FAULT-RELATED OCEANIC AND EMPLACEMENT-AGE
SERPENTINIZATION IN THE JOSEPHINE OPHIOLITE OF NW CALIFORNIA
AND SW OREGON

by

Angela J. Coulton, B.A.

A Dissertation
Submitted to the State University of New York at Albany
in Partial Fulfillment
of the Requirements for the Degree of
Doctor of Philosophy

College of Arts and Sciences
Department of Geological Sciences
1995



11

FAULT-RELATED OCEANIC AND EMPLACEMENT-AGE
SERPENTINIZATION IN THE JOSEPHINE OPHIOLITE OF NW CALIFORNIA
AND SW OREGON

by

Angela J. Coulton, B.A.

Abstract of
A Dissertation
Submitted to the State University of New York at Albany
in Partial Fulfillment
of the Requirements for the Degree of
Doctor of Philosophy

College of Arts and Sciences
Department of Geological Sciences
1995



1

ABSTRACT

Field, petrographic, geochemical and stable isotopic evidence for timing of
serpentinization in the 162 Ma Josephine ophiolite of NW California and SW Oregon are
presented in this study. Detailed studies of brittle and ductile serpentinized shear zones
have revealed a complex serpentinization history, beginning at the oceanic stage. Dikes
intruded into serpentinized shear zones provide time markers for serpentinization and
deformation and are of two types: 1) Fe-Ti enriched dikes with N-MORB magmatic
affinity, geochemically similar to the uppermost lavas and a late Fe-Ti dike within the
crustal sequence, and 2) hornblende-bearing, calc-alkaline dikes intruded during ophiolite
emplacement. Cross-cutting relationships between dikes and serpentinites indicate
serpentinization of upper mantle peridotites took place prior to the latest magmatic pulse,
during periods of amagmatic extension, at temperatures <300°C. The ultramafic
cumulate sequence was completely serpentinized prior to ophiolite emplacement and the
paleomoho in the Josephine ophiolite may be a serpentinization boundary. The
occurrence of oceanic serpentinites intruded by Fe-Ti basalts may indicate a minor
propagating ridge-tip setting, possibly associated with overlapping spreading centers.

Lizardite + chrysotile serpentinites, interpreted as oceanic based on field and
geochemical evidence, exhibit a wide range of 6D values (-79 to -126), outside the range
of modern oceanic serpentinites. Comparison of field and isotope data strongly suggests
hydrogen isotopes in lizardite and chrysotile have partially to completely equilibrated
with modern meteoric waters, by low-temperature, diffusive, hydrogen isotope exchange.
oD values for antigorite (-24 to -47) are compatible with formation by interaction with
oceanic or regional metamorphic fluids, and indicate that antigorite is resistant to post-
crystallization hydrogen isotope exchange. 8130 values for lizardite + chrysotile
serpentinites are within the range of oceanic serpentinites and calculated 8180g,;4 values
indicate they could have formed by interaction with modified oceanic hydrothermal
fluids at w/r ratios < 0.5. Field, petrographic and stable isotope data are compatible with
formation of antigorite during ophiolite emplacement and regional metamorphism. The
findings of this study necessitate re-evaluation of timing of serpentinization in ophiolites,
and caution against the use of hydrogen isotope data alone as an indicator of timing of
serpentinization.



