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"The combination of causes of phenomena is beyond 

the grasp of the human intellect. But the impulse to 

seek causes is innate in the soul of man. And the human 

intellect, with no inkling of the immense variety and 

complexity of circumstances conditioning a phenomenon, 

any one of which may be separately conceived of as the 

cause of it, snatches at the first and most easily 

understood approximation, and says here is the cause." 

Lev Tolstoy 
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ABSTRACT 

The San Luis Obispo ophiolite is a sequence of mafic and ultra-

mafic rocks that lie as a thrust-like slice on top of Franciscan 

melange in the southern California Coast Range. The ophiolite com-

prises the classic Steinmann Trinity of basal serpentinized ultramRfic 

rocks overlain sequentially by spilitized pillow lavas and cherts. 

The ophiolite is intruded by numerous diabasic dikes and several large 

intrusive complexes that contain peridotite, gabbro, diabase and felsic 

rocks. 

Field relations indicate that this ophiolite originated as a 

sequence of submarine volcanic flows and breccia units extruded onto 

an ultramafic basement. Later the volcanic and ultranafic rocks were 

intruded along their contact by mafic magma that crystallized as a 

stratiform complex of cumulate peridotite and gabbro. Next, this 

stratiform complex was intruded by diorite and albite-granite 

(trondhjenite) sills, which may have been produced by partial melting 

of gabbros in the upper levels of the stratiform complex. Finally 

all earlier units were intruded by diabasic sills and dikes that probably 

were late feeders for the pre-existing volcanic unit. All the 

ophiolite rocks underwent subsequent highly localized brecciation, 

under greenschist-facies conditions, in which felsic rocks were 

incipiently melted by frictional heating. 

The host rocks and intrusions were metamorphosed at low tempera-

ture and the mafic rocks were altered by Na- and Si-retasomatism. 

xiv 



Despite this pervasive alteration, evidences of the formational stages 

of the ophiolite are preserved in disequilibrium mineral assemblages, 

primarily within mafic and ultramafic rocks of the intrusive complexes. 

Whole-rock analyses of the ophiolite suite indicate that alteration 

has obscured but not obliterated the original chemical character of 

the mafic rocks. The ophiolite diabases and basalts contain up to 

6 weight percent Na20 and 58 percent Si02, in contrast to normal 

SiO contents of 50 percent or less and Na 0 contents of less than
2 2 

3 percent for unaltered oceanic and continental tholeiite basalts. 

However, the low K 0 contents (less than 0.8 percent) of all units
2 

in the ophiolite suite indicate that these rocks are not part of an 

alkalic kindred, but rather are altered tholeiites. 

Compositions of relict amphibole and plagioclase in the mafic 

rocks indicate that the ophiolite formed in a high-temperature 

environment and the deep seated rocks were metamorphosed under amphi-

bolite-facies conditions. A later change in the environmental condi-

tions allowed subsequent low-temperature (greenschist facies) meta-

morphism and netasomatism. The structure and chemistry of the San 

Luis Obispo ophiolite support the hypothesis that this body may repre-

sent a fragment of oceanic crust and mantle. The volcanic rocks and 

the intrusive complexes probably formed at a mid-ocean ridge, where 

conditions of high heat-flow provided the requisite high-temperature 

environment and promoted the production of mafic magmas. The change 

to low-temperature conditions probably was due to inception or 

acceleration of crustal spreading at that portion of the ridge where 

this ophiolite formed. The nature of brecciation in the ophiolite 

indicates that the low-temperature environment also was one of greater 



tectonic disturbance, relative to conditions at the ridge. This 

tectonically active environment probably corresponds to an island 

arc where the ophiolite-bearing plate was subducted in an adjacent 

trench. The absence of a high-pressure mineral assemblage in the 

San Luis Obispo ophiolite suggests that this segment of ocean-crust 

and upper mantle was not buried in a subduction zone, but rather was 

rafted on top of subduction melange (Franciscan Formation) into 

its present position. 



CHAPTER I 

INTRODUCTION 

Isolated blocks and extensive sequences of ultramafic and mafic 

rocks occur frequently in the California Coast Range, but because 

the importance of these rocks was recognized only recently, their 

petrologies and chemical compositions have not been examined in detail. 

Fragments of ultramafic rocks (usually serpentinites) in association 

with pillowed basaltic lavas, now are believed to mark the worldwide 

zones of intense tectonic activity. These mafic and ultramafic rock 

sequences are called ophiolite. In the California Coast Range 

ophiolites may be fragments of the ocean crust and mantle, derived 

from a subducted oceanic plate during collision with the margin of 

a continental crustal plate (collision of the North American and East 

Pacific Plates, Atwater, 1970). 

Until recently, the geology of the mafic and ultramafic rocks, 

in Jurassic-Cretaceous Franciscan rocks of the California Coast 

Range near Atascadero, was largely unknown. Fairbanks (1904) 

mapped the San Luis Obispo area at 1:125,000 and interpreted the 

ultramafic rocks as intrusive into Franciscan sediments and overlying 

volcanic rocks. Much later, Hsli (1969) mapped the Franciscan Formation 

in the Coast Range between Morro Bay and San Simeon as melange and 

designated the pillow lavas and ultramafic rocks as ophiolite. Sub-

sequently, Page (1972) mapped the synclinal segment of ophiolite that 
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is the subject of this study. Page determined the structural relations 

among the major ophiolite units and interpreted the ophiolite sequence 

as a fragment of oceanic crust that had been underthrust by the 

Franciscan melange. 

Interpretations of all ophiolite sequences worldwide have been 

based upon the structure of the masses, a few chemical data, and 

comparisons of the ophiolites with ocean crust structure and what is 

known of oceanic rock compositions. Until recently, detailed chemistry 

has not been obtained for any ophiolites (Hopson and Frano, 1973). 

Deformation and metamorphism have pervasively affected the major 

rock types in most ophiolites, although primary mineral relics can 

be found in portions of the rock sequence. Detailed investigation 

of the mineral relics and determination of the style of chemical 

alteration in these rocks is necessary before genetic interpretations 

of ophiolite formation can be made. This study is a detailed examina-

tion of mineralogy and whole-rock chemistry of the San Luis Obispo 

ophiolite, with special attention to the various intrusive rocks. 

