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(ABSTRACT)

Few plutons with a reversed geometry of a felsic rim and mafic core have been described in
the geologic literature. The Turtle pluton of S.E. California is an intrusion composed of a granitic
rim and granodioritic core and common microgranitoid enclaves. Field observations, mineral tex-
tures and chemistries, major and trace element geochemistry, and isotopic variability support a
petrogenetic model of in situ, concomitant, magma mixing and fractional crystallization of rhyolitic
magma progressively mixed with an increasing volume of andesitic magma, all without chemical
contribution from entrained basaltic enclaves. Homblende geobarometry indicates the Turtle
pluton crystallized at about 3.5 kb. A crystallization sequence of biotite before homblende (and
lack of pyroxenes) suggests the initial granitic magma contained less than 4 wt% H,O at temper-
atures less than 780°C. U-Pb, Pb-Pb, Rb-Sr and oxygen isotope studies indicate the terrane in-
truded by the Turtle pluton is 1.8 Ga, that the Turtle pluton crystallized at 130 Ma, that the Target
Granite and garnet aplites are about 100 Ma, and that these intrusions were derived from different
sources. Models based on isotopic data suggest the rhyolitic end member magma of the Turtle
pluton was derived from mafic igneous rocks, and was not derived from sampled Proterozoic
country rocks. Similarity of common Sr and Pb isotopic ratios of these rocks to other Mesozoic
intrusions in the Colorado River Region suggest the Turtle pluton and Target Granite have affin-
ities like rocks to the east, including the Whipple Mountains and plutons of western Arizona. P-T-t
history of the southern Turtle Mountains implies uplift well into the upper crust by Late
Cretaceous time so that the heating and deformation events of the Late Cretaceous and Tertiary

observed in flanking ranges did not affect the study area.



Acknowledgements

First, I want to recognize those who encouraged my interest in science at an early age. My
mother and father never lead me to believe that my abilities didn’t meet the task. They have been
generous beyond reason and love. My high school science teachers, .

, and , pointed out my schizophrenic tendencies toward humanities
and science, and awarded those tendencies and my knack for solving problems in an independent
fashion. I doubt I have learned as much since.

This project was co-supported by my advisor, A.K. Sinha, and the U.S, Geological Survey,
primarily through the Graduate Intern Program. I would like to thank those on the Virginia Tech
faculty and staff who have helped my during my stay, especially my advisor and my committee here:
Dave Hewitt, Sue Eriksson, and Carol Simpson. A.K. has contributed his valuable time and re-
sources to this project. Dean Hefner and the people in the front office have been a tremendous
morale booster just because of their positive outlooks. and were

available to answer every kind of question. The technical staff have helped with this project in

many ways. , , and made things, fixed things, and helped me
along my way. and crew drafted some figures and kept the micro-
probe up and going. drafted my map and helped in the library.

At the USGS, my boss, , has put up with me and put out for me. His tre-

mendous knowledge of the Mojave Desert and geology in general has been inspiring.
supplied me with analyses, unpublished data, and conversations to match the quality of the data.
allowed me access to his lab and to his knowledge of stable isotopes. My field assist-

ants, and , were capable and entertaining, and made field work even

more rewarding.

Acknowledgements i



Other professionals that have helped with interpretations of my part of the world and with
geology in general are: , , , and . A spe-
cial thanks to for letting me collaborate on Klamath projects.

The perseverance to finish this task and most of the learning I have acquired at Virginia Tech
have come from Lab Central and its cast of characters, , , , . , ,
and , who have tolerated interruption for years. 1 especially want to thank for
sharing his scientific knowledge and integrity.

The gains of the late eighties were the people. The 1804 crew will never be forgotten. The
first fantastic and comical pairing of instantly made this place fun, and the fun
continued with , , and . had the patience to watch me learn, and
has shown me the care that all friendships deserve. , , and have directly contributed
to my sanity. The unbegrudgingly opened their home to me whenever I needed their
company, and the have been an inspiration in their relationship and lifestyle. Finally,
has not so patiently spent the same percentage of her life in school as I. All of their friendships are

very important to me.

Acknowledgements iv



Table of Contents

Chapter 1 ... et ittt it ietansaasaasennnansseensenonnnans 1
GEOLOGY OF THE TURTLE PLUTON AND ENVIRONS .......... ... ... ..... 1
Introduction . ... ... e e e e e 1
Aims of This Study .. ...t e e e e, 1
Location and Previous Work .. ... .o i e 7
Magmatic History of the Region . . ... ... i i 11
Field Relations .. ... ..ttt i it e ittt s e i e nans 13
Introduction . ... . e e e 13
Regional Structural Geology and Geometry of the Turtle Pluton ................... 18
Country Rocksof the Turtle Pluton . ......... ... .. i, 23
Introduction ... . e e et e e 23
Virginia May Gneiss . ... ..ottt ittt ittt ettt ettt e 25
Amphibolite .. ... e e e e 25
AUZEN GMEISS ..t it e e et e 26
Granite GREISS . . v v v v vt ittt et et 26
Homblende Diabase ......... ... ... i i ittt 27
Patton Gramite .......... ...ttt ittt et 27
Turtle Pluton . ... e, 28
Rim SEqUEnCE .. .. ..ottt it i ittt it 28
Schlieren Zomne .. ... ...ttt e e e e 39
Core Facies ... ..o e e e 40
FourDeuce Hills .. ... ... .. i i it ittt 43
Aplite and Pegmatite Dikes . ........ ... e, 48
Other Intrusions in the Turtle Mountainsand Environs .......................... 50

Table of Contents v



Fortification Granodionite . .......... ..ottt i, 51

Target Granite . ... ...ttt int i it e e e 51
Satellite Stock North of theTurtle Pluton ......... ... . ... ... ... .......... 53
Castle Rock pluton ... ..ot i i i it e e e 55
West Riverside Mountains . ......... . ittt et 56
Petrography of the Turtle Pluton and Target Granite .................. ... .c.c..... 57
Introduction . ... . . e e et e e 57
Rim Sequence of the Turtle pluton . ........ ... ... . i, 57
Potassium Feldspar . ... . i i i e e 58
Plagioclase . .. ..o e e e e 58

L 11 - o 2P 59
Biotite . ... e e e e e e 59
Homblende . ........ .. i i e e 59
MUSCOVIEE .ttt e e e e e e e e e e 62
Fe-TiOxides . ...ttt et it ittt e e e 62
AcCesSOry Phases . ... ... . it e e ettt et 62
Secondary Phases . ..... ... e e 63
Core Facies of the Turtle pluton . ... ... . ... . . . . i, 63
Potassium Feldspar ... ... ... 63
Plagioclase . ... i e e e e e e 64
QUAMZ . . e e e e e e 64
33T 64
Homblende . ... ... . i i e e 65
Fe-Ti Oxides ... ... ittt ettt ettt e 65
Accessory Phases ... ... ... i i e e e e e e 65
Secondary Phases .. ... ... i i e e e e e e 66
Four Deuce Hills . . ... ... i i it i e i inenneeens 66
Potassium Feldspar .......... ittt ittt 67

Table of Contents vi



13 o 7 67
Blotite . .o e e et e e e 68
Homblende . ..... ... i i i i e 68
Accessory Phases . ... . i e e e e e, 68
Turtle Pluton Crystallization Sequences and Magmatic Reactions  .................. 69
Subsolidus Reactions in the Turtle Pluton  ...... ... ... . .. o .. 71
Target Granite .. ... ...ttt i i it et e et e e e e e 73
Potassium Feldspar . ... .. . e e 73
Plagioclase . ... ... i e e e e et e e, 74

L 1T« 74
Blotite . ..o e e e e e 74
Homblende . ... ... i e e 74
Opaque OXIdes ... ... ittt i ittt ettt e et 75
Accessory Phases . ... .. e e e 75
Secondary Phases . .......c.iiiiiin ittt ettt et it 75
Crystallization Sequence and Reactions in the Target Granite ..................... 76
CRapter 2 ottt ittt ittt ettt sttt sttty 78
MAFIC ENCLAVES AND DIKES OF THE TURTLE PLUTON .................. 78
Introduction .. ... .. i e i e e s 78
Field Observations .. ...ttt e eeeetananeenneeseensnensssaneerennnnss 79
Microgranitoid Enclaves . ... .. ..t e i et e 81
Distribution, Size, and Ordentation ......... ... ...ttt 81
Mafic DIKeS . ...ttt it i i e i e it e e 88
Coarse-Grained Enclaves . ......... .. .. ittt ittt 89
Petrography of Mafic Rocks . ... .. o i i it 89
£ 013 Coa 10Tt T + 89

Table of Contents vii



Microgranitoid Enclaves ......... . . e e 92

Nonporphyritic Microgranitoid Enclaves . ........ ... ... ... .. .. . o o o L 92
Porphyritic Microgranitoid Enclaves ............ ... .. ... o i it 95
Mafic DIKeS ... i i e e e e e e 97
Coarse-Grained Enclaves . ..... ... ..ot it 97
Implications of Textures and Crystallization Sequences ....................... 100
Mineral Chemistry .. ..ottt ittt ittt it i e 102
Plagioclase ... .iiii i e i i 103
370 1 £ P 103
Amphibole ... .. e e s 104
N .12 PP 109
Conclusions from Mineral Chemistry . ....... ...ttt it eeeen 110
GEOCh ISty ittt e e e e 112
INrodUCHION .« ot h i e e e e s 112
Major EIements .. ...ttt ittt e 112
Trace Elements ... ..ottt ittt ittt et e 116
Whole Rock Rb-Sr Isotope Geochemistry . ... ... i iiiiiinnaas 116
Causes of Chemical Variation Among Mafic Rocks ................ .. .. ... .. ..., 120
Introduction . ...t e e e e e 120
Microgranitoid Enclaves and Mafic Dikes .......... ... ... ... ... i, 120
Coarse-grained Enclaves .. .........o.iiiiiiiiiniiiniiii it 122
Comparison to Other Complexes .......... ... ity 122
CONCIUSIONS  « v ittt et e ettt et e i e 123
Chapter 3 ... ..t itiiinreernrneneonaneastatscsosotenssstsnssnscassnnss 126
MINERAL CHEMISTRY AND INTENSIVE PARAMETERS ................... 126
Mineral CREMISIEY  « -« « e v v e e et e e e e et et e e e e e et 126
33103 £ <3 127

Table of Contents viil



Turtle pluton ... ... e e 127

DaSCUSSION ..o e e e e e 134
Comparison to Biotite in Mafic Rocks . ... oottt et i eennn 137
Amphibole ... e e e e e 137
Turtle pluton ... .. e e e e 142
Comparison to Amphibole in MaficRocks . ............................... 142
Relations of Mafic Silicate and Whole Rock Compositions . ..............couv... 142
Plagioclase Feldspar . ......... . i i i i ittt e 143
Turtle Pluton . ... e e e 146
Other Rock Types ... .ottt ittt e ittt et e ittt e it ineennn 146
DASCUSSION vttt ittt e e e et e, 146
Alkali Feldspar ... ... . i i i i ittt e et i e, 149
Sphene ... e e e e e e e 149
Opaque Minerals . ... ...ttt ittt 150

7 o 1 151
Comparison to Mafic Rocks . ...... ... . ittt 151
MUSCOVIEE . . .ttt it ittt et i e e e e e 151
Gammet . . e e e e et ettt 152
Intensive Variables . ... ... ... e 152
58 (2371 ¢ 152
TemMPeratire . . ..ot i et e e e e e e e e e 154
Fugacityof Volatiles ... ... ...ttt i it ieneaannn 157
Chapter 4 ... .. ...ttt ittt iietatecesntosssesstancnsassanssnnnsss 158
GEOCHEMISTRY .. i i i et it ettt e e 158
Introduction . ...t e e e i 158
Whole Rock Geochemical Data . ......... ...ttt iiiinenns 159
RiM SeqUENCE ... i ittt ittt ittt et ettt it it osannasanasanas 164

Table of Contents ix



Four Deuce Hills ... ..ottt i e e et ettt ettt eaannns 168

Core Facies ..t e e e 169
Gamet AplteS . . ... i i i e et e et e 170
Target Gramite . ... ..ottt ittt it ittt eennseroanoeeanssaasss 170
Precambrian Rocks . ... ... .o i 171
Nearby Early Cretaceous Intrusions  .......... ..t iiiiennnennn. 171
Discussion of Chemical Variation Among Rock Types ............. ... 172
Rim Sequence . ...... ... . i ittt ettt e 172
Core Facies ...ttt i i e i e e e s 173
Gamet AplLes ... ...t e e e e 174
Target Granite ... ... ..ottt it i i et 174
Chapter 5 .. it i i i itttts ettt aaeseaastestsronnassanns 176
ISOTOPE GEOCHEMISTRY ... it i i it ittt i 176
Introduction . . ... ... e e e i e 176
U-Pb Geochronology .............oviiiiiiiiiiiiiniiiiiii i 176
Turtle Pluton . ... . e i i, 177
Target Granite . ..., ... .ttt i ittt e i e 183

| Ao B 1] o o 184
Introduction . ... ... i i i e 184
Precambrian ROCKS .. ... .. i i it i e e, 188
Turtle Pluton . ..., ... i e e e e e 190
RiM SeQUENCE . ...ttt ittt ittt et sttt i ianeaasenns 190
Core Facies . ... ... .ttt e i i 192
FourDeuce Hills . ...... ...ttt ittt iiiinnaanns 197
Gamet-Bearing Aplites ... ... ...ttt i e i i e 197
Target Granite .. ... ..ottt ittt ineaaeeientantanansannsns 199
Summary and DisCuSsion . ... ... .ottt i e it e 199

Table of Contents x



Lead ISotopes . ...ttt e 202

Introduction .. ... ... e e 202
ANalYsES . . e e 203
DSOS O ... e e e 206
Oxygen and Hydrogen Isotopes . ... ...ttt e, 207
OXYgEn IsOtOPeS o o v i e e e e e 207
Hydrogen Isotopes . ...... ... i e 212
DASCUSSION . .\t e e 212
Chapter 6 ... .o ittt ittt it it ittt ettt 215
PETROGENETIC MODEL AND SOURCE CONSTRAINTS ................... 215
Introduction . ... . . e e e 215
Chemical Model of the Turtlepluton . ........ ... . ... .. ... .. 215
Rim Sequence and Low K Core Facies ............... ... . 0ot uiinnnunn. 216
High K Core Facies . ...ttt it it i e 221
Four Deuce Hills . ... ... it i i i i et e e 222
Physical Model of Evolution for the Turtle pluton .............................. 222
Source Characteristics of End Member Magmas ...............outiieninnnnen... 226
Introduction ... ... . e e e e 226
Turtle pluton . ..o e e 226
Target Gramite . ... ...ttt ittt ittt ittt e e e 230
Regional Comparison of Cretaceous Plutons .............. ... ... . iiinrnnn. 230
Differences in P-T-t Paths . ....... ... ... i, 233
REFERENCES ... it ittt ittt tonronteanenannnenans 236
L N 374

Table of Contents xi



List of Illustrations

Figure 1. Distribution of rock types in concentrically zoned plutons .................. 2
Figure 2. Location of the study area relative to major tectonic features ................ 5
Figure 3. Geology of the Colorado River Region, S.E. California ................... 6
Figure 4. Generalized geologic map of the studyarea ..................... ... ... 8
Figure 5. K-Ar ages and locations of additional samples ......................... 10
Figure 6. Migration of magmatism across the southwesterm US. ................... 12
Figure 7. Bedrock map showning plutonicunits ............. ... . i, 15
Figure 8. Field photographs of the Turtlepluton ........... ... ... ..o, 16
Figure 9. Schematic cross section of the Colorado River Region ................... 20
Figure 10. Field photographs of the Turtle pluton and host rocks ................... 21
Figure 11. Field relationships among Precambrian rock types ...................... 24
Figure 12. Textural and mineralogical variation in the Rim Sequence ................ 30
Figure 13. Outline map of the Rim Sequence ............. ... ... ... .. .. ..., 32
Figure 14. Modal composition of the Rim Sequence and Four Deuce Hills ............ 3
Figure 15. Modal variations across the Rim Sequence ...................... ... ... 34
Figure 16. Maximum mineral sizes in rocks of the Rim Sequence ................... 35
Figure 17. Outline map of the Core Facies ........... ... ... ... o iiiiionne, 41
Figure 18. Modal composition of the Core Facies ............ ... . ... ut. 42
Figure 19. Outline map of the Four Deuce Hills . .......... .. ... ... .o, 45
Figure 20. Orientations of sampled gamnet-bearing aplites .....................00 0. 49
Figure 21. Outline map of the Target Granite .............. ... iiiiiuiennnnns 52
Figure 22. Modal composition of the Target Granite ............................ 54
Figure 23. Photomicrographs from the Turtle pluton .............. ... ooty 60
Figure 24. Rim Sequence crystallization sequences ..............c.cciviuieenenan. 70
Figure 25. Crystallization experiments on granite and granodiorite ................... 72
Figure 26. Target Granite crystallization sequence .............cc.coeieenneenrnnn 77

List of lllustrations xii



Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

27. Sample locationsof maficrocks ......... ... ... . i i ., 80
28. Orientations of microgranitoid enclaves ................ .. coiireennan. 85
29. Length/width ratios of enclaves as measured on horizontal surfaces .......... 86
30. Histogram of microgranitoid enclave areas ............... ... ... ..., 87
31. Thin section textures of maficrocks ........... ... ... . . i i 90
32. Crystallization sequences of maficrocks ............. ... i 101
33. Mineral chemistry of biotite from maficrocks ........................ 107
34. Apatite compositions from mafic rocks and granitoids . . ....... .. . L 111
35. Major element chemistry of maficrocks ........... ... .. oo, 115
36. Rb-Sr concentrations and isotopes of maficrocks ............ ... ... ..., 117
37. Comparison of microgranitoid enclaves to other studies ................. 124
38. Biotite analyses from the Turtlepluton .......... ... ... ... .. ... ... .. 132
39. Amphibole analyses from the Turtlepluton .......................... 141
40. Silica contents of whole rocks and mafic silicates . ..................... 144
41. Anorthite compositions and zoning patterns in plagioclase ............... 145
42. Plagioclase zonation patterns in two example granodiorites ............... 147
43. Major element Harkerdiagrams ........... ... ... ... i i, 165
44. Trace element diagrams for granitoids and maficrocks .................. 166
45. Chemical comparison of low and high K subgroups of the Core Facies ...... 175
46. Minerals used in U-Pb isotopic analyses ............. ... oiiuiunnn. 178
47. Concordia diagram for Turtle Pluton and Target Granite ................ 180
48. Rb-Sr isochron diagram for Precambrianrocks ................. ... ... 189
49. Rb-Sr isochron diagram for the Rim Sequence ................. .. .. ... 191
50. Rb-Sr isochron diagram for minerals from Rim Sequence granite .......... 193
51. Rb-Srisochron diagram for the Core Facies ................... ... ... 195
52. Rb-Sr isochron diagram for all Cretaceous granitoids ................... 196
53. Rb-Srisochron diagram for gamet aplites ............... ..., 198
54. Histogram of inital Srratios .........c.co it 200

List of Illustrations xiii



Figure 55.
Figure 56.
Figure 57.
Figure 58.
Figure 59.
Figure 60.
Figure 61.
Figure 62.

Pb isotope data from potassium feldspar and wholerocks ................ 205

Oxygen isotope values of rocks and minerals ......................... 210
Isotherm diagram of mineral oxygen isotopedata ...................... 213
Results of modified AFCmodel ............. .. . ... i, 219
Physical model for evolution of the Turtle Pluton ..................... 224

Sr evolution diagram showing probable sources for Rim Sequence granite .... 229
Histogram of initial Sr for ranges near the Turtle Mountains .............. 232

P-T-t histories of the Turtle Mountains and surrounding ranges ........... 234

List of Illustrations xiv



List of Tables

Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table
Table

—

A RN O S o

o T N e et o o T Y S
® 2 & » B L D = S

Abbreviations used in tables and appendixes. .......... ... .. . ... 19
Summary of enclave field measurements (cm). .............ciiierrnann 83
Average biotite analyses from maficrocks. ..................... ..., 105
Major and trace element chemistry of maficrocks. ...................... 114
Geochemistry of mafic rock-hostrock pairs. ............ ... veena.. 118
Average biotite analyses from granitoids. ........... .. ... i i 128
Comparison of biotites, ilmenite and magnetite assemblages. .............. 136
Average amphibole analyses from Turtle pluton and maficrocks. ........... 138
Average garnet compositions from aplites. .............. ... oo o L 153
Homblende geobarometry. . ....... .ottt 155
. Major and trace element analyses and CIPWnorms. .................... 160
. U-Pb isotope analyses of zircon and sphene. .............. ... ......... 181
. Rb-Sr isotope analyses of whole rocks and minerals. .................... 185
Pb isotope analyses of K-feldspars and wholerocks. .................... 204
. Oxygen and deuterium isotope analyses of whole rocks and minerals. ........ 208
Oxygen isotope fractionation constants between quartz and other minerals. .... 211
Equations, end member compositions, and results of AFC modelling. ....... 220
Characteristics of end member magmas. ...........c.c.cniiiiinnnann 227

List of Tables xv



List of Appendices

Appendix 1. Modes from stained slabs and thin sections . .. .......... ... ... ... ... 248
Appendix 2. Enclave field measurements ... ... ... . i 250
Appendix 3. Analyticalmethods . ........ ... .. . i 266
Appendix 4. Microprobe analyses of mineral . . ......... ... .. ... oL U 276

List of Appendices xvi



Chapter 1

GEOLOGY OF THE TURTLE PLUTON AND

ENVIRONS

Introduction

Aims of This Study

Concentrically zoned plutonic series occur in a range of geologic settings, and the majority
have a mafic rim and a felsic core. Two thoroughly studied examples of zoned plutonic series are
the Tuolumne Intrusive Scries, California (Bateman and Chappell, 1979) and the Loch Doon
pluton, Scotland (Tindle and Pierce, 1981). A progression of rock type from mafic (dioritic) to
felsic (granitic) toward the core is shown in Figure 1, and this geometry is referred to as normal
zonation which is most often attributed to crystal settling and marginal accretion (references above).
Subordinate magma mixing and contamination have been proposed to account for isotopic and
minor chemical heterogeneity in these and other normally zoned plutons (Kistler et al., 1986;
Stephens and Halliday, 1980; Hill et al., 1988; Hill and Silver, 1988).

In contrast to the normally zoned intrusions, few plutons with the reverse geometry (mafic
core and a felsic rim) have been described (Ayuso, 1982; Bourne and Danis, 1987; Nabelek et al.,

1986; Wemnicke, 1987; Figure 1). The overall change of composition as reflected by rock type is
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much less than that observed in normally zoned series. Some subvolcanic caldrons (Fridrich and
Mahood, 1984), and volcanic ring dike complexes (Jacobson et al., 1958) also have felsic rims and
mafic cores. Models for the origin of this reverse geometry include: (1) in situ differentiation from
interior to exterior due to depression of the liquidus at the rim by addition of volatiles (Mutschler,
1980), (2) contamination by country rock (Ragland and Butler, 1972), (3) progressive partial melt-
ing (Hall, 1966), (4) restite unmixing such that the core contains a greater proportion of source
material (Ayuso and Wones, 1980), (5) flow differentiation (Dostal, 1975), (6) intrusion of unrelated
magmas (Ragland, et al., 1968), (7) intrusion of more mafic magma into an anatectic, crustal melt
(Hutchinson, 1960), (8) rearrangement of a horizontally layered magma chamber (Fridrich and
Mahood, 1984; Nabclek et al., 1986), (9) and sidewall crystallization and liquid fractionation pro-
posed by Baker and McBirney (1985) and applied to the case of a reversely zoned pluton by Bourne
and Danis (1987).

The Turtle pluton of southeastern California (Figure 2 and T in Figure 3) is an Early
Cretaceous, reversely zoned intrusion. It has a granitic rim and granodioritic core, and contains
numerous mafic, microgranitoid enclaves (inclusions). Field, chemical and isotopic studies from
the Turtle pluton provide for a critical review of the mechanisms proposed for the origin of reversely
zoned plutons. The data suggest the magmas that gave rise to the pluton evolved through magma
mixing and fractional crystallization.

The Turtle Mountains (t in Figure 3) lie at the boundary of two tectonic provinces--the
Tertiary to Cretaceous metamorphic core complexes to the east (including the Whipple
Mountains = wh; Davis et al., 1980; Howard et al., 1982, and Chemehuevi Mountains =ch; John,
1986) and ranges underlain by Cretaceous nappes of metamorphosed Paleozoic sediments to the
west (Old Woman Mountains = ow; Miller, et al., 1982 and south (Arica Mountains =a, Blatz,
1982; Big=bm and Little Maria Mountains =1m, Hamilton, 1982; Hoisch, 1987). K-Ar cooling
ages and metamorphic assemblages suggest the Turtle Mountains did not experience the Late
Cretaceous and/or Tertiary heating documented in these surrounding ranges (Howard et al., 1982;
Hoisch et al., 1988; Martin et al., 1982). This suggests the Turtle Mountains experienced an unique

history of intrusion, cooling, and perhaps uplift. Rb-Sr and U-Pb geochronology will be used to
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Modified from Kistler (1974)
—_ and Dickinson (1981)

Figure 2. Location of the study area relative to major tectonic features: The study area (star) lies
southwest of the Colorado Plateau, near the southern extension of the Scvier fold and thrust
belt, and east of the major Mlesozoic arcs (patterned) and batholiths (outlined), in a broad
band of Cretaceous and Tertiary igneous rocks that extends from California to New Mexico.
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Tonlary volcanic and sedimentary rocks
Crataceous plutonic rocks, variably
21 mylonitic, and older (?) mylonites

‘]]]]mﬂ]] Jurassic plutonic and voicanic rocks

@s020ic and Paleozoic sedimentary
nd metasedimentary rocks

Precambrian granitoids and gneisses

Figure 3.

Geology of the Colorado River Region, S.E. California:  This map shows bedrock and
structural geology of the study region. Alluvium is unpatterned. Core complexes are out-
lined by dot-dash lines and the bold dashed and solid lines mark the western margin of the
extensional corridor associated with metamorphic core complexes before and after erosion,
respectively (from Howard and John, 1988). The Turde Mountains (t) and the study area
lie near the western edge of the extensional corridor, west of the core complexes, north and
east of the Jurassic arc, and north and east of ranges containing large nappes (anticline and
syncline symbols). T =Turte pluton, S =satellile granodiorite, CR = Castle Rock pluton.
a=Arica, bm=DBig Maria, ch=Chemeheuvi. gr=Granite, i=Iron, Im=Liwle Maria,
m=McCoy. ow=0ld Woman, p=Palen, pi=Piute r=Riverside, s=Ship,
sa =Sacramento. st =Stcpladder, wh = Whipple Mountains, wr = West Riverside Mountains.
kh = Kilbeck Hiils.
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constrain time of intrusion, source characteristics, and cooling paths. These results will be com-
pared to modally similar plutonic rocks in the Turtle Mountains (Castle Rock pluton; CR in
Figure 3) and in the West Riverside Mountains 25 km to the southeast (wr in Figure 3), and to

well studied plutons of Late Cretaceous age in surrounding ranges (see ChapterS 5 and 6).

Location and Previous Work

The Turtle pluton lies at the southern tip of the Turtle Mountains, 45 km west of Parker,
Arizona, 80 km south of Needles, California, and 4 km north of the settlement of Rice on California
state highway 62 (Figure 3, and Figure 4). This region is the Basin and Range Province of the
eastern Mojave Desert.

The southernmost Turtle Mountains were mapped as Precambrian rocks cut by Mesozoic
granitoids and overlain by Tertiary volcanic and sedimentary rocks on the Needles 1° by 2° sheet
(Bishop, 1963). K-Ar geochronology of the Turtle pluton and nearby intrusions indicated a
Cretaceous cooling age of the Turtle pluton (Armstrong and Suppe, 1973). A geologic map of the
field area produced as part of a power plant site examination (Woodward-McNeill and Associates,
1974) suggested several facies compose the Turtle pluton. Descriptions of rock types, additional
K-Ar ages (Figure 5), and a regional model of Tertiary extension and uplift are given by Howard
et al. (1982) and Howard and John (1988). U.S. Geological Survey Bulletin 1713-B (Howard et
al., 1988) provides a map of the Turtle Mountains, descriptions of rock types, and a discussion of

economic mineral potentials.
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Tertiary >, > ] Volcanic and sedimentary rocks

tg | Target Granite

fg Fortification Granodiorite

Core Facies
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N Four Deuce Hills
Diorites and hornblendites
Cretaceous(?) :
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Porphyritic granite gneiss
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Proterozoic
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Gneiss of the Virginia May Mine

——— Contact

22 Strike and dip of bedding
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Figure 4. Generalized geologic map of the study ares: This map shows the distribution of rock units,
major faults, and strikes and dips of bedding in Tertiary volcanic rocks, and foliations in
Precambrian gneisses.
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Figure S.

