase of lower

An content (65-70), and some upper norite contains quartz, abundant

apatite, and even zircon. Olivine is absent. Orthopyroxene and

clinopyroxene are texturally similar (subhedral to euhedral) and

probably crystallized simultaneously. Therefore, the gabbro of Pine

Creek Mountain probably represents continued crystallization of the

same, or similar magma, along the Di-En join under hydrated con-

ditions. was probably less during crystallization of the Pine
2"

Creek Mountain gabbro than during early crystallization of the Bear

Skull Rim gabbro, as its pyroxene is mostly very fresh.

The mineralogy of the Canyon Mountain complex gabbro indicates

continuous, or nearly continuous, crystallization and fractionation
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FIGURE 16. Crystallization of the Canyon Mountain complex gabbro in the system forsterite-
diopside-silica (after Kushiro, 1969).



107

9

8

7
0
0

B
0

0
000
0. 3

2

I

t DI

I' I' 3;

j: 2
I I.
t

t ' J

\ t
I

\VI\
BASALT-WATER
SYSTEM FOR \ 1
THO1C BASALT \ól
(AFTER YODER 1

/s.

1962),.'

liquid
&
98

000 100 800 900 100011001200

Temperature, °C

1. Gwynn Gulch gabbro: low H2o crystallizatIon of 0', OPX CPX

2. Gwynri Gulch gabbro: rise in P H20

3. Bear Skull Rim gabbro: ResOrbtiOfl of 01, opx, crystallization of cpx

4. Table Camp gabbro: lowered H2O, reappearance of ollvine
5. PIne Creek Mountain gabbro: No olivine

FIGURE 17. Crystallization of the Canyon Mountain complex
gabbro in the basalt-water system.



of a single batch of magma which experienced one major, and probably

many minor fluctuations in
H

Because mineral abundances and
2

compositions vary slightly, particularly in the "upper" Pine Creek

1ountain gabbro and norite, additions of small batches of magma

and/or pressure fluctuations occurred during crystallization.

The presence of well-developed layering with marked flow lami-

nation in the upper gabbro and norite suggests magmatic movement.

The absence of features such as cross-bedding, trough-banding, or

slump structures reported in other ophiolites and in stratifort

intrusions indicates that movement of the magma was not vigorous,

and that crystallization occurred in relatively placid conditions.

Abrupt changes in grain size occur between adjacent layers of

Pine Creek Mountain gabbro. Although many of these rocks are now

recrystallized (see Zone of Recrystallization), the grain-size

variation is mostly a primary igneous feature. Thy and Ebenson

(1982) attribute similar textures in the Fongen-Hyllingen complex

of Norway to differential supercooling and changes in volatile

pressure.

Hence, the pronounced layering in the Pine Creek Mountain

gabbro may be due to periodic injection of small-but-similar batches

of magma and associated changes in H
and thermal equilibrium.

2

The rarity of similar layering in other ophiolites may result from

more vigorous movement within the upper CMC chamber and/or a differ-

ence in the style, quantity, and composition of late injected magma.
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The Zone of Recrystallization

In the glaciated basin of upper Norton Creek (West Fork of Pine

Creek), above an elevation of about 6400 feet (1951 m) norites and

quartz norites are intruded by numerous diabase sills which have

chilled margins against the norite, and by plagiogranites which cross-

cut as well as parallel foliation (Plate 4). Along a narrow (100

meter-wide), east-west trending zone of diabase and plagiogranite

in the north part of the basin, migmatitic textures are developed

in mixed gabbro and intrusives, and norite is recrystallized. Out-

ward from this area, noritic gabbro with large, lineated, black

poikiloblastic hornblende occurs in another 100-meter-wide zone.

Concentrically outward, epidiorite (hydrously altered gabbro with

green hornblende and actinolite replacing clinopyroxene - Thayer,

1972) is present. Significantly, altered gabbro, intruded by albite

granite along and south of the main ridge crest is not recrystallized,

and there is no similar zonation associated with the gabbro-plagiogranite

contact although this plagiogranite is much more voluminous than its

equivalent in Norton basin. The presence of stress during instrusion

of albite granite into Norton basin may have enhanced recrystalliza-

tion of this gabbro.

Central Zone of Plagiogranite and Migmatite

Gabbroic rocks in the narrow, central zone of abundant albite

granite and diorite are intimately mixed with the leucocratic in-

trusives, and many outcrops have the appearance of migmatites.
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Coarse gabbro blends into mafic diorite, which merges texturally

and mineralogically with albite granite (Figure 18). Layered nor-

ites are plastically deformed into irregular, globular or ellip-

soidal mixtures of fine grained and coarse grained, mafic to felsic

gneissic rock (Figure 19). Thin hornblende veins transect foliation.

Clearly defined veins, sills and dikes of both plagiogranite and

diabase occur within the central migmatite zone (Figure 19). Plagio-

granite is discussed in greater detail below, it should be noted

here, however, that wide plagiogranite sills and dikes in the cen-

tral zone coninonly contain abundant angular gabbro xenoliths. The

zone of albite granite in Norton basin also includes diorite with

mafic schleiren of diabase, basalt (?) and fine gabbro. The mafic

clots and relicts comprise more than half of some rocks, and are

especially noteworthy in large talus blocks at the nose of ridge 6,

elevation 6600 feet (2060 m).

Thin sections of most gabbro samples from this innermost zone

have granoblastic to xenoniorphic-granular textures. Triple-point

junctions are well developed. Grain sizes in these recrystallized

rocks are uniform (0.1-0.5 mm). Hornblende is rare. Acicular

amphiboles are absent. The crystal habit indicates static re-

crystallization.

In some thin sections, hypidiomorphic relicts of plagioclase

(An55) or augite are present in a matrix of recrystallized, grano-

blastic plagioclase (An45) and equant clinopyroxene (Figure 20).

Large clinopyroxene crystals commonly reorganize into numerous

smaller crystals. Where not recrystallized to an equant or
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Plagiogranite dike with gabbro xenoliths. Norton basin.

Grain-size variation and deformation in partly recrystallized
gabbro. Head of the West Fork, Indian Creek

FIGURE 19. Lithologies of the migmatitic and gneissic zones.
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Partly recrystallized, bimodal laminar texture,
in sample 1L68, Norton basin. X4O

Granoblastic texture-sample 269, Norton basin.
xloo

FIGURE 20. Petrography of recrystallized gabbro.
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xenomorphic habit, clinopyroxene may be poikilitic or develop seive

texture enclosing plagioclase. Orthopyroxene is unaffected by re-

crystallization.

Zone of Partial Recrystallization (Gneissic Zone)

The narrow, migmatitic zone in which albite granite and diorite

are comon in I1orton basin is bordered on the outside by a 100-

meter-wide zone of gneissic hypersthene gabbro and partly recrystal-

lized norites. Foliation is pronounced, and parallels igneous layer-

ing and lamination. Many norites retain their original banding, but

exhibit saccroidal textures. Where complete recrystallization does

not occur, the minerals are annealed and dehydrated.

Norites of the gneissic zone have textures in thin section which

are hypidiomorphic to allotriomorphic, annealed, and occasionally

xenomorphic and xenomorphic granular. Igneous textures indicate

flow lamination. A noteworthy characteristic of these rocks is ex-

treme variations in grain size in adjacent, alternating layers

(Figures 19-21).

Fine-grained layers contain crystals 0.1-0.3 m in diameter.

Coarser layers contain 1.0-1.5 nm grains. The contact between layers

is abrupt. There are no gradationally-sized minerals. Very few

grain boundaries are irregular. Most rocks display some preferred

orientation. A mosaic texture with straight grain boundaries and

a tendency toward triple-point junctions occurs in those which have

been slightly recrystallized. These textures are granoblastic poly-

gonal to decussate. Overgrowths are visible on some plagiocalse
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Grain-size variation in partly hornblendized gabbro.

Norton basin.

Hornblende development in amphibolized gabbro.

FIGURE 21. Lithologies of the poikiloblastic zone.
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crystals. Grains in these rocks are clear; few are altered or con-

tain impurities. Significantly, amphibole or other hydrous phases

are not abundant in dehydrated rocks.

Poikiloblastic Zone

Hornblendized gabbro, with large poikiloblastic hornblende

replacing clinopyroxene occurs in a broad zone outside the gneissic,

annealed gabbro (Figure 21). Hornblendes may be as much as three

centimeters long, and are strongly lineated, indicating that stress

was applied to these rocks during high-temperature hydration.

In thin section, small equant clinopyroxene is replaced by

brown-green hornblende which then coalesces into a single amphibole

crystal (Figure 21). Hypersthene is unaltered. Plagioclase is

annealed and corroded by hornblende, but not substantially altered.

Acicular amphiboles and/or uralitic textures do not occur in the

poikiloblastic hornblende-bearing zone.

Although this zone is intruded by some albite granites which

contain large, angular xenoliths of diorite, diabase, and gabbro,

the albite granites do not contain poikiloblastic yabbro. Hence,

albite granite pre-dates, or is coeval with, development of this

texture.

Diabases and Plagiogranite in the Zone of Recryst1lization

The Norton basin diabases vary in width from a few centimeters

to 30 meters or more, averaging about two meters. They may be

traced along strike for as much as 60 meters before being terminated
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by faulting or covered by vegetation and talus. The diabases have

textures which range from aphanitic to diabasic. Porphyritic

varieties have zoned clinopyroxene and/or plagioclase phenocrysts -

a significant feature in light of the annealed, homogeneous compo-

sitions of upper-level gabbro. There is no definite age relation

between diabases of different widths or textures. All diabases ob-

served had chilled margins against and sharp contacts with gabbro.

Where present with plagiogranite, diabase is coninonly strongly

amphibol ized.

The plagiogranites (commonly albite granite) may parallel the

diabases, but mostly crosscut them and are in turn crosscut by them.

The two magmas seem to have overlapped in time and space, but show

no tendency to overlap in composition. There is no apparent "magma

mixing" or blending of mafic and felsic magmas to produce an inter-

mediate variety. Instead, diabasic dikes may intrude along the center

of an albite granite, and plagiogranites contain xenoliths of dia-

base.

Four observations are pertinent to understanding the relation of

diabase and albite granite to the zone of recrystallization and the

Canyon Mountain complex. First, although plagiogranite and diabase

are present in the same location, and seem coeval, diabase is much

more abundant in the Norton basin area. Plagiogranite on the south

side of the Canyon Mountain ridge alternates with, and is equally

or more abundant than, diabase. However, on the north side of the

ridge, albite granite is subordinant.
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Second, in Norton basin, albite granite is mostly confined to

two narrow en-echelon zones on the north and east. Diabase is

present throughout.

Third, the diabase almost never contains xenoliths, and gives

every indication of quiet intrusion. In contrast, plagiogranite

intruded vigorously and commonly contains xenoliths of varied lith-

ology and origin, including ultraniafics, coarse gabbro norite, and

diabase. Many clasts in albite granite are large (up to 0.5 meters)

and angular, and occur in dikes no more than four meters wide (Fig-

ure 19). Intrusion breccias are associated not only with the albite

granites of Norton basin, but are characteristic of all plagio-

granites of the Canyon Mountain complex (Gerlach, 1980). Hence,

intrusion of most plagiogranite was not placid, but entailed con-

siderable brecciation, especially in lower gabbros.

Lastly, both diabase and plagiogranite pinch out downward in

the gabbro and are not appraently fed by the CMC magma. Several

diabase dikes were noted in the harzburgite. All were amphibolized,

and also appeared to have no contact metamorphic effects on the

adjacent peridotite, suggesting that the peridotite was not sub-

stantially hydrated and was at an elevated temperature when the dia-

base dikes were emplaced. Only one occurrence of possible plagio-

granite intrusion into the harzburgite was noted, and consisted of

plagiogranite float and thermally metamorphosed peridotite contain-

ing acicular amphibole near the Bald Eagle Mine on the southwest

slope of Baldy 1'lountain. Thus, available field evidence indicates
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without question that the plagiogranite and diabase were intrusive

into the CMC gabbro and peridotite, and it is unlikely that they

originated in the same magma chamber which produced the CMC gabbro.

Origin and Significance of the Zone of Recrystallization

A zone of recrystallization similar to that of the Canyon Mount-

ain complex has not been reported in any other ophiolite. However,

recrystallized and/or annealed textures are described in the Gosse

Pile stratiform intrusion central of Australia (Moore, 1973). The

gneissic zone of the Gosse Pile intrusion contains orthopyroxene

megacrysts and relicts and strained-but-annealed plagioclase and

clinopyroxene. The contact between unrecrystallized layer cumu-

lates and gneissic rocks is gradational over several hundred meters.

There are no evident hydrated, amphibolized zones associated with

the Gosse Pile. Moore (1973) attributes the granoblastic textures

of gneissic rocks to strain-enhanced recrystallization at 900°C,

10 kb pressure.

Garnet-bearing, and garnet-absent granulite fades gabbroic

rocks are well documented in association with the island-arc base-

ment of the Jijal complex, Pakistan (Jan and Howie, 1931) and the

Chilas complex, Pakistan (Jan, pers. corn., 1981). Much of this

gabbroic rock is recrystallized or partly recrystallized norite

which contains relict unrecrystallized hypersthene. Ob-servations

by this writer in the field, and of thin sections indicate that

textures of Jijal and Chilas rocks are very similar to the Canyon

Mountain complex, although recrystallization of the Pakistan rocks
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occurred probably at higher pressures. There is also some similarity

on a regional scale: the Jijal and Chilas granulites are rimmed by

amphibolite. Garnet-pyroxene geothermometry indicates temperatures

of 800-825°C for the Jijal recrystallization (Jan and Howie, 1981).

Fine-grained granular rocks of the Fongen-Hyllingen complex,

Norway, are interpreted as being of primary igneous origin by Thy

and Esbensen (1982). Grain-size of adjacent layers varies greatly,

and changes abruptly from 0.2 mm to 5 mm. There is no optical zona-

tion of minerals in either fine or coarse layers. Fine-grained

layers have granoblastic textures with extremely polygonal grains

and straight grain boundaries. The variation in grain size, and the

granular textures are attributed both to incidental differences in

the amount of supercooling and to release of volatile pressure to

raise the liquidus temperature and thereby also increase the degree

of supercooling.

However, a similar occurrence of alternating fine-grained and

coarse-grained layering in the Josephine gabbro and peridotite of

southwest Oregon is interpreted as recrystallization of coarse-

grained rocks to yield fine-grained rocks (Jorgenson, 1979). Pene-

trative deformation affects these rocks; minerals are not

compositionally zoned. Recrystallization occurred along closely-

spaced slip-planes during metamorphism; textural banding was pro-

duced by syntectonic recrystallization which accompanied regional

metamorphism.

The marked resemblance between adcumulate texture and granu-

lites has been noted and discussed in some detail by Vernon (1970).



121

Both textures are characterized by fairly straight grain boundaries and

triple-point junctions. However, adcumulates tend to have more curved

boundaries, rounded inclusions, and lack reaction micro-textures such

as orthopyroxene rims of polygonal olivine (O'Hara, 1961). Adcumulates

generally contain a larger proportion of elongate grains, some rational

grain-boundaries, and inter-cumulus phases. Adcumulate textures are

comon in lower gabbro of the Canyon Mountain complex, and are present

along with flow lamination affects in gabbro of Pine Creek Mountain,

and the layered norites of Norton basin.

However, the recrystallized zone is composed of recrystallized

adcumulates in which the interstitial phases are absent, lath-like

phases (orthopyroxene and some plagioclase) are embayed, and large

single clinopyroxene crystals are re-ordered into multiple crystals,

possibly due to the application of slight stress during recrystalliza-

tion. The strong lineation of poikiloblastic amphibole in the zone

of recrystallization indicates stress during recrystallization.

The close spatial association of recrystallized gabbro and norite

with diabases and plagiogranites suggests that gabbro recrystalliza-

tion is related to these late magmas. Albite granite is intimately

mixed with diorite and gabbro in the inner zone. Textures appear

migmatitic. Recrystallization and dehydration are most intense in

the inner zone and decrease systematically outward. Recrystalliza-

tion also seems more closely related to plagiogranite concentration

than to diabase. However, of the two magmas (diabase - plagio-

granite), the plagiogranite would be generally cooler, and hence

would have less thermal effect on country rocks. The greater
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thermal effect of the plagiogranite may be related to intrusion through-

out a longer time span than the diabases and maintenance of high wall-

rock temperature due to continuous flow of granitic magma through dikes

or sills.

Significantly, diabases are chilled against gabbro but plagio-

granite is not, either in small intrusions of Norton basin, or along

the contact of the gabbro and the large albite granite body south of

the ridge crest. If the host gabbro was at an elevated temperature

at the time of intrusion, it might be cool enough to produce chilled

margins in supercooled diabases, and sufficiently warm to avoid

chilled textures in plagiogranite.

A precise estimate of gabbro temperature at recrystallization

cannot be made here via geothermometry because precise compositional

data for Norton basin pyroxenes are not available. Upper level norites

sampled by Himmelberg and Loney (1980) yielded temperatures of 9000_

925°C which may represent hyper- or subsolidus equilibration, rather

than subsolidus recrystallization.

A crude estimate of gabbro temperatures during initial intru-

sion of diabase and plagiogranite may be made on the basis of tex-

tures. Calculations by Corrigan (1982) suggest that for a chilled

texture (40u to 60 grain size) to develop in a tholeiitic diabase,

cooling must occur at 10°C/hour, whereas for crystal sizes similar

to plagiogranites, cooling at 0.5-1.0°C/hour or slower is acceptable.

Calculations based upon gabbro thermal conductivity of 481 x l0

cal/cm2 sec for gabbro (Clark, 1965) suggest that a temperature

differential of about 500°C would be necessary to achieve sufficiently
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rapid cooling of the diabase. This estimate does not allow for

either hydrothermal circulation within the gabbro, or for super-

cool ing of the diabase, both of which would decrease the temperature

differential cited above. Assuming a temperature of 11000 for dia-

basic magma, gabbro temperature would have been at least 600°C.

This approximation coincides very roughly with Jaeger's (1957) esti-

mate that for chilled margins to develop in a thin sill or dike at

1100-1200°C, adjacent wall rock temperatures would be 708-725°C, and

for intrusions of 1000-1100°C into country rock @ 0°C, wall rock

temperatures would be elevated to 670-685°C.

For plagiogranites to remain unchilled, T should not exceed

250°C. Assuming a temperature 850°C for plagiograriite intrusion,

gabbro wall rock temperature initially should be approximately 600°C.

Again, this estimate ignores the possible and probable effects of

water in removing heat from gabbro, or of lowering solidus tempera-

ture of plagiogranite magma.

Thus, the available constraints on gabbro temperature suggest

that in early stages of plagiogranite intrusion, gabbro was at, or

slightly higher than 600°C, and was probably in late stages of cool-

ing and solidification.

Two mechanisms may have caused or affected gabbro recrystalliza-.

tion. 1) Heat - from intrusion or from another source - is necessary

to achieve granulite facies conditions locally (650°C @ fluid
= 1 kb),

although for recrystallization of existing plagioclase and pyroxene

which is simply re-organization of existing lattices into smaller
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crystals, a lower temperature may be sufficient. Hypersthene is not

recrystallized, suggesting that high granulite-facies temperatures of

greater than 850°C were not reached for a significant amount of time.

Because relict hypersthene occurs in Jijal rocks metamorphosed at

800-825°C, however, temperatures may have risen to 825°. 2) Stress

may also cause or enhance recrystallization. The rarity of strain in

recrystallized minerals, and in zones adjacent to the inner migmatitic

zone suggests that major deformation such as that associated with re-

crystallization of Josephine gabbros in southwest Oregon (Jorgenson,

1979) did not occur in conjunction with Norton basin recrystallization.

However, the well-developed lineation of poikiloblastic hornblende in

the outer zone, and the recrystallization of clinopyroxene and plagio-

clase to finer-grained aggregates suggest that the system was under

slight stress during recrystallization.

Gabbro within the inner zone of granulitic textures is very

dehydrated, and hydration increases as temperature decreased out-

ward from amphibole veins in the gneissic zone to poikiloblastic

hornblende, to "normal" altered gabbro (Thayer's "epidiorite",

1972). The strong dehydration of the inner zone suggests that

addition of water was not associated with recrystallization. The

abundance of breccias and xenoliths in albite granites of the inner

zone indicates that their intrusion either followed faults or was

accompanied by volatiles. Considerable strain may have been imposed

during plagiogranite intrusion. Because there is little evidence of

water in the albite granites (no mica, myrmekite, etc.), the possible

volatile phase accompanying albite granite intrusion probably was
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not associated with the intrusives, but may have been released from

previously altered gabbro. Intrusion of the albite granite as a dry

liquid would also require it to be hotter than if it contained much

water, which would increase thermal effects upon the gabbro.

Migmatitic textures present in outcrop strongly suggest that

some gabbros were heated sufficiently to become plastic and par-

tially fused. Fusion of hydrated gabbro to yield quartz-normative

liquid occurs at 700°C, P = 5 kb (Wyllie, 1979). Partial melting

affected no more than one to two percent of Norton basin gabbro-

an amount insufficient to account for the quantity of plagio-

granite within Norton basin, and certainly insufficient to produce

the albite granites south of the ridge crest. Much fused material

appears to have remained within the recrystallized gabbro, although

some probably migrated into, and mixed with the plagiogranite. Simi-

lar processes and contamination affect diabases in the recrystallized

zone, but not elsewhere in Norton basin.

The zone of recrystallization is principally a result of

plagiogranite and diabase intrusion into hot (600°C), hydrated

gabbro along probably pre-existing, en-echelon zones of weakness,

under slight to moderate stress. Field relations indicate that the

sill-like intrusives were injected downward and laterally into the

no'ites; they were not intruded upward through the peridotite.

Trace element modeling (Figure 60) has suggested that diabase

and plagiogranites of the Canyon Mountain complex are derived from

light rare earth element (LREE) - depleted, altered gabbro (Gerlach

et al., 1981). Partial fusion of altered gabbro and contribution of
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melt to albite granites does occur in Norton basin, but is probably

a result of albite granite intrusion, rather than a major contribu-

tion to albite granite genesis. Volumetric considerations, and the

absence of any apparent feeder system to the overlying major zone

of plagiogranite preclude Norton basin as a major source of plagio-

granite.

A possible source of diabase and albite granites which is corn-

patible with trace element requirements (see Figure 60, and Conclu-

sions) is partial melting of overlying altered gabbro of oceanic

crust. Clearly the Canyon Mountain complex is plutonic, and most

probably it is intrusive into oceanic crust. Although possible coun-

try rock is not obviously represented at the CMC, screens of altered

gabbro occur in epizonal keratophyre 1-2 km north of the ridge crest

(Thayer, pers. corn., 1982). These large xenoliths or screens were

neither mapped nor sampled as part of this dissertation, and no data

is available regarding their mineralogy or geochemistry.