Mineral identifications in 200 thin sections were made using 

conventional petrographic techniques, as well as from universal stage 

and x-ray diffraction identifications of selected samples. Composi-

tions of 368 individual minerals, representing six mineral groups, 

were obtained with electron probe microanalyzer. Ten wet-chemical 

analyses were kindly donated by agreement with the Universidad Autonoma 

de Mexico, and 63 rapid whole rock analyses were performed by electron 

probe. Semi-quantitative determinations of selected trace elements 

were obtained commercially. 
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These data establish a chemical relationship among the host 

and intrusive rocks of the San Luis Obispo ophiolite. Alteration 

trends can also be established for most of the rock types. Textural 

data from the intrusive rocks yield important information on the 

tectonic setting in which this ophiolite was formed. 



CHAPTER II 

ALPINE ULTRAMAFIC ROCKS AND OPHIOLITE 

Alpine Ultramafic Rocks 

Ultramafic and associated rocks are uncommon in the earth's 

crust. They occur principally in four associations, as suggested 

by Wyllie (1967): 

1. stratiform mafic-ultramafic complexes such as Skaergaard 
(Wager and Brown, 1968), Stillwater (Hess, 1960; Jackson, 
1961), Bushveld (Cameron, 1963), and Muskox (Irvine and 
Smith, 1967) 

2. xenolithic fragments in basalt flows of Hawaii (Kuno, 1967; 
Jackson, 1967), the southwestern U. S. (Wilshire, et al., 
1974) and Australia (Wilshire and Binns, 1961), and in kim-
berlite-bearing diatremes of South Africa and other parts 
of the earth's crust where deep-seated volcanism has occurred 
(Davidson, 1967) 

3. concentrically zoned igneous bodies of alkalic affinities 
such as Kiglapait (Morse, 1969) 

4. fragments, lenses or massive bodies in folded and faulted 
mountain belts (Hess, 1955). These are termed alpine-type 
ultramafic rocks. 

The alpine ultramafic rocks are characterized chiefly by their 

tectonic setting, which includes association with melange units, 

nappes, and other highly deformed structures (Moores, 1973). When 

unserpentinized, they often have oriented fabrics and lack the primary 

crystallization textures that characterize the stratiform and con-

centric complexes (Hess, 1955; Thayer, 1960). Although alpine ultra-

mafic rocks often are layered, usually the layers are contorted and 
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discontinuous. This is in sharp contrast to the continuous layering 

of stratiform complexes such as Skaergaard, in which individual layers 

can be identified over distances of several kilometers. Alpine 

ultramafic complexes commonly are not bordered by a well-developed 

metamorphic aureole, which would be expected around the contacts of 

intrusive rocks with such high liquidus temperatures as dunite, 

peridotite and pyroxenite (O'Hara, 1967a). These circumstances 

suggest that, unlike the relatively undisturbed stratiform and concen-

tric ultramafi c-mafi c bodies, the alpine-type ultramafic rocks have 

undergone a very complex history since formation. 

The high density of the alpine ultramafic rocks and their 

characteristic tectonic setting have led to the widespread belief that 

these bodies are fragments of mantle. According to this hypothesis 

the mantle fragments have been squeezed into the base of the earth's 

crust during orogenesis (Hess, 1955) in the form of a relatively 

"cool" (i.e. subliquidus) crystal "mush," lubricated by serpentiniza-

tion at the borders. A second hypothesis regards bodies of alpine 

ultramafic rock as stratiform or other zoned-type complexes that have 

been squeezed into overlying crust (Thayer, 1960) or underlying crust 

(McTaggart, 1971). This idea followed from Thayer's observation at 

Canyon Mountain, Oregon (1963), and other areas that gabbros and 

other feldspathic rocks often form part of the alpine "ultramafic" 

complex. 

Yet another hypothesis (Osborn, 1969) holds that alkali basalt, 

generated in a mobile belt, differentiates to form the "complements" 

extrusive andesite and hypabyssal cumulate ultramPfics. The ultra-

mafics are later emplaced into higher crustal levels and tectonically 
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recrystallized. Common to all these ideas are the concepts of (1) 

emplacement at "low" temperature involving materials that are at least 

partially crystalline, and (2) cogenetic origin of the entire rock 

suite. 

Hess (1955) was one of the first to suggest that the tectonic 

setting of alpine ultramafic rocks may have important implications 

for the processes of mountain-building and ocean-basin formation 

(Hess, 1960). He and others (De Roever, 1956; Dietz, 1963) pointed 

out that the ophiolite suite of the Tethyan and Alpine regions has 

the same setting and much the sane form and associations as the North 

American, Caribbean, and Asian alpine ultramafic bodies. 

The Ophiolite Suite 

"Ophiolite" is a term first applied by Steinmann (1905) to an 

assemblage of serpentinite, pillowed spilitic greenstones and radio-

larian cherts that occur characteristically in tectonized terranes 

around the Mediterranean basin. This grouping cane to be called the 

Steinmann Trinity (Benson, 1926; Hess, 1955; Bailey and McCallien, 

1960), and was recognized as being of widespread occurrence in the 

Tethyan region (Benson, 1926; Steinmann, 1927). Because many 

geologists applied the name ophiolite loosely to any diabasic, 

gabbroic, serpentinite, amphibolite and greenschist fragments they 

encountered in mapping, the term fell into disrepute (Hess, 1955). 

More recent geologic work (Dietz, 1963; Thayer, 1963; Gass, 1967; 

Davies, 1968; Moores, 1969; Reinhardt, 1969; Coleman, 1971; Dewey 

and Bird, 1971) has demonstrated that the ophiolite suite is an impor-

tant entity in worldwide tectonic terranes and that in fact, many Alpine 
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1. The euhedral plagioclase is roughly equant, and its formerly 
square outlines and twinning are discernible. The present 
boundaries are complex and sutured, as illustrated in 
figure 27a 

2. The Chlorites occur in clusters that resemble aggregates of 
rounded shapes, rather like clusters of grapes (fig. 27b). 
Rare relict garnets are associated with the chlorite clusters 
(fig. 27c). 