K-Ar ages and locations of adiditional samples:  On this map are shown Cretaceous plutons
in and near the the Turde Mountains. Shown are K-Ar ages of Cretaceous plutons (dots;
from Howard et al.. 1982), and sample locatons for modal and chemical analyses of
Precambrian rocks and other plutons (circles). Additional samples of country rock are from
the Virginia May Mine area (K.A. Howard, unpublished data).
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Magmatic History of the Region

The Turtle pluton and crosscutting Target Granite lie east of the main Jurassic and
Cretaceous magmatic arcs (Kistler, 1974; Dickenson, 1981; Figure 2) within a broad belt of
Cretaceous and Tertiary plutonism that extends from the Sierra Nevada and Peninsula Ranges to
New Mexico (Coney and Reynolds, 1977). Generally, across California and Arizona, pluton ages
as defined by K-Ar and Rb-Sr geochronology decrease eastward, from about 130 to 40 Ma, and
then change trend and decrease westward for Tertiary intrusions (Figure 6). This migration of
igneous activity is interpreted to result from a shallowing subduction angle of the Farallon plate
beneath the North American plate during the Cretaceous era, and then a steepening in the Tertiary
Period (Coney and Reynolds, 1977). K-Ar ages for the Turtle pluton from Armstrong and Suppe
(1973) and Howard et al. (1982) (Figure 5) fit the magmatic trend defined by Coney and Reynolds
(1977) (Figure 6) moderately well though U-Pb and Rb-Sr geochronology of the Turtle pluton and
plutonic rocks within a 40 km radius vary in age from 130 to 37 Ma (this study; Wright, et al.,
1986).

Pre-Mesozoic rocks of the Turtle Mountains and surrounding ranges are Proterozoic (2.3 to
1.4 Ga) as deduced from regional correlations, from unpublished U-Pb geochronology on zircons
(Wooden et al., 1988; J.L. Wooden, personal communication, 1989), from K-Ar geochronology
on an undeformed dioritic stock in the central part of the range (1.35 Ga; Howard, et al., 1982),
and from Rb-Sr geochronology on the gneisses in the southern Turtle Mountains (1.77 +£0.04 Ga;
Chapter 5).

After the Proterozoic, there is little evidence of igneous or metamorphic activity in the eastern
Mojave Desert until the Jurassic Era, when a northwest-trending band of volcanic and plutonic
rocks that range in age from 180 to 150 Ma were emplaced in southern California (Dickenson, 1981;
Figure 2). At the latitude of the Turtle pluton, no known Jurassic intrusions occur east of the Ship
Mountains for hundreds of kilometers (Howard and Shaw, 1981; s in Figure 3). Cretaceous

plutons in the eastern-most Mojave shown in Figure 3 are voluminous (about 20 area%) and range
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Modified from Coney and Reynolds (1977)

Figure 6.  Mligration of magmatism across the southwestern LUS.: The migrativn of magmatism
across the southwestern U.S., as defined by K-Ar and Rb-Sr geochronology on plutonic and
volcanic rocks, is thought to result from a varying angle of subduction with time. K-Ar ages
on biotite and hornblende from the Turtle pluton (Howard et al., 1982) fit this trend mod-
erately well though additional geochronology (LU-Pb data) suggests plutons with ages from
130 Ma to 70 Ma and 37 Ma (this study, Wright et al., 1986) occur within a 40 km radius
of the Turte pluton.
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in age from 130 to 65 Ma as determined by U-Pb geochronology on zircon and sphene or from
K-Ar geochronology on biotite and hornblende in ranges near and including the Turtle Mountains
(this study; Howard et al., 1982; Wright, et al. 1986). Recent, detailed U-Pb geochronology studies
by Wright et al., 1986 (and personal communication, 1988) suggest 2 discrete Cretaceous magmatic
pulses at 90 and 70 Ma in the Whipple and Old Woman Mountains. U-Pb geochronology of the
Turtle pluton and Target Granite (this study) suggests an additional periods of magmatism at 130
Ma and 100 Ma, respectively. The oldest documented Cretaceous plutons in the area occur in the
southern Turtle Mountains.

A large volume of Tertiary mafic and felsic volcanic rocks associated with Basin and Range
extension were deposited in the area between 20 and 15 Ma ago (Howard et al., 1982; Hazlett,

1986).

Field Relations

Introduction

The Turtle pluton, informally named in Howard et al. (1982) is an Early Cretaceous body
that concordantly intrudes steeply foliated Precambrian gneisses (Figure 4 and Plate A). The
pluton comprises four facies: a gradational sequence of granite to granodiorite that forms the rim
of the pluton, here informally called the Rim Sequence, a core of more mafic, granodiorite to quartz
monzodiorite informally called the Core Facies, the contact zone between the Rim Sequence and
Core Facies, and an eastern lobe of dominantly granodiorite called the Four Deuce Hills after an
informal name given in a report by Woodward-McNeill and Associates, 1974) (Figure 7). The
contact of the Rim Sequence and Core Facies, here informally called the Schlieren Zone, is a

arcuate zone (a few tens of meters wide) of high strain defined by a strong vertical foliation in
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granodiorite. Mafic microgranitoid enclaves ( < 3 m in length) and enclaves of homblende diorite
and hornblendite (a few to hundreds of meters in greatest dimension) are found in all parts of the
pluton. Discussion of abundances, distributions, mineralogies and textures of these mafic rocks are
given in Chapter 2.

The Early Cretaceous Turtle pluton is intruded by several units (Figure 7). The Core Facies
is stoped by a leucogranite informally called the Target Granite in reference to war games held in
the area under the command of General Patton during World War II. In the east, the Rim Se-
quence is cut by the Fortification Granodiorite, named after an informal reference to the nearby
canyon in the report by Woodward-McNeill and Associates (1974). Pegmatites and aplites intrude
all of the Cretaceous plutonic rocks. These Cretaceous units are overlain by erosional remnants
of Tertiary volcanic and sedimentary rocks that generally dip 10 to 35 ° to the south and southwest
(Figure 8). Tertiary (?) fine-grained dikes that range in composition from basalt to rhyolite intrude
the Cretaceous rocks.

The host rocks of the Turtle pluton are Proterozoic metamorphic and igneous rocks except
for the coarse-grained, undeformed granite, here called informaily the Patton Granite, at the eastern
margin of the Turtle pluton, (Figure 7 and Plate A) which, given its undeformed nature, is sus-
pected to be Early Cretaceous. The most abundant country rock type is biotite quartzofeldspathic
gneiss. Other rock types include in decreasing abundances) potassium feldspar augen gneiss,
amphibolite, granite gneiss, and hornblende diabase (Figure 4 and Plate A).

A description of the plutonic units and their host rocks in terms of mineralogy, grain size,
fabric, inclusion types, and association with aplites and pegmatites is given below. In Table 1 on
page 19are given abbreviations for rock units and mineral species used in tables and appendices.
For the purposes of this study the terms very coarse-, coarse-, medium-, and fine-grained denote
average grain sizes of greater than 3.0 cm, between 3.0 and 0.5 cm, between 0.5 and 0.1 cm, and
smaller than 0.1 cm, respectively (Bates and Jackson, 1980). In reference to mineral shape, acicular,
tabular and prismatic, and equidimensional denote length/width ratios of >3/1, <3/1 but > 1/1,

and 1/1, respectively (Bates and Jackson, 1980). Plutonic rock names were obtained by point
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Figure 7. Bedrock map showning plutonic units: The Turtle pluton comprises four units: the Rim
Sequence, Schlieren Zone, Core Facics, and Four Deuce Hills. The Core Facies is stoped
by the Target Granite and the Rim Sequence is intruded by the Fortification Granodiorite.
The Patton Granite is older than all other plutonic units.
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counts of stained slabs or thin sections (APPENDIX 1) using the classification of Streckeisen

(1973).

Regional Structural Geology and Geometry of the Turtle Pluton

In a regional structural model presented by Howard and John (1988), the Turtle Mountains
are thought to lie at the western edge of an extensional corridor which includes the metamorphic
core complexes of southeastern California and western Arizona (Figure 3). The structure of the
corridor is dominated by rotated crustal blocks which are divided by normal faults, and which lie
on a low angle, normal (detachment) fault (Figure 9). Extension has rotated blocks above the
detachment fault such that Tertiary strata in these blocks are tilted toward the west or southwest,
more and more, from the Turtle Mountains to the core complexes. The subvertical normal faults
that cut the southern Turtle Mountains (see Plate A), and the low tectonic dips of Tertiary volcanic
flows (10 to 35° SW pictured in Figure 8) suggest minor rotation and horizontal transport of the
Turtle Mountains above a detachment fault at depth, i.e. the Turtle Mountains are approximately
autochthonous (Howard et al., 1982; Howard and John, 1988). Seismic reflections below the Turtle
Mountains have been interpreted as an extension of the Whipple Mountain detachment fault (Frost
and Okaya, 1986).

Minor normal faults are common throughout the study area and mimic both the high angle
faults, and the low angle detachment fault inferred at depth. Mappable low angle faults include a
west dipping structure in the central part of the field area of unknown offset, and an east dipping
fault zone along the west edge of the Four Deuce Hills. Figure 10b shows an east facing view in
this fault zone where a mafic dike is offset on faults with tops transported to the northeast. Total
offset on this fault zone is unknown. The offset on high angle normal faults across the field area,

on the order of a few hundred meters (see Plate A, cross section), is insignificant to a petrologic

study.
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Table 1.  Abbreviations used in tables and appendixes.

Commonly
Used:

Rock Type:

Rock Unit:

Chemistry:

AVG
STD DEV
STD

n

gr

gd

qmd
gap

m encl
cg encl
m dike

gn

RS
CF
FDH
TG
FGD
SAT
CR
WR
Xvm
Xgg
Xag
Xa

A/CNK
Fe#
Al4
Alé6
Sr;

1 O O O T {1 A I | I nwnonownnonn

average

standard deviation
standard deviation
number of observations

granite

granodiorite

quartz monzodiorite
garnet aplite
microgranitoid enclave
coarse grained enclave
mafic dike

gneiss

Rim Sequence

Core Facies

Four Deuce Hills
Target Granite
Fortification Granodiorite
Satellite body
Castle Rock pluton
West Riverside Mts.
Virginia May gneiss
granite gneiss
augen gneiss
amphibolite

molec. Al/(Cat+Na+K)
molec. Fe/ (Fe+Mqg)
tetrahedral Al
octahedral Al
initial ®%sr/ %sr

Combinations of rock unit and rock type abbreviations are
used to identify samples in figures, tables, and appendices.
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Figure 10. Field photographs of the Turtle pluton and host rocks: a. Vertically foliated Virginia
May gneiss with folded and boudinaged felsic dikes north of the Turtle piuton (25 meters
north of point A of traverse A-A’ in Figure 13 on page 32). Hammer handle 43 cm long.
b. Mafic dike (CA85-4) with textures like microgranitoid enclaves in granodiorite of the
Four Deuce Hills, along traverse D-D’ (Figure 19 on page 45). Dike is offset along low
angle normal faults with ransport top to the northeast. lHammer handle 43 cm long. c.
Dike of Core Facies granodiorite with flattened mafic enclaves (right) in K-feldspar
porphyritic Rim Sequence granodiorite at C” of traverse C-C’ (Figure 13). Arrow points
to contact. Notebook 23 cm long. d. Xenolithic screen of vertically foliated Virginia May
gneiss in the Schlieren Zone. Xenolith is about two meters wide and lens of meters long
(continues in background, arrows). White end of pen (13 cm long) points to the contact.
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The Turtle pluton concordantly intrudes steeply foliated Precambrian schists and gneisses.
This contact is generally sharp and there is no discernible contact metamorphism. This intrusive
style suggests the Turtle pluton is mesozonal and was emplaced at depths of 8 to 14 kilometers, or
about 2 to 4 kilobars (Buddington, 1959).

The three dimensional shape of the pluton is inferred from field measurements of
Precambrian rocks surrounding the pluton (Figure 4 on page 8 and Plate A). Gneisses along the
northern and southern contacts have northeast trending foliations and steep southerly dips, and
along the western margin they have north-south foliations and subvertical dips. These data suggest
a cylindrical structure with a steep southeastward plunge. A compilation of measurements for the
internal contact of the Rim Sequence and Core Facies along the Schlieren Zone suggests an internal

igneous fabric concentric with the host rock/pluton contact.

Country Rocks of the Turtle Pluton

Introduction

The dominant Proterozoic country rock type of the southern Turtle Mountains is a biotite
quartzofeldspathic gneiss. It is deformed with some amphibolites and is crosscut by potassium
feldspar augen gneiss, other amphibolites, porphyritic granite gneiss, and horblende diabase. The
areal distribution of these units is shown in Figure 4 on page 8 and Plate A, and ficld relations
among units are shown schematically in Figure 11. These rock types will be discussed in order of

their apparent age as determined from ficld relations.
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Figure 11.

Field relationships among Precambrian rock types:  This sketch shows the intrusive and
structural relationships among host rocks of the Turtle pluton. Virginia Vlay gneiss (light
shading) is a muitiply-deformed biotite quartzofeldspathic gneiss associated with
leucocratic dikes (unpatterncd) that are foided and boudinaged. There is more than one
generalion of amphibolite (dark shading): some generations have foliations partially or
fully transposed parallel to that of the Virginia May gneiss; another generation of
amphibolite truncates the foliation of an augen gneiss (Xag: similar to the augen gneiss of
Johnsons Well, Howard et al., 1982) that crosscuts Virginia May gniess and other
amphibolites. A gneissic granite (Xgg) also intruded the Virginia May gneiss and
amphibolites, and its relationship to the augen gneiss is unknown. Hornblende diabase
(stars) that lacks penetrative fabric intrudes Virginia May gneiss and arnphibolites.
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Virginia May Gneiss

The host rock for the Turtle pluton along most of its contact is a light to dark gray, fine-
grained, biotite quartzofeldspathic gneiss that is associated with discordant, folded leucocratic dikes
(Figure 10). This rock type is called the granite gneiss of Virginia May Mine (Howard, et al., 1982;
Howard et al., 1988) after an occurrence at the Virginia May Mine located a few kilometers north-
east of the Turtle Pluton (see Figure 5 on page 10 and north central section of Plate A). The in-
formal name Virginia May gneiss is employed here. This fine-grained gneiss contains two
feldspars + quartz + biotite & muscovite & accessory phases. Associated leucocratic dikes are me-
dium to coarse-grained and contain two feldspars + quartz + muscovite + garnet.

In the map area, the Virginia May gneiss is generally steeply foliated with a northeasterly trend
(average about N3SE70S; see Plate A) and contains steeply plunging lineations as well as some
shallower, folded lineations which indicate a poly-phase deformational history. Leucocratic dikes
are folded and boudinaged, and therefore participated in at least one folding event (Figure 11).

Within this map unit of Virginia May gneiss occur amphibolite, augen gneiss, and hornblende
diabase that are mapped as discrete units where ever they occur in sufficient size (map scale

1:24,000).

Amphibolite

A range of textures, mineralogies and crosscutting relationships suggest that more than one
generation of amphibolite occurs in the map area (outcrop area about 0.1 km?). Rock type varies
from medium- to fine-grained, centimeter-scale, banded amphibolite with black homblendite layers
and white feldspar + quartz layers, to more massive, medium- to fine-grained gray rocks composed
of hornblende + plagioclase £ biotite £ chlorite & epidote + quartz (see modes, APPENDIX 1). One

area of centimeter-scale, banded amphibolite with northeasterly strikes and variable dips is
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concordantly intruded by the Core Facies of the Turtle pluton with no discernible contact effects
(southeastern portion of the study area, Figure 4; section 9 of Plate A).

Within the Virginia May gneiss, massive, meter-scale, gray, amphibolite layers are concordant
with the foliation of their surrounding quartzofeldspathic gneiss, and have internal foliation either
concordant or discordant to that of the Virginia May gneiss (Figure 11). Blocks of gray
amphibolite within a porphyritic granite gneiss (see below) have foliations discordant to its host
gneiss and this suggests these amphibolites are xenoliths within the granite gneiss. In another in-
stance, a relatively massive amphibolite about two meters wide truncates the foliation of an augen
gneiss (see below) which suggests deformation of the augen gneiss preceded emplacement of the

amphibolite. These field relations suggest multiple generations of amphibolite.

Augen Gneiss

In the north, south, and southwestern portions of the map area, biotite potassium feldspar
augen gneiss (Xag) underlies an outcrop area of about 0.4 km?. This gneiss is composed of biotite
+ homnblende, potassium feldspar augen, plagioclase, and quartz (see modes, APPENDIX 1). Pale
pink augen that reach 4 cm in length are weakly to strongly aligned, and are prominently lineated
in some areas (80SE42, 42SES58, 32SE62, for examples). This unit is very similar to the augen
gneiss of Johnsons Well located in the west, central Turtle Mountains (Howard et al., 1982). The
augen gneiss crosscuts the Virginia May gneiss, leucocratic dikes associated with the gneiss, and

some amphibolite layers, but is crosscut by an amphibolite.

Granite Gneiss

A gneissic granite (Xgg) called the granite porphyry of southern Turtle Mountains (Howard

et al., 1982) crops out in a 0.13 km? area in the southemn part of the map area. Here it is referred
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to as simply granite gneiss. This rock type contains aligned tabular potassium feldspar phenocrysts
to 2.5 cm in length, biotite that is altered to chlorite and hematite, minor muscovite, and accessory
phases of allanite, zircon, sphene and apatite (APPENDIX 1). The rock has a weak to strong
foliation primarily defined by ductilely deformed and recrystallized quartz and brittlely deformed
feldspars. Enclaves of quartzofeldspathic gneiss and amphibolite with foliations at angles to that
of their host were observed in this porphynitic granite gneiss, therefore the granite gneiss is assumed

to have intruded the previously deformed gneisses, and subsequently was deformed itself.

Hornblende Diabase

Outcrops of hornblende diabase (similar to dikes described in the central and northern Turtle
Mountains by Howard et al., 1982) occur in Virginia May gneiss. Sprays of plagioclase which reach
1 cm in length compose about 60 percent of the diabase, and hornblende plus pyroxene (partially
replaced by homblende) make up most of the remainder along with epidote, opaques and very
sparse biotite. These rocks lack penetrative fabrics but tectonic disruption is suggested by discon-
tinuous outcrops concordant with the foliation of the enclosing Virginia May gneiss. In the central
part of the Turtle Mountains, K-Ar geochronology on homblende from the diabases yields an age

of 439 Ma which is interpreted as partially reset from a Proterozoic age (Howard et al., 1982).

Patton Granite

An undeformed, equigranular, medium-grained granite, here called the Patton Granite, in-
trudes Virginia May gneiss in the western part of the field area (Plate A) and is itself intruded by
the Turtle pluton and Fortification Granodiorite (Figure 7 on page 15). The Patton Granite
underlies an area of 0.8 km?, is pink in outcrop and has a color index of 5to 10. Estimated average

grain sizes for the felsic phases are 1 cm for potassium feldspar and 0.5 cm for white plagioclase and
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gray quartz. In hand specimen, chlontized biotite books to 0.4 cm and much less abundant
homblende to 0.5 cm may be seen. The rock type contains very sparse enclaves; those observed
were microgranitoid, fine-grained with a color index of about 30, and were less than 10 cm in length.

The lack of deformational fabric suggests that the Patton Granite post-dates deformation of
the Proterozoic units it intrudes. It is intruded by the Rim Sequence of the Turtle pluton and

therefore is constrained to be Proterozoic to Early Cretaceous in age.

Turtle Pluton

The four facies of the Turtle pluton are described below. Aplite and pegmatite dikes intrude
all units of the Turtle pluton and a specific type of aplite readily identifiable in the field, that bearing
gamnets, was investigated petrographically and chemically. Mafic enclaves with microgranitoid and

dioritic texture are found in all facies of the Turtle pluton and are discussed in Chapter 2.

Rim Sequence

The Rim Sequence of the Turtle pluton (areal extent of 4.5 km?) is a gradational, 0.8 to 0.4
km wide suite of granite and granodiorite that systematically changes mineralogy and texture (see
Figures 13 through 17) from biotite + ilmenite + magnetite + muscovite (ilmenite assemblage) to
biotite + magnetite + sphene, to hornblende + biotite + magnetite + sphene (magnetite assemblage).
It is intruded by the Core Facies at one location marked X on Figure 13 (and pictured in
Figure 10). Mineralogic and textural changes in the Rim Sequence are documented by field ob-
servations throughout the unit and on a detailed traverse from north to south (A-A’ on
Figure 13) that was undertaken in order to quantify the distribution of mafic enclaves, and the

changes of granitoid texture and composition with position in the pluton. Mineral changes across
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traverse A-A’ are detailed below. Classification of rock types, cumulative modes, and a schematic

diagram of changes in crystal size are given in Figure 14, Figure 15, and Figure 16.

Traverse A-A’ of the Rim Sequence

The detailed geology of a single north-south traverse of the Rim Sequence in a well-exposed
wash is consistent with observations along other traverses and with field checks throughout the unit.
The geology of this traverse is treated as a type section for the Rim Sequence and differences of
other traverses will be compared to the type section.

Along traverse A-A’ from the host rock contact at A and southward to the Core Facies at
A’, the Rim Sequence changes texture and rock type from an equigranular biotite granite, to a
potassium feldspar porphyritic hornblende biotite granodiorite, to a nonporphyritic, biotite
homblende granodiorite. A suite of eight samples was collected, and their approximate locations

from point A are shown in Figure 15 with sample numbers.

Potassium Feldspar

Potassium feldspar changes dramatically in size and abundance across the Rim Sequence
(Figure 15 and Figure 16) though it is consistently pink throughout. Inclusions of plagioclase and
biotite commonly decorate concentric growth zones in phenocrystic K-feldspar in all porphyritic
granodiorite. Five meters from the country rock contact (A on Figure 13) potassium feldspar
grains in equigranular granite are equidimensional to tabular (length/width=2/1) and have a max-
imum length of 8 mm. Twenty meters from the contact, the phenocrysts are porphyritic, more
elongate (3/1), and have a maximum length is about 20 mm. One hundred meters from the contact
the rock is clearly porphyritic. K-feldspar phenocrysts (3/1) are tabular and a maximum length of
about 30 mm. In this rock there is also a groundmass or interstitial potassium feldspar which
composes roughly 20% of the total potassium feldspar. Two hundred to 300 meters from the
contact, the granodiorite is coarsely porphyritic with potassium feldspar phenocrysts that reach

120x10x10 mm (Figure 8) but average 30x20x10 mm (field estimate). These phenocrysts are
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RIM SEQUENCE

AN\

(2)

0 2km

Figure 13. Outline map of the Rim Sequence:  On this map of the Rim Sequence are given sample
locations for modal (circle) and chemical analyses (dot with sample number), the approx-
imate limit of hornblende-bearing rocks (hb), and the locations of detailed traverses, A-A’,
B-B’, and C-C’. Eight samples (not marked) from traverse A-A’ are described in detail in
the text. Also given are locations where the Rim Sequence are intruded by the Core Facies
(X), and by matlic dikes with textures like microgranitoid cnclaves (d).
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Figure 14,

Modal composition of the Rim Sequence and Four Deuce Hills:  The four modal com-
ponents illustrated are potassium feldspar (A), plagioclase (P), quartz (Q), and the sum of
all mafic minerals (M). Rock lype varies from granite to granodiorite. Rim Sequence
traverse (A-A’) = circles, other Rim Sequence samples = dots, Four Deuce Hills = half
filled circles. Composition of a sample from the Castle Rock pluton (cross) is given for
comparison. Rock classification scheme after Streckeisen (1973).
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Figure 15. Modal variations across the Rim Sequence:  Modal variations along traverse A-A’ are

described by seven samples (BW84-18 through 25, locations given along the horizontal
axis) collected at various distances from the wall rock contact. Changes of mineralogy
include dissappearence of ilmenite and muscovite, and appearence of hornblende,
magnetite, sphene, and allanite.
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Maximum mineral sizes in rocks of the Rim Sequence: The approximate maximum sizes
of felsic minerals in rocks collected along traverse A-A’ from the wall rock contact and into
the pluton vary greatly, especially near the wall rock contact. The arca within 50 meters
of the wall rock couid be interpretted as a “chilled margin®. Potassium feldspar
phenocrysts reach maximum length about 250 meters into the pluton (to 12 cm).
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aligned parallel to the steep igneous foliation (N47E 78S, for example) defined by mafic minerals
and mafic enclaves, and are also steeply lineated (40SE7S, for example). The interstitial component
remains about 20% of all potassium feldspar in the rock. Rocks at 400 meters from the contact
contain smaller phenocrysts (maximum about 20x20x10 mm) and the proportion of interstitial
K-feldspar is about 50%. Six hundred meters along the traverse to A’ (1100 meters), almost all
potassium feldspar is interstitial though sparse phenocrysts (to 20x10x10 mm) were observed. The
proportion of modal K-feldspar drops from 25 to 5% along the traverse, and the proportion of

interstitial feldspar increases monotonically.

Plagioclase

Plagioclase feldspar (oligoclase to andesine), which is light gray in color, is seriate throughout
the Rim Sequence, and has a size range of a millimeter to several millimeters. Grains are
equidimensional to tabular. The greatest change of average grain size occurs within 20 m of the
country rock contact (A on Figure 13; Figure 16). The maximum crystal length of plagioclase
increase toward the interior of the pluton, from about 4 mm at 5 meters, 6 mm at 20 meters, and
8 mm at 500 to 1100 meters. Thus its maximurmn grain size is attained at a position further from
the country rock than that for potassium feldspar.

Plagioclase composes about 40% of granite and granodiorite in the first 500 m of the traverse,

and about 60% in granodiorite from 500 m to A’.

Quartz
Throughout the Rim Sequence, quartz is medium gray and seriate. The maximum crystal

size is about 3 mm at a distance of 5 meters from the country rock contact, about 10 mm at 20

meters and beyond.

Quartz content decreases monotonically from about 30 to 20 % inward from the country rock

contact (Figure 15).
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Biotite
Biotite occurs as subhedral to euhedral flakes that define a steep, south dipping foliation in
most rocks of the traverse. Grain size varies from about 1 to 3 mm in granite and 1 to 5 mm in

granodiorite. Biotite composes about 5 modal% of all granitoids.

Hornblende

Hormblende occurs only beyond 100 meters from the contact in all granodioritic rocks except
for magnetite biotite granodiorite (BW84-18, 100 m south of A). A sample (BW84-19) collected
300 meters from the contact contains two modal percent tabular hormblende which is less than 1
mm in length. At about 400 meters into the sequence, hornblende composes 4% of the rock and
has a maximum length of 3 mm, and at 500 m, hornblende laths are conspicuous in hand sample,

attain a maximum length of about 8 mm, and composes about 6 modal % of the rock.

Fe-Ti Oxides

Opaque phases compose less than 1 percent of all rocks and are less than 0.5 mm in length.
Microprobe and EDAX analyses indicate that granite samples ;vit}ﬁn 20 meters of the country rock
contain Mn-rich ilmenite with lesser magnetite, here called the ilmenite assemblage. All other rocks
of the traverse (granodiorite and a magnetite-biotite granite, BW84-18) contain only magnetite and

are here called the magnetite assemblage.

Muscovite
Less than 1 modal % of the granite is muscovite which may be primary in some instances (see

Petrography; CA85-5 and BW84-20).

Accessory Minerals

Observed trace phases are apatite, zircon, sphene and allanite and their distribution is shown
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in Figure 15. Apatite and zircon are ubiquitious. Apple green sphene and dark brown allanite

occur in all hornblende-bearing rocks and in BW84-18, a magnetite biotite granodiorite.