Strongly altered gabbro of probable oceanic origin does occur

within the melange of the forearc (oceanic-melange) terrane. These

rocks are discussed in detail later (Igneous association and origin

of peridotite and gabbro) and geochemical evidence which supports

origin of plagiogranite by partial melting of hydrated ocean floor

gabbro is discussed. The presence of probable altered oceanic gabbro

does not prove the suggestion that intrusion of arc-related gabbro

into oceanic crust generated albite granite via partial melting. How-

ever, it does allow this possibility. Further investigation of the

screens present in the Canyon Mountain complex, and additional con-

sideration of thermal requirements seem warranted.
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MAJOR ELEMENT GEOCHEMISTRY OF PERIDOTITE AND GABBRO
OF THE CANYON MOUNTAIN COMPLEX

Major element analyses for ten oxides (Si02, A1203, Ti02, FeO*,

MnO, MgO, CaO, Na20, K20, and P205) were obtained for 20 samples

representing a variety of lithologies: five depleted tectonite

peridotites (one dunite, three harzburgites and one lherzolite),

seven peridotites and gabbros of the transition zone, and eight

gabbros, with two samples from each of the four principal gabbro

subdivisions.

Major Element Abundances in
Tectonite Harzburqite

The major element composition of Canyon Mountain complex tec-

toniteperidotites does not depart greatly from abundances reported

in other ophiolite tectonite units. Analyses are given in Table 12.

Variation of major oxides with Si02 is shown in Figure 22. The de-

pleted tectonite peridotites analyzed here are from the zone of

infiltration, and had very narrow (< 1 cm wide) feldspar-bearing

veins closely adjacent. However, analyzed material was crushed and

handpicked to be certain that feldspar was not visibly present in

the rocks and that the analyses reflected only peridotite mineralogy.

Compared with the strongly depleted harzburgite of other

ophiolites, the peridotites of the infiltration zone are noticeably

enriched in Na20, CaO, and Al203. Peridotites in this zone also

have detectable amounts of K20 (0.01%, or between 1000 and 4000 ppm).

Significantly, they are low in hO2 (0.01-0.02%) which suggests that



TABLE 12. Major element analyses of peridotites of the Canyon Mountain complex.

218 612 284C 449B 614

Si02
42.69 38.05 42.53 44.34 52.44

A1203
1.50 1.66 1.11 1.84 10.64

1102
0.01 0.02 0.01 0.01 0.50

FeO 8.61 9.70 8.60 3.33 7.50

MnO 0.13 0.14 0.13 0.12 0.21

MgO
33.80 35.89 35.77 32.77 13.19

CaO 1.71 1.29 1.48 1.65 11.22

Na20
0.09 0.14 0.25 0.58 1.43

K20
0.07 0.06 0.07 0.07 3.06

0.09 0.00 0.00 0.00 0.04

95.70 86.95 89.95 89.71 100.23

N.)
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because 1102 is not highly mobile, the LIL and alkali elements were

added to the peridotite via metasomatism, possibly simultaneously with

the intrusion of melt. No fractionation trend is apparent in the Si02

variation plots (Figure 22).

The low Ti02 content indicates that the tectonite harzburgite is

almost entirely depleted. Fertile peridotites such as the lherzolite

of Lanzo (Boudier and Nicholas, 1977) or garnet lherzolite of Ronda

(Dickey, 1970) contain an order of magnitude greater abundance of hO2,

(0.10%) and similar or slightly greater alkalis.

Further evidence that infiltration affected peridotite geochemistry

is the analysis of 614, a harzburgite which contains veins and large

clots of gabbro. This rock has 12 percent paragasitic amphibole which

rims pyroxenes and formed as an interstitial, subsolidus phase, and

five percent calcic plagioclase (An90) which is altered to

hydrogarnet and chlorite. Whole rock analysis of this peridotite

which was handpicked to eliminate visible feldspar yielded 10.6 per-

cent A1203, 11.2 percent CaO, 1.4 percent Na20, and 3.1 percent K20.

This rock has the chemistry of a melagabbro which is very strongly

enriched in K20.

Major Element Abundances in Rocks of the
Transition Zone

Rocks of the transition zone analyzed for their major element

content (563, 564, 565, 566, 567, 579, 581) represent a series of

dunite, melagabbro, wehrlite, lherzolite, websterite, and gabbro

from Celebration Ridge (Ridge 2). Analyses are given in Table 13,



TABLE 13. Major element analyses of the upper transition zone, Celebration Ridge.

563 564 565 566 567 579A 581A

Si02
36.31 51.75 47.35 49.47 49.81 48.27 50.69

A1203
0.13 1.04 18.97 7.13 24,96 4.63 1.36

Ti02
0.01 0.02 0.07 0.25 0.12 0.41 0.07

Fe*O 9.10 4.85 4.12 8.24 3.52 11.05 5.37

MnO 0.14 0.12 0.08 0.15 0.05 0.21 0.10

MgO 35.24 21.85 10.52 17.27 5.06 17.48 21.13

CaO 0.19 13.36 15.18 13.56 13.65 13.40 13.71

Na20
0.09 0.79 1.55 0.83 2.74 1.39 1.07

1(20
0.06 0.05 0.07 0.05 0.07 0.06 0.05

0.00 0.02 0.01 0.02 0.02 0.01 0.01

TOTAL 81.27 93.85 97.98 96.97 100.00 96.91 93.56

cD
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and variation of major oxides with Si02 is shown in Figure 23. Major

element geochemistry of the transition zone rocks reflects the high

CaO content of clinopyroxene and plagioclase, and the varying amounts

of each in the rock. The abundance of MgO in gabbros of the transition

zone (565 (10.7 percent); 567 (4.9 percent)) indicates a fairly primi-

tive character. On most major element variation plots (Figures 23-29)

the transition zone samples fall on a different, and more tholeiitic

trend than CMC gabbro. A plot of Ti02 versus FeO*/MgO (Figure 26) for

this series of rocks shows that the main gabbro of Pine Creek Mountain

lies on the same trend as gabbro interbanded with peridotite, and

on a trend of less Ti02 enrichment than most gabbro of the Canyon

Mountain complex. Two samples (566, a melagabbro, and 579A, an

olivine websterite), plot at similar FeO*/MgO ratios, indicating

low degrees of melt fractionation, but substantial TiO2 enrichment.

The melagabbro (566) is a gabbroic layer within peridotite cumulates

near the base of the ridge, and probably represents an accumulation

of fractionated melt as clinopyroxene, orthopyroxene, and olivine

crystallized from the magma. Sample 569A, the olivine websterite

from the top of Celebration Ridge, also plots far above the general

trend, suggesting that it also represents a late fractionation pro-

duct of cumulate sequence, although its overall mineralogy is rather

primitive.

Peridotites of the transition zone on Celebration Ridge generally

reflect their modal mineralogy and stratigraphic location in major

element analyses. For example, 579A, an olivine websterite from the

top of Celebration Ridge is higher in FeO* and lower in MgO than 581A,
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an olivine websterite from a lower stratigraphic position. Similarly,

a pyroxenite from the bottom of the sequence (564) which may represent

an unfractionated composition, is much lower in A1203, CaO, and FeO,

and higher in MgO than either 581A or 579A above. Both Ti02 and MnO

increase in the upper transition zone samples. These findings support

the conclusion that overall, the CMC transition zone represents succes-

sive cumulates of a fractionating magma.

However, nearly adjacent samples of modally similar gabbro (565,

567) vary significantly in MgO and Al203, although FeO* and CaO are

approximately the same. These discrepancies may be due in part to

greater alteration of 565, or may be due to slight fluctuations in com-

position of the magma, or irregularities in precipitation during crys-

tallization of the transition zone.

Major Element Abundances in Gabbro

Results for the eight gabbroic racks analyzed (664, 666, 626,

629, 539, 540, 707, and 522) are given in Table 14. Major element

abundances are rather uniform throughout the group. Na20 is the only

oxide which varies noteably from concentrations reported in most

cumulate gabbros of ophiolites. In Canyon Mountain complex samples,

Na20 varies between 1.2 and 2.5 percent - whereas Na20 is less than

one percent in most ophiolites.

CMC gabbros, overall, are slightly enriched in A1203 (11.6-19.6

percent), and are low in Ti02 (0.14-0.29 percent). Through the

sequence of gabbro lithologies identified on the basis of field

relations, stratigraphic location, and petrography, as Si02 increases,



TABLE 14. Major element analyses of gabbro of the Canyon Mountain complex.

Si02

A1203
Ti0

*
Fe 0

tin 0

Mg0

CaO

Na 20

K20

P20 S

Gwynn Gulch

664 666

54.92 45.70

2.15 11.63

0.07 0.19

4.36 9.90

0.12 0.16

15.89 17.28

17.39 10.32

1.65 1.22

0.06 0.06

0.03 0.00

96.61 96.46

Bear Skull Rims

626 629

48.63 48.68

19.62 18.59

0.14 0.15

4.97 5.13

0.09 0.09

8.79 10.16

14.33 13.44

2.33 2.08

0.06 0.06

0.03 0.01

99.04 98,39

Table Camp
539 540

50.28 51.29

17.88 18.48

0.19 0.18

6.56 4.85

0.11 0.09

10.68 10.09

12.24 13.43

2.48 2.49

0.07 0.06

0.03 0.02

100,52 100.98

Pine Creek Mtn.

707 522

50.58 51.44

16.64 18.22

0.19 0.29

8.47 7.86

0.14 0.11

8.91 8.39

12.79 13.22

1.71 2.21

0.06 0.06

0.02 0.01

99.51 101.81

I-.

(i.)

(A)
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A1203, GaO and MgO broadly decrease whereas FeO and Ti02 increase

slightly (Figure 22). Changes in abundances are not dramatic, but

are broadly consistent with trends expected in a single fractionat-

ing chamber which is occasionally replenished with gabbroic magmas

similar to the corilposition of sample 666, the gabbro of Gwynn

Gui ch.

Major Element Variation in Peridotite and Gabbro
of the Canyon Mountain Complex

The variation of major oxides with Si02 content for tectonite

peridotite and cumulate gabbro is shown in Figure 22. The olivine-

two pyroxene gabbro of Gwynn Gulch plots in an intermediate position

between gabbro and peridotite on all graphs, indicating that in

terms of major element variation it is the least differentiated

and most primitive gabbro. The gabbro of Bear Skull Rims occupies

an intermediate position between the gabbro of Gwynn Gulch and the

Table Camp and Pine Creek Mountain gabbro samples. Trends for Ti02,

FeO*, MgO, CaO, and Na20 are smooth and indicate regular changes in

magma composition with Si02 content.

Plots of the major oxides against Si02 for the transition zone

show less regular variation. In particular, A1203, FeO* and ila2O

show a broad scatter. Transition zone samples are noteably lower

in Ti02 and 14a20, and higher in NgO overall than CMC gabbro of

equal Si02 content. Within the transition zone itself, Ti02, A1203,

FeO*,and Na20 increase with- decreasing Si02, MgO increases slightly

with increasing Si02 whereas CaO is constant. The seeming reversal
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of normal fractionation trends is partly due to the overall increase

in fractionation with stratigraphic height. Ultramafic samples

(579, 581) from the upper ridge have more evolved oxide/Si02 ratios

than a gabbroic sample from near the ridge base (567). However, the

reversal in trends cannot be entirely explained on this basis (564,

an olivine websterite from the ridge base, for example, is an

anomalously Sevolvedi rock, with high Si02), and probably also

indicates periodic influx of fresh magma.

Geochemical Affinity of Canyon Mountain Complex

Tholelitic, calc-alkaline, or alkaline fractionation trends of

magmas may be determined by several criteria. One tool for deter-

mining geochemical affinity and fractionation trends is a ternary

plot of CaO/A1203/MgO (Coleman, 1977) (Figure 24). Compositions of

Canyon Mountain complex saiip1es fall mostly outside fields for

ocean ridge ophiolites such as Samail or Bay of Islands. The

transition zone series is more MgO and A1203 enriched, and has

less CaO proportionally, than the gabbro. The cumulate gabbro of

the CMC plots at the base of a trend for upper gabbros of the

Kiglapait alkalic-calc alkaline intrusion (Morse, 1969). Both

the transition zone series and a suite of CMC plagiogranites

(Gerlach, 1980) parallel this trend rather than the Skaergaard

trend which shows greater overall A1203 enrichment. The propor-

tionally higher content of MgO, and lower CaO in transition zone

rocks and the primitive gabbro of Gwynn Gulch is expected, due to
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their more mafic character. Significantly, most of these samples

plot outside the ophiolite ultramafic cumulate field and indicate

CaO enrichment throughout the cumulate sequence.

All analyzed gabbroic and ultramafic components of the Canyon

Mountain complex are enriched in K20 with respect to equivalent

components of other ophiolites, although they have low K20 compared

to continentally derived rocks and stratiform complexes (Figure 25).

This may partly reflect alteration. However, gabbro pairs with

markedly different degrees of alteration (665, 666) have very simi-

lar abundances of K20 and Na20 and hence the pronounced abundance

of both alkalis is considered primary, rather than a function of

alteration. Enrichment in alkalis is a characteristic of the alka-

line and calc-alkaline, but not the tholeiitic series, and suggests

that the Canyon Mountain complex does not represent an ocean ridge

envi ronment.

A plot of CMC samples on an 5i02: FeO*IFeO*+MgO diagram

(Figures 28 and 29) indicates high Si02 content for a given stage

of fractionation. Some rocks of the transition zone, as well as

mafic cumulates plot outside fields for most ophiolitic rocks,

indicating a lack of pronounced FeO enrichment through the Canyon

Mountain complex, and consequently a calc-alkaline trend.

On an AFM diagram (Figure 30) CMC samples fall slightly to-

ward the Na20 + K20 apex from the normal oceanic ophiolite, and

align well with the generally calc-alkaline trend of low iron-

enrichment found by Gerlach (1980) and Thayer (1977) for CMC

plagiogranites and diabases.
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FIGURE 25. K20/Si02 diagram for tectonite peridotite, transition

zone, and cumulate gabbro, Canyon Mountain complex

(after Coleman, 1977).
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MnO/Ti02/P205 relations of Canyon Mountain gabbroic samples

(Figure 31) also clearly indicate calc-alkaline affinity for these

rocks. Furthermore, Si02:(FeO*MgO) ratios (Figure 27) for cumulate

gabbros (with the exception of sample #666 of Gwynn Gulch) and

transition zone gabbro plot in the calc-alkaline field.

Finally, the Ti02:FeO*/MgO diagram discussed earlier (Figure

26) may also be utilized to distinguish ocean ridge tholeiite,

island arc tholeiite, and caic alkaline trends (Coleman, 1977).

On Figure 26, CMC gabbro falls on an IAT trend, harzburgites occur

at the apex of MOR and IAT trends, and two evolved transition zone

cumulates plot near the MOR trend. For a given SiO2 content, Can-

yon Mountain complex gabbros are, as previously noted, quite low

in Ti02 compared to most ophiolites.

Sumary of Major Element Geochemistry

1. Major oxide compositions of the peridotites are character-

istic of depleted upper mantle rocks, with the exception of rela-

tive enrichment in K2O for CMC peridotite.

2. Transition zone rocks have a high abundance of CaO which

is probably a consequence of their high modal content of dm0-

pyroxene and extremely calcic plagioclase. Although also rela-

tively enriched in K20 compared with other ophiolites, the trani-

tion zone rocks have more tholeiitic fractionation trends on AFT4

and Si02/FeO*:MgO and Ti02/FeO*:MgO plots.

3. The fractionation trend of transition zone rocks on a

CaO/A1203/MgO diagram parallels, and is more A1203 and MgO enriched
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than the CMC gabbro trend, indicating a more tholeiitic affinity

for the transition zone than the gabbro.

4. The regular variation of major oxides with Si02 supports

the CMC gabbro as being a single, fractionated magma. The primi-

tive, parental composition, represented by the gabbro of Gwynn

Gulch, is high in MgO, with tholeiitic ratios of FeO*, Si02, and

alkalis. Progressive fractionates are more caic-alkaline. The

CMC gabbros overall are K20-rich, Ti02-depleted relative to other

ophiolites. Most discriminant diagrams suggest island arc affinity

for the gabbro.

5. Finally, irregularities in the variation of major oxides

with Si02, especially for the transition zone, indicate that the

CMC was periodically replenished by small quantities of primitive

magma.
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TRACE ELEMENT GEOCHEMISTRY OF PERIDOTITE AND GABBRO
OF THE CANYON MOUNTAIN COMPLEX

Analyses for 14 trace elements (eight rare earth elements

plus Ni, Cr, Co, Sc, Rb and Sr) were done by instrumental neutron

activation (INAA) for 21 samples of the Canyon Mountain complex.

Two tectonite harzburgites (296 and hoP) from the zone of inf ii-

tration, one lherzolite (284), four rocks of the Celebration Ridge

transition zone (569, 574, 578, and 579), two gabbros from dikes

within the peridotite (285, hOG), and 12 gabbros from throughout

the CMC (664, 665, 666; 626, 629; 95, 531, 539, 540; 335, 713, 714,

721) were analyzed. Analyses are presented in Table 15.

Abundances of U, Th, Zr, Sb were below detectable limits in

virtually all samples, reflecting low overall abundances of large

ion lithophile (LIL) and incompatible elements in the Canyon Moun-

tam complex.

Rare Earth Elements

Rare earth element (REE) patterns were determined for all

analyzed samples. In some peridotites La and Nd were below de-

tectible limits. Analytical precision for light rare earth ele-

ments (LREE) is ± 5-12 percent, and for heavy rare earth elements

(HREE) of atomic number 64 or greater, analytical error is ± 7-23

percent. Analytical precision is better for more silicic, upper

level gabbros which have greater overall REE abundances.

All analyzed gabbro and peridotite of the Canyon Mountain

complex are depleted in LREE reflecting 1) a generally high



TPRLE 15. Trace element analyses of rocks of the Canyon Mountain complex, in ppm.

PERIDOTITE TRANSITION ZONE

664 284 hOP 296 574 578A 579A 569

La .06 -- -- 0.06 0.17 0.20 0.12 0.07
Ce 0.24 -- -- -- 0.69 0.59 0.41 0.30
Nd -- -- -- -- L24 0.54 0.53 0.50
Sm .17 0.01 0.06 0.35 0.69 0.28 0.13 0.31
Eu .05 0.08 -- 0.19 1.31 0.29 0.18 3.62
Tb -- -- -- -. 0.21 0.10 -- 0.06
Yb .23 0.09 -- 0.41 0.97 0.40 0.20 0.41
Lu .18 .03 0.03 0.12 0.16 0.09 0.06 0.04

Rb -- -- -- -- 1.7 -- --

Sr 44 -- 450 - - -- 84 - -

Co 40 43 44 -- 42 26 -S

Sc 11 11 6 -. 54 36 --

NI 2800 2800 2750 -- 100 50 --

Cr 3800 3700 5800 -- 800 3500 --

DIKES GWYNFI GfRO BEAR SKULL RWS TABLE CAME GABBO PINE CREEK MOUNTAIN GABBRO

HOG 285 531 666 665 626 629 95 539 540 708 707 713 714 721 335

La .06 .24 .02 0.08 0.17 0.06 0.06 0.09 0.07 0.08 0.04 0.20 .01 1.54 .44 .23
De 0.31 0.76 0.13 0.34 0.50 0.27 0.28 0.34 0.35 0.39 0.16 0.71 0.09 4.8 1.21 1.73
Nd -- -- 0.42 0.53 0.57 0.69 0.81 -- 0.59 0.67 0.32 1.35 0.90 5.70 -- 2.32
Sm 0.35 0.44 0.25 0.34 0.28 0.37 0.39 -- 0.32 0.32 0.20 0.78 0.62 2.06 0.42 1.15
Eu 0.19 0.21 0.59 0.14 0.13 0.16 0.29 1.16 0.53 0.58 0.13 0.26 0.67 2.24 2.53 1.22
Tb 0.18 -- 0.12 .06 -- -- 0.14 -- -- 0.21 0.08 0.18 -- 0.42 --
Yb 0.77 0.41 0.40 0.36 0.38 0.32 0.59 0.30 0.70 1.03 0.35 1.09 0.56 2.17 0.21 --
Lu 0.12 -- 0.09 0.08 0.06 0.07 0.17 0.05 0.19 0.06 0.05 0.28 0.16 0.49 0.06 0.59

Rb-- -- - - -- -- - - -- -- --
Sr 329 391 -- -- 366 88 -- 227
Co 25
Sc 40

20
34

33
2

90 30 -- 42 30 -- 35 31 38 21 -- 15

Ni 370 385 100
24
300

26
265

..-

--
40

200
24

190

-

-.
25

90
44

20
44
20

-.
--

40
35

-.
--

55
100Cr 1300

Hf
1100 1700 4850 4100 -- 2700 - -- 2700 1300 1050 -- 10 -- 160

Ta
0.20 0.10 0.01 0.06 0.1 0.07 0.16 - --

Th
0.30 1.80 -- --0.0 0.01

0.03. 0.11 0.11

a
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modal abundance of pyroxene and 2) the overall primitive, unfrac-

tionated nature of the magma represented by these rocks.

Rare Earth Element Geochemistry of Peridotite

Two tectonite peridotites - a harzburgite (296) from the zone

of infiltration and a lherzolite (284) which is adjacent to rare

0.5 rn-wide feldspathic veins, were analyzed for REE. Their REE

patterns (Figure 32) are anomalous compared to concave-upward REE

patterns reported in some ophiolites such as Samail and Point Sal.