The whole-rock analysis 21 in figure 26 lies well within the field of 

diabasic rocks. Although the mafic origin of this rock still is 

apparent, its textures and mineralogy demonstrate that it has been 

altered. Thus, analysis 21 represents another rock in the sill 

complex with a multi-stage history. The history of formation includes 

a post-crystallization, high-temperature metamorphism (to a garnet-

plagioclase assemblage, possibly in the almandine-amphibolite facies), 

and retrogressive metamorphism to chlorite + albite, with the addition 

of SiO and loss of Ca0. It is unclear whether or not Na 0 was added2 2 

because all the rocks in the entire ophiolite, except ultramafic rocks, 

are rich in Na O. Once again, SiO enrichment is due to metasomatic2 2 

liquids from an unknown source. 

Plagioclases in the felsic rocks have been pervasively altered. 

Figure 28 is a plot of electron probe analyses of plagioclase in the 

intrusive complex against their vertical position in the pile of sills. 

Although even the gabbros contain plagioclases with albite composi-

tions, as illustrated in the figure, the alteration reactions never 

attained complete equilibrium, but left albitized basic rocks with 

relics of high-calcium plagioclase. Many diorites rich in epidote 

contain entirely albitized feldspars. Evidently, equilibrium was 

nearly attained in the alteration reactions and released calcium was 
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Fig. 28.--Composition of plagioclases in Cuesta Ridge intrusions. 
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quickly taken up into epidote. Epidote compositions (about Ps25) are 

listed in Appendix Ie. The structural formulae indicate that the 

alteration produces stoichionetric epidotes. 

K 0 contents of all the feldspars are very low and range from
2 

0 to under 2 weight percent (Appendix Ic). There is no primary or 

secondary K phase in any rocks of the ophiolite. Ten quartz-albitites 

and diorites were stained for plagioclase and K-feldspar; none showed 

any yellow stains characteristic of the potassic phase. All the 

quartzo-feldspathic rocks of the complex were examined closely to 

determine whether K 0 might have been mobilized during alteration
2 

to form veins of K-feldspar and K-bearing micas as it escaped. However, 

no such veins were observed. Even the clays are rare in these rocks, 

and when present appear to be low-K snectites. If potassium was ever 

an abundant element in any of these rocks, it has since been efficiently 

removed. 

Chlorites of the Cuesta Ridge intrusive complex are higher in 

silica than the unoxidized ripidolitic varieties normally found in 

greenschist-facies rocks (Wetzel, 1973). Electron probe analyses of 

Cuesta Ridge rocks are plotted in figure 31, in which all Fe is treated 

+2
as Fe . The Si values of ripidolite lie between 2.5 and 2.8 (Hey, 

1956), but the Cuesta Ridge chlorites fall outside this range. The 

+2 +3 
probe analyses cannot distinguish between Fe and Fe states; 

however, unoxidized chlorites with these Si contents are relatively 

rare. It therefore is reasonable to assume that the Cuesta Ridge 

intrusions contain oxidized chlorites since they then fall in the 

compositional range of chamosite on figure 29a (Hey, 1956). The 

same chlorites are plotted in figure 29b, which shows their high 
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aluminum contents. Those chlorites from mafic rocks (such as 21, 

table 14; 10, 11, table 11) are clearly separated from the felsic rock 

chlorites by their high Mg/Mg+Fe ratios. 

Three textures in the felsic rocks furnish important clues to 

the late-stage formation of the Cuesta Ridge intrusive complex. The 

quartz-diorites are often coarsely variolitic or else are hypidionor-

phic-granular; rarely they contain plagioclase-quartz intergrowths. 

Quartz-albitites are either hypidiomorphic-granular or have quartz-

1albite intergrowths that resemble granophyre. These textures are 

illustrated in figure 30. 

The variolites often are coarse-grained and contain elongate 

former actinolites, now altered to dhlorite. The varioles usually 

are "bow-tie" in form, rather than having developed a complete radial 

pattern (fig. 30a, b). In hand specimen, these rocks have an 

appearance of criss-crossing straws. This "jackstraw" texture may 

reflect the formation of a few spherulite nucleation centers because 

of initial undercooling to a temperature close to the system liquidus 

(Fenn, 1973). Following initial nucleation, the cooling would have 

progressed slowly, allowing annealing of the incipient spherulites 

to solid plagioclase laths and coarsening of grain size. 

Hypidiomorphic-granular textures (fig. 30c, d) probably are due 

to formation of few, well-spaced nuclei and reflect slow cooling 

during the entire crystallization history of these rocks. The slow 

lnGranophyre" is a term that many petrologists use in a composi-
tional sense to mean intergrowths of K -feldspar or alkali-feldspar 
and quartz. "Myrmekite" is used for intergrowths of plagioclase and 
quartz, but this also is used to indicate a vermiform type of inter -
grawth. The quartz-albite intergrowths in the Cuesta Ridge felsic 
rocks more closely resemble granophyre than gyrmekite in texture. 



Textures in Quartz-Diorite and Quartz-Albitite Rocks 

Fig. 30--(a) variolite texture. Crossed polarizers, 
1 in. = 3 ram 

(b) one "bow-tie" plagioclase intergrowth in vario-
lite rock. Crossed polarizers, 1 in. = 0.4 mm. 

(c) granophyric textures. Crossed polarizers, 
1 in. = 0.4 mm. 

(d) hypidiomorphic granular texture with coarse subhedral 
plagioclase (corroded) and anhedral quartz. Crossed 
polarizers, 1 in. = 0.4 mm. 

(e) hypidiomorphic-granular texture with marginal 
granophyric zones around plagioclase grains. 
Crossed polarizers, 1 in. = 0.4 mm. 
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cooling allowed plagioclases to form coarse tabular crystals with 

coarse anhedral quartz concentrated in the interstices. Occasionally 

the last crystallization stages are represented by small amounts of 

granophyric intergrowth bordering the large plagioclase grains 

(fig. 30d). Accordingly, the last cooling stage of these rocks 

probably was quite rapid and produced this quench-texture. 