Fabric and Enclaves

The Rim Sequence along traverse A-A’ displays a range of foliation styles, from absent to
well-developed (Figure 12). Fabric is absent in granite near the country rock contact. Where
present in granodiorite, this fabric is defined by aligned biotite, homblende (where present),
plagioclase, potassium feldspar phenocrysts elongate, partially recrystallized recrystallized quartz
aggregates, and mafic enclaves. The foliation is generally concordant with contacts, either with the
foliated country rock or with the Schlieren Zone (see Plate A) and is vertical or dips southward to
southeastward. Locally, K-feldspar phenocrysts and enclaves define a lineation which is subvertical
to south plunging (Figure 8).

Microgranitoid enclaves which occur throughout the unit are discoid to ellipsoid in shape and
parallel the foliation and lineation of the granitoids. Foliation and degree of flattening of enclaves
are most pronounced near the Schlieren Zone (see Chapter 2).

The fabrics in the pluton are considered to be the result of igneous flow phenomena based
on their concordant and arcuate pattern, and on the steep lineations of potassium feldspar
phenocrysts which display mineral decorations on igneous growth zones within the crystals. There
is no mineralogic, mineral chemical, textural or chemical evidence of wholesale metamorphism of
the pluton, or of growth of potassium feldspar phenocrysts in the solid state.

Four rock types are found in the Rim Sequence granitoids: microgranitoid enclaves, coarse-
grained dioritic enclaves, and mafic dikes (all discussed at length in Chapter 2), and sparse xenoliths
of quartzofeldspathic gneiss. Gneiss screens were observed within a few tens of meters of the
country rock contact at A, and in the Schlieren zone at A’. No country rock xenoliths were ob-

served in the Rim Sequence except at these contacts.
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Other Traverses

Field observations where the Rim Sequence is fully exposed along the northwestern and
western portions of the pluton suggest a similar sequence to that described for A-A’. The rocks
along a west to east traverse (B-B’, Figure 13) are similar to those along traverse A-A” but the entire
section is not exposed. A fully exposed sequence along C-C’, however, displays some difference.
At C, along the contact of the Rim Sequence with Virginia May gneiss, the rocks are equigranular,
ilmenite biotite granite like rocks observed at A. The progression of rock types to the Schlieren
Zone (at C) culminates in a potassium feldspar porphyritic hornblende biotite granodiorite similar
to a rock from the intermediate portion of traverse A-A’. In other words, the section described for
the interior half of traverse A-A’ (nonporphyrytic biotite hornblende granodiorite) was not observed

along C-C’.

Schlieren Zone

An arcuate zone of high strain with abundant mafic rocks, schlieren and screens of
quartzofeldspathic gneiss is present along the 3.5 km of exposed contact of the Rim Sequence and
Core Facies (Figure 4; Plate A). This Schlieren Zone is generally tens of meters wide, and except
for the southern portion of the boundary (C’ of traverse C-C’), does not occur at a modal or
chemical discontinuity within the pluton (see Chemistry, Chapter 4). This zone of high strain has
a steeply dipping igneous foliation defined by aligned mafic silicates in granodiorite, by ellipsoidal
microgranitoid and dioritic enclaves, and by screens of gneiss. The foliation is concentric with the
pluton-country rock contact. Dips are vertical to 65° toward the Core Facies. Concordant gneiss
screens of mappable dimensions (2 to 10 m wide and tens of meters long) strike northeasterly along
the northern exposures of the Schlieren Zone, and east-west along southemn ones (Plate A). The
pronounced steep foliation of the Schiieren Zone is shown in Figure 12 on page 30 no page.d. A
steeply dipping screen of quartzofeldspathic gneiss like wall rocks of the Turtle pluton (background)

parallels elongate, mafic enclaves and mafic silicates in the granodiorite (foreground). This internal
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contact is generally concentric with the pluton-country rock contact and both suggest a cylindrical
geometry.

Lineations in the Schlieren Zone, as defined by elongate mafic enclaves and aligned
hornblende crystals, are steep and plunge toward the Core Facies. Lineations in gneiss screens are
also steep and this is the most common orientation observed in the Virginia May gneiss surround-

ing the Turtle pluton.

Core Facies

The core of the Turtle pluton comprises medium-grained, equigranular granodiorite and
quartz monzodiorite that underlies 10.5 km? in the central part of the Turtle pluton (Figure 7 on
page 15, Figure 17, Figure 18). The Core Facies is in contact with the Rim Sequence at the
Schlieren Zone along most of its margin. The Core Facies has been observed to intrude the Rim
Sequence at one location (Figure 13). Here a meter-wide dike of granodiorite with numerous mafic
enclaves cross cuts a K-feldspar porphyritic granodiorite with fewer enclaves (-- Figure id ‘figplt2’
unknown -- no page.c). In the southeastern part of the map area, the Core Facies concordantly
intrudes banded amphibolite and its central part Core Facies is stoped by the Target Granite (Fig-
ure 7).

The Core Facies is relatively homogenous unit (as compared to the Rim Sequence) in which
no systematic, geographic variation of rock type was noted, however whole rock chemical data
presented in Chapter S suggests that rocks proximal to the Target Granite are distinct from those
distant from the younger intrusion (Figure 17).

Rocks of the Core Facies resemble the most mafic rocks of the Rim Sequence (Figure 14 and
Chapter 5) and the granodiorite and quartz monzodiorite of the West Riverside Mountains 25 km
southeast of the Turtle pluton (Figure 3 on page 6). Modal analyses are given in APPENDIX 1

and Figure 18. The range of rock type is granodiorite to quartz monzodiorite with color indices

of 13 to 26.
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Figure 17.

CORE FACIES

0 2km Q

Outline map of the Core Facies: On this map of the Core Facies are given sample lo-
cations for modal (circles) and chemical (dots) analyses and the approximate limit of the
high K facies found in the center of the unit near the Target Granite.
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Figure 18.

Modal composition of the Core Facies: The four modal components illustrated are
potassium feldspar (A), plagioclase (P), quartz (Q), and the sum of all mafic minerals (M).
Rock type varies from granodiorile to quartz monzodiorite. The high K rocks (filled
square) contain more mafic minerals and alkali feldspar than other samples of the Core
Facies (square). The composition of samples from the West Riverside Range (filled tri-
angles) are comparable to the Core Facies. Rock classification after Streckeisen ( 1973).
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Mineralogy

In hand specimen, both feldspars are generally white and indistinguishable, but in some
samples taken from near the Target Granite, potassium feldspar is pink (CA84-143, CA84-147).
In stained slabs, potassium feldspar is an interstitial, subhedral to anhedral mineral that is 1 to 3
mm in greatest dimension. Plagioclase is seniate and subhedral to euhedral in form. Most grains
are 1 to 3 mm in length though in coarser grained samples (CA85-13, CA85-28, CA85-100) they
reach 6 mm in length. Quartz grains are anhedral, gray and less than 3 mm in diameter. Biotite
occurs mostly as subhedral and dispersed grains throughout a given specimen, but a small portion
of the biotite occurs as hexagonal books to 2 mm in most samples. Homblende grains are euhedral,
black laths that range in size from 1 to 5 mm in most rocks but some contain sparse, larger crystals
(to 10 mm). Cinnamon brown sphene to 2 mm in length is identifiable in hand specimen and other

trace phases identified in thin section are apatite, zircon, and allanite.

Fabric and Enclaves of the Core Facies

Generally, the Core Facies lacks fabric except near the Schlieren Zone where a foliation de-
fined by aligned minerals and mafic enclaves was observed. This lack of fabric is reflected in the
equidimensional and/or randomly oriented microgranitoid enclaves that are common throughout
the unit. Whereas microgranitoid enclaves occur in most outcrops, coarse-grained enclaves are
much less common and are concentrated in the central portion of the facies. No mafic dikes or

gneiss xenoliths were observed in this unit.

Four Deuce Hills

The eastern exposures of the Turtle pluton, catled the Four Deuce Hills, comprise a signif-
icant area of the exposed pluton (5.3 km?; Figure 19). The granite and granodiorite that underlie

these hills have some textural, chemical, and isotopic similarities to the Rim Sequence and Core
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Facies of the Turtle pluton, but the intrusive relationship of this unit to the other facies is unknown.
The Four Deuce Hills are bounded on its western side by a low angle normal fault that has dis-
placed this unit an unknown distance to the northeast relative to the Turtle pluton (Figure 4). The
igneous rocks of the Four Deuce Hills were studied along a north to south traverse (D-D"). This
facies is texturally similar to the Rim Sequence in the north but displays a distinct oikocrystic tex-
ture in the south. At the northemn end of the traverse at the contact with Virginia May Gneiss (D),
equigranular granite concordantly intrudes the gneiss like at the northern end of Traverse A-A” in
the Rim Sequence, and the progression of mineralogic and textural changes along traverse D-D’ is
similar to those observed along A-A’ for about 2200 meters to sample location CA85-4.
Equigranular granite becomes more coarse grained, and potassium feldspar becomes porphyritic.
Further south along traverse D-D’, the rocks are texturally and chemically distinct from traverse
A-A’ particularly with regard to biotite and potassium feldspar textures as described below and in

ChapterS 4 and 5.

Traverse D-D’

This traverse follows the western edge of the Four Deuce Hills, along a well-exposed wash.

Potassium Feldspar

K -feldspars in granite at the northern end of the traverse are light pink, tabular (2/1) and have
a maximum length of about 10 mm. In granodiorite about 50 to 2200 meters from the country rock
contact (D), the potassium feldspar is distinctly porphyritic and is 10 to 40 mm in length
(CAB84-58). Approximately 2200 meters south of the contact and further south to D" (Figure 19),
this mineral is white to pale pink, oikocrystic, equidimensional, and less than 20 mm across
(CA84-50). The distribution of rocks with oikccrystic texture are shown in Figure 19. The contact

with porphyritic granodiorite is gradational over tens of meters.
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FOUR DEUCE HILLS

Figure 19. Outline map of the Four Decuce Hills: On this map of the Four Deuce Hills are given
sample locations for modal and chemical analyses, the approximate area underlain by
rocks containing oikocrystic, pale pink to white potassium feldspar phenocrysts (pattern),
and the location of a detailed traverse (D-D’). Rocks containing hornblende occur south
of a dashed line marked- "hb”. An arca of dioritic enclaves (including hornblendites) is
shown in the center of the rock unit. Malfic dikes with textures like microgranitoid enclaves
occur at locations marked "d”.
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Plagioclase

At the northern end of the traverse, plagioclase crystals are white laths (2/1) that range in size
from about 1 to 5 mm. Fifty meters from the contact (D), crystals reach a maximum length of 8
mm and is seriate with a size range of 1 to 8§ mm which is maintained to the southern end of the

traverse (D’;CA85-50).

Quartz
Quartz is a gray, equidimensional mineral that ranges in size from 1 to 6 mm throughout the

traverse.

Biotite

The habit of biotite is distinctive in the rocks of the Four Deuce Hills as compared to the
Rim Sequence. In homnblende-free granite at the northern 300 m of the traverse, biotite grains are
subhedral, less than 3 mm across, and are dispersed throughout the rock. In granodiorite
(homnblende bearing, see Figure 19), biotite occurs as conspicuous, euhedral, books 1 to 5 mm in

diameter.

Hornblende

Homblende-bearing rocks of the Four Deuce Hills are shown in Figure 19. Hornblende
occurs as obvious, black laths that generally have a greater aspect ratio than rocks of the Rim Se-
quence (about 6 to 1 as compared to 2 or 3to 1) and have maximum lengths of about 4 mm. Some

hand samples contain rare hornblende phenocrysts to 8 mm (2/1 to 3/1).

Fe-Ti Oxides
Opaque oxides in the Four Deuce Hills have blocky morphologies that suggest they are

magnetite. Maximum crystal size is about 0.2 mm.
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Accessory Phases
All hornblende-bearing rocks contain green sphene (1 mm) that is euhedral to anhedral, and
most of these rocks also contain euhedral orange-brown allanite. Apatite and zircon occur in all

thin sections.

Fabrics and Enclaves

The rocks of the Four Deuce Hills are weakly foliated to nonfoliated as defined by alignment
of minerals and enclaves. This is in contrast to the Rim Sequence which in some places has a
well-defined fabric.

The granite and granodiorite of the Four Deuce Hills contain mafic enclaves and dikes with
a range of mineralogies and textures. These rocks are described in detail in Chapter 2 and a brief
overview is presented here.

Microgranitoid enclaves with textures and mineralogies like those observed in other facies of
the Turtle pluton are common and comprise less than 1 % by volume of the Four Deuce Hills
(visual estimate). Dikes with textures indistinguishable from these enclaves were observed cross-
cutting granodiorite (Figure 10 and Figure 19). These dikes are 0.5 to 3 m thick and all have
northeasterly strikes and moderate, southerly dips. Some dikes are offset on low angle normal faults
along the west side of the Four Deuce Hills (Figure 10c\. Other dikes have convolute margins and
are cut by granodiorite and aplitic dikes. A concentration of coarse-grained enclaves with dimen-
sions of tens of meters occurs in the central part of these hills (Figure 4; Plate A). They consist
of coarse- and very coarse-grained diorites and hornblendites and are intruded by more felsic dikes.

The igneous relationships of these enclaves to the Turtle pluton are discussed in Chapter 2.
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Aplite and Pegmatite Dikes

Pegmatitic and aplitic dikes are common in all facies of the Turtle pluton. Pegmatites are very
coarse-grained and contain pink potassium feldspar, white plagioclase and gray quartz with
muscovite, biotite and chlorite after biotite. Pegmatitic dikes range in thickness from 0.3 to 3 meters
and occur in a variety of orientations. Aplitic dikes are medium- to fine-grained rocks, generally less
than 1 meter-wide, and contain an assemblage like that of pegmatites, with or without garnet.
Because garnet-bearing aplites are a readily identifiable subset of all aplites and pegmatites, and
because they have potential use in geobarometry (see Chapter 3), garnet-bearing aplites were se-

lected for detailed field and chemical investigation.

Gamet-bearing Aplites

Garnet-bearing aplitic dikes that are 10 to 65 cm thick were observed to intrude all facies of
the Turtle pluton, Patton Granite, and Fortification Granodiorite, but no garnet-bearing aplites
were observed in the Target Granite (Figure 20). Given these aplites were observed in the Core
Facies adjacent to the Target Granite, some with strikes toward the younger granite, garnet aplites
are assumed to pre-date the Target Granite and to post-date all facies of the Turtle pluton.
Garnet-bearing aplites occur in a variety of orientations but a local preferred orientation is suggested
by the field sampling given in Figure 20. Locations of aplites selected for chemical and isotopic

study also appear in that figure.

Mineralogy

Garnet-bearing aplites are granitic in composition, and are composed of white plagioclase and
potassium feldspar phenocrysts to 0.5 cm in length, clear to gray quartz phenocrysts to 0.3 cm
across, groundmass feldspars and quartz about | mm in average grain size, biotite (< 1 mm),
phenocrysts of red gamet from 2 to 8 mm in diameter, and minor muscovite, magnetite, and

ilmenite. Commonly, garnets are oikocrystic with quartz inclusions and well-developed crystal faces
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Figure 20.
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Orientations of sampled garnet-bearing aplites: These aplites occur in a variety of ori-
entations with some local preferred orientation, and they occur in all plutonic units except
the Target Granite (1g). Locations of rocks sampled for chemical study are given with
sample numbers. - Other granitoid units are rs= Rim Sequence, cf= Core Facies,
fdh = Four Deuce Hills, pg = Patton Granite, and fg = Fortification Granodiorite.
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(CA84-46), though some gamets contain only sparse inclusions (CA85-37). Surrounding all garnets
are felsic zones 1 to 2 millimeters wide that are devoid of mafic minerals. Subhedral to anhedral
muscovite (< | mm across) commonly occurs within plagioclase and its primary or secondary or-
igin is ambiguous. Alteration is minor; plagioclase is sericitized and biotite is partially replaced by
chlorite. Some aplites have a foliation subparallel to their walls that is defined by ribbon quartz,
and brittlely deformed feldspars. This fabric was observed in aplite dikes of varying orientation
within a single outcrop (CA84-12; NS90E and NS8E90E). A possible interpretation of such
structures is that the much finer-grained, quartz-rich aplites that crisscross coarser-grained plutons

take up post-crystallization strain (Brewer, 1987).

Other Intrusions in the Turtle Mountains and Environs

Early Cretaceous plutons occur in the Turtle Mountains and in adjacent ranges (Figure 3 on
page 6 and Figure 5 on page 10). Ages of these intrusions are based on mineral K-Ar, whole rock
Rb-Sr, and mineral U-Pb geochronology presented in Chapter 5. Intrusions known to be younger
than the Turtle pluton, based on crosscutting relationships, are the Fortification Granodiorite and
the Target Granite (Figure 7 on page 15). Intrusions modally similar to facies of the Turtle pluton
that have similar K-Ar ages (Howard et al., 1982) include the Castle Rock pluton 10 km northeast
of the Turtle pluton, porphyritic granodionitic bodies satellite to the Turtle pluton (3.5 km to the
north), and the West Riverside Mountains, 25 km to the southeast (Figure 3). The field charac-

teristics of these intrusions and relationship to the Turtle pluton are discussed below.
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Fortification Granodiorite

At the western edge of the map area (Figure 7) the Rim Sequence is intruded by a fine- to
medium-grained, biotite granodiorite that is light gray in outcrop (CA85-58, APPENDIX 1). This
unit is refered to here as the Fortification Granodiorite. This intrusion contains no mafic enclaves
but does contain xenolithic blocks of the Rim Sequence and of the Patton Granite. This unfoliated
granodiorite is cut by garnet-bearing and garnet-free two mica aplite dikes and by few pegmatite
dikes.

In hand specimen, the two feldspars and quartz share a similar size range from <1 to 4 mm,
and most grains are 1 to 2 mm in length. Potassium feldspar is white and interstitial or tabular.
Plagioclase is white and tabular, whereas quartz is gray and equidimensional. Biotite occurs as
euhedral to subhedral books less than 2 mm across. As determined from petrographic examination,
trace phases include euhedral to subhedral zoned allanite with epidote rims, blocky opaque phases,

and euhedral apatite and zircon.

Target Granite

A leucogranite, 0.6 km? in areal extent, stopes and dikes the Core Facies in the center of the
field area (Figure 4, Figure 7, and Figure 21). This leucogranite is refered to here as the Target
Granite. It contains many xenoliths of the Core Facies, Proterozoic rock types, and diorite, but few
microgranitoid enclaves. Besides for being 30 Ma younger than the Turtle pluton, the Target
Granite is isotopically distinct from the Turtle pluton. This unit is crosscut by pegmatite dikes, and

less commonly by aplite dikes, and no garnet-bearing aplites were observed in this intrusion.

Mineralogy

The Target Granite is a fairly homogenous, medium- to fine-grained leucogranite with a color
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Figure 21.

TARGET
GRANITE

0 2 km

Outline map of the Target Granite: On this map of the Target Granite are given sample
locations for modal and chemical analyses. This unit stopes the Core Facies.
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index less than 5 (Figure 22). Potassium feldspar is pink, seriate, tabular and less than 1.5 cm in
length. Plagioclase also is seriate but is white in color and has an average size smaller than K-
feldspar (maximum length of about 0.4 cm). Quartz is clear to light gray and occurs in
equidimensional or elongate aggregates (2/1) to about 1 cm in length. The mafic minerals are
subhedral, dispersed biotite, and sparse homblende. Accessory minerals are sphene, zircon and

apatite.

Fabric and Enclaves

This unit has a weak or absent igneous foliation except in dikes where tabular feldspar and
quartz define a foliation subparallel to dike walls. Mylonite zones less that 30 cm wide were ob-
served to have north-south trends and moderate easterly dips. Brittle faults in the same area also
have north-south trends but variable dips, and near these brittle faults, K-feldspar is darker pink in
color, and biotite is chloritized.

The Target Granite contains xenoliths of quartz monzodiorite of the Core Facies, and of
quartzofeldspathic gneiss and amphibolite similar to Proterozoic wall rock lithologies. Xenoliths
vary in shape from blocks of quartz monzodiorite from 1 to tens of meters in greatest dimension,
to sheets of Precambrian rocks that underlie dip slopes hundreds of meters across in the south-
eastern portion of the exposed Target Granite (see Plate A). Several exposures of diorite occur in
lowlands and crosscutting relationships with the leucogranite are unknown. Only a few
microgranitoid enclaves were observed in the Target Granite and they are fine-grained discoids that

are less than 30 centimeters long.

Satellite Stock North of the Turtle Pluton

About 3.5 kilometers north of the Turtle pluton occurs a granodiorite stock about 1 km? in

area. This intrusion is closely associated with Jurassic or older diorites described by Howard et al.
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Figure 22.  Modal composition of the Target Granite: The four modal components illustrated are
potassium feldspar (A), plagioclase (P), quartz (Q), and the sum of all mafic minerals (M).
This unit is composed of leucogranite and minor granodiorite. Rock classification after
Streckeisen (1973).
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(1982). The granodiorite contains potassium feldspar phenocrysts to several centimeters in length,
gray quartz and white plagioclase 6 mm in greatest dimension, sparse euhedral horblende and
biotite books to 4 mm. The rock type resembles the coarsely porphyritic portion of the Rim Se-

quence of the Turtle pluton, however its isotopic character is distinct.

Castle Rock pluton

The Castle Rock pluton is located 10 km NNE of the Turtle pluton (Figure 3). It is com-
posed of medium-grained hornblende-biotite granodiorite with rare, white potassium feldspar
phenocrysts to 20 by 20 mm. K-feldspar is primarily interstitial ( <2 mm across) and is white in
color. Plagioclase occurs as white euhedral laths, 1 to 4 mm in length, and quartz is gray,
equidimensional, and 1 to 3 mm in diameter. Mafic minerals are euhedral and easily discernible in
hand specimen. Biotite occurs as black, hexagonal books (1 to 2 mm across), and hornblende as
black, tabular crystals (1/2 to 1/3) up to 3 mm in length. Accessory phases (determined
petrographically) include cubic opaque minerals (to 0.2 mm), euhedral apatite and zircon, euhedral
to subhedral, green sphene (to 1 mm in length), and euhedral to subhedral, zoned allanite (to 0.3
mm) enclosed in epidote.

The granodiorite of the Castle Rock pluton is generally unfoliated, and contains very sparse,
mafic enclaves except along its borders. There, the granitoid is more strongly foliated and enclaves
are more numerous. Throughout the body, aplites and pegmatites are rare.

The Castle Rock pluton resembles the rocks of the Four Deuce Hills. Similarities include
granodioritic composition, euhedral biotite and hornblende, and white phenocrysts of potassium
feldspar that are oikocrystic in some samples. There are chemical and isotopic similarities as well

(ChapterS 4 and 5).
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West Riverside Mountains

The West Riverside Mountains (Figure 5) are a homogenous block of foliated and unfoliated
homblende biotite quartz monzodiorite to granodiorite with sparse microgranitoid enclaves, and
very rare coarse-grained ones. The granitoids are intruded by aplites, pegmatites, and basaltic to
andesitic Tertiary (?) dikes commonly with NW strikes and moderate to steep dips. The entire
range is cut by a series of northwest-trending subvertical faults.

The granitoids of the West Riverside Mountains have color indices of 10 to 20, comprised
of subhedral, dispersed biotite as large as 2 mm, black hornblende laths (1/5) to 5 mm, and green,
euhedral sphene up to 1.5 mm in length. Plagioclase occurs as seriate chalky white laths 1 to 5
mm long. Potassium feldspar is seriate and interstitial to tabular in form, and up to 5 mm in length.
Rare, equant K-feldspar phenocrysts (to 20 mm across) with plagioclase rims were observed.
Quartz is a gray, interstitial mineral. Trace phases are euhedral to subhedral sphene, euhedral zoned
allanite with common epidote rims, opaque minerals, apatite and zircon.

Samples from the West Riverside Mountains are similar to the Core Facies of the Turtle
pluton both modally and texturally except, in general, the rocks of the West Riverside Mountains
are more altered and contain visible epidote and chlorite, particularly in rocks from the northwest
part of the range. K-Ar geochronology on the West Riverside Mountains suggests an age very
similar to K-Ar geochronology on the Turtle pluton (Howard et al., 1982), though the more intense
post-emplacement alteration and faulting of the West Riverside Mountains suggest distinct post-

emplacement histories.
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Petrography of the Turtle Pluton and Target Granite

Introduction

Detailed petrographic study of the Turtle pluton and Target Granite was undertaken in order
to determine the igneous mineral assemblage, secondary alteration effects, and orders of
crystallization. A description of each mineral from the facies of the Turtle pluton and Target
Granite is given below followed by a summary of orders of crystallization, by limits on
crystallization conditions as determined from comparison to experimental systems, and by dis-

cussion of subsolidus reactions.

Rim Sequence of the Turtle pluton

Rock type, and mafic and trace mincralogy change systematically across the Rim Sequence
from an ilmenite biotite granite with magnetite (ilmenite assemblage) to a biotite granodiorite with
magnetite, to a biotite hornblende granodiorite with magnetite and sphene (magnetite assemblage)
toward the interior (Figure 14 and Figure 15). All rock types from the Rim Sequence are
granitoids and therefore contain essential plagioclase, potassium feldspar and quartz whose textural

changes are discussed in detail in Field Relations (Figure 16).
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Potassium Feldspar

Alkali feldspar changes greatly in abundance and size in this map unit as described in earlier
sections. It is a seriate phase with a coarsely porphyritic texture in some granite and granodiorite
samples (to 12 cm in length), and an interstitial one in granodiorite (1 to 3 mm) toward the core
of the pluton. Modal abundance varies from 20 to 5 modal percent across the sequence
(Figure 15). The feldspars are microperthite orthoclases that have Carlsbad and/or grid iron
twinning in some grains. Potassium feldspar phenocrysts contain concentric zones of inclusions,
particularly quartz, plagioclase, and biotite which divide optically continuous portions of a
phenocryst. Alkali feldspar is a late crystallizing phase in all cases and includes all other mineral
types (generally euhedral) from a given rock type. Myrmekite is developed in belts and fans at most

orthoclase-plagioclase contacts.

Plagioclase

Plagioclase (oligoclase to andesine) is a seriate, tabular, zoned phase less than 0.8 cm in
length. Inclusions found in cores are sparse biotite+ opaque minerals while all other phases from
a given rock may be found in the rims. Microprobe analyses show overall normal zonation trends
(Anj; to An,s) in ilmenite biotite granite. For all other rocks of the Rim Sequence, plagioclase
has oscillatory zonation with a reversed chemical trend from albite-rich cores to anorthite-rich rims
with a narrow more albitic overgrowth (see microprobe analyses, Chapter 3). The minimum and
maximum anorthite contents of plagioclase from a given rock (range is about 20 mol %) both in-
crease from the exterior to the interior of the Rim Sequence. Whereas many grains display
Carlsbad, pericline and albite twin laws, some grains have no twins or patchy twins. Alteration is

minor in the form of sericite, saussurite and/or calcite in fine cracks within plagioclase.
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Quartz

Quartz shows strain and partial recrystallization in all specimens. It occurs as
equidimensional to ellipsoidal aggregates to 1 cm in length. Strain and recrystallization are mani-
fested as oscillatory extinction, deformation bands, development of subgrains, serrated quartz-
quartz contacts, and as trails of fluid inclusions which probably lie along healed fractures. Sparse

inclusions of all other phases if a given rock types are found in quartz.

Biotite

Biotite (1 to 5 mm) occurs in all rocks of the Rim Sequence and is the lone ferromagnesian
silicate in granite except for trace muscovite. In hornblende-bearing granodiorite, it occurs adjacent
to or separate from homblende, or is enclosed in hornblende (Figure 23). The reverse relationship
was very rarely observed. In all rock types, biotites have tan-brown-red brown pleochroism. Flakes
are subhedral to anhedral, and commonly have digitate contacts with K-feldspar. Alteration pro-
ducts are green chlorite with violet to gray to brown anomalous extinction + anhedral sphene, and
a high relief, clear to golden aggregate of minerals that occur in lenticular patches. Apatite, zircon

and opaque oxides were observed in this sheet silicate.

Hornblende

Euhedral to subhedral (1 to 8 mm) homblende is found in all granodiorite samples except in
a magnetite-biotite assemblage (BW84-18) that occurs between biotite granite and
hornblende + biotite granodiorite. Hornblende commonly encloses biotite, and more rarely

plagioclase, quartz, and iron oxides. The amphibole has light green-green-blue green pleochroism.
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Muscovite

Muscovite occurs in biotite granite only (CA85-5, BW84-20) and it composes less than 1.0%
of these rocks. It occurs as very fine to fine-grained crystals within plagioclase or along feldspar
contacts with biotite. In 2 thin sections, muscovite displayed a primary crystallization habit: rec-

tangular muscovite was included in biotite and in plagioclase.