Both samples have La, Ce, and Nd values below detectable limits

of 0.05 times chondrite for INAA in this study. They have pro-

nounced positive Eu anomalies of, respectively, 2.2 and 1.0 times

chondrite, and have HREE of 0.45 and 2.0 times chondrite. Their Eu

and HREE are similar to cumulate troctolites reported by Gerlach

(1980) for the Canyon Mountain complex and by other investigators.

elsewhere (Coleman, 1977). Extreme LREE depletion may be due simply

to the overall LREE depletion seemingly characteristic of the CMC

system. The substantial positive Eu anomaly in these rocks does

not prove either their cumulate origin or a fertile nature, but

rather simply indicates the presence of a calcic, unfractionated

feldspathic component. The low abundance of REE, and LREE deple-

tion of 284 is marked compared to fertile lherzolites such as

Ronda (Menzies, et al., l977a), and suggests the CMC rocks are

depleted and incapable of yielding basaltic melt.
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Rare Earth Element Geochemistry of the Rocks of the Transition Zone

Rare earth element data from four rocks of the transition zone

on Celebration Ridge (Ridge 2) (Figure 33) have depleted LREE (La =

0.3-0.8 x chondrite, La/Sm = 0.4-0.8), large positive Eu anomalies,

and flat HREE. Samples 578 (melagabbro) and 579A (olivine webster-

ite) from the sumit of the ridge, have relatively flat patterns with

slight (2.0-4.0 times chondritic) positive Eu anomalies. Sample 574,

an olivine-orthopyroxene-clinopyroxene gabbro from the center of the

ridge is more LREE depleted than the rnelagabbro, and has a very

strong positive Eu anomaly, indicating accumulation of early plagio-

clase. These patterns suggest that continued fractionation occurred

throughout the Celebration Ridge sequence, with probably a small in-

flux of primitive melt into upper portions of the magma chamber to

account for greater relative LREE depletion in 579 than either 578

or 574, and the low abundance of REE in rocks of the upper ridge.

Gabbro 569, from the basin west of Celebration Ridge, has the

strongly depleted LREE, and large positive Eu anomaly characteris-

tic of gabbroic rocks on Baldy Mountain near Table Camp. Its REE

pattern crosses all three Celebration Ridge patterns. Hence the

gabbros in Pine Creek west of Celebration Ridge are not part of the

transition zone sequence and were probably intrusive into transition

zone cumulates at an early stage of CMC history. The absence of

tectonite fabric in the cumulate gabbros such as 569 indicates

that they intruded the transition zone after its deformation.
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Rare Earth Element Geochemistry of Gabbro

Gabbro of the Canyon Mountain complex exhibits REE patterns

which indicate protracted fractionation and accumulation, as well

as influx of more primitive magma.

Gabbro from dikes in tectonite peridotite (hOG, 285; Figure

34), from Gwynn Gulch (665, 666; Figure 35), and the gabbro of Bear

Skull Rims (626, 629; Figure 36) is noteworthy for low overall REE

abundance, extreme depletion of LREE, and flat patterns for HREE.

Abundance of REE in Gwynn Gulch gabbro varies from 0.20 to 2.0 x

chondritic. This range is characteristic of primitive, undifferen-

tiated melts of both MOR and IAT affinity (Hanson, 1980). Gabbro

from the northwest side of Baldy Mountain which is interlayered with

tectonite harzburgite and dunite (285), and gabbro dikes within

tectonite harzburgite (531, hOG) have slightly greater REE abun-

dances, with LREE-depleted patterns, flat HREE, and a slight posi-

tive Eu anomaly suggesting possible accumulation of plagioclase.

The interlayered gabbro of northwest Baldy Mountain is slightly

more HREE enriched than 531 and hOG dikes, reflecting a greater

abundance of orthopyroxene.

Gabbro of Bear Skull Rims, mostly two-pyroxene gabbro with

chinopyroxene predominant, displays REE patterns which are only

slightly more evolved than the patterns of Gwynn Gulch and the

dikes. Samples 626 (fresh) and 629 (slightly altered) have abun-

dances of La = 0.2 x chondritic, and Lu = 2.0 x chondritic -

very similar to gabbro discussed above. Both have slight positive
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Eu anomalies, suggesting that some plagioclase accumulated. These

gabbros have adcumulate textures, are layered at a few localities

(629) and are isotropic or slightly foliated elsewhere (626). The

small positive Eu anomalies indicate cumulate processes were import-

ant; low LREE abundances show that magmas were not highly evolved.

Gabbro near Table Camp on the southeast side of Baldy Mountain

(95, 539, 540) is olivine two-pyroxene gabbro with greater modal

abundance of orthopyroxene than gabbro of Bear Skull Rims. Gabbro

near Table Camp (Figure 37) is generally less depleted in LREE than

Gwynn Gulch, Bear Skull Rim and dike gabbros, and has a strong

positive Eu anomaly eight to 12 times chondritic. Just as the

Bear Skull Rims gabbro, these rocks have adcumulate textures and

a high modal abundance of very calcic plagioclase, which is reflect-

ed in the pronounced concentration of Eu.

Increasing overall REE abundances, increased La/Sm, and greater

positive Eu anomalies are characteristic of upper level gabbro of

Pine Creek Mountain (714) and Yellow Jacket Ridge (721) (Figure 38).

REE are 1.5 to 12 times chondritic; abundances in 714 are greater

than 721. Both have nearly flat patterns with La/Lu ratios of 0.75

with La/Sm of 0.65 and 0.80, respectively. Their Eu abundances are

both about 12 x chondritic. With the exception of the large Eu

anomaly, the overall patterns of these gabbros are flat. In these

hypidiomorphic rocks, clinopyroxene is subordinate to orthopyroxene,

plagioclase (An70) is abundant, and olivine is absent. REE patterns

reflect these modes. The greater LREE abundance indicates that

the upper Pine Creek Mountain gabbro magma was more fractionated
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than gabbro previously discussed which is stratigraphically lower.

Substantial accumulation of plagioclase is suggested by the large

Eu anomalies, especially in 721.

Sample 713, a layered hypersthene + augite gabbroic rock

(norite) of Norton basin contains 17 modal percent poikiloblastic

green-brown hornblende, and has been affected by hydrous recrys-

tallization. Its rare earth element pattern is extremely depleted

in LREE (La/Sm = 0.01, La = 0.05 times chondritic), and slightly

enriched in HREE, with a significant positive Eu anomaly of eight

times chondritic. The REE pattern suggests this rock is a product

of pulses of primitive LREE depleted melt which mixed with more

evolved, HREE enriched magmas in the upper chamber.

An alternative explanation for this pattern is mobilization and

removal of LREE via metasomatism, rock hydration, and alteration,

with eventual partial fusion of some gabbros to produce plagio-

granite magma. However, REE are generally irTulobile in alteration

processes at least to greenschist fades conditions (400°C +), and

are usually enriched rather than depleted (Pallister and Knight,

1981). Other than growth of poikiloblasitic hornblende, which

should increase LREE (K0 Ce melt/amphibole = 0.85 (Hanson, 1980)),

alteration of 713 is not significantly greater than 714, or 721.

Sample 335 represents one of the most evolved gabbros of this

study. It is a plagioclase (An65)-orthopyroxene, apatite and zir-

con bearing, isotropic gabbro from the northeast side of Pine

Creek Mountain. Although it is markedly depleted in LREE
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(La = 0.6 times chondrite), it has no Eu anomaly and strong (25 x

chondrite) enrichment in HREE. The great abundance of HREE is

probably due to the presence of zircon which has a high KD for HREE.

The absence of Eu anomaly reflects the lower An content of the plagio-

clase and results principally from precipitation of feldspars through-

out earlier gabbro. Depletion in LREE, and consequent crossing REE

patterns of this rock and other gabbros again indicate that frac-

tionation was complicated by late injection of more primitive melt.

Comparison of REE Geochemistry to Other Ophiolites

Numerous studies of REE abundances and behavior in all corn-

ponents of ophiolites have been published (Figures 39, 40). Gen-

erally, the ultrarnafic rocks have very low REE abundances with

concave upward patterns due to their depleted, residual nature

(Coleman, 1977; Menzies, 1976; Jaques and Chappel, 1980). Cumu-

late gabbros are strongly depleted in LREE, may display positive

Eu anomalies, and have overall REE abundances between 0.1 and 2.0

times chondrites. Upper level gabbros are not as LREE depleted,

lack the pronounced positive Eu anomaly, and characteristically

have abundances between two and seven times chondritic. Pillow

lavas and sheeted dikes of "average" ocean ridge ophiolites plot

in the range of ten times chondritic, with flat overall patterns,

and plagiogranites have similar abundances but show a negative Eu

anomaly.

More specifically, in the Point Sal ophiolite, Menzies, et al.

(1977a) have shown that olivirie-clinopyroxene gabbros are
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approximately 0.4 times chondritic in La, are slightly Eu enriched,

and have fiat HREE - a pattern which is similar to the Canyon Moun-

tain complex. Upper level gabbros of Point Sal have total REE about

the same as chondritic abundances, flat patterns, and positive Eu

anomalies up to ten times chondritic. Because of the impossibility

of differentiating LREE-enriched plagiogranite from strongly LREE

depleted gabbro, Menzies invokes separate sources for silicic plu-

tonic and extrusive components of ophiolites.

In the Samail ophiolite investigated by Pallister and Knight

(1981), the tectonite harzburgite has "typical" V-shaped REE pat-

terns, and cumulate gabbros are enriched in REE abundances by an

order of magnitude (one to eight times chondritic) above Canyon

Mountain complex gabbros although they are still strongly LREE

depleted and have positive Eu anomalies. IDiorites and plagio-

granites of the Samail are similar to abundances and patterns of

equivalent CMC rocks reported by Gerlach (1980).

REE patterns and progressions of units in the Canyon Mountain

complex are similar to plutonic rocks (gabbros) from DSDP site 334

on the mid-Atlantic ridge (Dostol and Muecke, 1978), and to perido-

tites and gabbros of Troodos reported by Kay and Senechal (1976),

although gabbro LREE is more strongly depleted in CMC rocks than

other ophiolites. The REE most like Canyon Mountain are hose of

the Bay of Islands ophiolite, Newfoundland (Suen, et al., 1979).

Gabbros in these rocks are severely depleted in both overall REE

and LREE abundances. Most cumulate ophiolitic gabbros show marked
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positive Eu anomalies, although few are as greatly Eu enriched as

Canyon Mountain upper cumulate gabbro. The large anomalies of the

CMC may be partly due to high CaO content of plagioclase in those

rocks, and partly due to periodic influxes of fresh magma with

renewal of Eu abundances. HREE enrichment of CMC gabbro compared

to other ophiolites reflects the greater abundance of orthopyroxene

in the Canyon Mountain complex.

Rb and Sr in Peridotite and Gabbro

Abundances of Rb are low in all CMC units analyzed, but are

slightly higher than abundances in other ophiolites. Rb is between

15 and 20 ppm in gabbros, and below detectable limits in perido-

tites. The slight relative abundance of Rb may reflect the slightly

greater amount of K20 noted in CMC units. Sr is also more abundant

than is common in ophiolites, 20 to 46 ppm in harzburgite, 67 to 107

ppm in primitive gabbro of Gwynn Gulch and veins in peridotite,

and up to 391 ppm in more fractionated gabbro such as 713 and 714.

This overall greater concentration is consistant with either the

high CaO content of most CMC samples, or - especially in peridotite -

infiltration of gabbroic melt and possible attendant rnetasomatism.

Cr and Ni in Peridotite and Gabbro

Abundances of both Cr and Ni are high throughout peridotite

and gabbro of the Canyon Mountain complex. rt is noteworthy that

Cr-enrichment persists through the gabbro, and that most gabbro
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contains at least 20 modal percent clinopyroxene. Clinopyroxene

from gabbro in the upper transition zone (Table 7) contains as much

as 025 weight percent Cr203, and comprises 20-35 percent of the

rock. Orthopyroxene of the same samples contains as much as O77

weight percent Cr203 (Table 6) and comprises 15 to 18 percent of

the rock. If these Cr203 abundances are characteristic, high Cr203

content of the transition zone and lower gabbros of the Canyon

Mountain complex would be expected.

Nickel abundances are more consistent with values reported for

other ophiolites, and generally reflect modal olivine or modal sul-

phide. Nickel-iron suiphide (pentlandite) in the upper transition

zone helps account for up to 2800 ppm Ni in these rocks.

Cr and Ui show marked and logical variance through the lower

stratigraphic succession of the CMC. Their variation with pro-

gressively evolved peridotite and gabbro is shown in Figures 41

and 42. Cr is enriched in pyroxenite and less abundant (but greater

than 3000 ppm) in harzburgite and lherzolite samples. Its abundance

increases abruptly in the pyroxene-rich cumulates of the transition

zone, and declines slightly in gabbro dikes in the harzburgite. Cr

increases again in the gabbro of Gwynn Gulch, then declines rapidly

through the cumulate gabbro section.

Gabbroic dikes in Baldy Mountain (285, and llOG) have lii

abundances similar to the gabbro of Gwynn Gulch and may represent

unfractionated magma related to Gwynn Gulch gabbro. Specimens 11OG

and 285, despite low Cr content have depleted LREE patterns and

very low REE abundances also similar to gabbro of Gwynn Gulch.
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The low abundance of Cr may merely reflect low modal abundances of

pyroxene in the dikes. The low abundance of Ni in sample 531, com-

bined with a positive Eu anomaly, suggests it is a more plagioclase-

rich rock.

Ni is greatly enriched in tectonite harzburgite, and gen-

erally decreases in abundance through the gabbro. As should be

expected, its abundance in transition zone and lower gabbroic rocks

is directly proportional to the amount of olivine present. Ni varies

in the gabbro dikes as a function of mineralogy. Both hOG and 285

are high in Ni, and contain small amounts of modal olivine (Fo70).

Saniple 531, which is low in nickel, contains no ohivine. Ni de-

creases regularly through the gabbro, with the exception of 335.

The abundance of both Cr and Ni in the gabbro of Gwynn Gulch, as

well as in gabbro dikes within the harzburgite suggest that the

dikes, and particularly the gabbro of Gwynn Gulch are relatively

unfractionated and represent possible parental compositions for

CMC gabbro. One dike sample (531) contains less Cr and Ni than

other dikes and the Gwynn Gulch gabbro, and may present a more

fractionated composition. Fractionation of some gabbroic magma

during its rise through peridotite would not be unexpected.

Co and Sc in Peridotite and Gabbro

Co and Sc analyses of Canyon Mountain samples fall within the

ranges characteristic of ophiolites and ocean-floor rocks. Abun-

dances vary broadly, and are not as regular as Cr and Ni partly
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due to alteration, and partly because Sc (in particular) is not par-

titioned into only early or late pyroxenes (Hanson, 1980), hence Sc

abundance tends to change more stocastically than Cr, Ni, or even

Co. Sc is slightly depleted in CMC peridotite (6-20 ppm) and in-

creases in abundance in the upper gabbro (46-55 ppm). Co generally

follows Ni, and is partitioned into olivine. Consequently, it is

more abundant in peridotites (121 to 130 ppm) than in gabbro (28-

37 ppm).

Suninary of Trace Element Geochemistry

Trace element analyses of Canyon Mountain complex samples have

focused on rare earth elements, but valuable information regarding

the magmatic history and relations among units is provided also by

Rb, Sr, Cr, Ni, Co, Sc. The data support the following conclusions:

1. Overall abundances and patterns of the Canyon Mountain
complex peridotites and gabbro are compatible with
similar rocks of other ophiolites. Peridotite within
the zone of infiltration has large positive Eu anomalies,

which suggest it has been affected by intrusion of gabbro.

2. Rocks of the transition zone are LREE depleted, slightly
more enriched in HREE than the gabbro of Gwynn Gulch, and

have positive Eu anomalies. Crossing patterns of some
transition zone rocks' REE suggest that steady accumula-
tion of these rocks was interrupted from time to time
by the influx of unfractionated magma. The abundances
of Cr, Ni, Sc, and Co vary and appear to be occasionally
replenished. Thus REE and other trace elements indicate
that fractionation occurs through the transition zone,
but the rocks are not a simple sequence.

3. REE of the Canyon Mountain complex gabbro indicate pro-

gressive fractionation with occasional replenishment of

LREE-depleted magma. Gabbro from dikes in harzburgite
and from Gwynn Gulch have low abundances of REE, with



172

flat patterns for HREE and the greatest LREE depletions.
Cr and Ni are significantly enriched in the gabbro of
Gwynn Gulch. Less depletion in LREE, greater overall
REE abundances, and increasing positive Eu anomalies
indicate that the succeeding, higher gabbro represents
progressive fractionation of the Gwynn Gulch gabbro.
Cr and Ni decrease regularly upward through the gabbro
and support the evidence provided by REE.

4. Low overall abundance of LREE in the CMC gabbro indi-
cates that the gabbro was derived from a depleted
source.

5. The REE patterns of the CMC gabbro fall close to, but
do not completely overlap the field of REE calculated
as sources for derivation of plagiogranite by partial
melting of hydrated, altered gabbro calculated by
Gerlach (1980) (Figure 60).
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PETROGENESIS OF THE CANYON MOUNTAIN COMPLEX

Based upon lithology, mineralogy, and geochemistry, ophiolites

are considered to be fragments of oceanic crust generated at mid-

ocean ridge or marginal basin spreading centers. From the presenta-

tion and discussion of data earlier in this work it is apparent that

there are substantial discrepancies between the Canyon Mountain com-

plex and the "normal" ophiolite. The ultramafic and mafic parts of

the CMC contain generally the sequence of lithologies which are

common to other ophiolites, but there are differences in details

of geochemistry and structure, and the occurrence of recrystalliza-

tion.

The mineralogy and composition of the tectonite harzburgite of

the Canyon Mountain complex indicate that it is thoroughly depleted,

with very little fertile capacity. Field and textural considerations

indicate that feldspar and much clinopyroxene of the zone of infil-

tration represent gabbroic magma which has passed through the

harzburgite enroute to the overlying magma chamber, rather than

partial melts of aboriginal fertile phases within the harzburgite.

Accessory spinel of the harzburgite is high in Al2O3 whereas podi-

form chromitites contain higher Cr/Cr + Al ratios, suggesting that

some podiforrn chroniitites originated from a different source, did

not crystallize contemporaneously with the enclosing harzburgite,

or re-equilibrated with later liquids. Podiform chromitites which

contain clinopyroxene and high-Al chromite most commonly occur

within the zone of infiltration of gabbros. Hence it is suggested
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that re-equilibration of some ore bodies with Ca-Al-rich liquid

occurred. Re-equilibration of chromite has been noted in the

Bushveld Intrusion (Cameron, 1979) where late fluids metasomatized

stratiform ores and caused recrystallization. There is no syste-

matic variation of accessory spinel coniposition with stratigraphic

height in the harzburgite, nor any systematic variation in compo-

sition of any phase. Hence, the harzburgite probably does not

represent a cumulate sequence, but instead is upper mantle tec-

tonite which has undergone multiple deformations, metasomatic

episodes, and intrusion. Strongly developed foliation and linea-

tion, and the tectonite equigranular to mosaic fabric in the

harzburgite also indicate an upper-mantle origin.

Structural mapping and petrologic analysis by Misseri and

Boudier (pers. corn., 1982) indicate two diapiric structures in

the Canyon Mountain complex, with a zone of flattened foliation

between them. This conclusion is similar to the finding of Ave

Lallemant (1976), who defined two separate diapiric structures in

respectively, the east and west of the Canyon Mountain complex.

The zone of gabbro infiltration coincides with the area of

flattened foliation between the two diapirs. The amount of gabbro

and width of gabbro dikes increase toward the center of this zone.

Layering and flow foliation in the wider dikes suggest that move-

ment of partly crystallized magma occurred. However, large grain

size and equigranular textures of most dikes indicate that final

crystallization was slow and occurred in the absence of stress.
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Within the zone of infiltration, gabbro probably occupies less than

five percent of the overall volume. The absence of contact effects

indicates that gabbro intruded peridotite when both were at elevated

temperatures and probably within the plagioclase lherzolite stability

field (Figure 43).

An alternative model for the genesis of gabbro in the zone of

infiltration is partial melting of the harzburgite during its dia-

piric rise, and late squeezing of melt into the middle zone due to

movement in the east and west diapiric masses. However, the tex-

tures and occurrence of gabbro veins do not favor this alternative.

No trace of gabbro or of fertile phases other than clinopyroxene

veins and layers is present outside the zone of infiltration.

Field relations shown on Plate 2 unequivocally demonstrate

that where the contact between harzburgite and CMC gabbro is

directly or nearly exposed it is irregular and characterized by

apophyses of gabbro into the harzburgite. Contacts on the north-

east side of Pine Creek (SE 1/4, sec. 14 and SW 1/4, sec. 13),

near Table Camp (sec. 29) and the abundant dikes on the south side

of Baldy Mountain (SW 1/4, sec. 19) all strongly suggest that the

gabbro intruded harzburgite. Transition zone rocks are rare or

absent in these locations. Their scarcity, especially near the

center of the CMC may be due to greater influx of gabbro in this

area, and a tendency for cumulates which resulted from fractiona-

tion to precipitate away from the principal upward flow. Near

Gand Saddle (SE 1/4, sec. 15), along the west margin of the zone
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of infiltration, gabbro, harzburgite, and transition zone contacts

are complicated by deformation, but again are indicative of gabbro

intrusion.

Although few contacts between the transition zone and the CMC

gabbro are exposed, field relations shown on Plate 2 suggest that

the gabbro is also intrusive into, and encloses some of the transi-

tion zone. Gabbro foliation on the west side of Ridge 4 is parallel

to the contact with transition zone rocks, and nearly perpendicular

to their foliation. Isolated inclusions of partly digested,

strongly foliated gabbro occur on strike with other remnants of

the transition zone in isotropic or discordant upper CMC gabbro.

Noteable examples are in Norton basin (Ridge 6) and on Ridge 4.

Inclusions of partly serpentinized ultramafics are found near the

west summit of Canyon Mountain, to the south near Sheep Rock

(NE 1/4, sec. 29) and on the west side of Norton basin (SW 1/4,

sec. 22). Some of these rocks have been interpreted as channel

fillings or localized cumulates (Hirnmelberg and Loney, 1980). How-

ever, their rarity and limited dimensions suggest that they may be

intruded remnants or screens of transition zone cumulates.

The relation of the transition zone to the underlying harz-

burgite and overlying gabbro is difficult to resolve in the field

because of poor exposure. Geochemical and petrographic relations

are also not completely clear. Penetrative deformation of transi-

tion zone rocks is evident in outcrop and in thin section; deforma-

tion decreases upward through the sequence and toward the center
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of the CMC. The thickness and extent of units, the amount of de-

formation, and the order of lithologies has no systeriatic variation

from ridge to ridge, which suggests that during deposition of

transition zone cumulates, local compositions and equilibria pre-

vailed, and little circulation occurred in the transition zone

cumulate pile. The lineated and foliated nature of these rocks

may be related to early magmatic flow lamination, but because

deformation affects and aligns mineral lattices, the texture must

also in part be due to subsolidus plastic flow. Gabbro of the

transition zone displays more folding and slump features than ultra-

mafic layers, possibly due to its maintaining a more plastic or

semi-solid condition at lower temperatures. The relatively large

crystal size prevalent throughout the transition zone suggests

slow cooling. The downward increase in deformation which parallels

structure of the harzburgite indicates that late stresses on the

harzburgite also affected the transition zone rocks, probably

after their solidification. Gabbro structure is not as closely

allied to the harzburgite as is structure of the transition zone

rocks, suggesting that solidification of most gabbro probably

occurred after harzburgite flow ceased and during or after con-

solidation of the transition zone.