v

TABLE OF CONTENTS
Page
ABSTRACT ... I
TABLE OF CONTENTS. ...t v
LIST OF FIGURES ...t Vi
LIST OF TABLES. ... IX
ACKNOWLEDGMENTS. ... e X
LOINTRODUCTION. ...ttt 1-1
1.1 Purpose of the study............ocoooiiiiiiii e 1-1
1.2 Scope of the study............ocoiiiiiiiiii e 1-4
1.3 Format of the study...............oooiiiii e 1-5
2.0 GEOLOGIC SETTING OF THE JOSEPHINE OPHIOLITE AND
PREVIOUS STUDIES. ..., 2-1
2.1 Geographic loCation. ...........ccciiiiiiiiii e 2-1
2.2 Regional Geologic SEttING. ..........cccoooooiiiiiie e 2-2
2.3 The Josephine Ophiolite..................ccoooiiiiiiii e 2-2
2.3.1 Ophiolite FOrmation..............................cccooeoiiiiiiiiiiiii e 2-6
2.3.2 Subseafloor hydrothermal alteration....................................... 2-8
2.3.3 Ophiolite emplacement.............................c......ccoooviiiiiiiiiieiiiiei 2-10
2.3.4 Post-emplacement deformation............................................................ 2-11
2.4 Previous studies of the Josephine peridotite and serpentinites........................ 2-12
3.0 ANALYTICAL METHODS. ... 3-1
3.1 INtrodUCHION. ...t 3-1
3.2 Field observations and sampling Strategy.......................ooooiiiviieiiiiieeeeeee 3-2
3.3 Petrography.......oooiiiiii e, 3-2
34 XREand ICP MS. ... 3-3
3.5 X-ray Diffraction Methods..........................i 3-3
3.5.1 Microbeam X-ray Diffraction...........................................c.ocovevei i, 3-3
3.52 Powder x-ray diffraction...................................c...cooveoiieeeee 3-6
3.6 Oxygen and Hydrogen isotope analyses...........................cccoiiiiiiivveaie 3-7
3.6.1 Serpentine...............cccccooiiiiiiiiiiiiii e 3-10
3.62 Magnetite.................coccooiiiiiiiiiii e 3-11
3.6.3 Oxygen and hydrogen isotope extraction............................................... 3-14
4.0 TEXTURES OF SERPENTINIZATION. .............occcoooii i 4-1
4.1 INtrOQUCHION. ...ttt 4-1
4.2 Dikes in Josephine ophiolite serpentinites.............................coooovviiiii . 4-1
4.2.1 Rodingitizalion..........................cccocoiiiiiiiiiiiiii e, 4-1
4.2.2 Origin of dikes intruding serpentinites................................ccocovvveevee.. 4-2
4.2.3 Field cross-cutting relationships....................................c..ccccoevevree 4-9
4.2.4 EXIENSION VEINS................cooeiiiiiiiieii oo 4-13
4.3 Textures of SErPeNtiNIZation. .....................ccooiiii i 4-13
4.3.1 Pseudomorphic textures.................................c..ooco oo 4-17
4.3.2 Non-pseudomorphic 1extures....................................ccoceeeeeeeeereena e 4220
4.3.3 VeI IEXIUresS. ............ccoooi i 4-22
4.4 SUMMATY . ...o.oiiiiii it e 4-24



TABLE OF CONTENTS (CONT'D)

Page
5.0 SERPENTINITE MYLONITES FROM AN OPHIOLITE......................... 5-1
ST INtrodUCHION. ..o 5-1
5.2 Serpentinite MylONites..................oocoiiiiiiii 5-3

6.0 OCEANIC VERSUS EMPLACEMENT-AGE SERPENTINIZATION IN THE
JOSEPHINE OPHIOLITE: IMPLICATIONS FOR THE NATURE OF THE MOHO

AT INTERMEDIATE- AND SLOW-SPREADINGRIDGES..................... 6-1
6.1 IntrodUCHION. ..o TR 6-3
6.2 The Josephine ophiolite................c.ocooii 6-7

6.2.1 Age and Tectonic Setting.........................cc.oooooiiiiiiiiii 6-7

6.2.2 Regional extent of peridotite and serpentinite................................... 6-9
6.3 Criteria for determining timing of serpentinization...................................... 6-10

6.3.1 The Serpentinization Process.................................cc..oocoeiiiii i 6-10

6.3.2 Stable isotopicdata.......................................ocii e 6-11

6.3.3 Rodingitization of dikes....................................cc.coi 6-13

6.3.4 Petrography and geochemistry of dikes in the Josephine ophiolite....... 6-14
6.4 Serpentinization History of the Josephine Peridotite................................ 6-19