The dominantly granophyric textures (fig. 30e) are produced 

by the quenching of rocks in which coarse plagioclases had begun to 

crystallize. The intergrowths developed as spherulitic crystals that 

nucleated on the planar faces of growing crystals when cooling of 

the rock accelerated. Lofgren (1974) has shown that the development 

of spherulitic textures is directly related to undercooling of the 

crystallizing liquids in unary and binary systems, although the 

relationship is not as strong in more complex systems. Spherulite 

development is complex and the mechanism of growth is not well under-

stood for silicate systems. In simple terms, such crystals appear 

to form by rapid growth at the tips of nucleated crystals. Branching 

may occur along the growing crystal and impurities are ponded between 

the branches (Keith and Padden, 1963; Lofgren, 1968). Intergrowths 

of the granophyric type consist of feldspar crystals that have ponded 

quartz between the branching crystals. Thus the granophyric quartz -

aibitites are the felsic rocks of the Cuesta Ridge complex that appear 

to have cooled the most rapidly in the final stages. 

Textures in the Cuesta Ridge intrusive complex suggest the 

following formational history of the sills: 
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1. initial slow crystallization of a stratiform mafic-ultra-
mafi c complex 

2. metamorphism in portions of the mafic complex at high tem-
perature and local melting. 

The diorite and quartz-albitite rocks may have been the products of 

this partial fusion. The temperature must have continued high during 

the intrusion and cooling of the quartz-diorites and during much of 

the cooling of quartz-albitite sills. Finally, late-stage cooling 

proceeded rapidly, quenching the last stages of quartz-albitite 

crystallization. At this stage , the entire sequence of sills was 

altered deuterically. The late rapid cooling may have been caused by: 

1. the lowering of the ambient temperature for the whole 
sequence of rocks 

2. lowering of pressure on the complex 

3. introduction of water into environment in which the complex 
formed. 

Diabasic rocks of the Cuesta Ridge intrusive complex 

Diabasic bodies also intruded the Cuesta Ridge sill complex late 

in its history. Due to brecciation along diabase-albite contacts 

(discussed below), it is unclear whether all or most of the diabasic 

sills are later than quartz-albitite. The diabasic dikes are the only 

rocks which cross-cut the major structures of the intrusive conylex; 

these may represent apophyses from the larger (1-3 m thickness) 

diabase sills (fig. 24d). Also, the dikes occasionally have chilled 

margins , which means that they probably are the last rocks intruded 

into the pile of sills. 

Diabasic sills and dikes in the Cuesta Ridge complex have two 

distinct textural habits , both of which are developed in greenschist-

facies nineralogy: 
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1. relict diabasic textures of sub-ophitic laths of albite, 
which are intergrown with tremolite or actinolite, within 
a groundmass of chlorite + epido-te ± quartz. Opaques and 
sphene occur as accessories in these rocks (table 19). 
Many mafic rocks of diabasic texture also contain rare 
plagioclase phenocrysts, now albitized. 

2. metamorphic textures in which all grains are subhedral to 
anhedral. The mineralogy is dominated by chlorite + actinolite 
+ epidote and the rock is often veined with prehnite. In 
these rocks, the phenocrysts were pyroxenes , now pseudo-
morphed by actinolite and chlorite, which form a charac-
teristic spotted appearance in hand specimen. 

Figure 31 illustrates both textural types. 

The diabases, like all other rocks of the ophiolite, retain their 

rnafic compositions in spite of pervasive low-temperature metamorphism. 

Their compositions (7, 8, 9, 10, 11, 12, table 11a) are rich in SiO2 

and Na 0 and low in Ca0 compared to the average basalts (L, M. table
2 

lb). However, the Cuesta Ridge diabases cluster tightly within the 

field of basaltic rocks on an AFM plot (fig. 22). This compositional 

similarity suggests that the diabasic intrusions may have been portions 

of liquid from the same melting event that were intruded at about the 

same time. 

The diabase's mineral assemblage contains rare relics of primary 

minerals within the greenschist-facies minerals. Compositions of two 

pyroxenes are about En51Fs22Wo26 for the unaltered cores of chloritized 

phenocrysts in sample 9 (table 11). The electron probe analyses of 

these minerals are listed in Appendix Ia and plotted in figure 7 

(Supra p. 33). These original minerals were chloritized after having 

been hydrated at high temperatures to hornblende. Compositions of 

IV
some preserved hornblendes with high Al contents are plotted in 

figure 32a. The figure demonstrates that most of the amphiboles have 

become actinolite and tremolite because of low-temperature metamorphism. 
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(b) 

Textures of Diabases in the Cuesta Ridge Intrusive Complex 

Rig. 31. --( a) relic equigranular diabasic texture 

(b) trenolitized-chloritized pyroxene phenocryst 
in metamorphic-textures diabase 

Crossed polarizers, 1 in. = 0.4 mm. 
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Fig. 32.--Amphibole compositions in diabases of the Cuesta. Ridge 
intrusive complex. 
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All the amphiboles are high in Mg (fig. 32b), again reflecting deri-

vation from magnesian pyroxene. 

Chlorites from several diabases also show highly magnesian compo-

sitions (fig. 29) relative to chlorites of the felsic intrusions. 

These chlorites are probably oxidized, since they cluster in the area 

of chamosite. 

Breccias in the Cuesta Ridge intrusive complex 

Breccia textures occur in diabasic and felsic rocks throughout 

the Cuesta Ridge intrusive complex. Although brecciation usually 

is localized at sill-sill or sill-dike contacts (especially at contacts 

between diabase and quartz-albitite intrusions), it may also occur 

within massive diabase bodies. Felsic breccias often are difficult 

to recognize in outcrop, especially if brecciation is extensive. 

However, these occasionally stand out because they tend to be hard, 

flinty and more resistant to erosion than the unbrecciated rock. In 

contrast, diabasic breccias are readily recognizable in outcrop as 

friable rock with fragmental texture. Both types of breccia often 

are offset along high-angle faults of small displacement that transect 

intrusive contacts. 