Abrupt transitions between lithologies and lack of noteable

phase grading in rocks of the transition zone suggest that either

pressure changes or influxes of new magma were responsible for the

lithologic variation in the rocks, and that a mechanism such as

double-diffusive convection (Irvine, 1980) or in situ crystallization
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(McBirney and Noyes, 1979) was responsible for continued crystal

growth and final equilibration. If pressure change initiated the

crystallization of different minerals in cumulate rocks, as has been

postulated for precipitation of chromite in the Bushveld (Cameron,

1979), layers should be laterally extensive. However, transition

zone layering rarely persists for more than tens of meters. There-

fore, pressure changes cannot explain phase changes, and periodic

influx of new magma must have occurred during development of the

transition zone. Lack of lateral persistance of layers suggests that

these injections were localized, and relatively minor.

Major and trace element geochemistry supports the magma in-

jection concept for the transition zone. Methodical, uninter-

rupted, upward differentiation does not occur through the sequence,

although overall trends show broad fractionation. Olivine webster-

ite is both at the top and bottom of the zone, with little variation

of mineral composition. Rocks from dunite to gabbro occur in-be-

tween. Similarly, although REE patterns of the transition zone

sequence demonstrate increasing accumulation of plagioclase,

crossing REE patterns (Figure 33) indicate mixing of more primi-

tive magmas with slightly fractionated cumulates. Variation of

Ni and Cr in rocks (Figures 41 and 42) and in minerals (Figure 8)

also strongly suggest influx of primitive (picritic) magma. Both

major and trace element data suggest that this magma was injected

into a chamber which, overall continued to fractionate, but

assimulated the influx of new magma readily. Cryptic variation

of major oxides as well as minor and trace elements in the minerals
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finiiation of the injection of primitive magmas.

Major eløiient geochemistry indicates that some transition zone

rocks may plot on an ocean-ridge tholeiitic trend although most

plutonics and hypabyssal intrusives of the Canyon Mountain complex

are calc-alkaline to island-arc tholeiite. These more tholeiitic

rocks are gabbro. Their chemistry may be a function of decreased

f0 and less magnetite fractionation, or they may be more FeO-rich.
2

More detailed study of rocks such as the transition zone sequence

which vary from arc tholeiite to ocean ridge tholeiite affinities

may be helpful in determining how and why the two different trends

occur.

Major and trace element compositions indicate that the corn-

position of primitive Canyon Mountain complex gabbro (Gwynn Gulch

gabbro) cannot be derived by fractional crystallization of gabbroic

rocks of the transition zone. Rather, the Gwynn Gulch gabbro is

parental to the main CMC gabbro sequence. Transition zone gabbro

is enriched in hO2 and MnO, and although rather high in MgO,

(17 percent) also contains 8-11 percent FeO*. REE of transition

zone gabbro indicate substantial plagioclase accumulation and some

fractionation, whereas gabbros of Gwynn Gulch and Bear Skull Rims

have primitive, flat HREE without substantial positive or nega-

tive Eu anomalies. REE patterns of transition zone metacurnulate

gabbro are most similar to fractionated, upper gabbro and norite

of Pine Creek Mountain, but transition zone rocks have lower over-

all REE abundances, and are more depleted in LREE. The transition
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zone metacumulates cannot solely represent accumulation of minerals

fractionated from CMC gabbro because calculated gabbro fractionate

is plagioclase-olivine-orthopyroxene-rich (Table 19) whereas the

transition zone is mostly olivine-clinopyroxene websterite or

ci inopyroxene-rich gabbro.

The transition zone is principally composed of cumulates from

the fractionation of Canyon Mountain complex gabbro with small

additions of Cr-enriched, LREE depleted, probably picritic magma.

Gabbro fractionation sequences shown in Tables 16-18, and summarized

in Table 19, yield an overall chemical composition similar to that

expected as an average for rocks of the transition zone. However,

the cumulates calculated are piagioclase-olivine-orthopyroxene rich

with only about 15 percent clinopyroxene whereas the rocks of the

transition zone are predominantly olivine-clinopyroxene composi-

tions, with subordinate orthopyroxene, and less gabbro than ultra-

mafic rocks. The calculated modal abundances do not agree well

with the real rocks. The abundance of Cr-rich clinopyroxene in

the transition zone, as well as reversals in cryptic variation pre-

sented in Figure 9 and discussed previously strongly support the

addition of primitive magma during the crystallization of the transi-

tion zone cumulates.

Gabbro intruded and infiltrated the harzburgite and some of

the transition zone enroute to the overlying magma chamber. The

primitive magma composition is represented by olivine-two pyroxene

gabbro of Gwynn Gulch which represents magma trapped in the harz-

burgite. This rock has strongly depleted LREE, no Eu anomaly,
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Table 16. Fractionation of Gwynn Gulch Gabbro to Bear Skull Rims Gabbro.

Parent: Calculated Actual

Gwynn Gulch #666 Bear Skull Rims BSR #629

SiO 47.40 49.77 48.68

Al3 12.10 17.68 18.59

Tib2 0.20 0.13 0.15

FeO* 10.30 4.86 5.13

MnO 0.17 0.13 0.09

MgO 17.91 10.70 10.16

GaO 10.70 14.34 13.44

Na20 1.27 2.06 2.08

K20 0.07 0.1 0.06

TOTAL 100.00 100.00 100.00

Fractionated minerals: olivine (15%), orthopyroxene (12%),
clinopyroxene (5%), plagioclase (3%), and Mg-rich spinel (4%).

Compositions of fractionate:

divine opx cpx plag spinel TOTAL

SiC2 39.90 55.00 54.00 45.20 -- 41.58

A1903 0.01 0.23 0.50 36.10 -- 2.94

Ti2 0.00 0.04 0.10 -- -- 0.01

FeO* 18.00 11.80 4.70 0.16 70.00 20.53

MnO 0.26 0.24 0.10 0.01 1.00 0.19

MgO 41.85 32.30 23.00 -- 29.00 30.88

CaO 0.00 0.63 17.60 18.70 -- 3.86

Na20 -- -- -- 0.13 -- 0.01

K20 -- -- -- -- -- --

TOTAL 100.00 100.00 100.00 100.00 100.00 100.00
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Table 17. Fractionation of Bear Skull Rim Gabbro to Table Camp Gabbro.

Parent: Calculated Calculated Actual TC
Bear Skull Rims Table Camp Average

SiO, 49.77 49.14 49.34
Al2ö3 17.68 19.11 19.38
hO2 0.13 0.09 0.10
FeO* 5.13 5.08 5.12
MnO 0.13 0.08 0.09
MgO 10.70 9.11 9.61
CaO 14.30 14.95 14.16
Na20 2.06 2.31 2.24
K20 0.1 0.13 0.06

TOTAL 100.00 100.00 100.00

Fractionated minerals: orthopyroxene (5%), clinopyroxene (5%)
plagioclase (3%).

Compositions of fractionate:

orthopyroxene clinopyroxene plagioclase TOTAL

SiO 55.00 53.50 53.00 53.92
Al23 -- 0.50 30.10 7.18
Ti02 0.05 0.10 -- 0.04
FeO* 11.00 5.80 0.89 6.59
MnO 0.25 0.10 -- 0.13
MgO 33.20 23.00 -- 21.76
CaO -- 17.00 15.00 9.92
Na20 -- -- 1.90 0.44

TOTAL 100.00 100.00 100.00 100.00
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Table 18. Fractionation of Bear Skull Rims Gabbro to Pine Creek
Mountain Gabbro.

Parent: Calculated Calculated Actual PCM
Bear Skull Rims PCM # 707

SlO., 49.77 50.29 50.58

Al,b3 17.68 16.57 16.64

TiO, 0.13 0.54 0.19

FeO 5.13 6.35 8.47

MnO 0.13 0.12 0.14
MgO 10.70 10.72 8.91

GaO 14.30 12.80 12.79

Na20 2.06 2.49 1.71

K20 0.10 0.12 0.06

TOTAL 100.00 100.00 99.49

Fractionated minerals: plagioclase (20%) and clinopyroxene (10%).

Compositions of fractionate:

Si 0.,

Al23
Ti 02
FeO*

Mn 0

MgO
CaO
Na 20

K2

TOTAL

plagioclase clinopyroxene TOTAL

45.20 52.00 47.46
36.80 4.00 25.06
-- 0.32 0.11
0.10 3.80 1.33

-- 0.10 0.03
-- 23.00 7.67

18.20 15.20 17.20
1.00 1.00 1.07

0.10 -- 0.07

100.00 100.00 100.00



Table 19. Suniiary of gabbro fractionation.

Percent gabbro
fractionated 50% 10% 40%

OVERALL
Gabbro unit GG-'-BSR BSR-'-TC BSR-.'-PCM FRACTIONATE

Si02 41.6 53.9 47.5 45.2
Al2O3 2.9 7.2 25.1 12.2
Ti02 0.0 0.0 0.1 0.0
FeO* 20.5 6.6 1.3 11.4
MnO 0.2 0.1 0.0 0.1
MgO 3.9 21.8 7.7 7.2
CaO 30.9 9.9 17.2 23.3
Na20 0.0 0.4 1.1 0.6
1(20 0.0 0.0 0.0 0.0

TOTAL 100.0 100.0 100.0 100.0

Fractionate
Mineralogy

olivine 39% -- -- 21%
orthopyroxene 31 38 -- 21

clinopyroxene 12 38 33 15

plagioclase 08 24 67 37
magnetite (spinel) 10 -- -- 06

TOTAL 100 100 100 100
U,



and flat UREE, with overall low REE abundances. It is high in both

Ni and Cr. Major element plots of this gabbro are distinctive be-

cause it is more tholeiitic than most CMC gabbro, and it is the only

rock which is intermediate between ultramafic transition zone and

other gabbro compositions. The mineralogy of the gabbro of Gwynn

Gulch indicates crystallization in the olivine-plagioclase, plagio-

clase lherzolite stability field, at probably no more than 5-6 kb

pressure (Figure 43). The lineated and foliated structure of some

of this gabbro suggests that it crystallized partly during diapiric

rise of the intruded harzburgite. Precise determination of P/I

conditions via geothermometry and geobarometry is very desirable,

and would provide helpful suggestions regarding timing of gabbro

infiltration.

The gabbro of Bear Skull Rims is also a rather primitive gabbro,

although it is unmistakably calc-alkaline and contains no olivine.

It is LREE depleted, with a small positive Eu anomaly, and slightly

greater overall abundances of REE. Calculations sumarized in Table

16 show that the gabbro of Bear Skull Rims may be derived from a

liquid of Gwynn Gulch composition by fractionation of 15 percent

olivine (Fo80), 12 percent orthopyroxene (En77), five percent dma-

pyroxene (diopside), four percent Mg-rich magnetite, and three per-

cent plagioclase (AnQ7) at high P
112

The gabbro of Table Camp is very limited in exposure. It is an

olivine-two pyroxene gabbro which probably crystallized from slightly

fractionated Bear Skull Rims magma by subtraction of five percent
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orthopyroxene (En77), five percent clinopyroxene (diopside) and

three percent plagioclase (An78) under lower
H o

than BSR gabbro
2

(Table 17).

The gabbro of Pine Creek Mountain is a still more fractiona-

ted gabbro to norite and quartz norite which occurs in uppermost

levels of the Canyon Mountain complex gabbro. It contains local-

ized concentrations of as much as ten percent iron-rich sulfide,

which seems to be a late, irniscible liquid. Unlike upper gabbro

of many ophiolites, the Pine Creek Mountain gabbro is comonly

layered, in layers which persist for a few to several tens of meters.

Mineralogy, major element, and trace element data all indicate that

this is the most fractionated gabbro of the series.

At the base of the Pine Creek Mountain gabbro, some LREE-

depleted, l-4x chondrite gabbro (707-708) occurs. Upward, the

gabbro-rtorite is enriched in all REE (10 x chondrite) and has nearly

flat patterns with strong positive Eu anomalies. One evolved sam-

ple of Pine Creek Mountain gabbro (335) is HREE enriched and has

slightly negative Eu anomalies. This rock contains zircon and

quartz, as well as a high percentage of hypersthene. It is the

only Eu-negative gabbro analyzed. The HREE enrichment is an ex-

pression of zircon.

Major and trace element data indicate that periodic influxes

of primitive magma affected the upper gabbro, causing LREE de-

pleted patterns and fluctuations in Ni, Cr, and other elements

which cannot be explained by continued fractionation. Major ele-

ment compositions of Pine Creek Mountain gabbro cannot be duplicated



calculated fractionation of reasonable phases, although frac-

tionation of ten percent clinopyroxene (diopside) and 20 percent

plagioclase (An95) from BSR liquid produce a reasonable approxima-

tion which is slightly high in MgO, and too low in FeO* (Table 18).

Consequently, it is probable that the upper gabbro of the Canyon

Mountain complex was affected by periodic influx of another magma

also, and that influx of magma was an on-going process throughout

the crystallization of the CMC.

Plagiogranites intrude and recrystallize the gabbro of the

Canyon Mountain complex. Theriiial modeling suggests that gabbro

was solid, but at elevated temperatures near 600°C when intruded.

Calculation of possible plagiogränite sources by Gerlach (1980)

based on trace element data indicated that partial melting of an

altered gabbro was the most likely source for the CMC plagiogranite

magmas. The abundance of REE in oceanic gabbro, as shown in Figure

60, is a much better fit for the hypothetical plagiogranite source

than is the strongly LREE-depleted CMC gabbro.

Thus, it is proposed that the plagiogranite of the Canyon

Mountain complex was derived from partial melting of lower oceanic

crust into which the CMC was intruded, and that the plagiogranite

was injected downward into the more solidified gabbro of the CMC.

Tectonism or shearing may have opened avenues for its intrusion.

The source of the diabase which is coeval with the plagiogranite

is a fundamental enigma of ophiolites.



The tholeiitic to caic-alkaline composition of the CMC, the

intrusive nature of the gabbro, both through harzburgite and into

oceanic crust, the absence of well developed sheeted dikes, the

dearth of mafic volcanics, and the abundance of keratophyres noted

by Gerlach (1980), Thayer (1977), and many field observers, all

indicate that the Canyon Mountain complex was not generated at an

oceanic spreading center. Instead, it represents an ophiolitic

sequence which formed in a non-extensional environment, and is pro-

posed as a type example of a forearc ophiolite.
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REGIONAL SETTING OF THE CANYON
MOUNTAIN COMPLEX

The Canyon Mountain complex is at the southern boundary of a

melange-like Permian to Triassic terrane which has been classified

anew by nearly every geologist who has studied it (see Figure 44

and Plate 6). This group of rocks separates the Permian and Tn-

assic Seven Devils arc to the north from the Tniassic Huntington

arc on .the south, and is unconformably overlain by Triassic to

Jurassic sediments and volcanics. It consists of a seemingly cha-

otic mixture of pillowed greenstones and cherts, silicic greenstones

and wacke plus siliceous sediments, fragmented, disrupted ophio-

lites, and serpentinite matrix melanges which contain an admixture

of all lithologies. Schistose rocks containing barroisitic amphi-

boles which indicate high to moderate pressures of metamorphism

(five to seven kilohars) and moderate temperatures (300-350°C) occur

sporadically through the melanges. The melanges represent trace-

able zones which crosscut the terrane on a northwest trend. The

assemblage has been termed the Central Melange terrane (Dickinson,

1979), Oceanic terrane (Vallier and Brooks, 1977), and the Forearc

terrane (Mullen, 1982).

A detailed discussion of all lithologies in the terrane is not

appropriate for this work (see Brooks and Valuer, 1978, for details).

However, to better understand the origin and tectonic setting of the

Canyon Mountain complex, the petrology and geochemistry of green-

stones and metagabbros are considered in some detail below, and a

model is proposed for this terrane and its relation to the CMC.
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Volcanic Greenstones and Associated
Metasedi ments

Volcanic greenstones from ten localities within the forearc

terrane were studied in detail. Sample locations are shown on Plate

6. Results of this study indicate that two distinct suites of green-

stone occur in the oceanic/melange terrane: 1) alkalic greenstones

usually associated with chert and 2) volcanic arc (island arc

tholeiite to calc-alkaline) greenstones usually associated with

coarser sediments as well as siliceous oozes. Only one greenstone

of demonstratably mid-ocean ridge (MOR) affinity occurs in the group

studied.

Field Relations and Petrography of Greenstones Associated

with Chert

Pillowed greenstones from two, and possibly three localities

are intercalated with chert of the Elkhorn Ridge Argillite, and con-

tain relict titanaugite which is a titanium-rich clinopyroxene

characteristic of alkalic basalts. Sample BRS-3, the most eastern

location sampled, is from an outcrop on the west side of the Snake

River near the site of Sturgill, Oregon. Pillows are discernable

as one-half meter--diameter ovoids in dark olive-green greenstone.

The rock is not appreciably sheared, but adjacent cherts are con-.

torted in the style common throughout much Elkhorn Ridge Argillite.

In thin section these greenstones are ophitic to sub-ophitic.

Titanaugite is markedly pleochroic, clear to pink-brown or violet

brown and forms about 35 percent of the rock. It is subhedral to
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anhedral, averages 0.5 mm in diameter, and is interstitial. Euhedral

laths of plagioclase 0.25 to 0.75 mm long are mostly altered to al-

bite. The groundmass is a mat of chlorite, quartz, fine acicular

actinolite, sphene, and opaques.

The other alkalic greenstone, sample V-27 (Mullen, 1979), occurs

near the center of the forearc terrane on the west and east sides of

Olive Creek in the Greenhorn Mountains. In outcrop and road-cut it

is olive green to grey-green, with 0.1 m to 1.0 m diameter pillows.

It also is intercalated with Elkhorn Ridge Argillite chert, volcanic

breccias, and very fine sedimentary breccias. As is true of the

BRS-3 alkalic greenstones 150 kilometers east, exposure of this rock

is limited.

In thin section, V-27 is ophitic, with about 30 percent pink to

violet-brown titanaugite 0.1-0.4 mm in diameter. Plagioclase, 0.1-

0.7 mm long, is partly altered to chlorite + albite, but relicts of

An62 were detected with the microprobe. Possible pseudomorphs of

olivine, now filled by nontronite and chlorite occur in one thin

section. The groundmass is altered to chlorite, actinolite, and

sphene.

The textures, mineralogy, and sedimentary association of these

two greenstones are remarkably similar. Clinopyroxene is virtually

unaltered and some relict plagioclase is preserved. One other

greenstone (PH-76) which may contain very small amounts of titan-

augite also occurs in association with cherts, although it is a

knocker in serpentinite-matrix melange south of Mount Vernon near

Pleasant Hill. The pervasive alteration of this rock precludes
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optical confirmation of small relict patches of pyroxene with nearly

clear to violet pleochroism as titanaugite. Microprobe analysis of

this pyroxene has not yet been attempted. Confirmation of its

apparently alkalic nature would mean that alkalic greenstones may

be distributed across the width of the terrane.

A single sample of pillowed greenstone from serpentinite-

matrix melange north of Mount Vernon (MV-48) contains 26.3 modal

percent clear, subophitic to intergranular clinopyroxene. This

greenstone has limestone overgrowths on pillows, and is associated

with nearby knockers in the melange. Pyroxenes are unzoned and

well-preserved. However, plagioclase laths are pervasively replaced

by chlorite + albite, and many form glomeroporphyritic clusters.

Olivine is pseudomorphed by iddingsite and nontronite. The ground-

mass is altered to chlorite, albite, quartz, and opaques. This sam-

ple resembles BRS-3 and V-27 in all respects (texture, alteration,

and associated sediments) except clinopyroxene composition. The Ti02

content of this non-pleochroic augite is too low for an alkalic rock.

Field Relations and Petrography of Other Greenstones

The remaining greenstones of the forearc terrane which were

sampled and examined in detail are much different than BRS-3,

V-27, and MV-48 with respect to deformation, appearance and associa-

tion in the field, and texture in thin section, as well as relict

clinopyroxene composition.

PR-82, a sariple from the dari site of Phillips reservoir, ten

kilometers east of Sumpter, is light olive green, and possibly
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pillowed. Rim-like textures with parallel plagioclase were not

found in thin-sections of outer parts of rounded greenstone. Out-

crops of chert of the Elkhorn Ridge Argillite occur nearby, but

greenstones are not intercalated with chert, and their relation to

any sediments is obscure. In thin section there are no relict

phases or pseudomorphs of mafic minerals. The entire rock is com-

posed of chlorite, albite and magnetite and veins of epidote-albite.

Although the rock is strongly sheared, barely visible plagioclase

laths surrounded by chlorite, and thoroughly replaced by albite +

chlorite + calcite suggest a clustered, glomeroporphyritic texture

for the original rock.

Seventy-five kilometers southeast of Phillips Reservoir, light

yellow-green to olive-green, sheared, greenstones associated with

the Burnt River Schist occur along ridges south of the Burnt River

near White Rock Gulch. The rocks contain excellent relicts of

euhedral to subhedral clinopyroxene phenocrysts, 0.25 to 2.0 m in

diameter. Some relicts are partly recrystallized by stress, but

optical zoning is preserved in others. Plagioclase - as both

groundmass laths and some phenocrysts - is altered to albite and

chlorite. Pumpellyite occurs in one thin section. Its relatively

clear color suggests a high A1203 content and formation at high to

moderate pressure. Although the original texture of the rock has

been obscured by deformation, the prevalence of relict clino-

pyroxene phenocrysts and the appearance of some undeformed rem-

nants strongly suggest an intergranular texture.
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Twelve samples of greenstone were collected on the south and

west sides of Dixie Butte, about 16 km northeast of Prairie City,

and 95 km west of the Burnt River locations. These greenstones are

intercalated with some wacke and fine conglomerates. Considerable

variation in modal mineralogy and Si02 content is apparent even in

outcrop. However, there is excellent preservation and little altera-

tion of these greenstones (possibly Jr-Tr?), despite the nearby in-

trusion of a porphyritic, mineralized late Jurassic stock. Most

greenstones are dark olive green to brown-green, and many contain

hornblende and plagiocalse phenocrysts.

In thin section, it is apparent that these rocks are generally

more silicic than other greenstones of the oceanic-melange terrane.

Hornblende phenocrysts are pseudomorphed by actinolite and chlorite.