Fe-Ti Oxides

Opaque minerals compose a small portion of these granitoids ( < 1 modal%). They are cubic
and less than 0.3 mm across. The only phase observed within iron oxides is apatite. Microprobe
analyses indicate that Mn-rich ilmenite with minor magnetite occurs in biotite granite (ilmenite
assemblage) and that magnetite is the exclusive opaque phase in all other rocks (homblende biotite

granodiorite, or magnetite assemblage).

Accessory Phases

Accessory phases in the Rim Sequence are apatite, zircon, allanite, and sphene. Apatite is a
conspicuous accessory in all thin sections and its morphology ranges from equant (up to 2 mm in
diameter) to acicular ( <0.05 mm in width) with extreme length to width ratios (> 20/1). Apatite
commonly occurs in mafic phases, particularly with magnetite. Zircons are euhedral, slightly
elongate prisms with a length to width ratio of less than 4/1 and have a maximum length of 0.2
mm. Crystals are clear or light brown and some have optically distinct, darkened cores. Allanite
is a euhedral, red-orange phase that is zoned and simply twinned. Usually, 1 to 6 grains were seen

in thin section of hornblende + sphene + magnetite-bearing granodiorite while only 1 grain was ob-
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served in a biotite granite (BW84-18). In most instances, allanite grains are surrounded by pale
green to clear epidote except where allanite is included in quartz. Sphene, 0.2 to 0.5 mm across, is
a conspicuous green, subhedral to euhedral mineral in all homblende-bearing hand specimens. In
thin section, its morphology ranges from euhedral to subhedral prisms, to anhedral rims on

magnetite. Opaque minerals are rarely included in euhedral sphene.

Secondary Phases

In decreasing order of abundance, the secondary phases that compose 1 to 3 modal % of
rocks of the Rim Sequence are: chlorite, sericite, epidote and calcite. Green chlorite with violet
or brown anomalous extinction commonly replaces biotite, especially biotite enclosed in
homblende. Sericite replaces core regions of some plagioclase grains and epidote and calcite are

found in cracks in plagioclase.

Core Facies of the Turtle pluton

The Core Facies is composed of relatively homogenous, biotite hornblende granodiorite to
quartz monzodiorites containing magnetite and sphene (Figure 18). These rocks are unfoliated to

weakly foliated, medium-grained, hypidiomorphic granular rocks.

Potassium Feldspar

Potassium feldspar is a fine- to medium-grained, interstitial constituent of the Core Facies.

It is cryptoperthitic to microperthitic orthoclase that is seen to enclose all other minerals of a given
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rock type. Grains frequently display grid iron twinning and patchy extinction. In the more felsic
rocks, potassium feldspar phenocrysts (to 1 cm) include euhedra of hornblende, biotite, plagioclase
and sphene and very rare quartz. Dustings of very fine unidentified inclusions lie within most
feldspars but they are not so numerous as to make the feldspar “turbid” (Figure 23d). Myrmekite

fans occur at many K-feldspar-plagioclase contacts. Commonly K-feldspar crystals are cracked.

Plagioclase

Plagioclases are subhedral, complexly zoned laths (less than 8 mm in length), infrequently
with patchy cores and indistinct zonation bands. Common and complex twin laws occur.
Plagioclases have oscillatory zonation but is generally reversely zoned from about Anjg to Anao
(core to rim). Plagioclase is most often inclusion free but sparse inclusions of of biotite, hornblende
and apatite occur. Many plagioclase phenocrysts are cracked and veined by epidote ( <V3 modal

%) and there is some sericitization (Figure 23d).

Quartz

Quartz occurs as aggregates (to 3 mm in diameter) of strained and partially recrystallized
grains and subgrains. This is a late crystallizing phase as evidenced by rare inclusions of all other

phases in a given rock.

Biotite

Biotite occurs as subhedral and anhedral flakes to 4 mm across with tan-greenish brown-

brown pleochroism. It occurs as isolated flakes or in contact with hornblende. Biotite contacts
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with K-feldspar are digitate and fine-grained dustings of opaques occur at these contacts. Green
pleochroic chlorite fringes are common, and where included in hornblende, biotite is commonly
replaced by pseudomorphs of green chlorite. Biotite includes all accessory phases, and plagioclase.
Simplectic intergrowths of sphene and an unidentified phase occur as patches in biotite. Besides
for chlorite, lenses of a moderately high relief, clear to brown colored, alteration product were ob-

served.

Hornblende

Homblende is subhedral to euhedral, for the most part, and displays light green-green-blue
green pleochroism. Laths are commonly | to 8 mm in length and have aspect ratios of less than

3/1. Homblende typically includes trace phases and biotite, but rarely the felsic minerals.

Fe-Ti Oxides

The opaque phase ( < | modal %) is magnetite as deduced from microprobe analyses. This

phase is cubic, about 1 mm across, and commonly occurs with biotite, horblende and sphene.

Accessory Phases

Sphene is the most abundant trace phase. Large brown prismatic euhedra (to 2 mm) were
observed in most thin sections (Figure 23d). Anhedral sphene rims opaque minerals (magnetite)
where it is in contact with biotite or hornblende, and is observed in simplectic intergrowth with an
unidentified mineral in biotite. Opaque phases are infrequently included in euhedral sphene.

Apatite is prismatic and has a length to width ratio between 10/1 and 4/1. Largest crystals are up
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to 0.2 mm long. Zircon is equant to prismatic (to 0.2 mm long) and is included in all phases.
Apatite and zircon together make up less than 1 modal % of this rock type and both are included
in all major phases. Allanite, up to 2 mm in diameter, composes a small modal % of the Core
Facies ( <1 %) but is conspicuous because of its red brown to red orange color in thin section. It

is euhedral, zoned, has simple twins and commonly is surrounded by epidote (CA84-147).

Secondary Phases

Secondary phases comprise less than § modal % of all thin sections examined. Anhedral
epidote is found as veins in plagioclase and as partial pseudomorphs of biotite and hornblende; it
is also seen rimming allanite. Chlorite fringes biotite or pseudomorphs it entirely, particularly where
biotite is enclosed in hornblende. It is green in plane light and has gray, brown or violet anomalous
extinction in crossed polarized light. Sericite % calcite is seen in plagioclases or between feldspars.
Sphene rims opaques and is observed in simplectic intergrowth with an unidentified phase in biotite

(-- Figure id “figplt4’ unknown --d.

Four Deuce Hills

The Four Deuce Hills are underlain by equigranular, biotite granite in the north and
hornblende biotite granodiorite in the south. The changes of mineralogy and texture along a

north-south traverse (D-D’; Figure 19) are presented below.
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Potassium Feldspar

Potassium feldspar changes texture, abundance, size and color across the traverse. In the
north, K-feldspar is seriate, tabular (to 8 mm in length) and pink with very sparse inclusions. In
granodiorite, potassium feldspar is oikocrystic (to 20 mm across) and interstitial, and pink to white
in color. It contains common, euhedral inclusions of plagioclase, biotite, hormblende, and opaque
minerals, and sparse inclusions of quartz, apatite and zircon. In all rocks, K-feldspar is
microperthitic orthoclase with Carlsbad and grid iron twinning. Myrmekite is commonly observed

at plagioclase-potassium feldspar contacts.

Plagioclase

Plagioclase is a seriate, tabular mineral throughout the traverse and ranges in size from 1 to
S mm in granite, and 1 to 8 mm in granodiorite. This mineral displays complex zonation patterns
and common twin laws. Anorthite contents (determined optically) range from 22 to 29 % anorthite
for granite, and 25 to 37 % anorthite for granodiorite. Inclusions of biotite in plagioclase were

observed in granodiorite.

Quartz

In all rock types of the Four Deuce Hills, quartz occurs in gray, aggregates of grains and
subgrains from 1 to 6 mm across. Evidence of partial recrystallization include oscillatory extinction,
deformation bands, and development of subgrains. Rare inclusions of plagioclase, biotite,

homblende, and trace phases were observed.
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Biotite

Biotite occurs as anhedral to subhedral flakes in all rock types of the Four Deuce Hills. In
granite, grains are dispersed and less than 2 mm across. In granodiorite, they are seriate, from 1 to
3 mm across, and are found either in clusters with hornblende + opaque minerals, or as individual,
euhedral books. This euhedral habit of relatively large grains distinguishes this facies from the
granodiorite of the Rim Sequence. Biotite displays tan-brown-red brown pleochroism, and includes

accessory phases. Chlorite partially replaces some biotite.

Hornblende

Homblende occurs in granodiorite of the Four Deuce Hills as euhedral, black, acicular crys-
tals (I/w < 1/5) from 2 to S mm in length. Hornblende is light green-green-blue green pleochroic,

and commonly includes brown biotite, chlorite, and accessory minerals.

Accessory Phases

Accessory phases include opaque minerals, apatite, zircon, sphene, and allanite. Sphene and
allanite occur in granodioritic samples. Opaque minerals are cubic crystals ( < 2 mm across).
Apatite is equant to acicular with maximum length/width ratios of 20/1. Equant crystals are less
than 1.5 mm in diameter while acicular ones are less than 0.3 mm across. Zircons are euhedral
prisms commonly with l/w of less than 4/1 and a maximum length of 0.2 mm. Sphene is a euhedral
prismatic to subhedral phase that commonly includes opaque phases. Maximum sphene length is

2 mm. Allanite is a euhedral to subhedral mineral (1 mm) that is zoned, commonly twinned, and

commonly rimmed by epidote.
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Turtle Pluton Crystallization Sequences and Magmatic Reactions

The Turtle pluton can be divided into three mineralogic facies: (1) biotite + ilmenite +
magnetite = muscovite, (2) biotite + magnetite + sphene, and (3) hornblende + biotite +
magnetite + sphene. Crystallization sequences based on petrographic observations are shown in
Figure 24. The outstanding feature observed in these rocks is crystallization of biotite before
hornblende. The textural evidence of crystallization of biotite before hornblende, and reaction to
hornblende (ragged biotite within hornblende euhedra; see Figure 23b) is observed in all
homblende-bearing granitoids of the Turtle pluton (62 to 68 wt% SiO;) as well as some mafic
enclaves (50 to 53 wt% SiO;) found within these rocks. This sequence has also been reported in
rocks of the the Huntington Lake Quadrangle, Sierra Nevada (Bateman and Wones, 1972) and the
Yerrington Batholith (Dilles, 1987). This is unlike the sequence, hornblende then biotite, described
in Bowen’s reaction series (Bowen, 1922) and in many other calcalkaline plutons (Bateman and
Chappell, 1979; Speer, 1987, for example). The relative stability of these two mineral groups is
controlled by numerous factors but it primarily depends on the activities of K,O, Ca0O, and H.O
in the melt (Wones and Gilbert, 1982). As briefly summarized by Hewitt and Wones (1984), most
intermediate calcalkaline magmas crystallize hormblende before biotite because these magmas con-
tain a significant amount of water, and because CaO is relatively insoluble in these melts. Thus
precipitation of Ca-bearing phases (clinopyroxene, homnblende and anorthite) is favored.

Crystallization conditions of the Turtle pluton (P, T, X) may be constrained by comparison
of observed crystallization sequences to experiments on granitic and granodioritic compositions at
2 and 8 kb (Naney, 1983; Figure 25), particularly to the 2 kb experiments given the mesozonal
characteristics of the Turtle pluton. The effects of bulk composition, H,O contents, temperature
and pressure on relative stabilities of homblende and biotite in these experiments are summarized
below: (1) homnblende is not a stable phase in granite in either the 2 or 8 kb experiment. (2)
homblende is stable in granodiorite with water contents greater than about 4 wt%. (3) an increase

of pressure favors hornblende stability over biotite in granodiorite (Figure 25). Given these ex-

Chapter 1 69



"$%903 SULIRIQ IPUIYBIOY JSOW UL dNUEJE Jo ddudsasd o pur ‘syrod Fupvog-apnoudt (jr ) auatyds
Jo aouasasd oip o3z oaap M Suowr saduasalp [eHUASSD Joi() (IR1) Mropoura] 1y anoudeur 4 NINOI 4 dpudquIoy g pur ‘(19uad)
aiorpourad ut mpaulew 4 amoig £q ‘(Yag) soNURI UL ANUDWIL 4 MN0IQ AQ PIZLINDRITYD 1N SIRTIGUIASSE [RIAUNL DAN) UM $YI0I JO

pasodwod sy souanbag wiy) oy [, "ases youas uy 1y 01 o] Wod) umoys st sonEziLIsLId dA1ssosTol saauanbas uonezyms£ad advanbag uny 7 2l

v c— en—
o ommm o o
abejquassy abejquassy abejquiassy

yds+iN+qH+1g yds+in+ig w|+ig

S3ON3IND3S NOILVZITIVLSAHO

uejly

onz

H

dy
W
wil
yds
dsy
210

70

Chapter



perimental results, the sequence biotite then hornblende could be the result of changes of several
variables. These paths are: (1) change of bulk composition from granite to granodiorite. (2) in-
crease of temperature in granodiorite. (3) increase of total pressure in granodiorite. (4) increase
of H,O pressure in granodiorite from less to more than 4 wt%.

Paths (1) and (2) (above) could be accomplished through addition of more mafic, hotter
magma to a granitic one. Path (3) is considered geologically unlikely for a magma removed from
its source region. Path (4) could result from addition of external H;O, loss of other volatiles, or
crystallization of minerals that contain less wt% H,O than the melt (horizontal arrow,

Figure 25).

In the case of the Turtle pluton, the accepted model must account for crystallization of biotite
before hornblende not only in granodiorite but also in mafic enclaves (50 to 53 wt% SiO;). This
reaction observed in basaltic compositions makes a change in composition from an originally
granitic one (> 70 wt% SiO;) an untenable explanation for the reaction. An increase of temper-
ature, which requires addition of a hotter magma (magma mixing) is possible, and an increase of
H;O content from less to more than 4 wt% due to magma mixing, loss of other volatiles, or frac-
tional crystallization can account for the textures observed in all rock types of the Turtle pluton.

The lack of pyroxenes as inclusions in any of the granitoids of the Turtle pluton and com-
parison to experiment suggests a maximum temperature for these magmas of less than about 750

and 800°C of granite and granodiorite, respectively.

Subsolidus Reactions in the Turtle Pluton

All other reactions observed in thin section are probably subsolidus. In the ilmenite biotite
granite, low Ti-magnetite is exsolved from manganese-rich ilmenite (CA85-5, BW84-20). Pro-

duction of extremely Mn-rich ilmenite is interpreted to result from oxidation (Czamanske and
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Mihalik, 1972). In homblende-bearing rocks, besides for sericitization of plagioclase and

chloritization of biotite, other reactions suggested by petrographic evidence are:

) biotite = potassium feldspar + magnetite
) biotite = sphene + unidentified phases
3) biotite + magnetite = sphene + unidentified phases.

Equation 1 results from oxidation of biotite and this suggests a late stage increase in f, (Wones,
1981) which is also suggested by epidote rims on allanite (Affholter, 1988). Late stage oxidation is
commonly observed in granitoid plutons (Czamanske and Mihalik, 1972; Czamanske and Wones,

1973; Czamanske et al., 1981).

Target Granite

The Target Granite is a biotite leucogranite that stopes and dikes the Core Facies. In the

field, intrusive contacts are sharp but there is petrographic evidence of xenocrystic phases.

Potassium Feldspar

Potassium feldspars, roughly equant to 2 by 1 tabular microperthites that display grid iron
and Carlsbad twinning, include all other phases. This seriate mineral has maximum dimensions
of 10 to 1 mm. Some feldspars have optically distinct cores (xenocrystic 7) decorated by quartz that

are chemically distinct as well (Chapter 3). K-feldspar includes all other phases.
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Plagioclase

Subhedral laths of plagioclase (0.5 to 4 mm), though complexly zoned, have an overall
normal chemical trend, have patchy cores, and are commonly bent and/or cracked. Some grains
have conspicuous optical breaks dividing irregularly shaped, zoned cores from rims with more
euhedral outlines (CA85-18). Sericitization is minor and tends to be concentrated in cores. Cracks

are commonly filled by epidote.

Quartz

Quartz is moderately to strongly deformed in all specimens, and is recrystallized into sub-

grains. Locally, quartz forms ribbons around more brittle phases such as feldspar.

Biotite

Biotite, the most abundant mafic phase, has tan-brown-red brown pleochroism and occurs
as irregularly shaped grains that are partially chloritized in most case. In zones of high strain

(CAB85-15), biotite is recrystallized into retort-shaped crystals.

Hornblende

A few homblende crystals (all < Imm in length) were observed in this rock type (CA85-15,
-101). Where unaltered, this phase is light green-green-blue green pleochroic. Grain types ranged

from euhedral, unaltered examples, to grains partially replaced by a low birefringent, colorless phase
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interpreted as a serpentine mineral, to pseudomorphs composed of this serpentine mineral cut by

60°/120° crisscross of hematite reminiscent of hornblende cleavage.

Opaque Oxides

Opagques are cubic, less than 0.5 mm across, and are principally magnetite with lesser ilmenite

(microprobe analyses).

Accessory Phases

Sphene (1 to 3 modal %) is euhedral, twinned and less than 1 mm in length. Apatite occurs
as equant to acicular prisms whose maximum length is 0.1 mm. Zircons are slightly elongate, clear
to pale brown prisms that commonly display growth zoning and rarely contain optically distinct

cores (see Chapter 5).

Secondary Phases

Common secondary phases are green homblende after biotite, a serpentine mineral after
homblende, sericite after plagioclase, and hematite after magnetite. Epidote was observed in cracks,

particularly ones in plagioclase.
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Crystallization Sequence and Reactions in the Target Granite

The crystallization sequence of the Target Granite for modally abundant minerals, biotite
followed by plagioclase, quartz and K-feldspar, is a common one for granitic melts (Figure 26,
Naney, 1983). It is unusual, however, that sparse homblende occurs in rocks with up to 72 wi%
Si0, (CA85-15 & 111) when in experiment at the range of crustal pressures, homblende is not a
stable phase in a 70.8 wt% SiO; melt (Naney, 1983). These experimental data, and the sparse
homblende population suggest hornblende may be xenocrystic. Optically discrete feldspar cores
also lend credence to a xenocrystic component.

Other reactions observed in these rocks--chlorite after biotite, and sericite after plagioclase--

are probably related to subsolidus alteration.
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Figure 26. Target Granite crystallization sequence:  Progressive crystallization is shown from left

to right. The Target Granite has a common crystallization sequence for granites with the
exception of sparse, early hornblende which may be xenocrystic.
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Chapter 2

MAFIC ENCLAVES AND DIKES OF THE TURTLE

PLUTON

Introduction

Fine- to very coarse-grained mafic rocks commonly occur in calcalkaline plutons as enclaves
(inclusions) and dikes (Reid et al., 1983; Cantagrel et al., 1984; Didier, 1973 and 1987; Vernon,
1983; Kumar, 1988). Close spatial association suggests a genetic link of mafic rocks to the plutons
and models of diorite to granite evolution through fractional crystallization or removal of restitic
material have been proposed (Bateman et al.,, 1963; Bateman and Chappell, 1979; White and
Chappell, 1977) though commonly observed igneous textures in enclaves makes unlikely a
metamorphic or restitic origin (Vernon, 1983). Other models propose mixing of mantle derived
mafic melts and granitic melts derived from the crust to generate the range of observed pluton and
enclave compositions (for example, Barbarin, 1988; Stewart et al., 1988). Lastly, some mafic
enclaves are thought to be xenoliths (Jurinski et al., 1989). Whether the mafic rocks of the Turtle
pluton are comagmatic (early crystallizing liquids or "cognate xenoliths”), cogenetic (mixed magmas
that have contributed to the evolution of the pluton), or unrelated (xenolithic) is unknown, and the
ability to distinguish these possible sources through chemical and isotopic tests is contingent on lack

of late stage, local chemical interaction between enclaves and host granitic magmas. Field relations,
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mineralogy, crystallization sequence, mineral chemistry, and geochemistry will be used to deter-
mine degree of local interaction and then probable sources of mafic rocks will be discussed.

The terminology for rocks in granitoids is discussed by Didier (1973) and by Vernon (1983).
The word “enclave” is meant as a non-genetic term for one rock type enclosed in another.
“Microgranitoid” denotes a granitic or hypidiomorphic-granular texture in a fine-grained rock.
Grain size, crystal shape, and rock classification terminology is given in Chapter 1.

Three types of mafic rocks occur in the Turtle pluton: microgranitoid enclaves, medium- to
coarse-grained dioritic enclaves referred to as “coarse-grained enclaves” to distinguish them from the
microgranitoid variety that have different occurrences, textures, and compositions, and mafic dikes
with textures like microgranitoid enclaves. Microgranitoid enclaves are fine- to medium-grained,
equigranular to porphyritic bodies with maximum dimensions of less than 2 meters. They are
common in outcrop in all facies of the Turtle pluton. Coarse-grained enclaves are medium- to very
coarse-grained diorites and hornblendites with minimum dimension of three meters that occur in
concentrations in the Four Deuce Hills, the Core Facies, and the southern part of the Rim Se-
quence. Mafic dikes occur in the Rim Sequence and Four Deuce Hills.

In order to examine local mafic rock-host granitoid intergctions, mafic rocks and granitoid
hosts were sampled close to one another. Three pairs of microgranitoid enclave-host pairs were
sampled (Figure 27, BW84-23 & BW84-29, BW84-25 & BW84-25A, CA85-4 & CA84-45). One
coarse-grained enclave was collected about 30 meters from BW84-25 and one mafic dike (CA85-4C)

was sampled about 50 meters from CA85-4.

Field Observations

Field descriptions of enclaves and mafic dikes are based on observations throughout the

pluton. In an effort to quantify the amount of microgranitoid enclave material in the pluton, its
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Figure 27.

Voicanic rocks
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Sample locations of mafic rocks: This map of the Turtle pluton gives sample locations
for modal (open symbols) and chemical (closed symbols) analyses of mafic rocks.
Circle = microgranitoid enclave, square=mafic dike, triangle=dioritic enclave. Paircd
host rocks appear as stars. A-A’ and E-E’ are the two traverses along which enclave sizes
and orientations were measured.
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distribution, and its possible impact on the chemical evolution of the Turtle pluton, grid samplings

of enclave size and orientation were taken along two traverses across the pluton (Figure 27).

Microgranitoid Enclaves

Fine- to medium-grained microgranitoid rocks form common enclaves throughout the Turtle
pluton (Figure 8 on page 16) and were not seen in the Precambrian terrane. These enclaves have
variable phenocryst contents. These enclaves have numerous features like those described in other
plutons (Didier, 1973 and 1987; Vernon, 1983; Pabst, 1928; Link, 1969; Reid et al., 1983; Barbarin,
1988; Frost and Mahood, 1986; Kumar, 1988). Microgranitoid enclaves within the Turtle pluton
occur singly, in matrix supported clusters ( < 5 m in greatest dimension), and in large tabular
swarms up to 5 by 100 m in size. Though most enclaves are ovoid, some are digitate, phacoid, and
some truncated by schlieren. Most have sharp contacts against the enclosing granitoids but in the
Core Facies, a several millimeter wide felsic halo primarily composed of plagioclase, quartz, and
orthoclase, was observed surrounding some enclaves. No mafic or “chilled margins” were observed
on enclaves within the Turtle pluton. In the porphyritic portion of the Rim Sequence, between

enclaves in swarms, very coarse-grained granitic pegmatites are present.

Distribution, Size, and Orientation

In order to quantify enclave shape, orientation, and distribution, 18 horizontal and 19 vertical
surfaces were sampled using a square meter grid along traverses (A-A’ and E-E’, Figure 27) across
the Rim Sequence, and Schlieren Zone, and into the Core Facies. Grids were placed randomly on
horizontal surfaces and on nearby vertical surfaces with strikes at high angle to the foliation. These

grids are labelled A-S with a preceding H or V to indicate horizontal or vertical orientations.
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Lengths, widths and orientations of enclaves are reported partly in Waugh (1985) (traverse A-A°)
and fully in APPENDIX 2. A summary of the results are given in Table 2 and in the figures below.
The vertical axis is labelled X, horizontal one parallel to strike is labelled Y, and horizontal one
perpendicular to strike, Z. As the selected surfaces expose random slices through enclaves and not
necessarily the major axes of the enclaves, the total sampled enclave area is assumed to approximate
enclave volume. This assumption is routinely made in modal analyses of rocks.

Enclaves are discoids with similar average dimensions on both horizontal and vertical surfaces
(Table 2; X/Y/Z=8.5/7.4/2.3), and are aligned parallel with the pluton-host rock contact and with
igneous foliation of the Turtle pluton as shown in rose diagrams for the traverse segments
(Figure 28). Such alignment of enclaves is commonly observed in piutons (Didier, 1973; Hutton,
1982; Vernon, 1983; Bateman, 1983;). Field observations here and elsewhere suggest a correlation
of development of igneous foliation in granitoids and greater elongation ratios of enclaves (Hutton,
1982). The average length/width ratio (Y/Z) of enclaves in each horizontal grid along the traverses
is given in geographic order from the country rock contact (left) into the Core Facies (right) in
Figure 29. As the grid samplings were not taken at a regular interval, this figure is intended to show
trends in the data. Enclaves are usually more elongate in the more foliated rocks toward the core,
particularly in the Schlieren Zone (grids HL-HP, Figure 29). When present, foliation defined by
alignment of platy and tabular minerals in an enclave is subparallel to the long dimension of the
enclave, and lineation of tabular minerals is weak (subvertical) or absent. In foliated Rim Sequence
rocks, where vertically aligned pota;ssium feldspar phenocrysts suggest magmatic flow, enclaves have
average measured dimensions of 10.0/3.7/8.3 (grids HG & VJ, Table 2).

The weak development of lineation and more common foliation within enclaves, and their
oblate shape suggest that enclaves are weakly deformed by stretching during magmatic flow
(X=~Y) and are more flattened parallel to wall rocks (Y < <X). These observations are consistent
with a model in which enclaves behaved as relatively rigid, mostly-crystalline spheres or ellipsoids
in relatively plastic, partially crystalline granitic magma, were rotated into parallelism with flowing
magmas (if nonspherical), and were flattened parallel to walls of the pluton during deformation of

a nearly solid granite due to volume expansion from crystallization or intrusion of more magma into
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the center of a complex (Hutton, 1982). The most extreme flattening in normally zoned plutons
is commonly close to wall rock contacts and this has been modelled as the result of strain concen-
tration near the rigid walls (Bateman, 1983). In the Turtle pluton, strain is most extreme in the
Schlieren Zone (Figure 29). This is probably due to intrusion of the Core Facies into the a more
rigid Rim Sequence. Lack of excessive flattening at the Rim Sequence/wall rock contact is due to
lack of strain build up, perhaps from magma flow out the top of a chamber, or due to deformation
of country rock (Bateman, 1983).

Enclave areas were calculated from measurements assuming an elliptical shape ((IT/4) x
length x width). Calculated areas for enclaves from horizontal and vertical surfaces each yield a log
norma! distribution (Figure 30) and similar mean areas of 4.0 and 4.8%, respectively. The slightly
larger calculated areas from vertical surfaces may be due to variation of surface orientation relative
to strike. A similar pattern and small enclave area ( < 1%) is reported from a detailed study of
microgranitoid enclaves in the Tuolumne Intrusive Suite (Link, 1969). Two lines of evidence sug-
gest total sampled area approximates total volume: similarity of calculated areas from both surfaces,
and log normal size distributions (see Figure 30).

The area (volume) of microgranitoid enclave material within the Turtle pluton is small (4 to 5%)
and enclaves are slightly more voluminous in the more mafic rocks of the core of the pluton as
determined by grid sampling and field observations. The enclave areas in the Core Facies (2.5 and
6.3 %) and Schlieren Zone (7.4 and 6.8%) are greater than in the Rim Sequence (2.7 and 3.2%;
see Table 2), though the discrepancy of calculated enclave areas from surfaces in the Core Facies
suggests an inadequate sample size. A similar distribution of more microgranitoid enclaves in the
core occurs in the reversely zoned Passadumkeag River pluton, Maine (Ayuso, 1984; Figure 1 on
page 2). Conversely, in normally zoned plutons, enclaves are more numerous in mafic granitoids
found at the rims of these intrusions (Pabst, 1928; Link, 1969; Bateman et al., 1963). Link (1969)
and Pabst (1928) correlated color index of granitoids and volume of enclaves in normally zoned
plutons, and suggested a genetic relationship of the two. These data from normally and reversely

zoned plutons suggest that enclave abundance is small (< 5 volume %, Link, 1969 and this study),
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Figure 28.