All of the breccias examined in this study are of the same compo-

sition as their host rocks. Even where rocks are brecciated on both 

sides of a felsic-Trafic intrusive contact (fig. 33), there is no 

mixing of the two rock types. None of the breccias studied within 

this complex contains any exotic fragments derived from more distant 

rock types. The textures of the breccias are characterized by pro-

gressive breakdown of the rock into sheared zones that surround residual 
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Fig. 33--Breccias formed at the contact between diabase dike 
and quartz-albitite sill. Note that the lower contact is still sharp 
even though rocks on either side are broken. 
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domains of original crystalline texture (fig. 314a). Quartz is 

frequently recrystallized into fine unstrained grains that have com-

plex, sutured boundaries and are intergrown with epidote + chlorite 

in the sheared matrix (fig. 34b). In a few rocks, spherulitic crystal-

lization of feldspar and quartz has developed within the brecciated 

zones. All stages of breccia development can be detected in the 

sheared rocks. This sequence begins with incipient fracturing within 

interstitial granophyric areas and strained quartz grains , passes 

through crumbling of grain boundaries (fig. 314c), and finally leads 

to development of sheared zones around relict domains to totally 

sheared and recrystallized zones. 

Several lines of evidence suggest that the breccias formed in 

a moderate-temperature, low-pressure (greenschist facies) environment 

during a tectonic event that sheared rocks on a highly localized scale: 

1. formation of epidote in the sheared matrix from the reaction 
plagioclase + Fe-Mg minerals + excess SiO = epidote2 
+ chlorite + quartz 

2. annealing of strain in quartz with no preferred orientation, 
and annealing of the felsic breccias to resistant, flinty 
rocks, whereas diabasic breccias remain friable and 
un anne ale d 

3. local melting of plagioclase grains as evidenced by spheru-
lites that radiate into the breccia matrix (fig. 35) 

The spherulites appear to have formed from melting along the edges of 

grains (fig. 35a, b), or may have originated from the center of a 

grain that entirely melted (fig. 35c). Once melted, the small volumes 

of liquid quenched, possibly because they combined with water in the 

sheared matrix -to form the feathery spherulites. The association of 

this melt-texture with breccia zones suggests that the melting arose 

from frictional heating generated by the brecci ation. If the 



Breccia Textures 

Fig. 34.--(a) sheared zones surrounding rounded domains of relict 
texture. Crossed polarizers , 1 in. = 3 mm. 

(b) breccia matrix of sutured quartz + epidote 
+ chlorite. Crossed polarizers , 1 in. = 3 mm. 

(c) granulation and epidote-formation along 
plagioclase grain boundaries. Crossed polarizers , 
1 in. = 0 .4 mm. 
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Melt-Textures in Brecciated Quartz-Albitite 

Fig. 35.--(a) spherulites originating from the melted edges of 
a plagioclase grain, extending into breccia 
matrix. Crossed polarizers , 1 in. = 0.2 mm. 

(b) detail of broken and melted grain in (a). 
1 in. = 0.1 mm. 

(c) spherulites originating at centers of entirely 
melted grains. 1 in. = 0.2 mm. 
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temperature of the rock was above 260°C but below 400°C at relatively 

low pressure (see below p. 144), then the frictional heating under 

shearing stresses could have created locally superheated spots within 

the rock. The local temperature would have been raised to the solidus 

of the microsystem at those spots. If the effective pressure created 

by shearing was 3 to 5 kb, the temperature would have needed to change 

by 300°C to 100°C to reach the (H20-saturated) granite liquidus 

(Turner and Verhoogen, 1960). 

Breccia textures of this type are rare in terrestrial rocks. 

Similar textures do exist in rocks at Sudbury, Ontario, and at the 

Vredefort Dome, South Africa, as well as in lunar breccias (H. G. 

Wilshire, pers. comm.). A fine-grained glasslike rodk, called 

pseudotachylite, from Sudbury and the Vredefort Dome, is a breccia 

formed from intense frictional heating (Wilshire, 1971). Although 

many features of the pseudotachylite differ significantly from 

characteristics of the Cuesta Ridge breccias, there are seven striking 

similarities: 

1. The breccias are highly localized within portions of the 
rock masses in which they are found 

2. The breccias have the same bulk composition as the rocks 
in which they occur 

3. The textures comprise finely brecciated zones surrounding 
zones of relict rock-texture or of coarse metamorphic 
recrystalli zation 

4. In felsic rocks the matrix is mostly epidote + chlorite 
+ quartz 

5. Spherulitic crystallization textures are common 

6. The breccia matrix often contains unstrained micro-
crystalline quartz grains with complex, sutured boundaries 

7. Melting phenomena are developed in brecciated felsic rocks. 
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The texture of several rocks from the Cuesta Ridge intrusive 

complex (fig. 36) bears a close resemblance to some pseudotachylites 

from Sudbury, Ontario. The Cuesta Ridge rocks initially appeared to 

be porphyry. Plagioclase "phenocrysts" in this sample (fig. 36a, b) 

are of quartz + albite + actinolite + opaques. The quartz is unstrained, 

and has sutured or polygonal boundaries. Under high magnification, 

boundaries between the plagioclase "phenocrysts" and the groundmass 

are irregular, as though they have been abraded. Boundaries within 

compound plagioclase "glomerophenocrysts" obviously are granulated 

(fig. 36). By comparison with pseudotachylite textures, the rock 

may be interpreted as a breccia which has recrystallized without 

melting. 

Wilshire (1971) notes that association of pseudotachylites from 

Vredefort Dome with planar shock-metamorphosed features in feldspars 

and micas and with basal deformation lamellae in quartz. The crushed 

material was injected into fractures of unbrecciated rock and much 

mixing of different rock types occurred. Wilshire estimates that the 

pseudotachylite formed at transient pressures of over 35 kb. This 

material formed during a high-energy explosive event, possibly a 

volcanic eruption (Bischoff, 1962) or a meteorite impact (Wilshire, 

1971). In contrast, the friction-melt breccias of the Cuesta Ridge 

felsic sills neither are associated with shock metamorphism, nor are 

injected into faults or fractures, nor are mixed or flowed. The 

brecciation appears to have been static, localized along intrusive 

contacts or in other areas of weakness, such as the interstitial areas 

of granophyric intergrowth, more like pseudotachylites studied in 

Silvretta by Masch (1973). 



Breccia "Porphyry" 

Fig. 36.--(a) matrix and residual faulted plagioclase mega-
crysts. Crossed polarizers, 3 mm long. 