Some mafic greenstones contain clinopyroxene which is well preserved,

clear, with a 2V about 55°, suggestive of fairly high CaO content.

Zoning is visible in some plagioclase, but most feldspar is altered

to chlorite + actinol-ite + albite. Textures are trachytic for

hornblende-bearing greenstone, and intergranular for those with

pyroxene.

Very fine-grained, non-pillowed, yellow-green to olive-green

greenstones, as well as some which are quite silicic, occur on the

east and south flanks of Vinegar Hill in the Greenhorn Mountains.

Actinolite, calcite, and chlorite replace most mafics. Clino-

pyroxene relicts are less than 0.1 m in diameter and are widely

dispersed in chlorite. This pyroxene comprises only about five

percent of the rock. It is clear and non-pleochrojc. Plagioclase
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laths are only partly replaced by chlorite + albite; some relict

andesine is present. Although the original texture of this rock

is not well preserved, it most closely resembles an intergranular

texture.

Implications of Field and Petrographic Data

Three lines of evidence cited above indicate that at least two

suites of greenstones occur in the oceanic/melange terrane of north-

east Oregon. First, the close association of four pillowed green-

stones (BRS-3, V-27, MV-48, and PH-76) with chert and/or melange, and

the absence of pillows and chert from association with the others

suggests that these four may be from a different depositional and

tectonic setting.

Second, Ti02-rich pyroxene occurs in two and possibly three of

these four greenstones.

Third, these greenstones have ophitic to sub-ophitic textures.

The remaining greenstones are intersertal to porphyritic. This

textural distinction is significant because it results from differ-

ences in the timing and sequence of crystallization in magmas. In

the four chert/melange associated greenstones, only plagioclase crys-

tallized early. Pyroxene is a late phase, and phenocrysts are vir-

tually absent. However, in the remaining samples, the intergranular

texture and presence of abundant clinopyroxene phenocrysts in some

samples indicate that crystal growth and fractionation probably

had evolved farther at the time of eruption. Although alteration

has obscured the origin of magnetite, both plagioclase and



clinopyroxene fractionated from this melt with clinopyroxene probably

the earliest to form. This fractionation sequence is characteristic

of island arcs. In contrast, the chert-associated greenstones,

which contain euhedral pseudomorphs of olivine, probably fractionated

in the sequence olivine-plagioclase-clinopyroxene, a sequence more

typical of magmas following the tholeiitic, iron-enrichment pattern

of ocean ridge basaltic rnagrnas, and the alkalic rocks of intraplate

regions.

Major Element Geochemistry of Greenstones

Major element geochemistry of 17 greenstone samples was done

by Professor Peter Hooper at Washington State University. Results

of these analyses are given in Table 20. Norms are given in Table

20 and also shown graphically in Figure 45.

Analyzed greenstones vary from 46.1 to 57.1 percent Si02.

Most are the equivalent of basalt to basaltic andesite. Those green-

stones which contain, or possibly contain, titanaugite (V-27, BRS-3,

and PH-76) are lowest in Si02 (46.1 to 47.5%). The remaining 14

samples vary between 50-57% Si02, are relatively low in Ti02 and high

in A1203. Only NF-64, a light-colored greenstone from the North Fork

of the John Day is sufficiently enriched with Na20 to qualify as a

spilite. All other samples analyzed have CaO/Na20 ratios which plot

well within the non-spilite field of Amstutz (Figure 46).

The CIPW norms of all analyzed rocks were calculated. The

samples which contain tttanaugite. re olivine or nepheline norma-

tive, with the exception of BRS-3, which is strongly quartz normative.



Tab'e 20. Major Element Analyses of Greenstones

P11-76 IIV-46 11V48A 1X11-17 0811-50 0811-20 5253 NV-44 3-65 011-49 1111-52 011-59 011-59*

3503
47.5 52.2 51.6 55.4 53.4 53.6 57.1 55.0 53.3 51.2 53.4 52.3 36.4

61203
22.0 16.0 16.2 21.5 17.5 18.1 *6.0 21.6 10.9 10.6 56.4 17.7 16.4

Tb2 1.1 1.5 1.4 1.0 1.5 1.3 1.5 0.9 0.9 0.7 0.9 OS 0.9

V.203
4.5 5.0 5.5 3.2 5.4 3.8 3.3 3.9 4.4 4.1 4.6 4.3 4.3

PaS 9.1 5.8 6.3 3.6 6.2 4.4 6.0 4.11 5.1 4.7 5.5 4.5 4.11

14fl0 0.36 0.16 0.14 0.11 0.26 0.18 0.16 0.11 0.17 0.25 0.38 0.13 0.14

C0 55.9 7.8 0.3 7.11 6.4 7.0 6.9 4.1 11.3 11.2 0.7 9.8 6.9

1150 3.6 6.2 6.3 3.0 5.4 5.9 3.5 3.9 4.7 5.8 11.0 6.6 5.7

1(20
0.05 1.51 1.01 0.54 0.54 1.43 0.02 0.06 0.32 0.01 0.03 0.02 0.03

II30
3S 3.3 3.0 3.3 2.0 2.11 3.3 4.6 5.4 3.2 3.7 3.2 4.1

P205
0.13 0.16 0.16 0.38 0.26 0.36 0.13 0.11 0.13 0.51 0.09 0.09 0.08

CIPS *25113

Q -- 2. 4.0 11.6 15.5 6.4 16.7 10.1 6.5 2.1 5.1 3.0 8.9

oz 0.06 9.3 6.3 3.1 3.1 8.4 -- 0.3 1.0 0.05 0.1 -- 0.1

Sb 28.7 21.9 25.3 28.4 23.9 23.8 28.2 39.0 29.1 26.9 29.3 27.5 34.9

An 44.1 24.2 27.3 31.3 30.2 32.5 28.7 23.9 35.2 35.5 25.9 33.9 26.2

C -- -- -- 2.0 1.25 -- -- 5.3 -- -- -- --

355 11.7 10.8 10.3 -- -- 3.4 4.0 4.8 15.3 11.2 11.3 6.13

Hy 7.4 14.6 15.3 10.1 18.3 16.6 11.7 13.5 13.6 12.2 26.2 15.5 15.4

01 -- -- -- -- -- -- -- -- -- -- --

lIn0.9 -- -- - -- -- -- -- -- -- --

Nt 6.5 1.3 8.0 8.5 5.8 7.7 5.7 6.4 5.8 6.2 6.1 6.1

15 2.1 2.9 2.51 2.9 2.5 2.1 1.7 i.e 1.4 1.6 1.5 1.7

AP 0.3 0.3 0.3 0.6 0.8 0.03 0.2 0.1 0.3 0.1 0.2 0.3
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Three contain corundum in the norm: two from Dixie Butte, and NF-64.

Hence the assemblage is generally enriched in silica and aluminum.

Hypersthene occurs in all norms indicating some iron enrichment.

The low degree of spilitization of most analyzed northeast

Oregon greenstones is demonstrated by Figure 46. On this Na2O/CaO

plot most samples are in the non-spilite field. The relatively low

mobilization of Na2O indicates that other major element plots such

as AFM are probably valid.

On an AFM plot, most greénstones are on a caic-alkaline trend

(Figure 47). Exceptions are the andesitic sample from the Burnt

River, and two titanaugite-bearing samples which plot in a range

intermediate between calc-alkaline and tholelitic.

In order to better utilize the major element data, a plot of

MnO/T1O2/P2O5 was developed which can discriminate among five plate-

tectonic environments: Ocean-island tholeiite (OIl), ocean-island

alkalic COlA), mid-ocean ridge (MOR), island arc tholeiite (IAT),

and calc-alkaline (CAB) for rocks of basaltic to basaltic andesite

composition (46-54% Si02) (Mullen, 1983). This discriminant dia-

gram is applicable to greenstones and ophiolitic rocks, providing

they are not extremely spilitized. The marked absence of spilitiza-

tion in the northeast Oregon greenstones allows their application

to the plot (Figure 48). Most samples in this study plot in the

island arc tholeiite field. Exceptions are BRS-3, a titanaugite-

bearing greenstone, which plots in the ocean-island alkalic field;

V-27, also a titanaugite greenstone, which plots in the MOR

field; and MV samples, which plot in the MOR field.
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In conclusion, the major element chemistry of the greenstones

indicates that:

1) Titanaugite-bearing rocks are slightly undersaturated

in Si02, high in hO2 and P205, are generally distinct from the

other samples, and probably represent alkalic basalts.

2) The remaining greenstones are high in Al203 and P205 relative

to MOR and plot on a caic-alkaline differentiation trend. Their major

element chemistry is similar to island arc rocks, with the exception

of MV-48 and MV-48A, which resemble MOR.

3) With one exception, the greenstones are NOT spilites.

Trace Element Geochemistry of Greenstones

Seven greenstones were analyzed for rare earth elements (La,

Ce, Nd, Sm, Eu, Tb, Y, and Lu) and for Sc, Hf, Ta, and Th via instru-

mental neutron activation analysis (INAA). Data are given in Table

21.

Rare Earth Elements

Rare earth elements are generally considered iniiiobile under

conditions of greenschist facies metamorphism, although some workers

have reported increased abundance of LREE in spilitized rocks

((-lehman and Henderson, 1977).

Rare earth elements analyses are given in Table 21 and plotted

in Figure 49. The six greenstones which do not contain titanaugite

have nearly flat patterns, 8-20 x chondrite, with slight negative Eu

anomalies. Their abundances and patterns are nearly identical, which

is quite remarkable considering the broad dispersion of localities
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Table 21. Trace Element Abundances in Northeast Oregon Greenstones.

BR-52 DXB-16 MV-47 NF-65 V-252 V-27

La 2.79 7.15 3.33 2.62 4.83 6.38

Nd 2.6 6.0 4.4 8.9 8.3 --

Sm 2.18 2.71 2.64 2.99 2.66 4.43

Eu 0.17 0.77 0.62 0.60 0.70 1.23

Yb 2.76 2.31 2.95 2.89 2.95 3.31

Lu 0.49 0.48 0.77 0.58 0.68 0.71

Sc 41 40 43 37 41 44

Hf 1.40 0.16 -- 2.28 1.62 2.94

Ta 0.06 0.04 -- 0.09 0.04 0.29

Th -- 1.03 -- 0.26 1.33 0.18
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and range of Sf02 contents (46-51 percent). REE of these green-

stones overlap patterns of both primitive island arc tholeiites

(IAT) and mid-ocean ridge basalts (MORB), but are most similar to

MORB.

The pronounced negative Eu anomaly, overall abundance (8-20 x

chondritic), and flat pattern of most samples are characteristic of

some mid-ocean ridge basalts. and diabases of ophiolites. Only one

greenstone from the group classified as arc-related on the basis of

pyroxene compositions and major element chemistry (DXB-16) has a

pattern which is anomalous for MORB. This greenstone is slightly

LREE enriched (La = 20 x chond; La/Sm = 8) with a small negative Eu

anomaly, and flat HREE. Such a pattern should be expected from this

rock because it is high in Si02 (51 percent) and more differentiated

than basaltic greenstones.

The REE pattern of these rocks also overlaps the field for IAT.

However, a marked negative Eu anomaly, and depletion in LREE is very

rare in IAT because plagioclase and clinopyroxene do not fractionate

in as great a quantity as in MORB liquids (Thorpe, 1982; Mullen,

1983).

The two greenstones (V-27, BRS-3) which contain titanaugite and

plot mostly in alkalic or intraplate basalt fields based upon major

element analyses and pyroxene compositions are LREE enriched and have

negative Eu anomalies. These patterns are compatable with basalt

from several environments: ocean island tholeiite, ocean island

alkalic, and basalts from transform faults. However, for basalts
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of equivalently low Si02 (47 percent), alkalic basalts of ocean

islands have patterns compatible with those of the two greeristones.

Hf/Ta/Th

Hf-Ta-Th are high charged ionic elements which are relatively

irnobile during a greenschist alteration (Wood et al., 1980).

Wood et al. (1980) have shown that a ternary plot of Hf x 3/

Ta/Th can discriminate among basalts from destructive plate margins

as well as N-MORB, E-MORB, and alkalic basalts. Hf-Ta-Th data were

obtained for four greenstones of basaltic affinity (Figure 50).

Three greenstones (NF-65, DXB-l6, and BR-59) plot within the

field for basalts of destructive plate margins. v-27, an alkalic

greenstone from the Greenhorn Mountains, plots in the field for

N-MORB.

Relict Clinopyroxenes of Greenstones

Many workers in recent years, including Nesbitt and Pearce

(1977), and Garcia (1978), recognized that relict minerals --

especially clinopyroxene -- in altered greenstones could be utilized

to determine the original geochemical type of the host rock. Al-

though there has been some debate about the element mobility within

the "relict" phases (Moody, pers. corn., 1977), generally the com-

position of a relatively unaltered mineral is more reliable than

major and even trace element data from whole rocks (Heliman and

Henderson, 1977). Major problems in using relict minerals as
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indicators of original geochemistry, however, are that they are

generally rare, and they require careful analysis with the electron'

microprobe to avoid possible altered zones. Relicts were not present

in all samples collected and utilized in this study. However, they

occur in sufficient quality and quantity to allow correlation of

results from pyroxene compositions with major element whole rock

geochemistry and the small amount of trace element data available.

Greenstones from six localities contain relict clinopyroxene:

V-27 and BRS-3 contain relict titanaugite; BR-59, BR-61, MV-48,

V-252 and P-1 (also from the Greenhorns, but not shown on the map,

Plate 6) contain clear green augite. One additional sample (PH-76)

may contain very fine grained and rare relicts of titanaugite, but

the mineral composition has not yet been confirmed via probe analy-

ses. Pyroxene compositions are given in Tables 22-29.

Titanaugite compositions in V-.27 and BRS-3 are very similar

(Table 22). Both contain three to four percent hO2, with low ligO

and high GaO contents. They are low in Si02 and characteristically

average about six percent Al203. Clinopyroxenes plot inside fields

for within-plate alkali basalt on all plots of tectonic provenance

versus composition. (They are peralkaline in nature, plotting near

the top of the pyroxene quadrilateral due to high CaO content.)

Figures 52-54 show plots of pyroxerie compositions and tectonic

envi ronnients.

Interpretation of the remaining pyroxene compositions is not

so straightforward. They are generally low in Ti02 relative to the

titanaugites, but contain more hO2 than many arc basalts. They



TABLE 22. Relict clinopyroxene compositions of alkalic greenstories.

V-27A

5102 45.3 44.5 46.1 44.6

Ti02 3.5 4.6 3.4 4.1

A1203 5.4 6.9 6.2 5.9

Fe 0* 13.2 13.6 12.3 13.5

Cr203 0.6 0.2 0.1 0.0

MnO 0.3 0.3 0.2 0.3

MgO 9.9 9.2 10.0 9.5

CaO 21.0 21.2 21.6 21.4

Na20 0.6 0.7 0.6 0.7

K20 0.0 0.0 0.0 0.0

Total 99.4% 101.1 100.5 100.0

No. ions

Si 1.75 1.70 1.15 1.72

Ti 0.10 0.13 0.10 0.12

Al 0.25 0.31 0.28 0.27

Fe 0.43 0.44 0.39 0.57

Mn 0.01 0.01 0.01 0.02

Mg 0.58 0.52 - 0.57 0.87

Ca 0.87 0.87 0.88 0.56

Na 0.05 0.05 0.05 0.68

K 0.02 0.00 0.00 0.00

Fe .23 .24 .21 .29

Mg .31 .28 .31 .44

Ca .46 .48 .48 .28

BRS

46.6 46.2 46.9 46.1 43.9 43.7 44.6 44.8 45.0 4/.8 46.7 48.3

3.3 3.7 2.8 3.6 4.5 4.4 4.4 4.1 3.9 2.4 3.5 2.4

6.3 5.4 5.0 5.9 6.2 5.5 6.1 5.9 5.8 4.3 5.1 4.1

11.4 12.5 12.1 11.7 11.6 12.3 11.6 11.9 12.3 12.9 12.2 12.5

0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

0.2 0.3 0.3 0.2 0.2 0.2 0.3 0.2 0.3 0.3 0.3 0.3

8.8 10.9 11.3 11.5 10.8 10.4 10.2 10.3 10.7 10.8 10.9 11.3

20.1 20.7 20.7 21.1 21.0 21.6 21.6 21.1 21.4 20.3 20.7 20.0

0.8 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.4

0.0 0.0 0.0 0.2 0.01 0.0 0.0 0.0 0.0 0.0 0.0 0.0

97.7 100.3 99.8 100.6 98.8 98.8 99.5 99.1 100.1 99.4 99.7 99.4

1.76 1.79 1.75 1.70 1.71 1.72 1.73 1.73 1.84 1.79 1.84

0.11 0.08 0.10 0.13 0.13 0.13 0.12 0.11 0.01 0.10 0.07

0.24 0.23 0.26 0.28 0.26 0.27 0.27 0.26 0.20 0.23 0.18

0.40 0.38 0.37 0.38 0.40 0.38 0.39 0.40 0.42 0.39 0.40

0.01 0.01 0.01 .01 0.01 .01 0.01 0.01 0.01 0.01 0.10

0.62 0.65 0.65 0.63 0.61 0.59 0.60 0.66 0.62 0.62 0.65

0.85 0.85 0.86 0.87 0.90 0.89 0.87 0.84 0.84 0.85 0.82

0.04 0.4 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.31

0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02

.21 .20 .20 .20 .21 .20 .21 .21 .22 .21 .21

.33 .35 .35 .34 .32 .32 .32 .35 .33 .33 .35

.45 .45 .46 .46 .47 .48 .41 .44 .45 .46 .45

r')

N.)
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Table 23. Relict Clinopyroxene Compositions, MV-48.

1 2 3 4 5 6 7

Si02 52.20 50.58 49.89 51.34 50.54 51.67 50.87

hO2 0.63 0.92 1.04 0.80 0.79 0.66 0.71

A1203 3.76 3.73 3.70 4.01 382 3.74 3.94

FeO 6.63 8.98 9.36 6.81 7.17 6.82 6.46

MnO 0.18 0.24 0.22 0.17 0.16 0.17 0.16

MgO 16.90 17.44 15.74 17.56 16.96 17.02 16.65

CaO 19.12 16.79 17.60 17.93 19.12 19.00 20.13

Na20 0.37 0.32 0.31 0.32 0.29 0.29 0.30

Cr203 0.40 0.29 0.02 0.34 0.14 .37 0.38

NiO 0.01 0.00 0.02 0.00 0.00 .00 0.00

100.18 99.01 97.91 99.28 98.96 99.74 99.61

Si 1.907 1.882 1.887 1.890 1.879 1.899 1.878

Ti 0.017 .025 0.029 0.022 0.022 .018 0.019

Al 0.162 .163 0.164 0.174 0.167 .161 0.171

Fe 0.202 .279 0.296 0.209 0.222 .209 0.199

Mn 0.005 .007 0.007 0.005 0.005 .005 0.004

Mg 0.920 .968 0.888 0.964 0.940 .932 0.912

Ca 0.748 .669 0.713 0.707 0.762 .748 0.796

Na 0.025 .022 0.023 0.022 0.020 .020 0.021

Cr 0.011 .000 0.000 0.010 0.003 .010 0.011

Ni 0.000 .000 0.000 0.000 0.000 .000 0.000

z 4.002 4.021 4.011 4.006 4.024 4.006 4.021

Fe .11 .15 .16 .11 .12 .11 .10

Mg .49 .51 .47 .51 .49 .49 .48

Ca .41 .35 .38 .38 .40 .40 .42



TABLE 24. Relict clinopyroxene compositions of MV-48A

1 2 3 4 5 6 7 8 9 10 11 12 13 14

S102 51.33 49.02 53.58 51.17 52.08 52.33 52.27 53.78 51.19 51.26 50.88 49.91 50.25 48.59

1102 .94 1.21 0.46 0.84 0.86 0.47 0.81 0.73 0.82 0.80 1.13 1.18 0.93 1.46

A1203 3.61 4.50 2.01 4.14 3.94 3.15 4.34 3.97 4.05 3.84 4.26 3.77 3.78 3.62

FeO 6.41 7.93 7.82 6.40 7.20 5.51 6.82 7.79 6.46 5.86 7.99 9.95 7.03 12.08

4i0 0.14 0.16 0.23 0.15 0.21 0.12 0.12 0.15 0.14 0.17 0.22 0.23 0.15 0.19

14g0 17.60 16.56 19.52 16.51 17.06 17.25 17.31 17.70 17.10 17.00 16.32 15.98 16.91 12.58

CaO 19.18 18.09 16.86 19.41 19.15 19.95 19.16 17.60 19.37 19.86 18.31 17.34 19.04 17.84

Na20 0.25 0.30 0.22 0.28 0.27 0.28 0.25 0.27 0.30 0.30 0.27 0.34 0.32 0.38

Cr203 0.10 0.00 0.43 0.39 0.15 0.55 0.05 0.15 0.22 0.66 0.00 0.00 0.10 0.00

NI0 0.04 0.06 0.00 0.00 0.00 0.00 0.13 0.03 0.08 0.14 0.00 0.06 0.09 0.09

99.11 97.85 100.74 99.28 100.91 99.62 101.24 102.70 99.74 99.90 99.37 98.75 98.595 96.85

Si 1.896 1.85 1.941 1.888 1.893 1.918 1.889 1.920 1.882 1.882 1.883 1.876 1.876 1.88

Ti 0.026 0.03 0.012 0.023 0.023 0.012 0.002 0.019 0.022 0.02 0.031 0.033 0.024 0.042

Al 0.157 0.19 0.085 0.179 0.168 0.136 0.184 0.166 0.175 0.17 0.185 0.167 .166 0.165

Fe 0.198 0.25 0.236 0.197 0.218 0.168 0.206 0.232 0.198 0.18 0.247 0.312 .219 .392

Mn 0.004 0.005 0.007 0.004 0.006 0.003 0.008 0.004 0.004 0.01 0.006 0.007 .004 .006

Mg 0.942 0.931 1.054 0.908 0.924 0.942 0.933 0.942 0.397 0.93 0.901 0.895 .94 .729

Ca 0.759 0.731 0.654 0.767 0.746 0.783 0.741 0.673 0.763 0.78 0.726 0.698 .761 .743

Na 0.018 0.021 0.015 0.020 0.019 0.019 0.017 0.018 0.021 0.02 0.018 0.024 .023 .029

Cr 0.002 0.000 0.001 0.011 0.004 0.015 0.001 0.004 0.006 0.02 0.000 0.000 .003 .000

NI 0.001 0.00T 0.000 0.000 0.000 0.000 0.003 0.000 0.002 0.01 0.000 0.001 .002 .002

4.006 4.026 4.010 4.002 4.006 4.002 4.004 3.984 4.015 4.013 4.001 4.018 4.025 4.000

Fe .10 .13 .12 .11 .12 .09 .11 .13 .10 .10 .13 .16 .11 .21

Mg .50 .49 .54 .49 .49 .50 .50 .51 .49 .49 .48 .47 .49 .39

Ca .40 .38 .34 .40 .40 .41 .39 .36 .40 .41 .39 .37 .40 .40

I-.