Orientations of microgranitoid enclaves: Orientations of enclaves and average orien-
tations of nearby Turtle pluton-country rock contact (through-going lines) along traverses
A-A’ (A) and E-E’ (B) are shown on rose diagrams. Generally, enclaves are aligned par-
allel to these contacts, a common occurrnce in calcalkaline plutons (Pabst, 1928; Hutton,
1982; Bateman, 1983). The secondary maximum in B is from enclaves sampled near E’,
the ones furthest from the country rock which may parallel nearby unexposed Schlieren
Zone, an internal igneous contact.
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Figure 30.  Histogram of microgranitoid enclave arcas: This histogram shows the number of
enclaves from horizontal grids in size classes on a log scale (cm?). As an example, the
enclaves from a single grid are shaded. Both the total population and most individual grids
show a log normal distribution. The mean size is about 4 cm?, a size at the small end of
the total range of 1 to 300 cm?. This distribution is in part due to sampling of a single
surface through three dimensional enclaves.
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and that abundance correlates with the presence of more mafic rocks and not with position (rim

or core) in a plutonic systern.

Mafic Dikes

Several mafic dikes with textures very similar to some enclaves (Figure 31 on page 90) occur
in the peripheral units of the Turtle pluton, in the Rim Sequence (CA84-102, -103, -105, -170) and
in the Four Deuce Hills (CA84-65A, -4C; see Figure 27 and Plate A). These dikes have widths
from 5 cm to 3 m, have planar or curviplanar walls, commonly have more fine grained margins,
have northeasterly strikes, may be offset on low angle normal faults, and are intruded by aplites
(Figure 10 on page 21). One dike with curviplanar walls (CA86-65A) is itself diked and disrupted
by its host granodiorite. Textural similarity of dikes and microgranitoid enclaves, and dike dis-
ruption suggest enclaves may be disaggregated dikes. If enclaves are the product of dike disruption,
the occurrence of dikes only in the periphery of the Turtle pluton indicates an environment that
allowed their preservation. Field evidence shows the Rim Sequence was emplaced before the Core
Facies and thus the periphery of the pluton may have been crystalline enough to preserve dikes.

Synplutonic mafic dikes have been documented in a number of environments: the Coast
Ranges of British Columbia (Roddick and Armstrong, 1959), the Klamath Mountains (Bames et
al., 1986), the Sierra Nevada (Pabst, 1928; Reid et al., 1983), Coastal Maine (Stewart et al., 1988),
and the Malay Peninsula (Kumar, 1988). In these instances, disaggregation of dikes by granitic
magmas is well documented, and suggests a genetic relationship of texturally similar dikes and

enclaves.
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Coarse-Grained Enclaves

Medium- to coarse-grained diortic rocks occur locally in the Turtle pluton and in the
Precambrian terrane (CA84-6C). Within the Turtle pluton, coarse-grained enclaves are concen-
trated in the southern portion of the Rim Sequence, in the Four Deuce Hills and in the Schlieren
Zone, and are more sparse in the Core Facies. These diorites have a broad range of grain size from
3 mm in diorite to hornblendite with grain sizes of greater than 1 cm (CA84-65). Generally, the
enclaves are ovoid and tens of meters long, and the shortest dimension of the smallest observed
body is 3 meters (CA84-114). These bodies lack fabrics except where subhorizontal alignment of
horblende and plagioclase crystals suggests a cumulus origin (-- Figure id “figplte’ unknown --).
Crosscutting relationships of these coarse-grained dioritic enclaves and host granitoids were not
observed though contacts were examined carefully. These coarse-grained enclaves are distinct from

microgranitoid enclaves in dimension, texture and grain size.

Petrography of Mafic Rocks

Introduction

The textural and mineralogic variation among enclaves and dikes, and comparison to host
granitoid mineralogy is given below. There are two types of enclaves, microgranitoid and coarse-
grained. Microgranitoid enclaves are divided into two textural subgroups: porphyritic and
nonporphyritic, and these rocks are compared to texturally similar mafic dikes. For all cases ex-
amined in the Turtle pluton, microgranitoid enclaves contain a mineral assemblage that mimics the

assemblage of their host rocks, and this is a common feature of microgranitoid enclaves in other
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Figure 31. Thin section textures of mafic rocks: This photograph shows textures of 8 representative
mafic rocks. a=non-porphyrilic microgranitoid enclave. b= porphyritic microgranitoid
enclave. c=porphyritic microgranitoid enclave. d =malfic dike. e=felsic coarse-grained
enclave. f=coarse-grained enclave. pg=coarse-grained enclave. h= coarse-grained
enclave with cumulus texture.

90 : Chapter 2



91



plutons (Vernon, 1983; Didier, 1973). This suggests either enclaves are comagmatic with granitoids
or that enclaves and their hosts have equilibrated at similar conditions. Coarse-grained enclaves in
the Turtle pluton may have a different assemblage from their hosts and this suggests different his-

tories for the two enclave types.

Microgranitoid Enclaves

Porphyritic and nonporphyritic microgranitoid enclaves occur in all facies of the Turtle
pluton, and examples of texture are shown in Figure 31. Textures of these enclaves are variable
even from enclave to enclave in a single swarm though the mineral assemblage of enclaves in a
swarm is always consistent with that of the surrounding granitoid. Zoning within enclaves, such
as changes of color index or concentrations of phenocrysts, were not observed. The pdrphyn'tic
and nonporphyritic subgroups, contain similar characteristics. The groundmass of the porphyritic
type resembles the equigranular, nonporphyritic type and the porphyritic type can be thought of
as the result of addition of phenocrysts to the nonporphyritic type. A description of the
nonporphyritic enclaves is followed by a description of phenocrysts found in the porphynitic type.

Modal data are given in APPENDIX 1.

Nonporphyritic Microgranitoid Enclaves

These enclaves are medium- to fine-grained rocks (1 to 3 mm average grain size) and have
an equigranular to seriate, hypidiomorphic texture. Enclaves that occur in biotite granite are
composed of biotite + plagioclase + quartz + K-feldspar & opaque oxides + apatite + zircon.
Enclaves found in hornblende-bearing rocks contain hornblende + biotite + plagioclase + quartz+

K-feldspar + opaque oxides + apatite + zircon.
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Potassium Feldspar
In stained thin sections and slabs, potassium feldspar composes less than one percent of the

rock and is subhedral to anhedral.

Plagioclase

Plagioclase composes up to 56% of an enclave. It occurs as normally zoned, inclusion poor,
euhedral laths with common twin laws, and as unzoned subhedral grains that share triple junction
contacts with other plagioclase crystals and homblende. Such granoblastic textures are taken as

evidence of partial recrystallization of plagioclase under subsolidus conditions (Didier, 1973).

Quartz
Quartz is a minor constituent ( <5 modal%) in most samples but is more abundant in others
(to 13 modal%). Where positively identified, it occurs as subequant grains with minor undulose

extinction.

Biotite

Biotite occurs as subhedral to anhedral brown flakes (10 to 40 modal%) and it occurs adja-
cent to feldspar and homblende (if present). Alteration to chlorite or a golden aggregate of uni-
dentified minerals is more common. The textural relationships of biotite and hornblende are: 1)
equilibrium. 2) optically continuous ragged patches of biotite in hornblende. 3) sub- to euhedral

biotite grains crisscrossing hormblende.

Homblende
Homblende is found in all enclaves within hormblende-bearing granodiorites. This mineral
is acicular to tabular (Figure 31), has light green-green-blue green pleochroism, and shows complex

textural relations with biotite as discussed above. In some samples (CA84-47 and -103B)
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homblende contains optically aligned, opaque oxides that occur near the enclosed biotite such that
there is an inclusion free halo around biotite in hornblende. The cause of this texture is unknown

but reactions involving hornblende and biotite are implicated.

Sphene

Sphene is a common accessory phase in enclaves (~1 modal%). A few euhedral grains were
observed (to Imm in length), but generally, sphene is subhedral with inclusions of plagioclase and
opaque oxides, or anhedral and associated with mafic silicates. The common subhedral texture of
sphene with plagioclase inclusions suggests it ended crystallization after plagioclase began to crys-
tallize. Its sparsity as inclusions in plagioclase phenocrysts also suggests it is a moderately late

crystallizing phase.

Opaque Minerals
Blocky and acicular opaque oxides ( < 1 mm across) compose less than 1 modal % of most
enclaves and are commonly included in ferromagnesian silicates. EDAX analyses indicate that

blocky grains are magnetite.

Apatite

Randomly oriented acicular apatites that commonly contain fluid inclusions are ubiquitous
in mafic enclaves of the Turtle pluton. Crystals are euhedral with aspect ratios from 5 to 100, and
have diameters less than 0.05 mm. There also are rare prismatic apatite grains with diameters of
0.4 to 0.15 mm and aspect ratios of less than 3. Among the acicular variety, few examples of Y-
shaped or swallow tailed grains were seen but boudinaged trains and grains with stretched necks are

common.
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Zircon
Zircons observed in the groundmass are equant to prismatic grains to 0.2 mm in length
commonly with broken terminations, or are acicular (I/w > 10; 1=0.3 mm; CA84-45, -113).

Zircons occur as inclusions in phenocrysts as well.

Secondary Phases
Alteration of primary phases consists of sericitization of plagioclase, chloritization of biotite,
and epidote and minor calcite in cracks. Only a few samples are pervasively altered and in these

rocks remain little pristine plagioclase.

Porphyritic Microgranitoid Enclaves

Most enclaves are porphyritic and contain phenocrysts of quartz and plagioclase or aggregates
of the two (2 to 8 mm in diameter). In enclaves from homblende-bearing rocks, individual grains
or clusters of amphibole are common (BW84-25A, -29, CA84-113), and phenocrysts of biotite in
hornblende-bearing and hornblende-free rocks are very rare (CA84-113). Phenocrysts in
microgranitoid enclaves have been interpreted as crystals from granitic magmas engulfed by mafic

magma (Didier, 1987), however data presented below suggests other origins are possible.

Plagioclase Phenocrysts

Subhedral to euhedral plagioclase phenocrysts (andesine; 3 to 8 mm) display a range of
morphologies, variable zonation profiles, and inclusion populations. Most phenocrysts occur in
aggregates with or without quartz. These aggregates display synneusis type crystal outlines in which
plagioclase-plagioclase contacts are curvilinear and contacts with other phases are planar crystal
faces (Vance, 1969; CA84-62, -113). Individual crystals are euhedral to subhedral. Zonation style
varies from well-defined (CA84-113) to patchy (CA84-62). Commonly, sericite in a zonation band
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divides a core of patchy or irregular zonation from a narrow rim of well-defined, concentric
zonation bands. These cores may be inclusion-free, or may contain homnblende + acicular

apatite =+ biotite = opaque oxides+ zircon. On the other hand, nms may contain the phases listed
above plus sphene, or may lack inclusions. Plagioclase with inclusions only in the rim and ones

with inclusions only in the core may occur in a single specimen (CA84-113).

Quartz Phenocrysts

Quartz with few inclusions, occurs as aggregates or as single grains commonly with embayed
margins. In either case, quartz displays pronounced undulose extinction with minor subgrain de-
velopment (CA84-173, -43, BW84-28). Cracks filled with sericite or calcite crosscut these
phenocrysts. Commonly, quartz occurs with plagioclase phenocrysts although in one sample
(CA84-43), quartz occurs as single subhedral grains with crystal faces. No quartz crystal faces were
observed in Turtle pluton granitoids and this suggests quartz phenocrysts are not exclusively
xenocrysts from surrounding granitic rocks.

Quartz and plagioclase aggregates commonly occur as ocelli (rounded mineral grains or ag-
gregates, rimmed by mafic mineral in some cases). This texture has been interpreted as the result

of reaction (Didier, 1987).

Biotite Phenocrysts
Biotite phenocrysts (2 to 3 mm in diameter) are rare. Where they do occur, they contain

acicular apatite and blocky opaques and are associated with chlorite + high relicf alteration phases.

Homblende Phenocrysts

Homblende phenocrysts occur as single crystals (about 3 mm long) or in clots (2 to 5 mm
across). Single grains are euhedral and contain apatite, zircon and more rare opaque oxides and
biotite (CA84-173). More ordinarily, amphibole phenocrysts occur in clusters of euhedral to

subhedral grains that typically lack the biotite and aligned acicular opaque inclusions observed in
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groundmass hornblende (CA84-49). These clusters commonly contain blocky iron oxides and

anhedral sphene.

Mafic Dikes

Mafic dikes have textures and modes very similar to porphyritic and nonporphyritic
microgranitoid enclaves (Figure 31) except that dikes contain a greater modal abundance of sec-
ondary phases, particularly sericite after plagioclase, epidote after plagioclase or in veins, and

chlorite after biotite (APPENDIX 1).

Coarse-Grained Enclaves

These enclaves in host biotite granite and hornblende biotite granodiorite are composed of
homnblende + plagioclase + biotite + clinopyroxene + sphene
+ quartz + K-feldspar + apatite + opaques £ zircon. Homblende is modally dominant, comprising
50 to 90 % of a given specimen (APPENDIX 1 and field observation). These rocks are
hornblendites to appinites (diorites that contain euhedral hornblende phenocrysts with smaller
hornblende grains in the groundmass; Pitcher and Berger, 1973). Textures of some coarse-grained
enclaves (excluding the very coarse-grained hornblendites) are shown in Figure 31. The major
differences among these enclaves are the modal abundances of biotite, clinopyroxene, sphene, and

opaque oxides (APPENDIX 1).
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Potassium Feldspar
Interstitial potassium feldspar was positively identified in few samples and may comprise a

small percentage of others ( < 1%).

Plagioclase

Plagioclase (andesine) is interstitiai to hornblende in most dionites but in rocks of lower color
index, plagioclase laths are aligned with interstitial hornblende which suggests cumulus plagioclase.
Plagioclase contains hornblende euhedra = biotite =% subhedral to anhedral sphene =+ opaque
oxides. Many plagioclase grains have concentric zones of sericitization and zonation style ranges

from well-defined to patchy.

Quartz
Quartz is a minor constituent of most coarse-grained enclaves (1 to 4 modal %). It is an

interstitial phase with undulose extinction.

Biotite

Biotite content is variable in coarse-grained enclaves, from 1 to 16 modal % (including
chlorite pseudomorphs). It occurs as large flakes or as euhedral to anhedral inclusion in
hornblende, and rarely in plagioclase. Alteration products are chlorite, sphene, epidote and an

unidentified high relief phase.

Homblende

Homblende is euhedral and frequently contains optically continuous shreds of brown biotite,
cross flakes of biotite, rare anhedral plagioclase and sphene, and very rare opaque oxides.
Hornblende is more abundant than biotite in all coarse-grained enclaves and occurs even in enclaves

in homnblende-free granitoids. Euhedral homblende crystals among euhedral to subhedral
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plagioclase and other phases suggests a cumulus texture. Pleochroism is light green-green-blue

green and some grains display patchy color zonation.

Clinopyroxene
Pyroxene was observed in one specimen (BW84-27). It is colorless to light green, euhedral

to subhedral and is associated with, and replaced by hornblende.

Opaque Oxides
Opaque minerals compose a small amount of these rocks. It occurs as blocky crystals and

as a fine dusting in homblende and biotite.

Sphene

This phase is commonly subhedral to anhedral and is found within hornblende and
plagioclase. As in microgranitoid enclaves, its anhedral shape in contact with plagioclase,
homblende or biotite suggests co-crystallization with these phases. Some grains contain opaque

oxides.

Apatite

Apatite crystal shape ranges from large equant and prismatic grains to 0.3 mm in diameter,
to narrow acicular crystals ( <0.] mm in width). Acicular crystals are less abundant than found in
microgranitoid enclaves though the same characteristics--fluid inclusions, boudinaged trains, and

stretched necks--persist.

Zircon

Zircon occurs as extremely rare prismatic crystals in the major mineral phases.
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Secondary Phases

Secondary phases in coarse grained enclaves are sericite, epidote, hematite, and minor calcite.

Implications of Textures and Crystallization Sequences

The textures of mafic enclaves and dikes are igneous with minor evidence of recrystallization
in the form of subgrain development in quartz, and triple junction boundaries of plagioclase, and
the development of biotite cross flakes in hornblende like those described by Frost and Mahood
(1986). In general, textures of enclaves are hypidiomorphic granular, like those typical of granites
with extended cooling histories. Textures that suggest undercooling are limited to the acicular
morphology of apatite and zircon (Wyllie et al., 1963; Lofgren, 1974). Taken as a whole, mineral
textures found in mafic rocks of the Turtle pluton suggest an early quenching event, then slower
cooling, and development of a crystallization sequence (including biotite) generally like that of
surrounding granitoids.

Mineral assemblages of microgranitoid enclaves reflect that of their hosts, whereas in some
cases, coarse-grained enclaves and mafic dikes contain hombleﬁde %+ clinopyroxene where host
granitoids do not. All mafic rocks have similar crystallization sequences as shown in Figure 32.
Earliest crystallizing phases are apatite, zircon (when present), sphene, opaque oxides (when pres-
ent), and clinopyroxene (when present), followed by hornblende (when present), then either biotite
or plagioclase. Sphene and biotite did not complete crystallization until after nucleation of
plagioclase. Late crystallizing interstitial phases are quartz and potassium feldspar. One coarse-
grained enclave (BW84-27) is unique because it contains clinopyroxene that coexists with, and is
replaced by homblende. All coarse-grained enclaves, unlike microgranitoid ones, contain more
homblende than biotite.

The crystallization sequences and assemblages observed in mafic rocks are similar to those
observed for granitoids of the Turtle pluton (Figure 24 on page 70). Five major differences exits.

(1) Clinopyroxene was observed in a coarse-grained enclave whereas no pyroxene was observed in
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granitoids. (2) Coarse-grained enclaves contain hornblende even when host granite does not. (3)
Biotite is intergrown with hornblende, a range of textures which suggest co-crystallization in some
and biotite before hornblende in others. (3) Sphene and biotite contain plagioclase inclusions and
this suggests that these phases continued crystallizing after the onset of plagioclase production.
Textures in granitoids indicate that sphene and biotite, for the most part, proceeded plagioclase.
(4) Allanite was observed in only one mafic rock, an enclave in the Four Deuce Hills close to the
country rock contact (CA84-43). These sequences may result from crystallization of a basalt con-
taining SiO; of greater than 50 %, and K;O of greater than 1 % and enough H,O to stabilize
hydrous phases (Helz, 1973). Such compositions of basalt can result from crustal contamination
by assimilation or magma mixing with crustal sources.

It has been suggested that phenocrysts in enclaves are crystals from granitoid magmas en-
gulfed in the mafic enclave (Cantagrel et al., 1984, for example). This is a possible source for some
phenocrysts, however almost complete lack of some early crystallizing phases from granitoids in
enclaves, allanite and phenocrystic biotite, and phenocrysts of quartz with crystal faces, a texture

not observed in the Turtle pluton, suggest alternate sources for phenocrysts.

Mineral Chemistry

Mineral chemistries of phases from mafic rocks were investigated in order to constrain re-
lationships among these rocks, and to determine the degree of interaction with host granitoids. The
latter is also discussed in Chapter 5. Microprobe analyses of plagioclase, biotite, hornblende, and
apatite are presented in this section, and are compared to host granitoid mineral compositions.

All analyses appear in APPENDIX 4.
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Plagioclase

Reconnaissance analyses of both phenocrystic and nonphenocrystic plagioclase in mafic rocks
show normal zonation trends in all samples. For plagioclase traverses in five hornblende-bearing
mafic rocks, anorthite contents range by about 20 %, and orthoclase contents generally from | to
1.5 %. Plagioclase in two microgranitoid enclaves have anorthite ranges from 28.1 to 37.2%, in a
mafic dike from 41.1 to 47.6%, and in two coarse-grained enclaves from 33.0 to 40.2% (CA84-114)
and 43.2 to 52.1% (BW84-27). Anorthite contents of these mafic rocks overlap those of
granodiorites and quartz monzodiorites of the Turtle pluton (31.4 to 42.2%) and have greater
anorthite contents in the cores. Plagioclase anorthite compositions in cores of grains from mafic
rocks commonly exceed that of plagioclase grains in host granodiorites and quartz monzodiorites,
but compositions of plagioclase rims overlap those of host granitoids (31.4 to 42.2 %). One
microgranitoid enclave (6 cm? in area) from biotite granite (BW84-20A) contains normally zoned
plagioclase with anorthite contents of 17.7 to 30.0%, and orthoclase contents of 0.6 to 1.9%. These
compositions are very similar to analyses of its host granite (An=17.4 to 30.3, Or=0.6 to 2.7) in

the same thin section.

Biotite

Biotite occurs in all analyzed mafic rocks and average analyses are given in Table 3 and Fig-
ure 33. Except for the enclave in biotite granite of the Rim Sequence (BW84-20A), biotite com-
positions are similar among mafic rocks. Two microgranitoid enclaves (BW84-29 and CA84-45)
and a mafic dike (CA85-65A) have overlapping compositions. Fe/Fe+ Mg contents range from
0.43 to 0.48, Al"Y from 2.10 to 2.55, Ti from 0.30 to 0.46, Mn from 0.04 to 0.10, and F from 0 to

0.2 (molecular abundances based on 24 oxygens). The mafic dike biotite has higher Fe/Fe + Mg
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(0.47 to 0.48) and less F (0 to 0.1) than the two enclaves but their compositions overlap within
error. Biotite from two coarse-grained enclaves have different compositions. Their chemical ranges
are: Fe/Fe+ Mg from 0.38 to 0.44, Al'Y from 2.43 to 2.50, Ti from 0.39 to 0.45, Mn from 0.02 to
0.03, and F is about 0.1. Compared to other enclaves, coarse-grained ones have lower Fe/Fe + Mg
and Mn, higher Al'V, and similar Ti and F.

The microgranitoid enclave from biotite granite is distinct from other mafic rocks with respect
to all of these elements (see Figure 33) and has higher Fe/Fe + Mg (0.49 to 0.53), Mn (0.15 to 0.20),
and F (0.3 to 0.5), similar to greater Al'Y (2.35 to 2.68), and lower Ti (0.22 to 0.38).

Biotite from microgranitoid enclaves are similar to their host rock compositions as shown by
shaded fields for a granite (BW84-20) and a granodiorite (BW84-23) from the Rim Sequence (Fig-
ure 33) which are hosts for BW84-20A and BW84-29, respectively. These data suggest that either
biotites in microgranitoid enclaves and granitoids crystallized under very similar conditions or that
biotite has equilibrated with the surrounding host rock. No host rock data is available for the mafic
dike. Biotites from coarse-grained enclaves have different mineral chemistries than microgranitoid
ones, and biotite from one coarse-grained enclave-host granitoid pair (BW84-27 & BW84-25) are

dissimilar. These data imply that coarse-grained enclaves maintain a distinct mineral chemistry.

Amphibole

Amphibole analyses from 2 microgranitoid enclaves, 2 coarse-grained enclaves and 1 dike are
discussed below. All amphiboles are magnesiohorblendes except for some analyses of a mafic
dike, which are edenites. Two microgranitoid enclaves contain homblende with Fe/Fe + Mg of 0.40
to 0.45, AllY of 0.89 to 1.30, Ti of 0.09 to 0.16, Mn of 0.10 to 0.14 and F of 0 to 0.2 (molecular
abundances based on 24 oxygens). Amphiboles from the mafic dike contain Fe/Fe + Mg of 0.43
to 0.47, Al'Y of 1.16 to 1.30, Ti of 0.13 to 0.17, Mn of 0.06 to 0.07, and F of 0 to 0.1. Compar-

atively, the mafic dike has greater Fe/Fe+ Mg, Al , Ti and lesser Mn and F than one enclave
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Figure 33. Mineral chemistry of biotite from mafic rocks: Four plots are compiled to characterize
biotite chemistry. "MAGNETITE” and "ILMENITE" label the oxide assemblage of host
granitoids. Samples 20A, 45, and 29 are microgranitoid enclaves (CA85-20A, CA84-45,
BW84-29, respectively. 63A is a mafic dike (CA84-65A). Triangles are data from a
dioritic enclave, BW84-27. Not shown at lower Fe,Fe+ Vg are analyses of CA8S5-114, a
dioritic enclave. This plot shows a microgranitoid enclave (20A) in ilmcnite granite con-
tains more Al'Y, Mn, and F and similar Ti than enclaves found in magnetite bearing-
hornblende biotite granodiorites (45 and 29). Where host granitoid mineral compositions
are known, biotites from enclaves have chemistries like their host granitoids (Figure 38
on page 133). Biotites from coarse-grained enclaves have similar or diflerent chemistries
than those from microgranitoid ones. Dikes are dilferent from all analysed enclaves.
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(CAB84-45) but a similar composition to another (BW84-29). All three rocks occur in homblende
biotite granodiorite. Two coarse-grained enclaves contain hornblende with the following ranges
Fe/Fe+ Mg of 0.31 to 0.41, Al'Y of 0.89 to 1.30, Ti of 0.08 to 0.15, and F of 0 to 0.1. These values
overlap those for microgranitoid enclaves except Fe/Fe+ Mg and Al'Y extend to significantly lower
values, and Mn concentrations are lower.

A comparison of amphibole analyses from the enclaves and granitoids is shown in Chapter
3 (Figure 39 on page 141). The amphiboles from one host rock-microgranitoid enclave pair
(BW84-23 & -29) are only grossly similar. The enclave contains more Al'Y and AlY!, Na and K,
and less Fe than its host. For the one available coarse-grained enclave-host granitoid pair,
(BW84-27 & BW84-25) the enclave has less Al'Y, more Al¥!, less Fe and K, and less Fe, more
Mg, more Ca, less F, and has a lower Fe/Fe + Mg than its host. Unlike biotite, amphiboles both
from microgranitoid and coarse-grained enclaves have mineral chemistries distinct from their hosts.
These distinct chemistries can be marshalled to argue enclaves are not simple mineral segregations

from granitoids.

Apatite

Preliminary apatite microprobe data indicate that one enclave contains apatite with compo-
sition similar to its host granite, and others have distinct compositions. Apatite is an early crystal-
lizing, acicular phase in all microgranitoid enclaves and a mafic dike. It is early crystallizing in
granitioids and it occurs in two crystal shapes--equant and acicular. Apatite compositions among
the six rocks examined have overlapping mineral compositions except for F and MnO
(Figure 34). There is a progressive increase in MnO and F contents in apatite from a
microgranitoid enclave in granodiorite and a mafic dike, to apatite from a small microgranitoid
enclave in granite, to apatite from granitoids. Acicular apatite from a mafic enclave (BW84-29; 13

analyses, 7 grains) and a mafic dike (CA84-65A; 5 analyses, 3 grains), both found in biotite
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hornblende granodiorite, have average formulas of Ca,; Feyo Mny,, Py O,; (FosOH,s and Ca,,
Feyo Mny P,y Oy, (FosOHy), respectively, whereas apatite from a small enclave in biotite granite
(BW84-20A) contains distinctly more Mn and F-- Ca,, Fe,g, Mngg, P,y Oy, (F,,0H,;) Acicular
(15 analyses, 5 grains) and equant (25 analyses, 8 grains) apatite in granite (BW84-20A) have
overlapping compositions though some analyses of acicular grains are relatively MnO poor.
Equant apatite from granodiorite (BW84-23, 3 analyses, 2 grains) has a similar composition. Most
importantly, a study of apatite in a single thin section of an enclave and host granite shows acicular
apatite from the enclave (BW84-20A; 13 analyses, 5 grains) has a composition which overlaps that
of the acicular apatite from its host (above), and overlaps the composition of equant apatite from
its host (within errors). A survey of the literature suggests mafic rocks commonly contain less MnO
and F than granitoids. Though errors are large given the range of MnO and F, these data indicate
apatite from an enclave is not always chemically distinct from apatite in its host. The lack of dis-
tinction could be the result of its size, or longer residence time. One can disregard the possiblity
these mafic rocks are mineral segregations from granitoids because: (1) mafic rocks lack equant
apatite observed as an early crystallizing phase in granitoids, and (2) apatites can be chemically
distinct. These mineral data suggest, in some cases, apatite from mafic rocks has equilibrated with

its surroundings.