(b) detail of "phenocrysts" and matrix. Crossed 
polarizers, 1 in. = 0.4 marr,.. 

(c) detail of large grain with crumbled borders in 
sutured-quartz + albite matrix. Crossed polari-
zers , 1 in. = 0.2 mm. 
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The annealing textures in the Cuesta Ridge breccias and their 

mineral associations indicate that brecciation occurred within the 

stability field of greenschist-facies. Because the rocks deformed 

in a brittle fashion they must have sheared at temperatures well below 

their solidi. Melting was localized on a scale of fractions of mm. 

At a few localities there is evidence of some plastic deformation 

of rocks prior to (or perhaps during) brecciation. Figure 37 illus-

trates one of the outcrops in the Cuesta Ridge complex where a diabasic 

dike that intruded quartz-albitite was deformed plastically (and later 

faulted). The dike and portions of the quartz albitite are brecciated. 

The type of event or events that caused the localized shearing 

of rock is not evident from field observations in the intrusive complex. 

Because brecciation is associated with contacts and is discordant 

to the faults associated with emplacement of the ophiolite, the shearing 

must have taken place during initial formation of the ophiolite rather 

than during the subsequent events of emplacement. 

Summary 

The chemistries and textures of the intrusive complexes provide 

important clues to the formational history of the entire San Luis 

Obispo ophiolite body. The complexes are layered intrusive masses 

that resemble differentiated, stratiform-type mafic-ultramafic bodies. 

One of the complexes contains cumulate ultramafic and mafic rock, 

although the characteristic layering has been dismembered by tectonic 

disturbances subsequent to formation of the stratiform body. Such 

movements would include emplacement of the ophiolite as a thrust-like 

plate over Franciscan rocks. 



Fig. 37.--Sketch and photograph of outcrop with folded dike in 
quartz-albitite. 
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DIAMSIC BRECCIA 
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JOINT 

Fig. 37.--Plastic deformation in brecciated sills of the Cuesta 
Ridge intrusive complex. 
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The Cuesta Ridge intrusive complex clearly postdates formation 

of the ophiolite volcanic pile because felsic sills of the complex 

intrude the lavas. Intrusive relations among the sills show that 

formation of the complex was a multistage process: gabbros are 

intruded by quartz-diorite and both rocks are then intruded later by 

quartz-albitite and diabasic sills and by diabasic dikes. Multistage 

textures in the upper gabbro body suggest that partial melting of the 

cumulate gabbros has formed the later, more felsic intrusions. The 

early-formed garnet bearing rocks, now retrograded to chlorite 

+ albite, and hornblendes preserved in mafic rocks, imply a high-

temperature metamorphic episode, perhaps related to the melting. 

A late stage of partial melting in the lower ultramafic sequence may 

be indicated by the late intrusion of diabases into the cumulate 

ultramafics and overlying quartzo-feldspathic rock sequence. 

Brecciation of the late sills and dikes suggests that intense but 

locally-concentrated stresses acted upon the rocks before they were 

cooled below about 300°C, prior to emplacement. 



CHAPTER VI 

CHEMISTRY AND ALTERATION OF THE 
SAN LUIS OBISPO OPHIOLITE 

Chemistry, minerals and textures of rocks in the San Luis Obispo 

ophiolite provide a basis for reconstructing the conditions and events 

involved in its genesis. Basal ultramafic rocks may be parental 

to the basic dikes, mafic-ultramafic complexes, and basaltic lavas 

that intrude and overlie them. Subsequent melting events that 

affected portions of the stratiform gabbroic intrusions may have 

produced felsic liquids. The felsic liquids differentiated to become 

a sequence of quartz-diorite and quartz-albitite sills that intruded 

the stratiform complex. 

The events that formed and metamorphosed the ophiolite occurred 

at both high and low temperatures. Conditions of high temperature 

in an unknown (but probably moderate--no more than 5 kb) pressure 

range prevailed in the early formational and metamorphic history of 

the complex. Relics of primary pyroxene and calcic plagioclase show 

that the mafic rocks crystallized at high temperature. Subsequent 

high-teuperature metamorphism of the basic rocks in the presence of 

aqueous fluid produced hornblende in gabbros of the Cuesta Ridge 

intrusive complex and amphibolites of the Cerro Alto intrusives. 

Later retrogressive metamorphism of the entire ophiolite suite 

occurred as the result of a marked drop in the temperature of the 

environment, although the pressure appears to have remained in the 
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vicinity of 5 kb (and may have been as low as 3 kb). The drop in 

temperature coincided with a change in the tectonic environment 

from relatively stable conditions, under which a stratiform cumulate 

complex developed, to conditions of instability, in which felsic 

and diabasic rocks were locally brecciated and felsic rocks were 

partially melted. The conditions of tectonic instability probably 

arose at the onset of subduction of the crustal plate containing the 

ophiolite. Explosive volcanism and localized failure of rocks under 

high strains may have precipitated the shocks that caused brecciation. 

Chemical Relations Among Rocks of the 
San Luis Obispo Ophiolite 

The formation of igneous rocks in the San Luis Obispo ophiolite 

appears to have required several stages. The first stage was the 

introduction of parental mantle peridotite (which may or may not still 

be present in the ophiolite ultranafic rocks) into an area of excep-

tionally high heat flow, where resulting thermal instabilities induced 

melting and generated basaltic magmas. The heat input needed to 

produce melting in mantle rocks is so great, whether wet or dry, that 

an environment of high thermal gradient is required. Temperatures of 

melting in anhydrous peridotite at atmospheric pressure approach 

1200°C (O'Hara, 1967a) in natural four-phase lherzolite and are much 

higher in three-, two- or one-phase ultramafic rocks. The melting 

temperatures for all the dry ultramafic rocks also increase with 

increasing pressure (O'Hara, 1967a). These temperatures may be lowered 

considerably by introducing volatiles, to about 1000°C if the system 

is water-saturated (an unlikely possibility). 
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The second stage of ophiolite genesis was the formation of a 

stratiform cumulate body, probably from fractionation of basaltic magma. 