6.4.1 Sampling strategy and analytical techniques................................... 6-19

6.4.2 Serpentinization RiSIOrY ... 6-20

6.4.3 Josephine Creek Shear zome........................................ccovoiiviiee. 6-21

6.4.4 Vulcan Peak Shear Zome..................................c..cccoiiiiiiiiieeieeee 6-26

6.4.5 Patrick Creek Shear Zone.....................................c..ccooiiiiiieeiii 6-27

6.4.6 LowDivide Shear Zone...............................c...ccooiiiiiiiiiiiiiie 6-31

6.47 BasalSole.........................c.ccccoiiiiiii 6-32

6.4.8 Toll Road Shear Zone................................ccoccooiiiiiiiiiiieieee 6-33

6.4.9 Summary of relationships. ... 6-37
6.5 DISCUSSION. .......oiiiiiiiiiiece e 6-39

6.5.1 Oceanic versus emplacement-age events in the

Serpentinization RiSIONY..........................cccoooioiieiiii o 6-39

6.5.2 Tectonic setting of serpentinization...................................................... 6-42

6.5.3 Extent of oceanic serpentinization and implications

Jor the oceanic Moho...........................................oioi 6-46
6.6Conclusions.............................. e 6-47

7.0 A FIELD AND STABLE ISOTOPE STUDY OF SERPENTINIZATION IN THE
JOSEPHINE OPHIOLITE, NW CALIFORNIA AND SW OREGON: EVIDENCE
FOR FAULT-RELATED OCEANIC- VERSUS EMPLACEMENT-AGE

SERPENTINIZATION ..., 7-1
7.1 INrOAUCHION. ... e 7-3
7.2 The Josephine ophiolite.....................o..oooiiiii e 7-7

7.2.1 Age and Tectonic Setting.........................................ocoiioieeeeeeeee 7-7

7.2.2 Ophiolite emplacement.............................................ccocoviieiiieeeee 7-9

7.2.3 Subseafloor hydrothermal metamorphism...................................... 7-11

7.2.4 Regional metamorphism....................................cooo, 7-15

7.2.5 Regional extent of peridotite and serpentinite....................... e 7-15
7.3 The serpentinization history of the Josephine ophiolite............................. 7-16

1.3.1 Independent constraints on timing of serpentinization......................... 7-17

7.3.2 Serpentinized SheQr ZOREs.......................................coocieioeeee . 7-21



TABLE OF CONTENTS (CONT'D)

Page
7.4 Oxygen and hydrogen iSOtOPes. ............cccoeviiriiiiiiiiiii e, 7-30
7.4.1 Fractionation factors.....................c.ccccciviiiiiiioiiiiiiiiiicee e, 7-33
7.4.2 Oxygen isotopic fractionation factors.................................................. 7-35
7.4.3 Hydrogen isotopic fractionation factors............................................ 7-39
7.5 Josephine ophiolite serpentinite stable isotope data................................. 7-41
7.5.1 Oxygen and hydrogen isotopedata....................................................... 7-41
7.5.2 Discussion of oxygen and hydrogen isotopedata.................................. 7-44
7.5.4 Temperatures of Serpentinization..................................c..ccc.cccoeeie.. 7-50
7.5.5 Calculation of fluids in equilibrium with serpentinites......................... 7-55
7.5.6 Discussion of calculated fluids in equilibrium with serpentinites......... 7-60
7.6 CONCIUSIONS. .......eiiiiiii i 7-66
8.0 CONCLUSIONS . ...ttt 8-1
REFERENCES ... e REFERENCES-1
APPENDIX 1
X-ray diffraction data....................oooooiiii Al-1
APPENDIX 2



VII

LIST OF FIGURES
Page

Chapter 2
2-1 Tectonostratigraphic terrane map of the Western Klamath Mountains............. 2-3
2-2 Schematic cross-section through the Western Klamath Terrane...................... 2-4
2-3  Generalized geological map of the Josephine ophiolite................................ 2-5
2-4 Pseudostratigraphy of Josephine ophiolite........ e 2-9
2-5 Simplified geological map of Josephine ophiolite outlining

areas covered by previous StUdIeS......................... 2-13
Chapter 3
3-1 Diagrammatic representations of selected x-ray microbeam

dIffTaction PAtteINS...........c.ooii i 3-5
3-2 Peak profile traces for sample PCM50............................................... 3-8
3-3 Diagnostic peak traces for antigorite, lizardite and chrysotile....................... 3-9
3-4 Photomicrograph of Fe-Ni sulfides in lizardite...................................... 3-12
3-5 Back-scattered electron image of magnetite powder.................................. 3-13
Chapter 4
4-1 Photomicrograph of rodingitized gabbro from PCSZ .............................. 4-3
4-2  Photograph of hand specimens of hornblende andesite............................. 4-4
4-3 Photomicrograph of hornblende andesite dike ... 4-5
4-4 Photomicrograph of Fe-Ti enriched microgabbro....................................... 4-7
4-5 Photomicrograph of contact aureole in