Conclusions from Mineral Chemistry

Though mafic rocks have bulk compositions different from granitic rocks (Si0, =65 to 74
wt%), some mafic rocks have mineral chemistries that overlap those of the adjacent granitoids.
The following minerals in microgranitoid enclaves and a mafic dike have overlapping compositions:
biotite, plagioclase rims, and some apatite. Amphibole compositions are distinct. Coarse-grained
enclaves, on the other hand, have mineral compositions different from the microgranitoid variety.

These data indicate microgranitoid enclaves have crystallized under conditions like those of the
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Turtle pluton, and/or they have equilibrated with the granitoids, that mafic dikes have some mineral
compositions like that of granitoids, and that coarse-grained enclaves have maintained distinct

mineral chemistries compared to their hosts.

Geochemistry

Introduction

Major and trace element geochemistry and Rb-Sr isotopic studies indicate these mafic rocks
are high K basalts and andesites (terminology of Gill, 1981) with variable initial 37Sr/®¢Sr ratios.
The microgranitoid enclaves are silica poor compared to the range of microgranitoid enclave com-
positions compiled from around the world by Didier (1973). The ranges of chemical composition
and possible causes of that variation in all mafic rocks are discussed below.

Microgranitoid enclaves sampled for bulk chemistry averaged about 40x40x20 m in size.
Samples exclude the region (2 to 3 cm) adjacent to host granitoids. Dikes and coarse-grained

enclaves were sampled from core regions of the bodies.

Major Elements

Analyses of S microgranitoid enclaves, 3 coarse-grained enclaves, and 2 mafic dikes
(Table 4) show calcalkaline trends using the FeO-MgO-alkalis criterion of Irvine and Baragar
(1971), and they straddle the tholeitic/calcalkaline division (Fe/Mg versus §i0;) of Miyashiro
(1974). All mafic rocks are poorer in silica (50-55%) than the Turtle pluton granitoids (65 to 74
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wt%). Major elements, with the exception of Ti, do not lie along the trend defined by their host
granitoids (Figure 35 on page 115). For further discussion of the chemical relationship of mafic
rocks to the Turtle pluton, see Chapters 4, 5 and 6.

Microgranitoid enclaves display a modest range of major element concentrations for the ob-
served silica variation of 50.32 to 53.45 wt% (Figure 35). These rocks have similar contents of
Al;0;, TiOz, MnO, and P,0s, and variable FeO (7.57-10.33 wt%), MgO (4.51-6.71 wt%), CaO
(7.33-9.50 wt%), Na,O (2.02-3.33 wt%), and K,O (1.21-2.00 wt%). Extending the high/low
potassium subdivision of andesites (Gill, 1981) to basaltic rocks, the microgranitoid enclaves are
high potassium basalts except for one medium K basalt (CA84-173, Figure 35). As compared to
a compilation of enclave analyses by Didier (1973), these mafic rocks have lower SiO; and K,O
contents than most (50 to 54 in the range of 51 to 75 wt% and 1 to 2 in a range of | to 7 wt%,
respectively).

Coarse-grained enclaves of the Turtle pluton contain more SiO, than most micrdgra.nitoid
enclaves (52.59-54.79 wt%) and they contain less Al;0; (12.20-15.35 wt%) and Na,O (1.32-1.90
wt%), more CaO (9.17-10.67 wt%), and similar but variable FeO (7.93-9.01 wt%), MgO (6.61-9.96
wt%) and K,O (0.87-2.01 wt%). One coarse-grained enclave (BW84-27) is a low K basalt and the
other 2 samples are high K andesites. On Harker diagrams, coarse-grained enclaves plot as a dis-
tinct field from microgranitoid enclaves and dikes (Figure 35).

Relative to Turtle pluton granitoid analyses (65 to 74 wt% SiO;) that define linear trends on
Harker diagrams, coarse-grained enclaves contain more SiO; than microgranitoid enclaves and
mafic dikes, but they do not lie intermediate to these mafic rocks and granitoids. This indicates
no simple relationship ofthe three rock types. Distinct mineral chemistries of coarse-grained
enclaves and whole rock chemistries suggest an origin different from microgranitoid enclaves and

mafic dikes.
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Trace Elements

Selected trace elements (Ba, Rb, and Sr) from ten mafic rocks have a range of concentrations
that overlap that of their host granitoids. Microgranitoid enclaves contain 139-296 ppm Ba, 29-111
ppm Rb, and 286-524 ppm Sr (Figure 36, and Chapter 4). Mafic dikes contain 495 ppm Ba (1
analysis), 54-55 ppm Rb, and 473-630 ppm Sr, and more Sr and less Rb than most microgranitoid
enclaves. Compared to these mafic rocks, coarse-grained enclaves contain similar Ba (163 ppm),
less Rb (22-64 ppm), and similar Sr (234-410 ppm) contents.

Microgranitoid enclaves have very similar Rb but lower St contents than their granitoid hosts
(Figure 36 and Table 5). The similarity of Rb contents and biotite chemistries (Rb controlling

phase in enclaves) from enclave and host suggest local equilibration of this phase.

Whole Rock Rb-Sr Isotope Geochemistry

Rb-Sr isotopic studies of mafic rocks were undertaken to test for isotopic equilibrium with
host granitoids, and to evaluate sources of mafic rocks (also see Chapter 4).

The results of Rb-Sr isotopic studies are presented in Figure 36 and Table S on page 118.
Enclaves and mafic dikes have variable *7Sr/3¢Sr, 87Rb/%%Sr, and initial 37Sr/2®Sr (= Sr,, assuming
a crystallization age of 130 Ma, that assumed for the Turtle pluton; see Chapter 4).

In Figure 36, compositions of nearby granitoids are compared to that of the mafic rocks.
Microgranitoid enclaves have Sr, similar to or greater than their hosts (solid tie lines). A mafic dike
collected near an enclave-granitoid pair, has a much lower Sr; than the other two rocks (dashed tie
line). One coarse-grained enclave also has a distinctly lower Sr; than a nearby microgranitoid

enclave-host pair (dashed tie line). These data indicate the mafic rocks are not in isotopic equilib-
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Figure 36.
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Rb-Sr concentrations and isotopes of mafic rocks: A. Microgranitoid enclaves have
similar Rb and lesser Sr (solid tie lines) than their host (Rim Sequence = circle, Four Deuce
Hills = square). Coarse-grained enclaves and mafic dikes contain less Rb and similar Sr
concentrations than their hosts (dashed tie lines). Shaded field shows the range of com-
positions for granitoids. B. Enclaves from the Rim Sequence generally do not lie on the
regression of Rim Scquence granitoid data, and microgranitoid enclaves have Sr, > or
<_that of their hosts (solid tie lines). A microgranitoid enclave from the Four Deuce Hills
(CAB4-45) is more radiogenic than its host (CA85-4, square). Coarse-granied enclaves and
mafic dikes are less radiogenic than their hosts (dashed lines). The scatter of the data from
mafic rocks suggests no age significance can be assigned to the data.
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Tabhle S.

Geochemistry of mafic rock-host rock pairs.

* FE# calculated from wt%, trace elements in ppm.
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rium with adjacent Turtle pluton granitoids though some mafic rock compositions overlap the
overall field (shaded) for granitoids.

Mafic rocks, except dikes, have Sr; greater than 0.706. This value is generally accepted as a
minimum crustal value (Kistler and Peterman, 1978). Dikes have lower Sr, (0.7049-0.7055), ones
intermediate between crustal values, and accepted mantle values as represented by MORB (Hart
and Brooks, 1980).

Field evidence of disruption of mafic dikes by surrounding Turtle pluton granitoids, and the
textural similarity of microgranitoid enclave and mafic dikes suggest these dikes are a potential
source of this enclave type. The difference in Sr, of enclaves and dikes may be the result of inter-
action of enclaves with granitoids due to their smaller size or longer residence time, however because
some enclaves have Sr; greater than their hosts (a result reported in another study, Holden et al,
1987) their isotopic compositions can not be modelled as mxing of dike compositions and adjacent

host. A more radiogenic component is required.

Apatite Data

Isotopic studies were extended to minerals in order to test for isotopic equilibrium among
minerals in enclaves. Apatite was selected for preliminary study because it is an early crystallizing
phase, one likely to record a pre-crustal interaction signature. Apatite from one microgranitoid
enclave (BW84-29; Sr, of 0.7071% 1) has a similar Sr, to the whole rock enclave (0.7075+2). Low
Rb content (5 ppm) indicate a pure apatite separate. Apatite could have grown from a liquid with
a crustal value of Sr;, or this mineral could have reached equilibrium with a contaminated liquid

by diffusion in a geologically reasonable time span (Watson et al., 1985).
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Causes of Chemical Variation Among Mafic Rocks

Introduction

There is no consensus on the origin of mafic enclaves, though many workers agree a
mantle-derived mafic magma is likely (Vernom, 1983; Reid et al., 1983; Holden et al., 1987, as ex-
amples). Evidence of synplutonic dikes, and igneous textures of enclaves are the best evidence for
a mafic magma source for microgranitoid enclaves. Crustal values of Sr; indicate crustal interaction
is a part of enclave evolution. Given these mafic rocks occur in granitoids of known composition,
the effects of local interaction can be considered, and then previous history will be discussed.

Possible mechanisms that result in chemical variation among basaltic magmas are: (1) frac-
tional crystallization, (2) variable degree of partial melting, (3) different sources, (4) variable con-
tamination be it from magma mixing or assimilation (Yoder, 1976). With the limited number of
chemical data, and their limited ranges, it is difficult to test these mechanisms. The range of Sr,
among mafic rocks indicates that (1) and (2) above (which do not commonly result in variable

Sr,) are not viable mechanisms alone.

Microgranitoid Enclaves and Mafic Dikes

In the field, the disaggregation of mafic dikes that have textures like microgranitoid enclaves
suggests a genetic relationship of enclaves and dikes. Microgranitoid enclaves and dikes are similar
with respect to major elements, though dikes generally contain less Rb, more Sr, and have lower

Sr,. The cause of this chemical difference could be either that dikes are different mafic magmas, or
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that enclaves have suffered more thorough contamination, perhaps from surrounding granitoids.
The merits of these possibilities are discussed below with reference to granitoid composition.

Major element compositions of microgranitoid enclaves and dikes are shown with the re-
gression of Rim Sequence data (65 to 74 wt% SiO;; Figure 35). The ranges of composition of
enclaves are not drawn out toward granitoid compositions, nor is there a consistent relationship of
enclave and dike compositions with respect to that of granitoids. Therefore, simple contamination
of dikes by granitoids to form enclaves is unlikely.

In order to test whether crustal contamination of microgranitoid enclaves is from a local
source, parameters particularly sensitive to contamination of basalt by granite (K,O and Rb) were
compiled with Rb-Sr isotopic data for three microgranitoid enclave-host rock pairs, a coarse-grained
enclave, and mafic dike (Table 5). For microgranitoid enclaves there is a strong positive correlation

of K;0, Rb and Sr, and a weak one for Sr and Sr; . The salient chemical features of these pairs are:
1. Rb concentrations in microgranitoid enclave and host are very similar.

2. KO contents are much lower in mafic rocks than granitoids but Rb and KO are positively
correlated.

3. Enclaves contain less Sr than their hosts, and a mafic dike, more.

4. Initial 87Sr/®°Sr of microgranitoid enclaves are similar to or greater than their hosts, and a
mafic dike has a lower Srithan its host.

Variable Sr, ratios of microgranitoid enclaves and their hosts indicate lack of isotopic equi-
librium, a result also reported in another enclave-granitoid study (Holden et al., 1987). Sr concen-
trations and isotopic signature are controlled by plagioclase which suggests this mineral (cores?) is
not in equilibrium with the whole rock. Lack of isotopic equilibrium rules out a comagmatic origin
of mafic enclaves and granitoids (simple cumulates or “cognate xenoliths” or early crystallizing liq-
uids). Lack of a colinear relationship of all enclaves and granitoids negates the possibility of a
simple binary mixture of two magma end members (see Chapter 5), and suggests a more compli-
cated origin of enclaves.Enclave history probably includes partial local equilibration given similari-
ties of some mineral chemistries (biotite and plagioclase rims) and similar Rb contents (controlled
by biotite). The greater initial Sr, of enclaves relative to hosts observed in this study and in Holden

et al. (1987) indicates crustal contamination prior to local interaction with host magmas.
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In comparison, mafic dikes contain lower Rb and K, O concentrations than all but one
microgranitoid enclave (CA84-173) and dikes have lower Sr, ratios (0.7049-0.7055) than any
enclave. These data suggest that cither dikes are from a different source than microgranitoid
enclaves, have had a different contamination history, or dikes are somewhat less effected by their

local environments.

Coarse-grained Enclaves

Coarse-grained enclaves do not have the consistent correlation of Rb, K;O, and Sr; displayed
by microgranitoid enclaves. The coarse-grained enclave with greatest Sr; contains the least K, O and
Rb. This enclave (BW84-27) was collected about 20 meters from a micorgranitoid encla\_'e-host
rock pair (BW84-25 and BW84-25A) and it is not in isotopic equilibrium with either of these rocks
(see -- Table id " unknown --REFID = tabrbsr).

Coarse-grained enclaves have different mineral chemistries, whole rock geochemistries, and
Sr, than most microgranitoid enclaves. Conclusions from these data are these coarse-grained
enclaves had a different history than microgranitoid ones, and they are not in chemical equilibrium
with their hosts. These data suggest coarse-grained enclaves are comagmatic or xenolithic with re-

spect to the Turtle pluton.

Comparison to Other Complexes

In order to compare compositions of enclaves from the Turtle pluton to those in other
plutons, and to basalts, a plot of K.O versus SiO, shows the mean enclave composition, and
standard deviation from a given suite (Figure 37). This plot was selected because K,O is among

the most sensitive major elements to crustal contamination. Results show that enclaves from the
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Turtle pluton (TP) have similar compositions and ranges to basalts from the same region ("bas”
from northeastern Turtle Mountains, Hazlett, 1986), though Turtle pluton enclaves contain more
SiO;. The Turtle pluton enclaves are similar in composition and range to those from the Sierra
Nevada (r=Reid et al., 1983, f= Frost and Mahood, 1987) and the Malay Peninsula (k= Kumar,
1988). Enclaves from two other reversely zoned plutons (a= Ayuso, 1982; w= Wernicke, 1987)
display a much greater spread, have compositions close to that of hybrid granite/enclave from the
Sierra Nevada (fh = Frost and Mahood, 1987), and may be hybrids also. A mean of enclave data
from France (c = Cantagrel.et al., 1984). is more SiO; and KO rich than any of the other reported
suites. The large variations in enclave composition observed in some complexes could be due to
variable hybridization with host rocks.

This compilation indicates microgranitoid enclaves from the Turtle pluton are similar to other
microgranitoid enclaves, and these basaltic and andesitic enclaves are distinct from “hybrid”

andesitic enclaves that contain greater K, O and Si;0.

Conclusions

Microgranitoid enclaves have textures and compositions that suggest they are basaltic
magmas. Lack of isotopic equilibrium of mafic enclaves and host granitoids indicates mafic rocks
are not simple cumulates or mafic precursors of the Turtle pluton (i.e. they are not comagmatic),
and they are not mixing end members (not cogenetic). Elevated K, and Rb (and Ba) contents and
high Sr, values (>0.7060) are compatible with crustal contamination of basalt. The source of
crustal component is unknown, however correlations of Rb and Sr concentrations, and similarities
of mineral chemistries with hosts (biotite and plagioclase) suggest at least some local interaction.
Lack of pervasive metamorphic textures in enclaves indicate this interaction is magma mixing.

Because enclaves have higher Sr; than their host rocks, crustal contamination before local inter-

action probably occurred.
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Initial 37Sr/%%Sr of early crystallizing apatite from an enclave similar to that of the whole rock
enclave and surrounding granodiorite suggest that even this early crystallizing mineral does not re-
cord a pre-crustal contamination ratio, and that Rb-Sr isotopes cannot be used to distinguish
minerals from disaggregated enclaves dispersed in granitoids from those that grew from a granitic
magma.

Mafic dikes have textures very similar to enclaves and field relations suggest microgranitoid
enclaves may be disaggregated dikes. Dikes have lower Rb, KO, and Sr;, and may be less affected
by local environment than enclaves.

Coarse-grained enclaves have whole rock and mineral chemistries and isotopic signatures
distinct from all other rock types from the Turtle pluton. These rocks of basaltic and andesitic
compositions have cumulus textures, however, Sr-isotopic evidence suggest they are not simple
cumulates from the Turtle pluton. No field or other evidence suggests a genetic relationship of
coarse-grained and microgranitoid enclaves. It is difficult to evaluate the influence of surrounding
granitic magma on these bodies except to state that the smallest body (CA84-114) of about 10 m?
contains modal potassium feldspar and a greater Rb content than other coarse-grained enclaves.
Initial 87Sr/8%Sr range of 0.7050 to 0.7060 is intermediate between mantle and crustal values and

suggests a hybrid origin.
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Chapter 3

MINERAL CHEMISTRY AND INTENSIVE

PARAMETERS

Mineral Chemistry

Mineral chemistries of plutonic rocks reflect crystallization conditions, coexisting phases (in-
cluding fluids), and subsolidus reactions. Mineral compositions may be used to estimate pressure,
temperature, and fugacities of volatiles from empirical and experimental geothermometers and
geobarometers. In granitic systems, estimates of intensive variables are difficult because of the
available mineral assemblage and the tendency for minerals to reequilibrate at subsolidus conditions
(Wones, 1981). Nonetheless, in some instances, simply the presence of a mineral phase in a
plutonic rock (magmatic epidote for example; Hammarstrom and Zen, 1987) or the order of
crystallization define crystallization conditions. Mineral chemistries from granitoids and enclaves
and, where possible, are used to limit the range of crystallization conditions.

All microprobe analyses are presented in APPENDIX 4 and methods in APPENDIX 3.
Error analysis is based on 40 replicate analyses of a standard Kakanui hornblende and these are
compared to accepted values from wet chemical analyses (APPENDIX 4). Error bars on all figures
are equal to 2 standard deviations/mean for the Kakanui homblende analyses times mid-range
values for the mineral under discussion. This description of error may exaggerate the error for Mn

as it occurs in small concentrations in the selected standard (0.01 cations per 24 oxygens).
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Biotite

Average biotite analyses (24 oxygen basis) from major rock types appear in Table 6. Samples
from the Turtle pluton are arranged geographically (rim to core) followed by mafic rocks, gametb
aplites and the Target Granite. Biotite chemistries commonly reflect differences in whole rock

composition, fluid composition, and may reflect source rock compositions (Wones, 1981).

Turtle pluton

Changes of biotite composition correlate with position, rock type and accessory assemblage
as may be seen from average analyses in Table 6 and from Figure 38. Figure 38A shows the
intermediate composition of these biotites relative to the siderophyllite-eastonite-annite-phlogopite
quadralateral, and the distinctly Fe-enriched composition of biotite in ilmenite + muscovite £
magnetite-bearing granite or ilmenite assemblage (Fe/Fe + Mg= Fe# > 0.50) as compared to
magnetite-bearing granitoid or magnetite assemblage (Fe# < 0.50). Ilmenite assemblage rocks con-
tain biotite with more Al'Y, (2.37-2.62 per 24 oxygens), F (> 0.3), and Mn (> 0.13) than magnetite
assemblage rocks (Figure 38A-C) but have similar Ti concentrations (0.25-0.45; Figure 38D). One
granodiorite sample with an intermediate assemblage (biotite + magnetite + trace sphene and no
homblende; BW84-18) contains biotite with a composition intermediate to homblende-bearing
(magnetite facies) and hornblende-free (ilmenite facies) rocks. Biotite from this rock contains
intermediate Mn and F concentrations but have Al'Y and Ti concentrations like biotite in rocks of
the magnetite assemblage. Biotite from a rock with very little hornblende (2 modal %, BW84-19)
contains more Mn and F than the other homblende-bearing rocks but is otherwise similar. Thus
there is a progression of Mn and F concentrations (cations per 24 oxygens) from the rim of the

pluton into its core, from 0.16 Mn and 0.40 F in the ilmenite assemblage rocks to 0.07 Mn and 0.11

F in magnetite-bearing rocks.
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Figure 38. Biotite analyses from the Turtle pluton:  A: Shows the intermediate composition of an-

alyses on the biolite quadralatcral, and the greater Fe,Fe+ Mg (Fe#) and Al'Y of ilmenite
assemblage granites (ILMENITE) as compared to the magnetite assemblage
(MAGNETITE) of the Rim Sequence and Core Facies (CA84-147). B: Mn contents of
biotites are greatest in hornblende-free rocks. (BW84-20 and BW84-18) and systernatically
decreases with increase of modal hornblende (distance into the pluton). C: Likewise, F
contents of biotites in the ilmentite assemblage are greater than in magnelite assemblage
rocks, and systematicaily decrease with distance into the pluton. D: Ti contents of ilmenite
and magnetite assermnblage rocks are similar.
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Some distinctions of biotite composition (Al, Fe#) correlate with opaque assemblage (+ the
appearance of muscovite) whereas other trace constituents (Mn, F) correlate with the modal ab-
sence of homblende, and all vanations correlate with geographic position in the Turtle pluton.
Data compiled by Speer (1984) suggest the partition coefficient for Mn is greater for hornblende
than biotite and the systematic decrease of Mn content of biotite from outer to inner Rim Sequenﬁe
is probably influenced by the amount of coprecipitating hornblende. A similar decrease of F con-
tent in biotite may also reflect presence of a competing hydrous phase (amphibole) or changes of
F/OH of coexisting fluids.

The chemistries of the two textural types of biotite discussed in Chapter 1, ragged biotite in
homblende and biotite in textural equilibrium with homblende, overlap entirely in each of three
samples of biotite + hornblende + sphene + magnetite granodiorite to quartz monzodiorite that were
examined. There is also a lack of zonation in both the enclosed biotite and host hornblende
euhedra. This suggests the two types of biotite crystallized in equilibrium, or that there were subtle
shifts of physical parameters that allowed a shift of mineral stability from biotite to hornblende

followed by biotite, or the 2 types of biotite reached equilibrium after crystallization.

Discussion

In order to understand chemical evolution of the Rim Sequence, mean biotite and whole rock
analyses from a granite (BW84-20) and a granodiorite (BW84-18) are compared in Table 7. These
samples were collected about 80 m apart in the field. The 2 rocks have the same crystallization
sequence and assemblage except for opaque mineralogy (ilmenite + magnetite versus magnetite) and
the presence of trace muscovite in the granite and trace sphene in the granodiorite. The two whole
rocks differ in silica content by 2.9 wt% and both rocks are weakly peraluminous
(Al/(Ca+ Na+K)>1& <1.1). The major differences in biotite composition are F, Mg, Fe, Al

and Si and lesser ones are Na and K. Biotite composition is antithetic with whole rock composition
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as described by de Albuquerque (1973) except for MgO and K,O. Major element differences in

biotite composition may be described by 3 exchanges:

Tschermak ARV 4+ APV = g%+ 4 Mg?*
Fe-Tschermak Fet+ APV = sitt+ Mg2+
Fluorine-hydroxyl F'== OH'™

These exchanges are affected by magma composition, fluid composition, temperature and pressure
(Dymek, 1983). If these rocks represent liquid compositions or are related by fractional
crystallization (see Chapter 5), the small observed difference in bulk rock composition should not
greatly influence biotite chemistry. Given the proximity in the field, large differences in pressure
or temperature are unlikely. Because biotite is the only modally significant hydrous phase in these
rocks, F content of biotite should reflect that of the magma or coexisting fluid phase if other
physical conditions are similar, and if subsolidus processes are insignificant (see Chapter 5).
Therefore F enriched biotite from the very edge of the Rim Sequence (CA85-5 and BW84-20) co-
existed with an F-richer fluid than magnetite assemblage rocks. This suggests a difference in fluid
composition (and perhaps foz) is the major cause of differences in biotite chemistry.

The question then becomes is the fluid composition in equilibrium with biotite an innate part
of the pluton, or the result of interaction with country rock and/or fluids in equilibrium with
country rock? As will be shown in Chapter 5, the samples being discussed have identical initial
87Sr/3¢Sr of 0.7082 and whole rock 620 of + 6.5%e (within error). Adjacent country rock has a
much higher 87Sr/3¢Sr at 130 Ma of 0.8068 and 620 of + 5.2%o at the contact. From Sr isotopic
data one can conclude no detectable assimilation of country rock (see Chapter 5), and based on
homogenous whole rock 6130 values throughout the pluton, probably a lack of interaction of fluids
in equilibrium with country rock and the Turtle pluton. This is also supported by D data (see
Chapter 5). Ruling out external fluids in equilibrium with country rock and assimilation of country

rock (Sr isotopic data), and noting the identical initial 3”Sr/®°Sr of the two rocks under discussion,
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Table 7.

Comparison of biotitcs, ilmenite and magnetite assemblages.

ILMENITE ASSEMBLAGE

BW84-20a

GRANITE

bi+pl+ksp+qtz+ilm+musc

whole
rock

average
biotite

MAGNETITE ASSEMBLAGE

1.07
0.7082

0.645

5.47
2.53
0.50
2.31
2.18
0.42
24.00

0.526

stand.
dev.
0.82 $i02
0.68 Al1203
0.60 FeO
0.48 MgO
0.08 F
A/CNK
SR;
0.19 Si
0.19 Al4
0.26 Ale6
0.17 Fe
0.19 Mg
0.10 F
0
Fe/ (Fe+Mg)

A/CNK=molecular Al~/(Ca+Na+K).

SR; =initial ¥sr/ %sr at 130 Ma.

Chapter 3

BW84-18
GRANODIORITE
bi+pl+ksp+qtz+mt+sph
average stand. whole
biotite dev. rock
37.00 0.48 70.45
15.60 0.57 15.23
17.85 0.55 2.20
11.44 0.26 0.88

0.44 0.09
1.07
0.7081
5.61 0.03
2.39 0.03
0.39 0.09
2.26 0.06
2.59 0.07
0.21 0.04
24.00
0.467 0.584
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changes of F content of the magma and/or fluid as recorded in biotite composition is probably due

to fractional crystallization.

Comparison to Biotite in Mafic Rocks

Compositions of biotite from microgranitoid enclaves and host granitoids are very similar
(Figure 33 on page 107). General lack of metamorphic textures in enclaves and hosts suggests that
biotite in these rock types reached equilibrium under magmatic conditions. Coarse-grained
enclaves, on the other hand, have a different chemistry, including lower Fe and F contents, and

probably did not equilibrate with the surrounding granitoids.

Amphibole

Average analyses of amphibole from granitoids, mafic dikes, and microgranitoid and coarse-
grained enclaves appear in Table 8 and APPENDIX 4. Using the classification scheme of
Hawthome (1981) as modified from Leake (1978), assuming all Fe is 2+, and using the recalcu-
lation scheme of Robinson et al. (1982), site occupancies can be calculated. All Na+ K occurs in
the A-site and B-sites are full (1.98 to 2.10 =Ca + excess of C-site minus 5.00). All amphibole
is calcic magnesio-homblende except for amphibole from the Core Facies and some analyses of the

mafic dike (CA84-65A). These are edenites (Na + K > 0.50; Figure 39).
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Amphibole analyses from the Turtle pluton:  According to the classification scheme of
Hawthorne (1981) as modified from Leake (1978), these amphiboles are calcic
magnesiohornblendes with (Na+ K < 0.50) except those from CA84-147 and CA84-65A,
some of which are edenites (Na+ K> 0.50). A. Analyses from the Rim Sequence rocks
(BWS84-19, BW84-23, BW84-25) contain more silica than most from the Core Facies
(C/A84-147), and have siightly greater Mg, (Mg+ Fe). B. Amphibole from a microgranitoid
enclave from the Four Deuce Hills (CA84-45) is more silica rich than one from the Rim
Sequence (BW84-29A). and a mafic dike (CA84-65A). Hornblende from both coarse-
grained enclaves (BW84-27, CA84-114) have greater Mg# than other mafic rocks.
Amphibole compositions from a microgranitoid enclave (B\V84-29)-granodiorite pair
(BW84-23) show some overlap, whereas a coarse-grained enclave (BW84-27)-granodiorite
pair (BW84-25) does not.
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Turtle pluton

All hornblende from the Rim Sequence of the Turtle pluton is similar in composition
(BW84-19, BW84-23, BW84-25). Analyses of the Core Facies (CA84-147) contain less silica and
more Na+ K than those in the Rim Sequence and amphibole composition may reflect the K-

enriched nature of this sample (see Chapters 5 and 6).