This stage also occurred at high temperature. The chemistry of all 

the ophiolite rock types defines well-marked fractionation trends on 

a Harker diagram (fig. 38). Such trends suggest that either (1) the 

entire ophiolite rock association formed from the fractionation of 

a single basaltic (gabbroic) melt that produced crystal residue of 

ultramafic rocks and gabbros plus felsic liquids, or (2) a series 

of basaltic partial melts produced the gabbroic rocks and basaltic 

lavas after very little fractionation, but some of the melts underwent 

extensive fractionation to produce ultramafic and gabbroic cumulate 

rocks and felsic liquids. 

Field and textural evidence within the ophiolite rocks indicates 

that the second interpretation is the more likely, and that the history 

of the ophiolite probably is even more complex than this alternative 

inplies. Field relations indicate that the lavas were erupted prior 

to intrusion of the stratiform cumulate complex, and that the cumulate 

complex was itself intruded by diabases late in the igneous genesis 

of this ophiolite. According to the evidence, several basaltic melts 

were generated rather than one stage of melting and fractionation 

that produced all the rocks of the ophiolite. The multistage gabbro 

textures (Supra p. 86) indicate further that the third stage of 

ophiolite formation was partial melting of some of the gabbros. 

Chemical compositions in the intrusive complex indicate that this 

melting could have produced the felsic sills. 

Field evidence supports the production of felsic sills from 

melting of gabbros. The dioritic and quartz-albitite sills in the 
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Cuesta Ridge complex intrude gabbros at the base and top of the 

intrusive sequence, indicating that the sills formed after consolidation 

of the gabbros. The complex contains very little gabbro relative 

to felsic rock, which is opposite to the relative abundances of these 

rock types in other ophiolites (Pt. Sal, California, Hopson and Frano, 

1973; Canyon Mountain, Oregon, Thayer and Himmelberg, 1968; Troodos, 

Cyprus, Moores and Vine, 1971). This difference indicates that 

(1) gabbroic portions of the cumulate sequence were lost by faulting, 

and/or (2) some gabbroic layers were removed by being melted and 

differentiated to produce the felsic sills. 

Whether or not melting gabbros would produce the felsic rocks 

of the Cuesta Ridge complex was tested, using chemical compositions of 

rocks and minerals found in the sill sequence. In figure 39 the 

Harker diagrwas for FeO, CaO, Na20 and K20 have been reduced to 

outline fields of rock-compositional ranges and points marking compo-

sitions of possible parent melts and products. It was assumed that 

nelting would have generated a composition similar to that of gabbro 

12 (table 11), which is similar to a melt produced from a tholeiitic 

basalt composition at low pressure (O'Hara, 1965) (except that MgO 

is too high, so it was not plotted). The melt composition is plotted 

as a square in figure 39. The compositional range of ultramafic 

rocks is outlined with dots, gabbro and diabase by dasiles and felsic 

rocks by alternating dots and dashes. The arrows show trends of 

residual crystals (R) and liquids (L) produced from fractional crystal-

lization of 20 percent pyroxene and 50 percent plagioclase from 20 

percent crystallization of the melt. The mineral compositions are 

those of analyzed pyroxene (Appendix Ia-C) and intermediate-zone 
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plagioclase (A, table 13) from the multistage gabbro (14, table 11). 

According to figure 39, this mechanism for generating the felsic rocks 

is feasible, although not necessarily verified by the calculations. 

However, the textures, intrusive relations, and chemical relations 

strongly suggest that melting within the gabbroic rocks produced 

the later felsic liquids. These liquids must have differentiated 

further to produce the chemical stratigraphy of increasing Si02 

and decreasing Ca0 contents from base to top of the sill complex 

(Supra, figs. 25, 28). 

The fourth stage of ophiolite genesis was renewed melting in 

the mantle to produce late diabases of the intrusive complex. Field 

relations suggest that the diabases may have been the very last rocks 

to intrude the sill codex, and that they may have been late feeders 

for the overlying volcanic pile. The very similar basalt and diabase 

compositions shown in figure 38 support this inference. 

According to Blake and Bailey (1973), chemical trends in the San 

Luis Obispo and other California ophiolites strongly indicate that 

the mafic rocks were derived from the associated sheared ultramafic 

rocks, which represent the mantle. However, Sr87/Sr86 determinations 

in ultramafic rocks and associated basaltic lavas from Red Mountain, 

California, and Canyon Mountain, Oregon (Lanphere, 1973), indicate 

that the rock types cannot have a direct parent-daughter chemical 

relation. Similar studies on the San Luis Obispo ophiolite are required 

to determine if the same problem exists in this mafic-ultramafic 

rock association. 



Effects of Metamorphism on Ophiolite Chemistry 

The rocks in this ophiolite have undergone two discernible 

metamorphic episodes: an early one at high temperature and a later 

one at low temperature. Although the high temperature event is 

obscured by the low-temperature metamorphism, enough mineral relics 

survive to indicate the possible conditions involved in the earlier 

event. Some of the amphibolite was little changed in the low-tem-

perature event. The mineral composition of these rocks indicates 

that the high-temperature metamorphism occurred at almandine-amphi-

bolite facies terperatures, although there is no good indication of 

the pressures involved. Compositions of hornblendes and plagioclase 

(Appendix Ib , c) indicate that the temperatures could not have been 

greater than 800°C without the appearance of pargasitic amphiboles. 

The first metamorphic episode resulted from hydration of the mafic 

rocks at high temperature. Whole-rock compositions of the amphibolites 

(fig. 38) indicate that the rocks were not appreciably changed from 

their probable olivine-gabbro primary compositions. Felsic sills 

do not contain any evidence of this high-temperature metamorphism 

and so the episode may have occurred before formation of quartz-diorite 

and albitite. 

All the rocks of the San Luis Obispo ophiolite have been retro-

gressively metamorphosed in the pressure-temperature range of the 

greenschist facies. The major effects of alteration are similar in 

all the mafic and felsic rocks: Ca has been leached, while Si02 and 

Na2O have been added. The source of added SiO and Na 0 is unknown
2 2 

at the present time. Although Na20 could be added from sea water 
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to the spilite lavas this cannot be true for Si02 in the lavas or for 

SiO and Na 0 in the intrusive rocks. Melson and Van Andel (1966)
2 2 

speculated that juvenile fluids must cause Na- and Si-metasomatism 

in the oceanic crust, and this is possible, although unproved. The 

resulting mineralogy is actinolite + epidote + quartz + chlorite. 