foliated antigorite Serpentinite..........................o.ooooi 4-3
4-6 Photomicrograph of ductilely deformed amphibolite dike............................. 4-10
4-7 Dikes cross-cutting blocky sheared serpentinites in JCSZ............................. 4-11
4-8 Serpentine slickenfibers along margins of serpentinized blocks ................... 4-12
4-9 Homnblende-bearing dikes cross-cutting Fe-Ti microgabbro....................... 4-14
4-10 Serpentine + dolomite fibrous extension veins.......................c.ccoccoeei . 4-15
4-11 Hornblende andesite dike intruding foliated serpentinite............................. 4-16
4-12 Photomicrographs of serpentine teXtures..........................cccocooeiioiveeen 4-18
4-13 Photomicrographs of serpentine textures...........................oc.ooeiii 4-19
4-14 Photomicrographs of antigorite teXtures.....................c.occooovveoieeee 4-21
4-15 Photomicrographs of serpentine extension veins.......................c.................... 4-23
Chapter 5
5-1 Generalized pseudostratigraphy of the Josephine ophiolite............................ 5-5
5-2 Foliation, rotated magnetite porphyroclasts, and shear bands in

hand specimen of serpentinite mylonite................................................ 5-7
5-3 Serpentinite mylonite of figure 5-2.................... 5-8
5-4 Asymmetric magnetite porphyroclast within

fine-grained antigorite mylonite matriX...........................cocoioii 5-10
5-5 S-C fabric in antigorite mylonite.............. e 5-13
5-6 Antigorite shear band cross-cutting lizardite band....................................... 5-15
Chapter 6
6-1 Constraints on the oceanic Moho..................................o 6-6
6-2 Geologic map of the Josephine ophiolite.............................................. 6-8
6-3 T-Py,, diagram for reactions in the system Ca0-Mg0-Al,0,-Si0,-H,0...... 6-12
6-4 Schematic diagram illustrating possible cross-cutting relationships

between dikes, rodingites and massive and sheared serpentinites.................. 6-15
6-5 Diagrams illustrating the geochemistry of dikes intruding serpentinites......... 6-16



LIST OF FIGURES (cont'd)

®!
=

apter 6 (cont'd)

Geologic map and cross-section of the Josephine Creek area.......................
Outcrop photograph and sketch of water-polished

outcrop in Josephine Creek...................oooiiiiiiiiiii

Geologic map of water polished outcrops in PCSZ.................................

o9
~N

— e\ QO

NN

-11 Schematic propagating ridge-tip model....................................

apter 7

lf“

\ll\l\)
W N —

Schematic diagram showing stages of subseafloor

hydrothermal metamorphism.................oooooii i
INlustration of the complexity of subseafloor hydrothermal alteration.............
Microphotographs of serpentinites showing critical textural relationships.......

\ll\l\l
(@) WV, N

Time - temperature diagram summarizing the serpentinization history
of the Josephine ophiolite..............................

7-7  Graph of A gementing-water VETsus temperature. .. ..............................
7- 8 Graph of hydrogen isotope fractionation versus temperature.........................
7-9 8180 / 8D of serpentinites plotted by shear zone....................c...c.cocococooooo....
7-10 8180 / 8D of serpentinites plotted according to mineralogy..........................

7-11 8180/ 8D diagram showing original and recalculated fields for waters in
equilibrium with oceanic Serpentines.......................................c....cooeL
7-12 8130/ 8D diagram showing calculated fluids in equilibrium with Josephine

SETPENMTIMITES. ..ottt

7-13 Plots showing changes in isotopic composition of fluid and rock as a
function of temperature and water-rock ratio...........................................

Relict lizardite and magnetite in antigorite mylonite..................................
0 Photomicrograph of serpentinite mylonite in TRSZ................................

Geologic map of the Late Jurassic Josephine ophiolite................................
Generalized pseudostratigraphy of the Josephine ophiolite............................