Comparison to Amphibole in Mafic Rocks

Hornblende from mafic enclaves and dikes are grossly similar to those in granitoids. The one
analyzed host rock/enclave pair (BW84-23 and BW84-29) have amphibole compositions that par-
tially overlap; hormblende from the mafic rock commonly contains less Si. Amphibole from
coarse-grained enclaves has greater Mg/(Mg+ Fe) and silica contents than most granitoids and are

distinct from those examined in microgranitoid enclaves.

Relations of Mafic Silicate and Whole Rock Compositions

Correlations of mineral and whole rock compositions have been reported by numerous in-
vestigators (Dodge et al., 1968; Allen, et al., 1975; Allen and Boettcher, 1978; Wones and Gilbert,
1981; de Albuquerque, 1973). Relations of silica contents of biotite and amphibole with whole rock
silica are shown in Figure 40. For granitoids, there is a positive correlation of amphibole and
whole rock silica (regression line), and a negative one for biotite and whole rock silica (regression
line). Mafic rocks which contain less whole rock silica than granitic rocks have mineral compos-
itions similar to their host granitoids. Data from mafic rocks define trends that have slopes like that

of granitoids but different intercepts. Positive correlation of amphibole chemistry with whole rocks
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(melts) have been described by Dodge et al. (1968), Allen et al. (1975), Allen and Boettcher (1978),
and Wones and Gilbert (1981) who suggest that amphibole chemistry reflects the silica activity of
the melt. If this is the case, one would expect enclave amphibole to have lower silica contents than
those of granitic rocks. This is not observed. De Albuquerque (1973) and Speer (1984) report a
negative correlation of silica contents biotite and whole rock. Aluminum activity of the melt
probably controls silica content of this sheet silicate, and biotite in enclaves is predicted to contain
more Al and less Si. It does not. The overlapping silica contents of biotite in granitoids and mafic
rocks, and likewise for amphibole suggest equilibration of the enclave and surrounding granitic
magma.

Fe and Mg partitioning between biotite and amphibole, or K, = (XBL /X8l )/(XEB /X}iB
are similar for the two biotite textural types, and suggests that no chemical distinction can be made.
K, for amphibole-biotite pairs is generally greater than or equal to 1 except for the high K Core
Facies sample (CA84-147). It contains edenitic amphibole with a greater Fe# than coexisting
biotite, and K, <1. Commonly, Fe# for biotite in igneous rocks are similar to that of coexisting
amphibole (Speer, 1984), and K, varies from 1.5 to 0.9 (de Albuquerque, 1973; Czamanske et al.,
1981; Speer, 1984) but for a detailed study of one pluton (Liberty Hill, S.C.), tie line slopes vary
from pos'itive to negative (0.77 to 1.04, Speer, 1987). This suggests varying physical conditions are

common within a single intrusion.

Plagioclase Feldspar

Average anorthite contents of plagioclase feldspar correlate with rock type. Granitoids of the

Turtle pluton, Target Granite, garnet aplites, and mafic rocks were examined for range of anorthite

content and zoning patterns. The results are shown in Figure 41.

Chapter 3 143



50

45
©
| .
0]
=
£ 40
N
o
a5 L T e I T T e T
MINERALS FROM:
@ mafic rocks compositional range of
O granitoids § minerals from granitoids
A\ aplites
30 ! ] ! ! ! |
45 50 55 60 65 70 75
SiO, whole rock
Figure 40. Silica contents of whole rocks and mafic silicates: As reported by other investigators

(Dodge et al., 1968; de Albuquerque, 1973; Wones and Gilbert, 1981) there is a positive
correlation of whole rock and ampiibole silica contents, and a negative one for whole rock
and biotite (solid lines). Mlalfic rocks, which contain less whole rock silica than granitoids,
have biotite compositions very similar to those of granitoids and have amphiboles some-
what different average compositions. If amphiboles reflect the compositions of the magmas
from which they grew as suggcested by several authors (sec text), amphiboles in mafic rocks
should have lesser silica than those in granitoids. Similar compositions of minerals from
enclaves and granitoid hosts suggest local equilibration.
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Figure 41.  Anorthite compositions and zoning patterns in plagioclase:

Average anorthite contents

of plagioclase increase across the Rim Sequence (progression labelled | through 8 as in
Figure 15 on page 34) from exterior to interior and into the Core Facies (left to right, la-
belled TURTLE PLUTON). Plagioclase from granites within 100 m of the country rock
contact are normally zoned where as all other Rim Sequence rocks and the Core Facies
are reversely zoned. Malfic rocks contain plagioclase with similar and greater anorthite
conlents and normal zonation patterns. Garnet-bearing aplites and the Target Granite
have plagioclase with evolved compositions (< Anjg).
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Turtle Pluton

Anorthite content of plagioclase in the Rim Sequence correlates with position and increases
steadily toward the Core Facies (Figure 41). The granite samples from the Rim Sequence display
oscillatory but overall normal zoning patterns, have average anorthite contents of 21 to 25 %,
standard deviations of about 2 %, and ranges of about 15 %. Analytical erroris £ 1.5 mol.%
anorthite (APPENDIX 4). Note that one sample has 54 analyses and that the standard deviation
for this sample is similar to samples with many fewer analyses, thus a few analyses appear to be
representative of the sample. In granodiorite, the plagioclase zoning patterns are oscillatory with a
reversed trend and the rims show a retumn to normal zoning as exemplified by zoning pattems for
two granodiorites (Figure 42).

Only 3 analyses are available from the Core Facies and this sample is anorthite poorer than

the trend of the Rim Sequence. Petrographic observations indicate reversed zoning in most grains.

Other Rock Types

Plagioclase in the garnet aplites and the Target granite has evolved anorthite contents of less
than 30 %. Gamet aplites have normal zoning, and the Target Granite, complex. Mafic rocks of
the Turtle pluton have similar or greater anorthite contents than their host granitoids (An,; to

Ans,).

Discussion

The plagioclase textures in the Turtle pluton which must be explained are: (1) relatively small

average grain size of equigranular granite at the margin, increase of grain size for 300 meters into
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Figure 42.  Plagioclase zonation patterns in two example granodiorites: Anorthite contents of

plagioclase generally increases from core to rim, and has an overgrowth of more albitic
composition.
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the pluton, then a decreasing grain size into the Core Facies (Figure 16 on page 35). (2) the normal
zoning of plagioclase in the Rim Sequence granite within about 100 meters of the country rock
contact. (3) the reversed zoning of plagioclase in all other granitoids. (4) normal zoning in mafic
enclaves.

As argued for biotite-homnblende reaction relationship (Reaction Section, Chapter 1), the
parameters most likely to drive that reaction are increase in temperature, increase in water pressure,
or change in composition to a more mafic one. The biotite to homblende reaction could be
produced either by fractional crystallization or by mixing with a more mafic magma. Likewise,
plagioclase zoning patterns can be accounted for by either fractional crystallization (Loomis, 1982;
Loomis and Welber, 1982) or magma mixing with a more mafic composition (Hibbard, 1981).

Plagioclase textures in the Turtle pluton listed above can be explained by undercooling and
fractional crystallization of a predominantly crystal free magma due to intrusion. Progressive
undercooling with no residual component build up in rim rocks (possibly from volatile loss) could
yield normally zoned plagioclase, and a high degree of undercooling (chilled margin) would yield
numerous small crystals (Loomis, 1982). In the core, slower cooling rates due to convection and
previous local heating from conduction and build up of water or residual components in the melit
from protracted fractional crystallization could allow formation of reversely zoned plagioclase
(Loomis, 1982). At this lesser undercooling, crystal growth can keep pace with nucleation and
fewer, larger crystals would form. The zoning patterns and crystal sizes observed in the Turtle
pluton are predicted by Loomis and Welber (1982) for a crystallizing, dynamic, closed system,
shallow pluton.

Normal zoning in enclaves could result from mechanisms like that described for the rim rocks
(thermal undercooling).

Zoning patterns in feldspar could result from mixing with a more mafic and perhaps hotter
magma (Hibbard, 1981). Granite with normally zoned feldspar could be uncontaminated magma,
and granodiorite could be the result of mixing. The progressive increase of anorthite content of

plagioclase cores from the Rim Sequence into the Core Facies suggests that no two rock samples
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had the same original liquid composition, and that a progressively more mafic (hotter?) liquid
composition was in equilibrium with early plagioclase toward the interior of the Turtle pluton.
Like the reaction of biotite to hornblende, the dominant mechanism leading to observed
plagioclase zoning patterns (fractional crystallization or magma mixing) cannot be resolved. In fact,
whole rock geochemistry and isotopic studies presented in Chapters 4 and 5 suggest both must have

been active.

Alkali Feldspar

Alkali feldspar in the Turtle pluton, Target Granite and garnet aplites is perthitic orthoclase
with Or composition greater than 90%. Two feldspar geothermometry that yields temperatures less
than 550°C (Green and Usdansky, 1986) indicates such high Or contents are the result of subsolidus

reequilibration.

Sphene

Sphene occurs in all hornblende-bearing rocks in the study area and in a biotite granite sample
that contains magnetite (BW84-18). Sphene analyses (APPENDIX 4) were preformed on euhedral
to subhedral crystals from the Turtle pluton, and on microgranitoid and coarse-grained enclaves.
The recalculation scheme assumes all iron is ferric. Compared to ideal sphene structure
(CaTiSiOs),the data indicate that the silica site is full to over full, Ca site is not full even with Mn,
Mg, Ba, Na, and K, and the Ti site is full to overfull if Al and Fe (ferric) are incorporated. F
contents (< 0.50 wt %) are in the detectable range. Oxide totals range from 93 to 98 wt % and

qualitative microprobe REE analyses total 1.5 to 4.5 wt %.
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As compared to sphene analyses from granites of the Mount Wheeler area, Nevada, the
sphenes from this study contain less Al, and more Fe and REE (Lee, et al., 1969). In the Turtle

pluton chemical diversity among sphenes may be described by:
Ti**+ 0*= A’*+ OH'"
F'== OH'",

a substitution pair like that proposed for sphene by Franz and Spear (1985).

Opaque Minerals

Opaque oxides have been recalculated on the basis of 3 or 4 oxygens for ilmenite and
magnetite, respectively, according to the method of Stormer (1983). Two assemblages occur in the
Turtle pluton--titanomagnetite alone, and with manganoilmenite. Granite of the Rim Sequence,
the ilmenite facies, contain both oxides. Ilmenite component in ilmenite ranges from 0.64 to 0.98
and Fe,,/Mn (atomic) ranges from 9.04 to 0.45. Some ilmenites are extremely manganese rich (to
39 wt % MnO) and Mn-rich ilmenite has been interpreted to result from subsolidus reequilibration
(Czamanske and Mihalik, 1972). All magnetite contains less than 0.015 ulvospine]l component.
This small ulvospinel composition restricts temperature and log fo, to between 590 °C and -17, and
500 °C and -24 (Spencer and Lindsley, 1981). Such low temperatures suggest subsolidus
reequilibration. All other rocks from the Turtle pluton and Target Granite contain only magnetite
with less than 0.01 ulvospinel. The exception is a single analysis of the Target Granite at 0.033.

One sample of a gamet aplite (CA84-46) contains both oxides but ilmenite is relatively Ti
poor (Ilm’=0.06 to 0.85) and Fe,, /Mn=28.63 to 0.29. Again magnetite contains less than 0.01

ulvospinel component and pairs yield subsolidus temperatures.
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Apatite

Apatite occurs as equant and acicular grains in granitoids of the Turtle pluton. In a biotite
granite (BW84-20A) both crystal shapes have very similar chemistries and an average formula of
Ca,y Fegy Mng gy Pyy Oy, (OH,,; Fyy ) with Cl contents below the detection limit (0.1 wt %). Three
analyses from an equant grain in granodiorite (BW84-23) have an average composition of Ca,
Fe, Mngg; P35 O,; (OH,; Fog ) which is relatively deficient in Ca and F as compared to those from

granite.

Comparison to Mafic Rocks

Apatite from microgranitoid enclaves and a mafic dike primarily differs in Mn and F contents
(see Chapter 3). An average apatite from an enclave in granodiorite is Ca,, Fe,; Mngg Py, Oy,

(OHo.s Fo.s )

Muscovite

Muscovite from garnet aplites with apparent primary textures has a composition very similar
to plutonic muscovite reviewed by Miller, et al. (1981). The average of 9 analyses from a garnet

aplite (CA84-28) is K, 59 Nag gy Fegs Mgy 2 Tigos Alsas Sigas O (OHy g, ,For )-
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Garnet

Garnet from 3 aplites are spessertine-aimandine-rich as can be seen from the average analyses

below (Table 9). Such compositions are typical of plutonic garnets (Miller and Stoddard, 1980).

Intensive Variables

As in the studies of many other plutonic systems, estimates of physical conditions during
emplacement and crystallization are difficult because of subsolidus reequilibration during slow
cooling (Wones, 1981). In addition, small numbers of phases and complex solid solution series
limit the potential number of geothermometers and geobarometers. In the case of the Turtle
pluton, contact metamorphism of different bulk compositions cannot be used for estimates of
pressure and temperature because of composition (mineral assemblage) and lack of contact effects.

Thus estimates of physical conditions are from the plutonic rocks themselves.

Pressure

Field estimates of emplacement conditions may be obtained from contact geometries, degree
of contact metamorphism, and presence of vesicles in saturated systems (Buddington, 1959). The
Turtle pluton has sharp contacts, caused little contact metamorphism, and lacks vesicles, but these
qualitative depth estimates from field criteria strongly depend on fluid content of the system. With

these reservations in mind, intrusive style suggests a mesozonal emplacement level (2 to 4 kb).
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Table

9. Average garnet compositions from aplites.

Chapter 3

CA84-28
TYPE gap
number 9
Sio2 36.65
Tio2 0.18
Al203 20.99
FeO 20.67
Mno 22.48
Mgo 1.34
Ccao 0.49
Na20 0.01
SUM 102.81
Si 2.939
Ti 0.011
Al4 0.051
Alé 1.932
Fe3+ 0.068
Fe2+ 1.318
Mn 1.527
Mg 0.160
Ca 0.042
Na 0.002
AILM 44 .51
PYR 5.13
SPES 49.01
GROS 1.35

CA84-46 CA84-102

gap
2

35.83
0.56
19.81
12.94
29.77
1.23
0.87
0.03
101.03

3.068
0.022
0.000
1.820
0.180
0.942
1.720
0.169
0.063
0.003

36.51
5.48
55.97
2.04

gap
7

37.38
0.36
18.82
16.35
24.75
1.38
0.72
0.02
99.84

2.936
0.034
0.030
1.883
0.118
0.769
2.066
0.150
0.077

0.005

27.90
4.70
64.99
2.41
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Pressure estimates can be obtained by hornblende geobarometry proposed by Hammarstrom
and Zen (1986) and refined by Hollister et al. (1988). Caveats for use of this empirical barometer
include: (1) appropriate mineral assemblage of Hb + Bi+ P1+ Ksp+ Q+ Mt + Sph+ Ep and (2)
silica activity fixed at 1 by presence of quartz during crystallization of homblende. Results from
averaged analyses of homblende are given in Table 10. Calculated pressures from 2 granodiorites
(BW84-23 and BW84-25) the three granitoids (BW84-23, -25 and CA84-147) are quite similar and
yield pressures of about 3.5 kb (3.2 to 3.9 kb). (At these relatively low alumina contents, the two
different calibrations yield small differences, less than the quoted error of 1 kb). Five microgranitoid
and coarse-grained enclaves are quartz poor and K-feldspar poor but the similar calculated pressures
(except CA85-114 and CAB84-45) suggest they give geologically meaningful results.

Mineral assemblage itself restricts possible emplacement and/or source depths. Lack of pri-
mary epidote in the Turtle pluton granodiorite indicate emplacement pressures less than 8 kb
(Naney, 1983; Zen and Hammarstrom, 1984; Hammarstrom and Zen, 1986). The range of stability
of magmatic muscovite, much less its positive identification in thin section, is still in debate but the
general consensus is that muscovite is not stable at pressures less than 3 to 4 kb (Zen, 1988).
Presence of muscovite in the granite of the Turtle pluton and younger pegmatites and aplites suggest
crystallization at pressures greater than 3 to 3.5 kb, similar to the 3.5 kb estimate from homblende
geobarometry.

Qualitative field data, mineral assemblage and hornblende geobarometry suggest

crystallization at about 3.5 kb.

Temperature

Several geothermometers have been proposed for assemblages found in granitic rocks. For

the Turtle pluton, potential geothermometers are two-feldspar (assuming a pressure), Fe-Ti oxide

Chapter 3 154



Table 10.

Hornblende geobarometry.

Chapter 3

Sample

BW84-19
RSgd

BW84-23
RSgd

BW84-25
RSgd

CA84-147
CFgmd

BW84-29
m encl

CA84-45
m encl

CA84-65a
m dike

CA84-114
cg encl

BW84-27
cg encl

25

42

26

25

19

10

AVG
STD

AVG
STD

AVG
STD

AVG
STD

AVG
STD

AVG
STD

AVG
STD

AVG
STD

AVG
STD
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P= -3.92+5.03 Al , Hammarstrom & Zen, 1986.
P= -4.76+5.64 Al , Hollister, et al., 1987.
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which also yields oxygen fugacity information, biotite-apatite (OH-F exchange), and oxygen isotope
exchange between minerals.

Microprobe analyses of adjacent plagioclase-potassium feldspar pairs (Green and Usdansky,
1986) and ilmenite-magnetite pairs (Stormer, 1983 and Spenser and Lindsley, 1981) both yield
temperatures that suggest subsolidus reequilibration of these phases ( < 550°C).

Apatite-biotite geothermometry based on OH-F exchange yielded variable results from
magmatic (1000°C) to subsolidus (450°C) in a single sample of granite due to the variable F con-
tents of both phases (up to 10 wt %, Ludington, 1978). A similar temperature range was obtained
from this mineral pair in microgranitoid enclaves (1000 to 600°C). Such a broad range of temper-
atures (in part due to analytical uncertainty) is difficult to interpret.

Oxygen isotope thermometry is based on fractionation models from experiment (Bottinga and
Javoy, 1975; Javoy et al., 1970). Using the fractionation constants of Bottinga and Javoy (1973 and
1975) oxygen isotope data yield temperatures between 630 and 715 °C from potassium feldspar-
quartz pairs, 652 and 722 °C for hornblende-quartz pairs, and 526 to 549 °C for biotite-quartz from
Rim Sequence granitoids (CA85-5, BW84-23, BW84-25) as given in Chapter 5. Biotite-quartz pairs
from granitoids commonly give subsolidus results (Taylor and 'Sheppard, 1986), but other pairs
suggest magmatic temperatures.

Temperature of the system may be estimated by comparison to crystallization experiments
on similar compositions. Total lack of pyroxenes in the system suggests that temperatures near the
emplacement level were less than 750 °C for granite and 780 °C for granodiorite (Naney, 1983;
Figure 25 on page 72). All these data suggest crystallization temperatures of 780 to 630 °C with

significant subsolidus reequilibration among some minerals.
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Fugacity of Volatiles

Estimates of relative fugacities of volatile phases can be made from mineral assemblage and
mineral chemistry. Redox reactions dependent on exchange of Fe-Ti and oxygen in opaque oxides
have been calibrated to calculate T and fo, (Buddington and Linsley, 1964; Spencer and Lindsley,
1981). A change of opaque assemblage in the Rim Sequence of the Turtle pluton suggests a change
in fo, from exterior to interior of the pluton, however this change from ilmenite to magnetite cannot
be simply modelled as an exchange between two phases because of the ubiquitous presence of
sphene, a Ti-bearing phase, in all magnetite assemblage rocks. A reaction involving these phases
may be written:

3FeTi0; + 3Ca0 + 38i0; + %20, = 3CaTiSiOs + Fe;04
where CaO and O, are melt components (Zen, 1988). Quartz is present in both assemblages so that
relative stability of opaque phases is controlled by activity of CaO and O; in the melt. Even this
equation is an oversimplification as biotite contains significant Ti concentration (2.6 to 3.2 wt%)
in both assemblages. The observed change in opaque assemblage cannot be used to define oxygen
fugacity because the activities of Ti and Ca in the melts are unconstrained. Change in these activ-
ities could result in the change of mineralogy with no change of fog, or a change of volatile com-
position could cause the same effect. As discussed in the section on biotite, F content of biotite in
the ilmenite assemblage rocks suggests that ilmenite coexisted with magma or fluid enriched in F
as compared to the magnetite-bearing assemblage. This F enrichment, suggested to result from
fractional crystallization, could cause reduced fo, .

Finally, the reactions biotite to K-feldspar + magnetite (Wones and Eugster, 1965), and
allanite to epidote (Affholter, 1987) indicate late stage or subsolidus oxidation, a common occur-

rence in plutonic environments (Czamanske and Wones, 1973; Wones, 1981).
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Chapter 4

GEOCHEMISTRY

Introduction

The Turtle Pluton is a reversely zoned body composed of four facies, all of which are asso-
ciated with microgranitoid and coarse-grained enclaves. Two younger intrusions, the Target
Granite and Fortification Granodiorite, crosscut the Turtle pluton. Garnet aplites dike all facies
of the Turtle pluton and Fortification Granodiorite, but were not observed in the Target Granite.
Given these field relationships, whole rock chemical data are used to address the following

questions:

1. What mechanism generated the zonation of the Rim Sequence (see Chapter 1)?
What is the chemical relationship of the Rim Sequence and Core Facies?

Are mafic rocks related to the Turtle Pluton?

Are garnet aplites differentiates of the Turtle Pluton?

What effect, if any, did the Target Granite have on the Turtle Pluton?

AN I

Are nearby intrusions, the West Riverside Range and Castle Rock pluton, chemically similar
to the Turtle Pluton?

Major element, Rb and Sr analyses of 43 samples, and Ba analyses of 26 samples from the
Turtle pluton, Target Granite, Precambrian host rocks and nearby granitoids were performed by
X-ray Fluorescence spectrometry. Methods of sample preparation and analysis are given in AP-

PENDIX 3. Additional analyses of country rock are supplied by K.A. Howard. Sample locations
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with identifying numbers are shown in Figure 5 on page 10, Figure 13 on page 32, Figure 17 on
page 41, Figure 19 on page 45, Figure 20 on page 49, Figure 21 on page 52, and Figure 27 on page
80. Analyses and CIPW norms after Cox, Bell, and Pankhurst (1979) are given in Table 11.

Whole Rock Geochemical Data

Several processes have been proposed to explain chemical variations among plutonic rocks
(see Chapter 1). The major mechanisms, fractional crystallization, magma mixing and assimilation
(all either mixing or unmixing processes), can result in diagnostic major and trace element trends
depending on how many end members (magmas, contaminants, or mineral phases) are involved.
Involvement of just two, constant end members must result in linear trends (Bowen, 1928 White
and Chappell, 1977; Langmuir et al., 1978). Mixing of two magmas can generate compositions
between those two end members. Likewise, removal of a single phase or constant assemblage from
a magma can generate a linear series of magmas. Involvement of more than two end members that
are not mixed or unmixed in a constant proportion must yield curvilinear trends on element-
element plots (Harker, 1909; Bowen, 1928). Fractional crystallization is considered an unmixing
process in which a series of mineral phases is removed as a crystallizing assemblage changes with
decreasing temperature. The trajectory of the evolving liquid changes with changing cumulate
assemblage, and the resulting chemical trend is nonlinear (Bowen, 1928). In an intermediate com-
position magma system like the Turtle pluton, in which biotite, hornblende, plagioclase, and ac-
cessories are early crystallizing phases, the accumulation of a constant assemblage is unlikely, and
fractional crystallization would be expected to result in curvilinear trends. Mixing of multiple
magmas in changing proportion could also resuit in curvilinear trends.

Major elements can be relatively insensitive to such processes, especially over limited com-
positional ranges, because of their great abundances. Trace elements, on the other hand, because

of their smaller concentrations and large distribution coefficients for some common minerals can
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be very sensitive to differentiation processes. The purpose of this chapter is to explore pattemns of
major and trace element data for the Turtle pluton, garnet aplites, and Target Granite, and to
compare them to data from other rock types. Linear and curvilinear trends constrain potential
mechanisms which lead to compositional variation.

All analyzed granitic rocks are calcalkaline according to the classification criteria of Irvine and
Baragar (1971) and Miyashiro (1974). Major element data are presented in representative Harker
diagrams (Figure 43) and trace element data (Ba, Rb, and Sr) on Harker diagrams and a plot of

Rb versus Sr (Figure 44).

Rim Sequence

The Rim Sequence of the Turtle pluton is a gradational sequence that varies inward from the
country rock contact from biotite granite with ilmenite, to biotite hornblende granodiorite with
K-feldspar phenocrysts, to more equigranular biotite hornblende granodiorite with magnetite and
sphene. This sequence is represented by 8 samples collected along a well-exposed wash (traverse
A-A’, Figure 13 on page 32). The approximate distance of each sample from the country rock
contact at A, their mineralogies, and sample numbers are given in Figure 15 on page 34. Two
samples are biotite granites with ilmenite (CA85-5, & BW84-20, about 5 and 20 m from A, re-
spectively), one biotite granodiorite with magnetite and trace sphene (BW84-18, about 100 m from
A), and the rest are granodiorites with magnetite + sphene + allanite and variable biotite/hormblende
ratios. An additional analysis of a homblende biotite granodiorite with magnetite + sphene +
allanite from the western portion of the Rim Sequence (CA85-120) is included to show the chem-
ical similarity of a sample from elsewhere in the Rim Sequence to samples from traverse A-A’".

The eight analyses from the traverse contain variable silica contents (73.32 to 64.96 wt%) that
decrease with distance into the pluton except for the two granite samples. Sample positions from

point A at the country rock contact are labelled from 1 to 8 (Figure 43), and not only do major
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Figure 44. Trace element diagrams for granitoids and mafic rocks: These plots show variation of

trace elements for all rock types studied. Whereas major element versus silica plots for the
Rim Sequence data result in lincar arrays, trace element trends are curvilinear (curves fit
by eye). Mafic rocks (microgranitoid enclaves, dikes, and coase-granied enclaves) do not
fall on Rim Sequence trends. The distinction of the high K and low K subgroups of the
Core Facies are particularly evident on a plot of Rb versus Sr.
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element oxide concentrations correlate with position but the overall trends are linear for this 12
wt% silica range. Exceptions are MnO, Na,O and K;O. A measure of the linearity of these
trends, the sum of the residuals squared (r?) from linear regressions are greater than 0.95

(1.0= perfect fit) except K,O (0.86), Na,O (0.65), and MnO (0.23). The range of MnO contents
is 0.08 to 0.11, and is virtually constant at 0.10 to 0.11 for 7 of the 8 samples. From the country
rock toward the interior of the pluton, Na,Q varies form 3.92 to 2.85 wt%, and K,O from 3.53 to
2.19 wt%, and these alkalies have a concave downward trend on Harker diagrams. The elements
with the largest percent change in concentration (CaO=1.82 to 5.22 and FeO 1.49 to 4.41 wt%)
both display linear trends. The ninth analysis from the Rim Sequence (unlabeled and not from the
traverse) falls on the traverse trend for all major elements (Figure 43).

These data indicate the process that generated chemical diversity in the Rim Sequence was
very orderly, and resulted in linear trends for all major elements but the alkalis. A two end member
process readily accounts for most of these data.

Unlike most major elements that produce linear trends when plotted against silica, trace ele-
ments of the Rim Sequence yield curvilinear arrays. The ranges of composition of analyses from
traverse A-A’ are great (576-1388 ppm for Ba, 55-103 ppm for Rb, and 269-558 ppm for Sr). There
is a positive correlation of Ba and Rb with silica, and a negative one for Sr. The ninth Rim Se-
quence sample falls with traverse samples for Rb and Sr (no Ba available). Harker diagrams of the
three trace elements yield strongly curvilinear trends and these results suggest a process involving

more than two end members.