TABLE 25. Relict clinopyroxefle compositions, BR-52

Px IA Px 2 Px 2A Px 28 P 3 Px 4 Px 4A Core - Rim

Si02 53.99 53.46 52.23 53.28 53.04 5L65 52.62 51.19 53.43 52.47 52.09 53.70 52.95 52.461102 0.24 .26 .31 .26 0.29 0.41 0.42 0.56 0.19 0.35 .33 .23 0.33 0.31A120, 1.68 1.67 2.19 2.34 2.73 3.89 3.47 3.33 1.90 2.93 3.13 1.87 3.39 2.91FeO* 6.07 5.34 5.69 6.08 5.99 6.70 6.06 6.20 6.01 5.04 4.42 5.74 6.07 6.1714i0 0.15 0.12 0.13 0.20 0.13 0.10 0.11 0.12 0.13 0.15 0.13 0.13 0.12 0.16MgO 18.91 19.03 18.14 18.29 18.25 17.07 17.42 16.59 19.12 18.12 17.46 19.17 17.03 18.55CaO 18.09 18.73 19.83 17.95 18.46 19.21 19.54 19.54 18.49 18.96 20.50 17.62 19.30 18.46Na9 0.14 0.14 0.19 0.17 0.19 0.32 0.18 0.24 0.17 0.19 0.22 .17 0.17 0.23Cr20, 0.04 0.24 0.09 0.10 0.16 0.03 0.99 0.00 0.06 0.32 0.57 .12 0.19 0.16Ni0 0.06 0.16 0.0 0.11 0.08 0.00 0.27 0.04 0.09 0.04 0.05 .07 0.05 0.12
99.38 99.00 98.82 98.69 99.35 99.40 99.96 97.79 99.61 98.62 99.15 98.82 99.62 $9.52

Si 1.97 1.959 1.931 1.959 1.941 1.902 1.920 1.915 1.95 1.931 1.914 1.967 1.936 1.922Ti 0.006 .007 0.008 0.007 0.007 .011 0.011 0.015 .005 0.009 .009 .006 .009 .003Al .072 .071 0.095 0.101 0.117 .169 0.149 0.146 .081 0.127 .135 .08- 0.146 .125Fe .185 .163 0.175 0.186 0.183 .206 0.185 0.194 0.183 0.155 .145 .175 0.185 .189.004 .003 0.003 0.006 0.004 .003 0.003 0.003 .004 0.004 .003 .003 0.003 .004Mg. 1.03 1.040 0.999 1.002 0.996 .937 0.947 0.925 1.040 0.994 .957 1.046 0.928 1.013Ca 0.707 0.735 0.785 0.707 0.724 .758 0.764 0.783 0.723 0.747 .807 0.691 0.756 0.724Na 0.009 0.010 0.014 0.011 0.013 .023 0.013 0.017 0.012 0.013 .015 0.011 0.012 0.016Cr 0.001 .006 0.002 0.003 0.004 .000 0.002 0.000 0.001 .009 .016 0.003 0.005 0.004Ni 0.001 .000 0.001 0.000 0.002 .000 0.000 0.001 0.002 .001 .001 0.002 0.001 0.003
3.990 3.944 4.018 3.987 3.996 4.013 3.998 4.004 4.007 3.997 4.008 3.990 3.985 4.012

Fe .10 .08 .09 .10 .10 .11 .10 .10 .09 .08 .08 .09 .10 .10Mg .54 .54 .51 .53 .52 .49 .50 .49 .53 .52 .50 .55 .50 .53Ca .37 .38 .40 .37 .38 .40 .40 .41 .37 .39 .42 .36 .40 .38

N)
I.
U,



Table 26. Relict Clinopyroxene Compositions, BR-61.

Si02
Ti 02

Al203
FeO
MnO
MgO
CaO
NaO
Cr203
NiO

Si

Ti

al

Fe
Mn

Mg
Ca
Na

Cr
Ni

Fe
Mg
Ca

1 2

52.84 53.89
0.31 0.23
2.75 3.03
4.12 4.24
0.11 0.12
17.84 18.62
20.54 20.37
0.25 0.21

0.56 0.47
0.00 0.03

99.31 101.21

1.932 1.930
0.008 0.006
0.118 0.127
0.125 0.126
0.003 0.003
0.972 0.994
0.804 0.781
0.017 0.014
0.016 0.013
0.000 0.000

4.000 4.000

.07 .07

.51 .52

.42 .41

3 4

52.50 52.71

0.31 0.27
2.90 2.62
4.24 4.57
0.11 0.14
18.01 18.17
20.55 19.95
0.19 0.19
0.47 0.32
0.38 0.13

99.32 99.05

1.922 1.934
0.008 0.007
0.125 0.113
0.129 0.140
0.003 0.004
0.983 0.993
0.806 0.784
0.013 0.013
0.013 0.009
0.001 0.003

4.007 4.004

.07 .07

.51 .52

.42 .41

5 6

52.37 51.58
0.31 0.26
2.64 3.00
4.81 3.95
0.10 0.10
18.69 17.35
20.22 20.08
0.20 0.22
0.81 0.85
0.13 0.04

99.77 97.45

1.914 1.923
.008 0.007
.113 0.132
.146 0.123
.002 0.003

1.018 0.964
0.791 0.802
0.014 0.015
0.008 0.025
0.003 0.001

4.023 3.998

.07 .07

.52 .51

.40 .42

216

7

51 .64

0.26
2.07
4.29
0.01

17.55
20.53
0.49
0.27
0.01

97.20

1 .936

0.007
0.091
0.134
0.003
0.98
0.824
0.035
0.008
0.000

4.024

.07

.51

.42



Table 27. Relict Clinopyroxene Composition of '1-252

Si02
1102
Al 203
FeO*

Cr203
Mn 0

MgO
Ca 0

Na2 0

K2 0

Total

No. Ions

Si

Ti

Al

Fe

Mn
Mg
Ca
Na

K

Fe

Mg
Ca

217

GROUNOMASS PHENOCRYST
V-252-1 RIM INT CORE INT RIM

48.8
0.9
2.8

18.4
0.0
0.5
9.0

15.8
1 .6

0.0

97.9

50.7
0.9
3.9

12.7
0.0
0.3

14.1

17.6
0.3
0.1

97.5

50.0 50.6
0.6 0.9
2.9 4.5
12.9 13.0
0.0 0.0
0.5 0.4

14.4 14.2
16.5 17.6
0.2 0.2
0.0 0.0

97.9 101.5

50.1 50.2
0.7 0.9
4.2 3.9
13.3 12.7
0.0 0.0
0.4 10.3

13.8 14.1

17.5 17.6
0.3 0.2
0.0 0.2

100.2 100.0

3.90 3.83 3.75 3.76 3.77

0.06 0.04 0.05 0.04 0.05
0.24 0.26 0.39 0.37 0.35

0.80 0.83 0.80 0.84 0.80

0.03 0.03 0.02 0.02 0.02
1.45 1.65 1.57 1.54 1.57

1.43 1.35 1.40 1.41 1.42

0.05 0.04 0.03 0.04 0.04

0.00 0.00 0.003 0.00 0.00

.22 .22 .21 .22 .21

.39 .43 .42 .41 .41

.39 .35 .37 .37 .37
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Table 28. Relict Plagioclase of DXB-20.

1 2 3

Si02 52.89 57.53 55.43

Ti02 0.06 0.02 0.09

A1203 30.65 26.41 28.95

Fe0 0.68 0.36 0.51

MnO 0.02 0.03 0.03

MgO 0.14 0.02 0.04

CaO 11.43 7.00 10.13

MaO 4.16 6.31 5.24

Cr203 0.03 0.00 0.00

NiO 0.00 0.00 0.00

100.03 97.67 100.42

An 59 36 45
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range widely from 46 to 54 percent in Si02 content. On an Si02/

Ti02 plot (Figure 52) they fall into an area which is within both

volcanic arc basalt and MOR compositions. They contain less A1203

than the titanaugites, and are clearly subalkalirie. However, on

an Al2O3/SiO2 plot (Figure 53) they fall into fields for ocean floor

basalt AND within-plate tholeiite. The relation which most clearly

delineates the nature of these augites is the ternary plot of MnO/

Ti02/Na2O of Nesbitt and Pearce (Figure 54). On this diagram,

these pyroxenes fall into areas of, respectively, volcanic arc

basalts and within-plate alkalics, and plot near the apex OPPOSITE

from the ocean floor basalt field. The high Si02/A1203 ratio of

these basalts indicate that they are clearly subalkaline in nature,

probably tholeiitic, and not characteristic of alkalic basalts.

Hence, the within-plate alkali possibility of the plot can be elimi-

nated, and volcanic arc basalts remain,--an origin which is possible

based on other clinopyroxene compositional plots as well.

Suniiiary: Igneous Association and Origin
of Volcanic Greenstones

Textural, mineralogical, and geochemical data are compatible

with the following conclusions regarding greenstone origins:

1) Pillowed greenstones closely associated with cherts

at two and possibly three localities represent alkalic

basalts: BRS-3 from the Snake River, V-27 from the

north side of the Greenhorns, and possibly PH-76 from

the melange south of Mount Vernon. Major element
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compositions strongly suggest that these are alkalic

basalts; mineral chemistry of relict pyroxenes per-

mits no other alternative.

2) The remaining samples have a broad range of composi-

tions, but are all quartz normative, and probably

represent tholeiites. However, they plot on a caic-

alkaline trend as is unequivocally shown on ternary

plots of MnO/Ti02/Na20. The pyroxenes are almost

all subalkaline, and again, the majority of these

rocks represent tholelites or fairly silicic calc-

alkaline rocks.

Hence, two distinct varieties of basaltic rock are represented

in the greenstones of the oceanic/melange terrane: 1) alkalic

basalts and 2) island arc tholeiites and calc-alkaline basalts to

basaltic andesites. Two samples may represent N-MORB mid-ocean

ridge basalt. A mixture of these rock types may most reasonably

be expected to occur in a region where the oceanic and arc regimes

overlap, such as a forearc. For a detailed description of the

lithologies and geology of a modern forearc, the reader is re-

ferred to Bloomer and Hawkins (in press) and to Karig and Ranken

(in press). Forearcs are essentially a mixture of two regimes--

oceanic and nascent island arc. Hence they contain representative

rocks of both, and in addition are intruded by diapiric serpentin-

ites which penetrate the oceanic crust upon which the arc is con-

structed. True oceanic crust is uncomon in arc regions. This
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puzzling absence may be due to extrusion of forearc basalts and con-

sequent masking of the oceanic component, or it may be due to a pro-

cess not yet recognized. Nevertheless, it is evident that most com-

ponents of a coherent forearc are present in the area discussed, and

its interpretation as a forearc is consistant with data presently

available.

Peridotite and Gabbro of the Forearc Terrane

Fragments of plutonic ophiolitic rocks, principally gabbro,

occur throughout the oceanic/melange terrane. They vary in dimen-

sion from meter-sized knockers in serpentinite matrix to masses of

several square kilometers. These rocks are usually strongly deformed

and altered. Some gabbro (North Fork, John Day River) is so strongly

sheared that its phaneritic character is virtually obliterated.

Other gabbro, especially south-southeast of Olive Lake in the Green-

horn Mountains, has been transformed into flaser gneiss. Virtually

no plutonic fragment in the forearc terrane has escaped noteable

deformati on.

No stratigraphic coherency can be found within slivers of the

dismembered ophiolite. Ophiolitic rock-types are usually mixed in-

to a melarige'. Some gabbro is layered, and rare layered ultra-

mafic rocks occur near the town of Greenhorn. However, petrofabric

study indicated that these rocks do not have a tectonite fabric, but

rather, a rotational shear fabric (M8Ob). Hence, if they were tec-

tonites, equivalent to the transition zone of the Canyon Mountain
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Table 29. Major element analyses of plutonic ophiolitic rocks.

M42 M46 M208 M213 M240

Si02 49.27 51.55 45.87 48.19 43.63

Ti02 0.29 0.21 0.32 0.22 0.46

A1203 18.92 19.90 12.53 20.13 17.63

FeO* 7.78 5.97 8.54 5.32 9.00

MnO na na na na na

MgO 6.57 6.40 14.40 7.90 12.72

CaO 15.62 15.10 15.95 17.35 15.80

Na20 0.61 0.58 0.21 0.61 0.41

K20 0.09 0.11 0.06 0.05 0.05

TOTAL 99.15 99.82 97.88 99.77 99.70
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complex, later recrystallization has overprinted the upper mantle

fabric.

The gabbro and peridotite are strongly altered. Olivine and

orthopyroxene appear to be absent from gabbro throughout the terrane.

Clinopyroxene is altered to uralitic hornblende or actinolite. Plagio-

clase is coniiionly chioritized. Although clinopyroxenite has largely

retained its mineralogy and structure, peridotites containing olivine

and orthopyroxene are extensively serpentinized and comonly grade

into sheared serpentinite which may serve as melange matrix.

Major Element Variation of Gabbro

Major element data for metagabbros of the oceanic/melange

terrane in the Greenhorn Mountains are given in Table 30, and mdi-

cate that they are tholeiitic, but are equivocal about their arc or

oceanic origin. The gabbros plot on a strongly tholeiitic trend on

an AFM diagram, in contrast to the Canyon Mountain complex calc-

alkaline trend (Figure 55). On TiO/FeO*:MgO, diagram (Figure 56),

the oceanic/melange gabbros plot in both caic-alkaline and tholeiitic

fields: M208 and M240 are tholeiitic and fall on a MOR-trend, whereas

M46 and M213 are island arc tholeiltes, and plot along a trend simi-

lar to the Canyon Mountain complex.

Rare Earth Elements in Peridotite and Gabbro

Trace element analyses were made for one gabbro and one perido-

tite of the melange. The gabbro, M46, has a flat REE pattern, 4-7

x chondritic, slightly LREE depleted, with a small positive Eu
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TABLE 30. Relict clinopyroxenes of plutonic ophiolitic rocks.

9.42 (Ciilat.) 1-42 (CaIat.)
RI. Lot It Core lot Lot RI. RI. Core RI. MIS CPX

SlO, 50.5 49.6 48.9 47.3 47.9 51.8 49.3 48.7 50.0 51.5 49.5 49.9 49.7 48.8
110, 0.7 0.6 0.3 0.6 0.7 0.3 0.6 0.5 0.7 0.5 0.8 0.9 0.8 0.8
*1,0 5.2 4.9 5.2 7.8 6.3 3.9 6.2 4.6 5.2 4.0 1.8 5.4 5.8 6.9
F.0* 99 75 8.3 12.5 8.6 8.0 10.6 8.1 8.5 8.7 12.0, 8.4 8.3 9.4
Cr,0 .0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
i0 0.3 0.3 0.3 0.3 0.3 0.3 0.3 9.3 0.3 0.3 0.4 0.3 0.3 0.3

MgO 13.4 13.4 12.6 13.7 13.5 13.5 13.1 13.2 12.9 13.6 12.9 12.8 12.9 12.7
CoO 21.0 22.0 22.1 96.5 22.3 21.5 19.2 22.0 22.5 22.0 22.3 21.6 22.3 20.5
61,0 0.4. 0.5 0.4 0.4 0.4 0.3 0.4 0.4 0.4 0.5 0.6 0.5 0.4 0.5K0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0, 0.0
TOTAL 100.7 98.9 98.2 99.1 100.0 99.6 99.6 91.9 100.5 101.1 100.2 99.9 100.6 100.1

SI 1.87 1.87 1.86 1.79 1.80 1.93 1.85 1.86 1.86 1.90 1.88 1.86 1.82
TI 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.01 0.02 0.09 0.02 0.02 0.02
*1 0.23 0.22 0.23 0.35 0.28 0.17 0.27 0.21 0.23 0.17 0.08 0.24 0.31
F, 0.28 0.24 0.26 0.90 0.27 0.25 0.33 0.26 0.26 0.27 0.38 0.26 0.29
16, 0.00 0.01 0.01 0.01 0.01 0.03 0.08 0.01 0.01 0.01 0.01 0.09 0.09
Mg 0.74 0.75 0.71 0.77 0.75 0.75 0.73 0.75 0.72 0.75 0.74 0.71 0.71
Ci 0.83 0.89 0.90 0.67 0.90 0.86 0.77 9.90 0.89 0.87 0.91 0.86 0.82
Ni 0.04 0.04 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.04 0.04 0.04 0.04
K 0.01 0.00 0.00 0.00 0.00 0.00 0.001 0.00 0.00 0.00 0.00 0.00 0.00

F, .15 .93 .14 .22 .14 .13 .18 .14 .94 .14 .99 .14 .17
Mg .40 .40 .38 .42 .39 .40 .40 .39 .39 .40 .36 .39 .39
Ca .45 .47 .48 .36 .47 .46 .42 .47 .47 .46 .45 .47 .45

6-46 (116f$c GeISr,) M-a3 11IVIc 9.91 II. Car. RIu 01 1,1., - 9.99

9102 67.9 49 47.5 55.8 53.4 53.0 52.8 54.9 53.8 54.2 54.5 40.6 40.6 40.1 40.5
T102 0.8 0.7 1.4 0.1 0.1 0.01 0.20 . 0.22 0.18 0.21 0.10 0.11 0.03 0.08 0.06
81203 91.6 10.8 8.6 2.0 3.1 4s7 4.3 1.48 1.7 1.2 1.5 0.03 0.00 0.03 0.04
ceo 12.2 11.7 15.7 8.3 2.3 Li 3.2 2.0 2.4 2.1 3.9 12.2 14.8 12.5 14.3
Cr203 0.03 0.03 0.10 0.02 0.33 0.13 0.43 0.14 0.17 0.17 0.17 0.0 0.0 0.03 0.00
P160 0.2 0.3 0.2 0.20 0.1 0.11 0.10 0.04 0.10 0.06 0.10 0.9 0.20 0.6 0.4

:4.7 13.7 54.6 57.5 15.7 18.2 55.7 17.0 11.7 16.7 17.0 *5.8 44.1 48.0 44.72
c..o :1.6 12.4 12.0 14.5 23.5 21.0 24.2 24.7 23.7 23.7 24.0 0.0 0.0 0.0 0.0
6120 1.7 2.1 1.9 0.44 0.07 0.01 0.09 0.07 0.06 0.06 0.02 0.0 0.0 0.0 0.0

3.04 0.06 0.20 0.00 0.01 0.00 0.00 0.00 0.02 0.01 0.01 0.0 0.0 0.0 0.0

ToUl :;,.9 98.1 98.1 98.0 99.2 99.2 101.0 100.5 98.8 99.0 99.2 99.6 99.7 100.3 100.0

Siø 3.50 3.51 3.50 4.00 3.31 3.86- 3.81 Fo85 To90 To54
SI 3.50 3.51 3.59 4.00 3.91 3.04 3.81 3.96 3.95 3.96 3.97
TI 3.04 0.04 0.08 0.Ot 0.01 0.001 0.01 0.01 0.01 0.01 0.01
*1 :.00 0.96 0.16 0.18 0.27 0.40 0.37 0.13 0.15 0.14 0.13
F, 3.75 0.74 0.14 0.52 0.17 0.13 0.19 0.12 0.15 0.13 0.11
In 3.014 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.91 0.01 0.01
g .60 1.55 1.6.4 0.55 1.11 1.96 1.69 1.83 9.83 1.82 1.85
Co 3.95 1.00 0.97 0.70 1.85 1.63 1.87 1.91 1.06 1.96 1.87
Pa 3.24 0.31 0.29 0.063 0.01 0.00 0.01 0.01 0.0k 0.01 0.fl

K .00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.002 0.00 0.01

Cr .O2 0.00 0.0: i.Ji, 0.059 0.05 3.03 0.01 0.01 0.01 0.01

Fe .23 .22. .22 .29 .05 .03 .05 .03 .04 .04 .03

119 .49 .47 .49 .31 .46 .53 .45 .47 .48 .48 .46

Ci .28 .3) .23 .40 .50 .44 .50 .49 .48 .48 .49
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anomaly, and is very similar to REE of oceanic cumulate gabbro re-

ported by Tiezzi and Scott (1980) (Figure 58). This gabbro, as are

most gabbros in the melange, is uralized and altered. Its major

element data suggest island arc affinities. However, alteration may

have affected the FeO*/MgO ratio upon which the determination of

affinity is largely based. REE are less subject to mobilization

during alteration, and hence may be a more reliable guide to the

character of the unaltered rock. The peridotite (Mgi) is strongly

serpentinized clinopyroxene-rich harzburgite which has been partly

recrystallized and metasomatized by a tonalite which intrudes it.

Its REE enrichment may partly be related to the adjacent intrusion,

but may also relate to high modal percent of clinopyroxene (and

probably orthopyroxene).

Relict Clinopyroxenes of Peridotite and Gabbro

Clinopyroxenes of the melange gabbro plot in a broad scatter on

the pyroxene quadrilateral (Figure 59). The relict clinopyroxene of

M46 plots in the augite field. It is low in Cr203 and CaO, and is

enriched in A1203 and Ti02 relative to most CMC gabbroic clino-

pyroxenes. On pyroxene discriminant diagrams, the M46 gabbro plots

in alkaline or island arc fields, rather than in the oceanic field.

Gabbro M42, a less altered cumulate of the oceanic/melange

terrane, Greenhorn Mountains, contains well-preserved relict clino-

pyroxene. The pyroxenes are zoned but the zonation may be due to

alteration rather than original igneous compositional variation,

as less mobile oxides (hO2, Cr203, MnO) vary little, whereas more
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mobile components (CaO, MgO) vary about 15 percent within the grain.

M42 clinopyroxenes plot in a tight cluster on the pyroxene quadri-

lateral, slightly more iron-enriched than CMC. Generally, their

Si02/A1203 and Si02/Ti02 ratios are characteristic of island arc

tholeiitic to sub-alkalic rocks.

In addition to the gabbro samples, clinopyroxenes of two ultra-

mafic rocks from the melange were analyzed. M80b is a layered ultra-

mafic which may be analogous to the CMC transition zone, although

petrofabric analysis indicates only rotational deformation rather

than a tectonite fabric. Clinopyroxenes from M9l were also analyzed.