VIII

7-14 8180/ 8D diagram showing calculated fluids in equilibrium with Josephine
SEIPENEIMILES . .......oiiii it e

7-15 8180/ 8D diagram summarizing isotopic effects of regional metamorphism
and low temperature diffusive hydrogen isotope exchange..........................



LIST OF TABLES
Page
Chapter 6
6-1 Major and trace element analyses of dikes intruding serpentinites................... 6-18
6-2 Summary of serpentinization histories of shear zones..................................... 6-38
Chapter 7
7-1 Oxygen isotopic fractionation factors...........................cc.cccvioieiiiiiii . 7-36
7-2 Stable isotope analyses, mineralogy and calculated equilibrium fluids
0T SETPENTINILES. ..ottt 7-52

7-3 Stable isotope analyses, mineralogy and calculated fluids for
metamorphic sole and regional metamorphism........................................... 7-61



Acknowledgments

Many people were involved in this project at various stages, and I would like to
acknowledge as maﬁy as possible here. I would first like to acknowledge my thesis
advisor, Greg Harper, who first introduced me to the Josephine ophiolite and suggested
the "timing of serpentinization” problem to me. His guidance throughout the project, both
in the field and the lab, was invaluable. Greg encouraged me to look at serpentinites in
great detail and to develop a complete serpentinization history for the Josephine
ophiolite. Given the vast area of the Josephine peridotite, the task would have been
impossible without his detailed knowledge of the field area. I thank him also for giving
me the opportunity to spend three summers in a place of such magnificent natural beauty.
Above all, Greg held me to the highest standards in every aspect my work, from the field
to writing-up.

Dr. John Bowman and Dr. David O'Hanley are acknowledged for their input to this
project. They provided invaluable assistance in the field in the early stages of the project,
in defining the scope of the project and sample collection. J.R. Bowman graciously
permitted me extensive access to his lab at the University of Utah, where I performed
oxygen and hydrogen isotope analyses. His input in the interpretation of stable isotope
data, particularly the application of fractionation factors is gratefully acknowledged.
D.S. O'Hanley is also acknowledged for his assistance during the semester 1 spent at the
University of Saskatchewan, and for many discussions on the subject of serpentine
during that time and since. His extensive knowledge of serpentine helped me
considerably in the interpretation of serpentine textures, and he also introduced me to the
hypothesis of low temperature diffusive hydrogen isotope exchange in lizardite and
chrysotile.

Questions asked by W.D. Means, W.S F. Kidd, J.R. Delano, M.K. Roden-Tice and

graduate students during seminars constantly led me to re-examine my data, look at the



X1

"holes" in my arguments, and refine my hypotheses; in short, they made a better scientist
of me. Rob Alexander provided much needed encouragement during my first field season
and subsequently provided valuable constructive criticism.

Financial suppoﬁ from the following sources is gratefully acknowledged: National
Science Foundation (Greg Harper), the Benevolent Association of the State University of
New York at Albany, the Geological Society of America, and the Gregg Ranch
Foundation.

My field assistants deserve special mention: Lisa Bonney, who was there at the
beginning and remains a very special and supportive friend, Jennifer Perez-Condon, and
Sylvia Harper. Diana Paton is thanked for her help in all matters administrative.

There are a number of people not directly involved with the project whose support
and belief in me gave me the strength and drive to pursue my goals. My late grandfather,
Bill Winrow encouraged me in my early years, and my parents, Ann and Dave Coulton,
have always given me the freedom and support to pursue my dreams. Thanks also to
friends and fellow students who helped me through the Ph.D. years: Joanna Drell, Kathy
Calley, Judy Kavaney, Nancy Griesau, Sue Bamann and Juan-Carlos Hidalgo. Lastly,
special thanks to On Thai, who lets me be more than a geologist and has been my

steadfast support through this last year.



	coultonphdtxtf001
	coultonphdtxtf002
	coultonphdtxtf003
	coultonphdtxtf004
	coultonphdtxtf005
	coultonphdtxtf006
	coultonphdtxtf007
	coultonphdtxtf008
	coultonphdtxtf009
	coultonphdtxtf010
	coultonphdtxtf011