Four Deuce Hills

Two analyses of granodiorite from the Four Deuce Hills have silica contents of 76.41 and
68.18 wt%, and these analyses fall with those from the Rim Sequence for most oxides, exceptions

being K,O and Al,0;. These two rocks have Ba, Rb and Sr concentrations of 985-1015 ppm,
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75-112 ppm, and 357-609 ppm, respectively. Though these samples are similar to the Rim Se-
quence with respect to major elements, these rocks have trace element concentrations that lie out-

side the band of Rim Sequence analyses.

Core Facies

Core Facies rocks, which appear to be moderately homogenous granodiorites in the field, are
more restricted in composition than Rim Sequence rocks. Five samples from throughout the unit
were selected for chemical analysis (Figure 17 on page 41). All are biotite hornblende granodiorites
with magnetite + sphene + allanite except for one quartz monzodiorite (CA84-147). One
granodiorite was analyzed because its low color index (17; CA85-13) suggested it may be a
fractionate, and another (CA85-122) was collected on trend with traverse A-A’, about 200 m from
BW84-25.

These rocks have a range of silica contents from 58.68 to 64.81 wt% with all but one analysis
(CA86-14) between 61.68 and 64.81 wt %. The one outlier (CA86-14) is generally less evolved
with higher Al,0, and femic constituents, and lower K,O. It is intermediate between other Core
Facies rocks and microgranitoid enclaves of the Turtle pluton and may be a mixture of the two.
The other four analyses have restricted major element compositions except for Al;0; (16.27 to
17.18 wt%) and K:O (1.91 to 3.35 wt%). Given the cluster of 4 samples and 1 outlier, for all major
elements but Al,O; and KO, it is not possible to distinguish linear versus curvilinear trends. For
Al; O3, there is a curved array with a decrease in Al;O; (about 1 wt%) with increasing silica. For
KO, the data suggest two subgroups, a high K (> 2 wt%) and a low K ( <2 wt%) group, and the
high K group occurs near the Target Granite (Figure 17 on page 41). This subdivision is supported
by trace element and isotopic analyses.

Trace elements occur as complex patterns on Harker diagrams. High K rocks contain much

more Rb and less Sr (90-102 ppm Rb and 426-448 ppm Sr) than low K rocks (58 ppm Rb and
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515-597 ppm Sr). Ba contents of the two groups overlap and fall in the range 673 to 704 ppm (3
analyses). The prominent difference between the subgroups is apparent on a plot of Rb versus Sr
(Figure 44). A process which strongly effects K,0, Al;O3, Rb and Sr contents must be called

upon to explain chemical differences among these five samples.

Garnet Aplites

Garnet aplites are fine-grained rocks of granitic composition which contain garnet +
biotite = muscovite. These four samples have a very limited range of oxide contents (SiO, = 74.72
to 75.92 wt%) except KO (4.33 to 5.81 wt%) and Na,O (2.85 to 3.64 wt%). On Harker diagrams,
these analyses cluster except for positive and negative linear slopes from K;0O and Na,O with in-
creasing silica.

Garnet aplites have a large range of trace element abundances given their limited major ele-
ment ranges. Trace element contents are 415-1420 for Ba, 105-141 for Rb, and 70-272 ppm for
Sr. On Harker, diagrams these trace element analyses define curvilinear fields that do not lie along

the continuation of the Rim Sequence trend.

Target Granite

All four samples of Target Granite are granites that contain biotite, sphene, magnetite,
ilmenite, and sparse horblende. Given the granitic composition, chemical diversity is large (69.59
to 75.88 wt% Si0O;) and these four samples define linear trends with respect to all major elements
except MnO, MgO and Na,O for which there is scatter. Examples of chemical ranges are K,O
(3.47 to 4.68 wt%) for which there is a positive correlation with silica, and Al,O; (13.37 to 15.62

wt%) and FeO (1.15 to 2.40) for which there is a negative correlation.
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The Target Granite contains 643-1670 ppm Ba, 89-127 ppm Rb, and 196-425 ppm Rb.
These rocks define curvilinear trends on plots of trace elements versus silica and these trends suggest

a multiple end member differentiation process, probably fractional crystallization.

Precambrian Rocks

Country rocks immediately adjacent the Rim Sequence is Virginia May gneiss, a biotite
bearing quartzofeldspathic gneiss associated with leucocratic dikes. The gneiss has a major element
composition of 72.2 to 76.1 wt% SiO,, 11.3 to 13.4 wt% Al,0;, 4.07 to 4.71 wt% KO, and 1.55
to 2.53 wt% Na,O. A leucocratic dike is relatively enriched in K,O (6.49 wt%) and Al,0; (13.7
wt%) as compared to the enclosing gneiss. These gneisses have a limited range of Rb contents, and
variable Sr contents (100-138 and 58-310 ppm, respectively) and contain more Rb than Rim Se-
quence granites. A single analysis of a mafic augen gneiss (H79-124) contains less SiO; (68.9 wt%)
and has trace element concentrations similar to the Virginia May gneiss. The granitic gneiss found
north of Rice (Xgg) contains 73.30 wt% Si,0, and contains more Rb (317 ppm) than other
Proterozoic rocks (128-154 ppm). For most of these elements, the country rocks are not colinear

with Rim Sequence trends (see Figure 43 and Figure 44).

Nearby Early Cretaceous Intrusions

The rocks exposed in the West Riverside Mountains, 25 kilometers south of the Turtle
Pluton, are similar to the mafic rocks of the Rim Sequence and the Core Facies in hand specimen
and modal abundance (see Chapter 1). Two samples contain more silica than the Core Facies rocks
and are very similar in major element composition to the most mafic portion of the Rim Sequence

(BW84-25) except potassium and rubidium, in which they are enriched. These data suggest the

Chapter 4 171



rocks in the West Riverside Range could be an extension of the Turtle pluton, or a similar intru-
sion.

The Castle Rock pluton is a granodioritic intrusion 10 km north of the Turtle pluton that
has oikocrystic potassium feldspar like the Four Deuce Hills. Its major and trace element chemistry

is similar to granodiorites from the Four Deuce Hills and may be cogenetic with the Turtle pluton.

Discussion of Chemical Variation Among Rock Types

Rim Sequence

The Rim Sequence displays the largest chemical diversity of any of the rock types and major
element chemical trends are linear, except for alkalis. Such linear trends can be modelled as domi-
nantly mixing or unmixing of two end members which could be: (1) assimilation of country rock,
(2) removal of a constant mineral assemblage from a parent magma, or (3) mixing of two magmas.

Along the Rim Sequence-country rock contact there is little evidence of contact effects--
metamorphism or assimilation. Analyses of the Virginia May gneiss do not lie on an extension of
most Rim Sequence major and trace element trends and could not be a bulk assimilant, and Rb-Sr
isotopic data rule out even partial assimilation as a mechanism to generate chemical variation of the
Rim Sequence (see Chapter 5).

If the range of Rim Sequence compositions and linear chemical trends are the result of frac-
tional crystallization of early crystallizing phases preserved in these rocks, then the cumulate
assemblage is of constant composition, lies on the Rim Sequence regression for major elements, is
composed of primarily plagioclase and hornblende with lesser biotite (about 53 wt% SiO;), and is
roughly half an original magma volume with a composition like that of the most mafic rock of the
sequence (63 wt% silica). The calculated cumulate assemblage assumes analyzed mineral com-

positions and minimum residual calculations from the program XLFRAC (Stormer and Nicholls,
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1978). The constant assemblage, the composition of the assemblage with first crystallizing biotite
much less abundant than homblende, and such a large cumulate volume, are all unlikely.

Mixing of two magmas that bracket Rim Sequence data and lie on the regression line can
explain most of the observed major element variation. A candidate for mafic end members is the
low K group of the Core Facies. Microgranitoid enclaves do not lie on Rim Sequence trends and
are not considered possible end members. Common 27Sr/%¢Sr data will be used to further limit the
possible end member compositions (see Chapter 5 and 6). The felsic end member candidate is
limited to the Rim Sequence granite itself. The Target Granite is a significantly younger intrusion.
Oxygen and strontium isotopic data (including a younger age) rule out garnet aplites as an end
member (Chapter 5).

Trace element and alkali trends, on the other hand, are curvilinear, and this indicates a process
involving multiple end members must be invoked to explain their variation. Fractionation or ac-
cumulation of phases with large partition coefficients for these elements and alkalis (feldspars and
biotite), that would not greatly effect concentrations of other major elements, can explain these
curvilinear trends, but a fractionation model cannot account for linear trends of most major ele-
ments. These data suggest that more than one process needs to be considered in chemical model-
ling of the Rim Sequence, and that the model must incorporate magma mixing and a

fractionation/accumulation mechanism involving minerals that contain K;O, Na,O, Rb and Sr.

Core Facies

The Core Facies has been subdivided into high K and low K groups. The low K group lies
on trend with the Rim Sequence analyses, and major element, textural and mineralogic similarity
of these to the most mafic granodiorites of the Rim Sequence suggest a genetic relationship of the
two (see Chapter 1). High K Core Facies rocks, on the other hand, have a chemical signature
distinct from the low K group. The occurrence of 2 of 3 Core Facies high K rocks near the Target

Granite, and the splotchy distribution of K feldspar in these samples suggest metasomatism caused
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by the younger intrusion may be the source of chemical differences. A graphical comparison of a
low K rock from the periphery of the Core Facies (CA85-122) and a high K rock proximal to the
Target Granite (CA84-147) indicates the high K rocks are relatively enriched in K,0, Rb and LOI
constituents, and depleted in Al,O3, CaO, Na,O, and Sr (Figure 45). These elements suggest a
feldspar plus fluid exchange can account for most of the observed chemical differences with a loss
of plagioclase (An4) and gain of orthoclase (Oryq0) + quartz + fluid components + additional
potassium. An alteration model to account for the differences of these two groups will be further

tested with isotopes (Chapter 5).

Garnet Aplites

The peraluminous and silica rich composition of aplites, and their cross cutting relationship
with the Turtle pluton suggest they could be late differentiates of Turtle pluton magmas. Their
major and trace element compositions generally lie on trend with Rim Sequence data, but oxygen

and strontium isotopic data indicate these aplites are probably not related to the Turtle pluton.

Target Granite

The Target Granite stopes the Turtle pluton and therefore must have intruded after
solidification of the Turtle pluton. This body has different major and trace element composition
than the Turtle pluton, is about 30 Ma younger, and also has very different common Sr and oxygen

isotopic signatures (Chapter 5).
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Figure 45. Chemical comparison of low and high K subgroups of the Core Facies: This isocon dia-
gram is a graphical representation of changes of composition from a reference sample
("unaltered”) to a second sample (“altered”; Grant, 1986). It is a plot of an element from
the reference rock versus the same element in another sample, both multiplied by the same
scaling factor (used to make the plot more legible). If the rocks are identical in composi-
tion, all elements would piot on a 1:] slope. If elements in the reference are diluted by
addition of another species, all elements would lie on a line but with a slope less than 1:1.
Elements that are added to the reference rock will lie above a line passing through most
elements (unchanged), and those lost would lie below. As compared to the low K subgroup
(horizontal axis), the high K subgroup (vertical axis) contains more K,;0, H,0, Rb and
perhaps P;0s, and less Al;0,, CaO, Na,O, and Sr. These changes can be modelled as
a single reaction involving 2 feldspars and fluid (see text).
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Chapter 5

ISOTOPE GEOCHEMISTRY

Introduction

Isotopes are valuable tools in discerning petrogenetic relationships. Radiogenic isotopes are
used to determine the crystallization ages of the Turtle pluton and Target Granite. U-Pb ages of
zircon and sphene are compared to mineral and whole rock Rb-Sr ages from these intrusions.
Common isotopic ratios (Sr and Pb) are used to evaluate the genetic relationships of rock types
from the study area and nearby Cretaceous intrusions, and to model their source characteristics.
Stable isotopes (O and D) are employed to determine the role of post-crystallization fluid exchange

on the Turtle pluton and Target Granite.

U-Pb Geochronology

If U and radiogenic Pb concentrations in a mineral are the result of radiogenic growth since
crystallization, calculated ages, 2°7Pb/23%U, 29°Pb/?3%U, and 2°7Pb/?°*Pb should agree, and the
sample is described as concordant (Wetherill, 1956), however, geologic factors such as the presence

of a xenocrystic component and loss of radiogenic Pb through diffusion and episodic loss com-
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monly result in the following age relationships in zircons: 2°¢Pb/?3%U < 207pp;235y <
207Pb/29°Pb, and the sample is described as discordant (Wetherill, 1956). Sphene, on the other
hand, is usually concordant because inheritance is rare, and small concentrations of U as compared
to zircon result in less radiation damage to the crystal, and thus relatively smaller losses of
radiogenic Pb (Tilton and Grunenfelder, 1968; Tucker et al., 1986).

Errors of calculated ages depend on numerous factors (Mattinson, 1987; Ludwig, 1980).
Minerals of Cretaceous age, because of relatively slow growth of ?**U and resulting small abun-
dances of 2°7Pb, are sensitive to common Pb and laboratory contamination (blank) corrections
(Chen and Moore, 1982; Ludwig, 1980; Mattinson, 1987). Uncertainties associated with these
corrections result in relatively large uncertainties in calculated ages (especially 2°7Pb/2°¢Pb) for
young rocks. With these caveats in mind, ages interpreted from zircon and sphene data are assumed

to represent crystallization ages of the Turtle pluton and Target Granite.

Turtle Pluton

Zircons were separated from 75 kg of Rim Sequence granite collected 10 m from the country
rock contact (CA85-5). Three size fractions were separated: > 150, 85 to 75, and <75 microns.
The finest fraction was too small to analyze with confidence. Zircons from the other fractions
comprise about 75% euhedral light brown crystals, 20 % clear ones, and about 5% violet ones, and
many crystals display zoning (Figure 46). Brown crystals that contain darkened cores and the vi-
olet variety were removed prior to analysis.

The two fractions of zircon from the Rim Sequence are discordant (Figure 47) and yield
U/Pb ages of 138 to 208 Ma and 2°7Pb/2°°Pb ages of 976 and 1058 Ma as given in Table 12. The
lower and upper intercept ages from regression of these two points are 128 and 3100 Ma, but be-
cause of the small number of points and the small spread of composition, significant errors are as-

sociated with these ages.
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Figure 47.  Concordia diagram for Turtle Pluton and Target Granite: This diagram shows that
zircons from the Rim Scquence (square) are discordant, that one sphene fraction from the
Core Facies (triangle) is concordant at 131 Ma and one has a similar 27 Pb/2°*Pb age but
lesser U,Pb ages, and that regression of the concordant sphene fraction and zircons yield
a lower intercept age of 130 Ma and upper intercept age of 3.1 Ga for the Turtle pluton.
Zircons from the Target Granite (dot) are concordant or mildly discordant. Regression
of a concordant fraction (100 Ma) and the 2 fractions with greater °”Pb,2°*Pb ages yields
a lower intercept age of 99 Ma, and an upper one of 1.7 Ga. This is similar to the age
of Precambrian country rocks and suggests inheritance. A second possibility for
discordance is contamination of the Target Granite by zircons from its host rock, the Turte
pluton. An fourth fraction from the Target Granite has a similar *°"Pb/?°*Pb age to the
concordant fraction but lesser U/Pb ages and suggests recent Pb loss or U gain.
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Sphene was separated from 20 kg of Core Facies quartz monzodiorite. In thin section sphene
occurs as euhedral crystals, or as anhedral grains associated with mafic phases (Figure 23 on page
60). Both types are medium brown. In order to avoid the anhedral type, grains larger than 150
microns were used in analysis. Sphene from this sample has a large range of magnetic susceptibil-
ities (1.8 to 0.4 amps at 10° side tilt and 19° forward tilt on a Franz magnetic separator) which was
utilized to split the population into fractions. Two fractions were analyzed, those separated be-
tween 0.8 and 1.0 amps, and those nonmagnetic at 1.8 amps.

The nonmagnetic fraction (1.8 amps) is concordant within error at 131+ 1 Ma (see
Table 12). The other fraction has a similar 2°7Pb/2%Pb age of 133+ 20 Ma, but lower Pb/U ages
(118 £ 1) and this fraction may have suffered Pb loss (or U gain) as compared to the more non-
magnetic fraction. Perhaps the lower Pb/U ages are due to alteration of this rock by intrusion of
the adjacent Target Granite.

The similarity in age of the concordant sphene fraction from the Core Facies (131 Ma), and
the lower intercept of the two zircon fractions from the Rim Sequence (128 Ma), together yield a
lower intercept age of 130+ 1 Ma (Ludwig, 1984, Model 2). This age is interpreted to be the
crystallization age of the Turtle pluton. This interpretation is tentative given the unusual range of
magnetic susceptibilities of sphene and the differences in U/Pb ages of the two fractions, however
ages determined from a series of radiogenic systems (see below) are supportive of this Early
Cretaceous age. In terms of the petrologic interpretation which greatly depends on Rb-Sr isotopic
data, an age difference of 10 Ma will change calculated initial 37Sr/%¢Sr by about 0.0001 for most
samples, i.e. the level of experimental error. Thus a 10 Ma difference in model age will not effect

petrologic interpretations.
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Target Granite

Zircons were separated from 60 kg of the Target Granite collected away from contacts and
xenoliths (CA85-111). Zircons were separated into four size fractions: > 85, 85-75, 75-45, and <45
microns. All fractions contain euhedral, light brown to clear crystals that display delicate zoning,
and some crystals contain optically distinct cores (Figure 46).

The results of zircon analyses appear in Table 12. One fraction, the coarsest, is concordant
at 1003 Ma. Two fractions (85-75 and <45 microns) have overlapping U/Pb ages, but greater
207pp/29¢PH ages (beyond errors) than the concordant one. One fraction (75-45 microns) has a
207pp/206Ph age similar to that of the concordant fraction, but younger U/Pb ages (93 and 95 Ma).
The fractions with 2°7Pb/2°%Pb ages greater than that of the concordant fraction suggest the pres-
ence of an inherited component and regression of these two fractions and the concordant one yields
a lower intercept of 99 Ma (+ 4/-6 Ma, Ludwig, 1984, Model 1, and + 45/-30 Ma, Model 2), and
an upper intercept of 1.7 £ 0.7 Ga (Ludwig, 1984, Models 1 and 2). The large error of the lower
intercept is primarily the result of a small spread in the data and the parallelism of the regression
and concordia. Upper intercept errors are large, but the agreement of this age with the age of ex-
posed basement rocks in the area (this study, Wooden et al., 1988 and J.L. Wooden, unpublished
data) suggests an interpretation of an inherited Precambrian component is valid. A second possi-
bility is inheritance of zircon from the Turtle pluton which it intrudes (see regression, Figure 47).
The fraction having lower U-Pb ages shares a 2°7Pb/?°°Pb age with the concordant one and is in-
terpreted to have lost Pb (or gained U) relative to the concordant fraction.

The crystallization age of the Target Granite is concluded to be 100 £+ 3 Ma based on data

from a concordant zircon fraction.
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Rb-Sr Isotopes

Introduction

Rb-Sr isotope data from rocks and minerals may be used for geochronology when isotopic
equilibrium can be assumed. This criterion is fulfilled in the following cases: (1) suites of igneous
rocks that result from fractional crystallization over geologically short time periods. (2) minerals
in an igneous rock that crystallized from the same homogenous melt. (3) high grade metamorphic
rocks where physical conditions allowed isotopic equilibration. Under other circumstances, when
magmas are contaminated by country rock (assimilation) or by other magmas (magma mixing),
or when metamorphic grades are low, isotopic equilibrium may not be achieved and pseudochrons
or scatterchrons result (Brooks et al., 1972). In any case, when a crystallization age can be assigned
from other methods, common or initial ratios of ®7Sr/®°Sr (Sr,) may be used to test for petrogenetic
relationships among rocks, and similar Sr; values within £+ 0.0002 indicate possible evolution from
the same source.

Sr, values can also yield information about source characteristics, whether the source is mature
continental crust (> 0.7060), mantle derived melts ( <0.7035) or mixtures of the two
(0.7035-0.7060; Kistler and Peterman, 1973; Hart and Brooks, 1981).

Isotopic data from Precambrian country rocks, the Turtle pluton, the Target Granite, and
garnet aplites are used to define ages, magma relationships, and potential magma sources. All rocks
analyzed for major elements were also analyzed for isotopic composition (Table 13) and locations

are given in figure references below.
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Table 13.

Rb-Sr isotope analyses of whole rocks and minerals.

Chapter S

85-4
84-50

84-143
84-147
84-147
85-25
85-13

85-122
86-14

bw-25as
bw-29s
84-45
84-113s
84-173

84-65a
84-65a

85-4c

87sr/ B6sr Rb st %¥Rp/ %sr Sr;
Rim Sequence 130 Max
-0.71007 92.6 292.8 0.92 0.7084
0.71021 102.4 275.6 1.08 0.7082
0.70991 103.0 308.7 0.97 0.7081
0.70908 91.9 382.3 0.70 0.7078
0.70829 87.0 427.8 0.59 0.7072
0.70823 90.4 439.2 0.60 0.7071
0.70782 84.5 433.5 0.56 0.7068
0.70698 52.8 545.8 0.28 0.7065
0.70954 100.0 336.0 0.86 0.7079
Four Deuce Hills 130 Ma*
0.70816 111.5 357.1 0.90 0.7065
0.70699 75.2 609.4 0.36 0.7063
High K Core Facies 130 Mat*
0.70680 101.7 430.7 0.68 0.7055
0.70652 89.3 451.5 0.57 0.7055
0.70663 89.3 451.5 0.57 0.7056
0.70685 84.9 410.3 0.60 0.7057
0.70778 92.0 427.0 0.58 0.7067
Low K Core Facies 130 Ma*
0.70701 56.7 592.6 0.28 0.7065
0.70715 58.0 $15.0 0.30 0.7066
Microgranitoid Enclaves 130 Ma*
0.70772 $7.7 502.7 0.33 0.7071
0.70833 90.5 346.4 0.76 0.7069
0.70894 108.4 284.3 1.10 0.7069
0.70737 65.9 523.7 0.36 0.7067
0.70672 28.4 507.3 0.16 0.7064
Mafic Dikes 130 Ma*

0.70603 54.7 612.5 0.26 0.7056
0.70596 54.7 612.5 0.26 0.7055
0.70548 54.0 473.0 0.31 0.7049
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Table 13.

Rb-Sr isotope analyses of whole rocks and minerals.

Chapter S

Sample 87sr/ %sr Rb Sr 87gb/ ¥sr Sr;
Coarse-grained Enclaves 130 Ma*
bw-27 0.70630 20.7 376.3 0.16 0.7060
84-114 0.70702 63.9 234.2 0.79 0.7056
85-118 0.70555 45.6 412.0 0.32 0.7050
Garnet Aplites 96 Ma**
84-28 0.71557 144.2 73.1 5.71 0.7078
84-46 0.70982 118.6 187.3 1.83 0.7073
84-101 0.70978 104.9 196.4 1.55 0.7077
85-34 0.70834 125.0 282.2 1.28 0.7066
85-55 0.71646 158.7 66.9 6.87 0.7071
85-62 0.73288 337.5 52.1 18.79 0.7072
Target Granite 100 Ma***
85-18 0.70766 127.5 197.6 1.87 0.7050
85-111 0.70701 115.9 241.2 1.39 0.7050
85~101 0.70584 91.9 428.4 0.62 0.7050
85-15 0.70540 89.0 426.3 0.60 0.7045
Castle Rock Pluton 130 Max*
84-158 0.70752 82.7 533.3 0.45 0.7067
Virginia May Gneiss 130 Max*
85-5A 0.81330 100.0 75.0 3.90 0.8061
85-96 0.73300 134.3 320.4 1.22 . 0.7308
85-96 0.73332 134.3 320.4 1.22 0.7311
85-66 0.87001 140.1 62.4 6.60 0.8578
H84-92 0.79788 128.2 99.7 3.75 0.7909
H84-93 0.79229 154.4 126.5 .3.56_ 0.7857
Other Country Rocks 130*
H79-118a+ 0.92570 316.6 106.6 8.78 0.9095
H79-124+ 0.76097 136.2 176.2 2.25 0.7568
86-8 0.74556 28.4 195.6 0.42 0.7448

* assumed age of the Turtle pluton, U-Pb.
** assumed age of aplites, Rb-Sr.
**tassumed age of Target Granite, U-Pb.
+ isotope dilution.
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Table 13.

Rb-Sr isotope analyses of whole rocks and minerals.

Chapter §

Mineral %sr/ %sr Rb Sr 87Rb/ #¥sr 3
Rim Sequence Granite (CA85-5) 124 Ma $
w.r. 0.70985 97.1 338.1 0.83 0.7084
ap ac 0.70881 17.5 271.7 0.19 0.708S5
ap eq 0.70858 2.3 112.7 0.06 0.708S
ksp 0.71163 274.7 392.2 2.03 0.7081
ksp 0.7113S5 514.0 397.6 1.77 0.7082
biot 0.90650 509.7 13.4 112.07 0.7085
High K Core Facies (CA84-147) 103 Ma $$
w.r.# 0.70657 89.3 451.5 0.57 0.7057
sph0.4A 0.70623 0.6 38.3 0.05 0.7062
sphl.8A 0.70638 1.7 47.2 0.11 0.7062
ksp 0.70721 259.1 712.7 1.05 0.7057
biot 0.87855 $59.9 13.9 118.21 0.7055

w.r.##

ap ac

Microgranitoid Enclave (BW84-29) 130 Ma*

0.70833
0.70778

90.5
5.0

346.4
81.7

0.76
0.18

0.7069
0.7074

++ conc. by isotope dilution unless otherwise noted.
S age determined from 5 minerals & whole rock.
$$ age determined from 2 minerals & whole rock.
# average of 2, concentrations from XRF.

## concentrations from XRF.
*%* assumed age of the Turtle pluton.
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Precambrian Rocks

Precambrian rocks (locations given in Figure 5 on page 10) were analyzed for Rb and Sr
isotopic composition in order to test assimilation as a possible mechanism to produce the Turtle
pluton, and to determine the age of the country rock.

As shown in Figure 48, analyses of the Virginia May gneiss, a quartzofeldspathic biotite
gneiss that underlies a majority of the southern Turtle Mountains, result in an isochron with an age '
of 1.77 +0.04 Ga and an intercept of 0.7021 £ 0.0014 (/ MSRS = 0.375, Model 2, York, 1969).
This age incorporates two samples of gneiss collected within 2 km of the Turtle pluton and two
samples collected near the Virginia May Mine, several kilometers north of the Turtle pluton (see
Figure 5 on page 10). An analysis of one rock collected from within 10 m of the Turtle pluton
(CAB85-5A) falls above the isochron and may have been affected by the intrusion. This Proterozoic
age is similar to 2°7Pb/2%¢Pb age of whole rocks and feldspars from Precambrian rocks of the Turtle
Mountains (Wooden et al., 1988 and J.L. Wooden, unpublished data) and to a high grade
metamorphic event (1.7 Ga) documented in the eastern Mojave Desert (Silver, 1968; Wooden et
al. 1988; Thomas et al., 1988; J.L. Anderson and J.E. Wright, unpublished data). The Sr, of 0.702
is like that of the Bulk Earth Model at 1.77 Ga (DePaolo and Wasserburg, 1976), and this implies
the gneiss did not experience significant radiogenic growth prior to isotopic homogenization at 1.77
Ga.

Analyses of two other rock types, the porphyritic granite gneiss (Xgg) and mafic augen gneiss
(gneiss of Johnsons Well, Xag) also fall on the isochron and this suggests a minimum crystallization
age of 1.77 Ga for these two metaigneous rock types. One rock type, an amphibolite (Xa) collected
about 2 km north of the Turtle pluton, plots above the isochron and is not in isotopic equilibrium
with the other Precambrian samples.

These data suggest a minimum crystallization age of 1.77 Ga for a majority of the terrane
intruded by the Turtle pluton. In addition, these rocks are much more radiogenic (Sr,= 0.730 to

0.909) than the Turtle pluton ( <0.7084) as calculated at 130 Ma and are not colinear with Rim
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Rb-Sr isochron diagram for Precambrian rocks: The age of Precambrian rocks sur-
rounding the Turtle pluton is 1.77 Ga as defined by four samples of the Virginia May
Gneiss. The low Sr; value approaches that of a bulk earth model (DePaolo and
Wasserburg, 1976) and suggests little growth prior to homogenization at 1.77 Ga. One
sample from the same unit and immediately adjacent the Turtle pluton does not fall on the
isochron (circle) and w