As shown on the pyroxene quadrilateral (Figure 59), clinopyroxene of

both rocks is slightly more calcic than clinopyroxenes of the Canyon

Mountain complex analyzed by Himmelberg and Loney (1980). As in the

CMC, the clinopyroxenes of layered rocks contain more Cr203 and Al203

than the metaharzburgite, and are less enriched in MgO and 1102.

Olivine in M91 is Fo8490, slightly less magnesian than olivine of

the Canyon Mountain complex.

In sumary, the nietagabbro and peridotite of the oceanic/melange

terrane analyzed for this study may have diverse origins. Two mega-

gabbros, M213 and M46 have tholeiitic, MORB major element trends,

although their chemistry may be somewhat affected by alteration.

Clinopyroxenes of M46 plot in arc and alkalic fields, but the scatter

of their compositions around the Skaergaard trend on the pyroxene

quadrilateral suggests alteration of a MOR tholeiite. Hence, M46

may represent a fragment of ocean-ridge gabbro within melange. The
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flat, MOR-like rare-earth element pattern of M46 is also strongly

indicative of ocean-ridge affinity.

The remaining gabbros and peridotites are more arc-like in

their chemistry and mineralogy. Their clinopyroxene compositions

straddle, and plot on the same trend as1 the Canyon Mountain complex

clinopyroxenes. Major element analyses are low in Ti02, Al203

enriched, although they show much stronger iron enrichment than the

CMC. These rocks most probably represent fragments of early island

arc basement, similar in origin to the Canyon Mountain complex.

Nature of the Terrane

The terrane which surrounds the Canyon Mountain complex contains

all the petrologic elements of present-day forearc regions (Bloomer

and Hawkins, in press; Karig and Ranken, in press). These include:

1) arc tholeiites, 2) alkalic rocks which may represent seamounts or

transform basalts, 3) MORB tholeiites, 4) fragriients of oceanic

ophiolite, 5) serpentinite melanges and diapiric serpentinites, and

6) possible fragments of arc basement. The Permian and Triassic

metasedjments associated with this terrane are diverse, and are

also characteristic of forearc settings.

No other petrotectonic environment presently defined contains

this assemblage. Large ocean basins, as far as known, do not con-

tain caic-alkaline rocks. Back arc basins seem to lack alkalic

basalts. The overall scale of the terrane is similar to modern

forearc regions. Distances of approximately 150 to 175 km are
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common for the distance from trench to the main, magmatic arc.

Measured NW-SE, the distance from rocks of Huntington arc affinity

to the probable northeasterly trace of the Mitchell blueschists

near Heppner is 150 km. The Canyon Mountain complex is situated

approximately midway between the trend of the Mitchell blueschists

and the Seven Devils arc. Thus the interpretation of the CMC as a

forearc ophiolite, and the surrounding terrane as a relatively co-

herent forearc, is in keeping with both tectonic and petrologic

surroundings.
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THE ORIGIN OF THE CANYON MOUNTAIN COMPLEX AND ITS
RELATION TO THE FOREARC TERRANE

The Canyon Mountain complex is an arc-related ophiolitic

sequence which consists of tectonite peridotite overlain by transi-

tion zone "metacumulates" which show varying amounts of deformation,

and gabbro which intrudes through and overlies both lower units.

The following observations, discussed previously, are pertin-

ent to the origin of the Canyon Mountain complex:

1. Textural and field evidence strongly suggests that

gabbroic mamga did not originate by partial melting

of the Canyon Mountain complex harzburgite, but had

a different source and intruded the harzburgite along

the zone between two rising diapirs of peridotite.

Gabbro in narrow, early veins and dikes has

primitive REE patterns similar to those of wider,

probably later dikes.

2. Structural studies by Misseri and Boudier (in prep.)

indicate two diapiric structures in the Canyon Moun-

tam harzburgite, with an area of flattened foliation

in the middle. This zone of flattened foliation co-

incides with the zone of infiltration.

3. No feldspathic harzburgite was observed outside of

the zone of infiltration.

4. The rocks of the transition zone are not uniformly

deformed. Those at east and west ends of the CMC,

and those closest to the harzburgite, have the
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strongest fabric.

5. Transition zone metacumulates are crosscut and in-

truded by isotropic gabbro.

6. Transition zone major element trends are slightly more

tholeiitic than gabbro trends, implying possible

influx of magma from a different source as well as

accumulation of early gabbro precipitates. Both

transition zone and gabbro contain more K20 than

is comon in other ophiolites.

7. Periodic influxes of picritic or primitive magma

occurred throughout crystallization of the transi-

tion zone, and also during crystallization of

gabbro - noteably of the Pine Creek Mountain

gabbro.

8. The major element composition of the calculated

fractionate is that of an iron-rich melagabbro,

which again agrees with the probable average com-

position of transition zone rocks. However, minor

and trace element data for both minerals and whole

rocks require addition of relatively small amounts

of LREE-depleted, Cr and Ni enriched magma to the

transition zone during its crystallization. Volu-

metric and time considerations, as well as evidence

for contribution from primitive magma, indicate that

the transition zone did not accumulate solely by

crystallization from Canyon Mountain complex gabbro.
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For example, assuming that Bear Skull Rims gabbro is

40% of the total gabbro, and Pine Creek Mountain rep-

resents the remainder, the calculated fractionate

would yield a rock with 19.2 percent olivine, 15.4

percent orthopyroxene, 23.1 percent clinopyroxene,

5.0 percent magnetite, and 37.3 percent plagioclase.

Overall, this composition is similar to the average

for transition zone rocks, but contains more orthopyroxene.

9. The intrusion of gabbro into peridotite which was at

elevated temperatures ( 800°C?) is supported by: a)

lack of chilling, b) no reaction or thermal metamorphism

of the peridotite and c) rodingization of the gabbro.

10. Gabbro of the Canyon Mountain complex contains abundant

orthopyroxene and compositional layering throughout the

stratigraphic section.

11. Lastly, the upper levels of the Canyon Mountain com-

plex gabbro were intruded and partly fused by the

coeval intrusion of plagiogranite and diabase dikes

and sills.

The observations noted above, and other data presented and dis-

cussed in this thesis lead to the following major conclusions regard-

ing the origin of the Canyon Mountain complex.

1. The harzburgite was emplaced as rising diapirs. Gabbro

intrudes through the peridotite in the area between

principal diapiric structures. Gabbro intrusion occur-

red during and after harzburgite deformation.
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2. The gabbro and most of the transition zone are not

genetically related to the harzburgite, but intruded

through it and crystallized in a chamber above the

harzburgite. Remnants of primitive gabbroic magma

which fed the CMC gabbro are present in pods and

dikes within the zone of infiltration in the harz-

burgite.

3. The zone of infiltration served as a conduit for

gabbro magma of almost uniform composition probably

for long duration.

4. The transition zone is mostly cumulates of fraction-

ating gabbro and was also periodically replenished

by Cr, Ni, MgO enriched magnas, probably similar to

primitive gabbro. Portions of the transition zone

are intruded and enclosed by CMC gabbro.

5. The Canyon Mountain complex gabbro is a single

differentiated sequence. The olivine two-pyroxene

parent, the gabbro of Gwynn Gulch, is represented

by the pods and dikes within the harzburgite. It is

tholelitic, with low T102, slightly enriched'K20 rela-

tive to other ophiolites, and high MgO. Its REE pat-

tern is very LREE depleted, with no Eu anomaly and

flat HREE, and low overall REE abundances. This

magma fractionated mostly olivine and orthopyroxene,

with small amounts of clinopyroxene, plagioclase, and

magnetiteat high P to yield a more calc-alkaline
H20
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rock, the gabbro of Bear Skull Rims. The BSR gabbro

is a'clinopyroxene rich rock with subordinate ortho-

pyroxene and no olivine. It is the principal gabbro

stratigraphically above the CMC harzburgite and transi-

tion zone and represents about half the volume of

gabbro in the CMC. REE for samples of this lithology

are LREE depleted, HREE flat, and show a slight posi-

tive Eu anomaly. The BSR magma fractionated principally

by precipitation of clinopyroxene and plagioclase to

yield the orthopyroxene-rich gabbro and norite of the

Pine Creek Mountain (PCM) gabbro. The PCM gabbro is

the upper-most unit examined in detail for this thesis.

It varies from LREE depleted to flat LREE, and has sub-

stantial positive Eu anomalies. REE patterns cross,

indicating a complex magmatic history for the upper

gabbro unit. The norites were probably replenished by

more primitive gabbro magma. A small amount of the BSR

gabbro also fractionated under less hydrous conditions

to produce an olivine-bearing gabbro with more evolved

REE and substantial positive Eu anomaly which is similar

to much transition zone gabbro. Overall, the CMC gabbro

is enriched in Cr, K20, and orthopyroxene compared to

other ophiolitic gabbros, suggesting an origin by par-

tial melting of a clinopyroxene-rich depleted source

under hydrous conditions with K20 added to the system

by metasomatism.
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The Canyon Mountain complex was intruded into

altered oceanic crust. Some oceanic crust was par-

tially fused by the high temperature, relatively

anhydrous gabbroic magma, and formed plagiogranites.

REE data shown in Figure 60 and calculated by Gerlach

(1980) indicate that partial fusion of oceanic crust

is a better and more likely source for the plagio-

granite than either fractionation of CMC gab.bro or

partial melting of altered CMC gabbro.

The plagiogranite magma intruded the lower,

solidified and slightly cooled (600°C) CMC gabbro,

causing recrystallization and dehydration. Diabase

intruded the gabbro and upper harzburgite at the

same time, and is chilled against the gabbro. Source

of the diabase is not known. Its chilled margins,

and the fact that it pinches out downward into the

gabbro just as the albite granite does suggests

that the diabase is not directly part of the CMC

magma.

Thus, the Canyon Mountain complex is, as Thayer (1977) recog-

nized, composed of a variety of magmas of different origins.

In the 1948 symposium on the Origin of Granite, Bowen suc-

cintly stated: "Look as one will at the rocks, he cannot see

them in the process of formation." This is as true of Canyon

Mountain and present-day petrology as it was for Bowen and H. H.
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Read. The following discussion and model for the origin of the

Canyon Mountain complex is based upon experimental petrology and

our current geochemical, geophysical, and plate tectonic under-

standing of island arc systems. However, it is still constrained

by Bowen's observation.

Numerous geochemical criteria indicate that the CMC gabbro

is associated with a calc-alkaline island arc setting as inferred

from its calc-alkaline major element trends, its high abundance of

K20, and relatively low Ti02 content. Hence the CMC may be con-

sidered an intrusion of gabbroic magmas through a rising diapir

in early island arc crust (Figure 61). High K20 has been shown to

be characteristic of early rocks in the Marianas, and may signal

early arc magmas (Meijer and Reagan, 1983).

The importance of the anomalously high content of ortho-

pyroxene in CMC gabbro should not be overlooked. Kushiro and

Yoder (1969) found that under dry conditions MgSiO3 melts con-

gruently and under hydrous conditions melts to Fo plus Si02-over-

saturated liquid. Mantle peridotite partially melted under hydrous

conditions such as an island arc should yield more silicious rnagmas

than mantle peridotite melted under dry conditions such as a mid-

ocean ridge. Thus, the presence of orthopyroxene throughout the

CMC gabbro sequence suggests an origin by partial melting in a more

hydrous environment - such as an island arc.

The following sequential model for the Canyon Mountain complex

incorporates all points discussed and reiterated above. The model

is illustrated in Figure 61.
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I lnitioti9n of subduction in
an ensimotic seltirig.

2 Perturbation and hydrotion of
depleted upper mantle peridotite.

rise of peridotite
begins.

3 Ascent of dlapir and mIgration 4 Rise of mogma from region of
of melt to chamber at the melting B and intrusion tnrough
top. Hydration and perturbation diapir A. Begin rise of B, with
of deeper (35km) peridotite. late melting of more refractory
Begun p. melt,of more fertile rx. material at low P1.,higher 1HO

5 Generation and emplacement
source of arc \-

of olbite granites and diobase. magma, -,,--

Cooling of depleted peridotite
adjacent to slab. Cessation of
fore-arc mogmatism.

-c_

r4
MANTLE
COUNTER-

FLOW

'.' .:--'

FIGURE 61. Schematic model for the origin of the CMC and forearc

terrane.
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Table 31. A classification of ophiolites.

Island Arc Oceanic

Diapiric Peridotite

OPX in Early Gabbro

Sheeted Sills. Coeval
Diabase & Plagiogranite

Abundant Plagiogranite

High K20/Si02

Low Ti02/Si02

Horizontal Structure
in Peridotite.

.OPX Absent or Rare in
Early Gabbro.

Sheeted Dikes Feed
Pillow Lavas.

Little Plagiogranite

Low K20/Si02

High Ti02/Si02

Caic-Alkaline Gabbro Tholeiitic Gabbro
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Initiation of subduction in an ensimatic settling must have

occurred at least by early Permian. At a half-spreading rate of 4

cm/year, the downgoing, hydrated oceanic slab would reach 50 km

depth in 5 million years.

Perturbation of upper mantle peridotite occurred throughout

descent of the slab's leading edge. Mostly depleted harzburgite

began to rise from a depth of about 20-25 km. Adiabatic rise, plus

the addition of water from the downgoing slab resulted in partial

melting of the remaining fertile components within this peridotite.

Partial melts of the diapir contained little or no plagioclase, al-

though there might have been minor contribution of alkalis (such as

K20) from the down-going slab. This melting event yielded clino-

pyroxene and/or orthopyroxene veins initially parallel to, and later

crosscutting foliation. These early partial melts rose to the top

of the ascending diapir and formed magma pockets of the lower transi-

tion zone which crystallized as the diapir rose. The rocks result-

ing from the early melts thus developed a fabric similar to their

parent peridotite. These rocks - now of the lower transition zone -

are high in CaO, low in Al203, and have a high modal content of

clino and orthopyroxene which reflects the principal mode of origin -

partial melting of clinopyroxene at low pressure and high H
2

Perturbation and hydration of less depleted peridotite at

depths of 30-35 km, and probable diapiric rise of this deeper

peridotite resulted in greater percent of partial melting and

the generation of a tholeiitic to silicic calc-alkaline magma,

with overall low abundances of REE and depleted LREE. This
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gabbroic magma may have fractionated slightly enroute to the "sur-

face", although Gwynn Gulch gabbro shows little evidence of frac-

tionation.

Primitive gabbro from this less depleted peridotite intruded

through the depleted peridotite diapirs above. Intrusion occurred

during and after diapiric rise, and was confined principally to the

zone between diapirs. Gabbro and transition zone rocks resulting

from gabbro fractionation which crystallized prior to the cessation

of rise would develop a tectonite fabric, parallel with that of the

host peridotite. Gabbro which intruded through the diapirs, or after

rise had stopped as well as the later transition zone cumulates,

would lack the tectonite overprint. Some gabbro of the transition

zone may be early gabbro from the second melting event which was

mixed with picritic to melagabbro liquids of the first diapir.

Similarly, late injections of picritic magma into the upper, Pine

Creek Mountain gabbro might originate from late, additional melt-

ing of the now-more-depleted second diapir. An important considera-

tion for this model of magma generation in forearc regions is that

because continued subduction will cool the mantle adjacent to the

downgoing slab, and thus terminate partial melts from this region,

no long-term, steady-state source is present, and forearc magmatism

will eventually cease as the geothermal gradient around the newly

developed subduction zone decreases with time.

Partial melting of overlying hydrated oceanic crust and

probable in-mixing of upper late fractionate of the gabbro occur-

red only after solidification and cooling of cumulates, and is



250

related to the appearance of mafic dikes. Magma from both plagio-

granite and mafic dikes was injected downward and also spread

laterally, parallel to gabbro layering. This process appreciably

contributed to the thickening of forearc crust and thinning of over-

lying oceanic crust.

A fundamental problem of island arcs (Bloomer, pers. comm.,

1982) is the apparent absence of oceanic crust as basement. They

seem to be constructed directly on island arc material. A process

of crustal thickening by partial melting, mixing, and injection into

oceanic gabbro and basalt might account for the seeming disappear-

ance of oceanic rocks in island arc regions.

The Canyon Mountain complex represents nascent island arc

crust which probably did not vent a significant quantity of vol-

canics. However, other arc-related ophiolite fragments throughout

northeast Oregon represent probably similar magma chambers which

may have vented island arc volcanic rocks of the type found in the

forearc terrane, rather than simply melting island arc crust. The

occurrence of greenstones and gabbros of oceanic affinity within

the forearc terrane suggests that all oceanic crust is not destroyed

in forearcs.

Based upon the data and interpretations in this thesis, it is

apparent that there are ophiolites and ophiolites. Unlike granites

and granites, there is no gradation between them. The oceanic,

"common" ophiolite, such as Oman or Bay of Islands originates in a

tensional environment, at a constructional ocean ridge or spreading
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center. The forearc type of ophiolite such as the Canyon Mountain

complex, originates in early stages of arc development, in the corn-

pressional environment of a destructive margin. It is composed of

a limited supply of magma from sequential, but restricted, melting

events. Unlike the oceanic type, a forearc ophiolite does not re-

ceive an unlimited supply of basaltic magma.

The two types are distinct in many other respects, including

the absence or presence of orthopyroxene, the abundance of K20 and

Na20, the presence of dikes versus sills, the abundance of plagio-

granite, the major and minor element petrologic trends, and the

field association with only chert, or with wacke, conglomerates,

and shales. These ophiolite subtypes are superficially similar,

but differ in significant details. Oceanic and forearc ophiolites

are categorized in Table 30.

Ophiolites are key windows to magmatic and related tectonic

processes. The recognition of ophiolite subtypes should further

the study of these coMplex assemblages, and their continuing investi-

gation should yield a better comprehension of ocean ridges and

island arcs. Diligent research in concert with new techniques

and a finer distinction among ophiolite subtypes will lead to the

resolution of long-standing petrotectonic questions as well as

problems yet unconceived. The study of the Canyon Mountain com-

plex is but one step on the journey.
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APPENDIX 1
DEFINITION OF "OPHIOLITE" BY THE 1972 PENROSE

CONFEREMCE PARTICIPANTS (cEOTIMES, V.17, p. 25)

"Ophiolite", as used by those present at the GSA Penrose Con-

ference on ophiolites, refers to a distinctive assemblage of mafic

to ultramafic rocks. It should not be used as a rock name or as a

lithologic unit in mapping. In a completely developed ophiolite the

rock types occur in the following sequence, starting from the bottom

and working up:

1) Iiitramafic complex, consisting of variable proportions

of harzburgite, lherzolite, and dunite, usually with a

metamorphic tectonic fabric (more or less serpentinized).

2) Gabbroic complex, ordinarily with cumulus textures commonly

containing cumulus peridotites and pyroxenites, and usually

less deformed than the ultramafic complex.

3) Mafic sheeted dike complex.

4) Mafic volcanic complex, cornonly pillowed.

Associated rock types include 1) an overlying sedimentary section

typically including ribbon cherts, thin shale interbeds, and minor

limestones; 2) podiform bodies of chromite generally associated with

dunite; 3) sodic felsic intrusive and extrusive rocks.

Faulted contacts between mappable units are common. Whole sec-

tions may be missing. An ophiolite may be incomplete, dismembered,

or metamorphosed, in which case it should be called a partial, dis-

membered, or metamorphosed ophiolite. Although ophiolite generally

is interpreted to be oceanic crust and upper mantle, the use of the

term should be independent of its supposed origin.
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APPENDIX 2: FIELD METHODS AND THE SETTING OF THE CANYON MOUNTAIN
COMPLEX

Field Methods

Twenty-one weeks were devoted to field work on the Canyon Moun-

tain complex during the summers of 1980 and 1981. Mapping and field

studies concentrated on gabbro and peridotite north of the Strawberry

Range summit. Petrologic field work by the writer was conducted

concurrently with structural mapping by Boudier and Misseri during

three weeks in 1980, and also three weeks in 1981. Petrologic map-

ping was recorded on a base map at 1:12,000 scale for most of the

complex (Plate 2) and 1:6000 scale for Celebration Ridge (Plate 3),

Norton basin (Plate 4) and Canyon Mountain (Plate 5). The elevation

of all map locations was established on the basis of aneroid alti-

meter readings to within at least ± 30 feet. Pace and compass

methods were used on large scale maps where precision in location

was desirable.

Samples discussed in detail and/or analyzed are a small but

representative selection of the 650 specimens collected. Analyzed

rocks (see Plate 2 for locations) were chosen principally from the

east half of the mapped area where exposure is better and the in-

filtration zone, transition zone, recrystallized zone, and gabbro

are all better defined and more extensive. Three hundred and

twenty six thin sections of Canyon Mountain complex rocks were

examined in order to define the lithologic units shown on Plates

1 and 2. In addition, sixty thin sections of greenstones and



263

gabbros of the forearc terrane were studied in order to choose

the best possible specimens for microprobe and whole-rock analyses.

Setting of the Canyon Mountain Complex

The Canyon Mountain complex comprises the western third of the

southernmost range in the Blue Mountain geomorphic province. The

CMC has an areal extent of approximately 150 square kilometers, and

is mostly included in the Maiheur National Forest. A narrow, two-

to-five kilometer wide strip along the ridge-crest is presently

incorporated in the Strawberry Wilderness Area.

The Canyon Mountain complex massif" rises southward within a

horizontal distance of 4-6 kilometers from the serpentinized harz-

burgite at 4000 feet elevation along the John Day Fault to the east-

west trending ridge crest at 7400 to 8010 feet elevation. The maxi-

rwm total relief of the area studied is about 4,000 feet.

Harzburgite is exposed in the north of the complex on north-

south ridges with somewhat muted relief. Juniper lodgepole, and

some yellow pine persist to elevations of approximately 6100 feet

on these broad ridges. Above 6500 feet, most notably on Baldy

Mountain, trees are absent on harzburgite.

Gabbroic rocks, both of transition zone in the east, and the

CMC gabbro in the west cornence at elevations of about 6000 feet on

the main ridge. Below 7000 feet, some slopes on gabbro or gabbro

regolith, are heavily forested. Especially noteworthy are strands

of yellow pine, and mixed spruce, fir, and tamarack along Norton
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Creek from 5200 to 6100 feet, and dense fir and lodgepole pine

along upper Dog Creek. Yew groves persist to 6500 feet in upper

Norton Creek.

The higher portions of north-south ridges, the north face of

the main ridge crest, and the north face of Baldy Mountain have

been glaciated. Well polished, steep, unvegetated slopes with ex-

cellent exposure of gabbro occur within the Dog Creek cirque in

the central part of the area, in Norton basin, and in similar, but

less well developed basins at the head of Pine Creek. The ridge

crest, and rocks to elevations as low as approximately 6000 feet on

the south and west sides of the Canyon Mountain complex offer ex-

cellent exposures. White bark pine, limber pine, and several

severely stunted yellow pine grow along the barren ridge crest.

The most prolific form of vegetation associated with the gabbro,

however, is lichen, which grows in profusion over many large, smooth,

outcrops at all elevations.
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APPENDIX 3. ANALYTICAL METHODS

The samples summarized in Appendix 4 were analyzed by a variety

of techniques which are described below.

Petrography

Thin sections of 326 Canyon Mountain complex samples were ex-

amined. Modal analyses tabulated in the text were made by counting

1500 to 2000 points on a mechanical stage using a Leitz monocular

student model petrographic microscope. Samples mentioned in the

text, but not tabulated were checked with a 500 point count.

Mineral 2V was estimated by examination of optic axis and Bxa

figures. Plagioclase compositions, except where specified as micro-

probe analyses, were determined by the Michele-Levy method.

X-ray Fluorescence - Major Oxides

Major oxide analyses were done by Dr. Peter Hooper at Washington

State University. Samples were broken by hammer and crushed into

small chips in an aluminum plated jaw crusher. Approximately 30 gms

of chips were hand picked, to avoid weathered surfaces and possible

small slivers of steel or aluminum, and placed in a swing-mill

(shatter box) where they were ground for six minutes. This provided

a fine, even grained powder which is an essential prerequisite to

the production of homogeneous samples. A normal ballmill was in-

adequate for this purpose

Seven grams of lithium tetraborate (Li2B4O7) and 3.5 grams of

the rock powder were thoroughly mixed in a plastic jar on a spex
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ball-mill and then fused in graphite crucibles for five minutes at

1000°C. When cooled, the Li-tetraborate beads dropped out of their

crucibles and their lower surfaces were ground with fine silicon

carbide powder. The samples were analyzed after rinsing.

The flat surface of the bead was irradiated in a Philips P.W.

1410 manual spectrometer with a chromium target tube. The recorded

count rate for each element was related to the calibration curve

derived from the count rate of eight analyzed basalts supplied by

T. L. Wright and D. A. Swanson of the U. S. Geological Survey. The

raw oxide values are corrected for absorption and normalized on a

volatile free basis with Fe203 assumed to be 2.00 percent.

PRECISION AND ACCURACY OF THE ANALYSES

Many factors influence the reliability and overall accuracy

of the oxide values obtained. Of these, the most important are:

1. Instrumental Precision. By this is meant the ability

to repeat the same count rate from the machine every

time the same Li-tetraborate bead is measured.

2. Total Precision. This term includes both instrumental

precision and the homogeneity of the Li-tetraborate

beads. It is best tested by making many beads from

the same rock sample and measuring the variations be-

tween the beads for each oxide.

3. Bias. This is the difference between two sets of

analyses run at different times and is due to
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differences in the measured calibration curve. It has

only been found significant when different standard

samples are used in calibration. All analyses in this

report used the same eight standard beads.

4. Sample Inhomogeneity. The size of the sample crushed

for analysis (20 grams) is large enough to give a

statistically homogeneous sample of fine, even grained

rocks. It is inadequate, however, to provide a homo-

geneous sample of the coarsely porphyritic flows where

the proportion of large plagioclase phenocrysts clearly

varies from one part of the flow to another and from

one sample to another.

5. Haphazard Errors. Under this heading areincluded

small instrumental malfunctions which can occur with-

out detection on rare occasions and simple human

errors. Normally extraordinary values or poor

totals allow such errors to be detected.

The importance of these potential sources of error can be esti-

mated with decreasing accuracy from 1 to 5.

Instrumental precision was routinely recorded by repeat measure-

ment of a single bead every tenth sample or so throughout an analyti-

cal run.



Despite the satisfactory precision revealed in these tests, a

small minority of analyses resulted in poor totals between 95 and 102

prior to normalization. Rare totals outside these limits were dis-

carded. The poor totals may imply errors not recorded in the pre-

cision tests; they are most prevalent in the feldsparphyric samples

and can be shown to be related to the grain size of the powdered

rock before fusion. Coarser than normal powders gave higher than

normal totals. Some settling of rock powder may occur during the

fusion process.

Nevertheless, a small error remains. Two beads made from the

same rock sample, one with a pre-normalization total of 95 and

another with a pre-normalization total of 102, do not normalize

to quite the same values. The bead with the higher pre-normalization

total will, after normalization, show marginally higher Si02 and

A1203 values than the other bead. The other oxides are the reverse

of this. The difference is very consistent and a "summation cor-

rection" has been made on the computer to account for it. The

reason for this small discrepancy may be that plagioclase feldspar

is taken into solution by the Li-tetraborate flux a little more

slowly than the other components in the rock powder and hence set-

tles a little more towards the bottom during the fusion process.

This would be exaggerated as the grain size of the powder in-

creased.
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INAA - Trace Elements

Instrumental neutron activation analysis (INAA) was utilized for

trace element determination. Ten to twenty gram rock samples were

chipped from specimens, washed in dilute HC1, crushed, homogenized,

ground, and re-homogenized in ceramic grinders. Approximately 0.3

grams of resulting powder was obtained as a split from the homogen-

ized sample, placed into small polyvials, sealed, placed into

larger 2 dram polyvials, and irradiated for 6 hours at 1 MW in

the rotating rack of the Oregon State University Radiation Center

TRIGA reactor.

Samples were counted 6-12 days after irradiation, for 10,000

seconds each on an ND 2200 Ge-Li detector. Standards used were

CRB - a Columbia River Basalt used as an "in house" standard, from

the same location as U.S.G.S. BCR, and U.S.G.S. standard PCC.

Accuracies were checked by replicate analyses of unknowns, by analy-

ses of standard as unknown, and by multiple counts of the same sam-

ple. Elements determined in first count were: Na, K, La, Nd, Sm,

Eu, Yb, and Lu. For some samples Ce was determined from first count

data. Most samples were counted for a second, longer time, 40-47

days after activation to determine longer-lived nucleides. Counts

were for 20,000 to 40,000 seconds, and determined Hf, Ta, Th, Co,

Ni, Cr, Rb, Sr, Ce, and Tb. Analytical precision for rare earth

elements (La-Lu) was within ± 10% for most samples, with largest

errors for Ce, Nd, and Tb, and greatest precision for La and Sm.
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Sr and Rb determinations contain errors of up to 75%. Go, Cr, and

Ni similarly contain possible large errors of up to 40%. Values for

Na20, K20, and FeO* determined by 1MM agreed within 0.5 percent

with values determined by XRF. Hf, Ta, Th values for greenstones

contain possible errors of up to 30 percent.

Mineral Analyses: Electron Microprobe

Mineral compositions for eight to ten major and minor oxides

were determined with the Applied Research Laboratory (ARL) electron

microprobe at the University of Oregon. Samples to be analyzed

were mounted on 1-inch round glass slides and polished to a smooth

surface. Prepared slides were carbon-coated with a 30-35 nm film

by evaporation of two carbon rods at 50 Amp current under high

vacuum conditions.

Oxide standards were run on minerals or glasses of known

composition. Wavelength dispersive analyses were conducted for

all microprobe data presented in this dissertation. The instrument

was operated at 15 kV, 50 ma, with sample current of 0.05 jA. Spot

size was approximately 10 t for all analyses. Data were analyzed

by an on-line microcomputer which corrected results by the Bence-

Albe method, and presented weight percentage and cation percent for

each analysis.
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APPENDIX 4. SUMMARY OF ANALYZED SAMPLES

Type of data presented for each sample given by:

(: Modal analysis, point count of 2,000 points.

Major element whole rock via XRF-WDS.

Trace element, whole rock via INAA.

Electron microprobe, WDS of selected minerals.

Minerals listed in order of abundance, and abbreviated as:

ol olivine hb primary amphibole

opx orthopyroxene am secondary amphibole

cpx clinopyroxene sp lizardite, chrysotile

p1 plagioclase mt magnetite

ch chrome spinel s sulfide

ap apatite hg hydrogrossular

CANYON MOUNTAIN COMPLEX

Note: Section number followed by W denotes T.14S; R.32E; section

number followed by E denotes T.14S, R.33E.

USGS 7 1/2' quadrangle sheet designated as follows:

JD = John Day, CM = Canyon Mountain, CC = Castle Creek,

PCM = Pine Creek Mountain.

74. Podiform chromitite, Haggard and New Mine. El. 535

NW 1/4, NE 1/4, sec. 16W, CM Cumulate. ol, ch. E

82. Podiform chromitite, Ward Mine (CMCW). El. 4500 W 1/2,

SE 1/2, sec. 5 W, J.D. Cumulate. ol, ch, sp. P

90. Podiform chromitite, Chambers mine. El. 6570, SE 1/4,

SE 1/4, sec. 13W., PCM Cumulate. ol, ch, cpx, opx.
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95. Table Camp gabbro. NE of Table Camp. El. 7180, NE 1/4,

NE 1/4, sec. 30 E. PCM Deformed cumulate. P1, cpx, opx,

ol, hb, ap.

110G. Gabbro dike in harzburgite. El. 5300, NE 1/4, SE 1/4,

sec. 12 W. PCM Adcumulate? P1, hg, cpx, am. ®
11QP. Tectonite harzburgite, dike host rock, Zone B. El. 5300,

1/4, SE 1/4, sec. 12 W. PCM sp, opx, ol, (hg?)

149. Podiform chromitite, lower pit, Ray Mine. El. 7230, NE 1/4,

NE 1/4, sec. 20 E. PCM Cumulate. ch, opx, cpx, ol, sp.

©
169. Podiform chromitite, upper pit, Ray Mine. El. 7265, NE 1L4,

E 1/4, sec. 20 E. PCM Cumulate. ch, opx, cpx, sp. )

218. Feldspathic lherzolite, zone A. W. side of Pine Creek.

El. 5250. NW 1/4, SW 1/4, sec. 14 W. PCM Tectonite.

ol, opx, sp, cpx, hg, p1

284. Lherzolite. East border, zone A, east side, Little Indian

Creek. El. 5650. NE 1/4, SE 1/4, sec. 17 E. PCM Tectonite.

ol, opx, cpx. (! () (T3

285C. Layered gabbro, frori broad apophysis into harzburgite, SW

side Baldy Mountain. Sample from more leucocritic band.

El 6000. NW 1/4, NW 1/4, sec. 24 W. PCM Adcumulate,

p1, cpx, hg, opx, am.

286. Podiform chromitite, Bald Eagle mine, SW side, Baldy Moun-

tain. El. 6030. NW 1/4, NW 1/4, sec. 24 W. PCM Cumulate.

ch, sp, cpx. E

296. Feldspathic harzburgite. Zone C. E. side Pine Creek. El.

5190. SE 1/4, SW 114, sec. 12 W. PCM Tectonite. ol, opx,

sp, am, hg, p1. ® (jJ

335. Pine Creek Mountain gabbro. Upper gabbro. El. 7340. SE

1/4, NE l/4sec. 31 E. PCM Cumulate. p1, opx, cpx, ap,

S.

410. Podiform chromitite, Haggard and New Mine, upper pit.

El 5420. NW 1/i, NE 1/4, sec. 16 W. PCM Cumulate.

ch, sp, ol. ()

449B. Tectonite harzburgite, vein host rock, zone A, east side

Pine Creek. El. 4880. NEj/4, NE 1/4, sec. 14 W. PCM

sp, ol, opx. J) (j)
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522. Pine Creek Mountain gabbro, W. side Pine Creek. El. 5400.

NW 1/4, NE 1/4, sec. 23 W. PCM- Deformed cumulate. p1,

cpx, opx, 01, hb, hg, am.

531. Gabbro dike 35 cm wide S. side Baldy Mountain. El. 6500.

SE 1/4, SW 1/4, sec. 19 E. PCM. Adcumulate, with flow band-

ing. p1, cpx, hg, opx. ®

539. Table camp gabbro. South side, E3aldy Mountain. El. 7150.

NE 1/4, NE 1/4, sec. 30 E. PCM Def rmed adcu ulate. p1,

cpx, opx, ol, hb, hg, am, mt, s. P ® T
540. Table Camp gabbro. South side, Baldy Mountain. El. 7040.

NE 1/4, NE 1/4, sec. 30 E. PCM efonned a cumulate. p1,

cpx, opx, ol, hb, hg, am, mt. P ( T

563. Dunite. N. end Celebration Ridge. El. 6750. NW 1/4, NW

4, ec. 30 E. PCM Tectonite-.cumulate. sp, ol, ch.

P M

564. Olivine-clinopyroxenite. N. end, Celebration Ridge. El.

6800. NW 1/4, NW 1/4 sec 30 E. PCM Tectonite cumulate.

cpx, ol, opx, sp.

565. Gabbro layer. N. end, Celebration Ridge. El. 6800. NW 1/4,

NW 1/4 sec. 30 E. PCM Tectonite cumulate. cpx, ol, opx,

sp.

566. Wehrlite. From banded outcrop. N. end Celebration Ridge.

El. 6790. SW 1/4, NW 1/4, sec. 30 E. PCM Tectonte t

tectonite-cumulate. cpx, ol, opx, sp, am, mt. P )

567. Gabbro, central Celebration Ridge. El. 6850. Faintly

layered. SW 1/4, NW 1/4 sec 30 E. PCM Cumulate. p1,

cpx, hg, am, nit, ap. (T jjJ

569. Gabbro, central Celebration Ridge. El. 6800. Coarse to

fine grained, faintly layered. SW 1 4, NW 1/4 sec. 30 E.

PCM Cumulate. p1, cpx, hg, am. P ®
574. Gabbro, basin west of Celebration Ridge. El. 7000. SW 1/4,

SW 1/4, sec. 30 E. p1, opx, cpx, am.

578A. Gabbro, upper Celebration Ridge. El. 7680. W 1/4, N1I 1/4,

sec. 31 E. PCM pi, opx, cpx, am, mt, s. M

579A. Olivine websterite, upper Celebration Ridge. El. 7780.

NW 1/4, NW 1/4 sec. 31 E. PCM Cumulate. cpx, ol, opx,

hb, sp, am.
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579B. 1elagabbro, upper Celebration Ridge. El. 7780. NW 1/4,

NW 1/4, sec. 31 E. CM Cumulate. p1, opx, cpx, ol, hb,

am, sp, S. i) ()

579C. Melagabbro, upper Celebration Ridge. El. 7780. NW 1/4,

NW 1/4,sec. 31 E. PCM Cumulate. p1, opx, cpx, ol, hb,

sp.

579D. Olivirie websterite, upper Celebration Ridge. El. 7780.

NW 1/4, NW 1/4, sec.,3l E. PCM Cumulate. cpx, ol, opx,

hb, sp, am. ®
581A. Olivine websterite, upper Celebration Ridge. El. 7230.

SE 1/4, SW 1L4, sec. 30 E. PCM Tectonite-cumulate. sp,

cpx, ol. (i)
612. Feldspathic harzburgite, E. side, Pine Creek. El. 4300.

NW 1/4, SE 1/4, sec. 1 W. CC Tectonite. sp, ol, hg, p1,

am.®
626. Bear Skull Rim gabbro, faintly layered, W. side Pine Creek.

El. 6450. NE 1/4, N l/4 sec. 23 W. PCM Cumulate.

p1, cpx, ani, mt. j) J) )

629. Bear Skull Rim gabbro, E. side Pine Creek. El. 5580. SE

1/4, SE 1/4, sec.4 E. PCM Cumulate. p1, cpx, hg, am,

mt.

664. Websterite, Gwynn Gulch.
SW 1/4, NWJJ4, sec. 7 E.
am,mt. çP) ® c

El. 4570. W. side Gwynn Creek.

PCM Cumulate. cpx, opx, ol,

665. Gwynn Gulch gabbro. El. 4530. W. bank Gwynn Creek. SW

1/4, NW l/4 sec 7 E. PCM Adcumulate. p1, cpx, hg, opx,

am, ol. j)

666. Gwynn Gulch gabbro. El. 4520. W. bank Gwynn Creek. SW

1/4, NW l/4.sec. 7 E PCM Adcumulate. p1, cpx, opx,

ol, am. j ®
707. Pine Creek Mountain gabbro, Summit, Pine Creek Mountain.

El. 7910. SE 1/4, NE 1/4, sec. 36E. PCM Heteradcumulate.

p1, opx, cpx, am, hg, s. ' ) (j)

708. Pine Creek Mountain gabbro. El. 7620. SE 1/4, NE 1/4,

sec. ,36 E. PCM Heteradcuriulate. p1, opx, cpx, am, hg, x.

(p i f')

713. Recrystallized poikiloblastic gabbro, Norton Basin. El.
7400. PCM SW)..14, JjE 1/4, sec. 27 W. p1, am, cpx,

hg, opx, s. j)
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714. Recrystallized norite, upper level Pine Creek Mountain
gabbro. PCM El. 70 0. W 1/4, NW 1/4, sec. 32 E. p1,

opx, am, cpx, s. P T

721.. ilorite, Yellow Jacket Ridge. El. 7220 SW 1/4, NW 1/4,

sec. 26 W. PCM p1, opx, cpx, am.
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GREENSTONE AND DISMEMBERED OPHIOLITE

BR-49. Basaltic greenstone, Burnt River Schist, head of White Rock

GWlch quadrangle. El. 5440k, SE 1/4 sec. 15, 1. 125; R.

41 E. French Gulch 7 1/2'. Relict cpx phenocrysts in

sheared, intergranular matrix. P1, chlorite, cpx, pumpeily-

ite. ®
BR-52. Basaltic greenstone, Burnt River Schist. El. 1/2

mile W. if #49. SW 1/4 sec. 15, T. 125; R. 41 E. French

Gulch 7 1/2 ' quadrangle. Relict cpx phenocrysts in sheared,

ubop itic to intergranular groundmass. P1, chlorite, cpx.

Fl E

BR-59. Basaltic greenstone, Burnt River Schist. El. 4900,' 1/2

mile W. #52. NE 1/4 sec. 21, T. 12 5; R. 41 E. French

Gulch 7 2' quadrangle. Intergranular. P1, chlorite,

cpx. M

BR-61. Basaltic greenstone, Burnt River Schist. El. 4820, 1.3

miles SW #59. SW 1/4 sec. 21 T. 12 5; R. 41 E. French

Gulch 7 1/2' quadrangle. Intergranular, with relict cpx

phenocrysts. P1, cpx, chlorite. ©
BRS-3. Pillowed basaltic greenstone intercalated with Elkhorn

Ridge Argillite. Near Sturgill, W. side, Snake River, on

Richiand-Snake River road. El. 2400 NW 1/4, sec. 5,

T. 15 N., R. 6 W. Mineral 15' quadrangle. 0phtic tex-

ture; titanaugite. P1, cpX, chlorite. ® E

DXB-17. Porphyritic, andesitic greenstone, W. side Dixie Butte.
El. 6000, NW 1/4 sec. 8, T. 11 S; R. 34 E. Bates 15'

quadrangle. Trachytic. P1, chi. ® ©
DXB.-l9. Andesitic greenstone, W. side Dixie Butte. El. 5760.

NW 1/4 sec. 7, 1. 11 S; R. 34 E. Faintly trachytic.

Bates 15' quadrangle. Chl, p1. ®

DXB-20. Andesitic greenstone, W. side Dixie Butte. El. 4680.

NW 1/4, sec. 12, T. 11 S R. 34 E. Bates 15' quadrangle.

Trachytic. Chl, p1.

M80b. Layered ultramafic. Irish Gulch, Greenhorn Mountains.

El. 6150. SW 1/4 sec. 3, T. 10 S; R. 35 E. Greenh rn

7 1/2' quadrangle. Cumulate. Sp, cPX, ol, hg. E

M42. Cumulate gabbro, Ben Harrison Peak, Greenhorn Mountains.

El. 7540, SE 1/4 sec. 34, T. 10 S; R. 34 E Bates 15'.

Cumulate. cpx, p1, hg, chlorite. ®
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M46. Cumulate gabbro, near Olive Lake, Greenhorn Mountains.
El. 7050, SE 1/4 sec. 27, T. 10 5; R. 34 E. Desolation

utte5' quadrangle. Cumulate. cpx, p1, hg, chlorite.

(

M91. Serpentinized tectonite harzburgite fragment, Ben Harrison

peak, Greenhorn Mountains. El. 7400, SE 1/4 sec. 34,

T. 10 S R. 34 E. Bates 15' quadrangle. sp, cpx, ol,

am.

M242. Cumulate gabbro, head of Granite Boulder Creek, Greenhorn

Mountains. El. 5620, NW 1/4 sec. 18, T. 10 S R. 34 E.

Bates 15' quadrangle. P1, chlorite, cpx.

MV-47, MV-48, and MV-48A. Pillowed basaltic greenstone, from
serpentinite matrix melange, 2.9 miles N. of Mount Vernon,

Oregon. Mount Vernon 7 1/2' quadrangle. El. 3400. NW

1/4, sec. 13, T. 13 S; R. 30 E. Intergranularr1ict
clinopyroxene. cpx, chlorite, plagioclase. () (i

NF-64. Andesitic greenstone, North Fork of the John Day River.

Sec. 12, 1. 8 S; R. 34 E. Desolation Butte 15' quadrangle.

El. 4800. 9. side, John Day River. Chlorite, p1. )

NF-65. Basaltic greenstone, North Fork, John Day River. Sec. 14,

T. 8 5; R. 34 E. Desolation Butte 15' quadrangle. E.
4950, N. side, John Day River. Chlorite, p1, s. j)

PH-76. "Pillowed"(?) basaltic greenstone, from serpentinite matrix

melange, 3.5 miles south of Mount Vernon, Oregon, near

Pleasant Hill townsite, Aldrich Mount in Road.

chlo.rite, alb. cpx?? N

PR-82. "p illowed" basaltic greenstone, Phillips Reservoir, near

Sumpter, Oregon.

V-27, V-27A. Pillowed basaltic greenstone, E. side, Olive Creek,

Greenhorn Mountains. El. 5420. SW 1/4, NW 1/4, sec. 2,

T. 10 S; R. 35 E. Greenhorn 7 1/2. quadrangJe, Titan-

augite, plagioclase, chlorite. (j) ) ()

V-252. Basaltic greenstone, head of Snow Creek, Greenhorn Moun-

tains. El. 6260, NW 1/4, sec. 16, T. 10 S; R. 35

Green.b.rn 7 1/2' quadrangle. Chlorite, p1, cpx. fr)