In some reacted rocks Mg0 has been leached from the centers of rock 

bodies (pillow cores, centers of diabasic intrusions) and concen-

trated in the rims. 

Serpentinization reactions also appear to promote the mobility 

of Ca by leaching orthopyroxenes. Several of the plots in figure 38 

show evidence of rock alteration. The primary result of alteration 

is the high SiO contents of the diabasic and basaltic rocks and
2 

several of the gabbros. Comparison with fresh basalt compositions 

plotted on the same diagrans (5, 6; 16, 17; 22, 21; and cross) demon-

strates that normal mafic rocks contain )45 to 51 percent whereas
SiO2' 

the San Luis Obispo ophiolite diabases and gabbros tend to contain 

50 to 57 percent Si02. The diabases also tend to have high Na20 

(3 to 6 percent) and low Ca0 (5 to 7 percent). However, all of the 

amphibolites and three of the gabbros retain their high-Ca and 

low-Si contents and hence reflect the primary compositions. 

Alteration also is evident in the Ca0 and Mg0 distributions of 

figure 38. There are two branches to each of these plots at low 

SiO values. The low-Ca branch of the Ca0-Si0 plot represents2 2 

serpentinized ultramafic rocks that normally are low in CaO, but that 

also have lost Ca0 through serpentinization reactions. The other rocks 

in the low-Ca trend are diabases, whose low CO contents are due to 

alteration. Similarly, the most Ca-rich point in the high-Ca0 trend 
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is the rodin.e.tized border of a di abase (G, table 1), a composition 

also influenced by alteration. Minor Mg0 enrichment in a pillow 

rim is evident in the Mg0-Si02 plot; a lava composition that falls 

along the ultramafic trend is the Mg0-rich rim of a pillow. In 

general, spilitization and greenschist alteration have not radically 

changed the Mg0 or total iron contents of these rocks, as indicated 

by the plots of fresh rock compositions (fig. 38; tables 5, 10, 14). 

Comparison of the compositions of average Mid-Atlantic Ridge tholeiites 

and greenstones in figure 38 indicates that Mg0 probably changes 

the least in greenschist alteration. Although there is local move-

ment of Mg0 within the pillows, most of the Mg0 enrichment resulted 

from leaching away of other elements, notably aluminum and calcium. 

Trace element data from San Luis Obispo lavas (Supra p. 64) 

indicate that the basaltic rocks were tholeiitic before alteration; 

the low K 0 contents substantiate the inference. The K 0 contents2 2 

of all the San Luis Obispo ophiolite rocks are quite similar and 

only exceed 0.8 percent for 5 of the 73 rocks analyzed. K20 forms 

no primary phase in any of the rocks, and does not appear to have been 

leached from the rocks in large amounts, because no K-rich vein 

fillings or alteration zones occur in the exposed rocks. Accordingly, 

the low K 0 contents are characteristic of this rock association2 

and imply that all rocks in the ophiolite are derived from a low-K 

source. 

Conditions of Greenschist Facies Metamorphism 

Greenschist-facies metamorphism affected all rocks of the San 

Luis Obispo ophiolite before they were finally emplaced into a 
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continental margin at the Earth's surface. The conditions of this 

metamorphic event which differed distinctly from the early formational 

conditions of the assemblage, coincided with the onset of tectonic 

disturbances that probably occurred during oceanic plate subduction. 

Experimental work on greenschist-facies minerals indicates that 

the low-temperature limit of the paragenesis is defined by the 

actinolite compositions and the presence or absence of pumpellyite 

in the assemblage. The minerals albite ± actinolite + chlorite 

+ epidote + quartz are present in all the mafic and felsic rocks of 

the ophiolite. Prehnite joins the assemblage only in the diabases 

and amphibolites that intrude serpentinites. Nitsch (1971) demon-

strated that pumpellyite should occur in the assemblage of basic rocks 

metamorphosed at temperatures below 345°C at 2 kb and 260°C at 7 kb 

(fig. 42). Absence of pumpellyite in the San Luis Obispo rocks 

indicates that the metamorphism occurred at temperatures above those 

of pumpellyite stability, in the field marked "greenschist" in 

figure 40. 

The presence and amount of tetrahedrally-coordinated aluminum 

in amphibole is a sensitive indicator of metamorphic grade in basic 

rocks CErnst, 1968). The reaction tremolite = diopside + enstatite 

+ quartz + fluid occurs at temperatures of 725 to 900°C under fluid 

pressures of 250 to 3000 bars (Boyd, 1959). Pargasite, which contains 

the maximum number of Al atone that can substitute in Ca-amphiboles, 

breaks down at basalt liquidus temperatures (800 to 1050°C) under 

fluid pressure of 200 to 1500 bars (Boyd, 1959). Addition of Fe to 

either tremolite or pargasite considerably lowers the stability linit, 

for ferrotremolite it is lowered to 400 to 500°C (Ernst, 1966; 
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fig. 41). Compositions of the San Luis Obispo tremolites and 

IV
actinolites all fall between trenolite and pargasite in Al content 

and all have Mg/Mg+Fe ratios of 0.6 or more (figp. 8, 17, 21, 32). 

Accordingly the presence of these amphibole compositions indicates 

metamorphic temperatures below 400 to 500°C at pressures between 300 

and 3000 bars for the greenschist-facies alteration of San Luis Obispo 

rocks. 

Epidote compositions do not supply any further clues to the 

alteration conditions because the stability fields still are largely 

undetermined. Work to date (Holdaway, 1972; Liou, 1973; Hoerman 

and Raith, 1973) reveals that epidote compositions depend on bulk 

composition of the rock, the fugacity of 02 in the system, and the 

presence or absence of excess SiO (Holdaway, 1972). These data2 

indicate that the stability of stoichiometric epidote with respect 

to clinozoisite lies in a field with upper boundary of 600 to 725°C 

at 1 to 4 kb fluid pressure (fig. 42). The actual formational con-

ditions depend on the availability of Fe in the reacting system and 

vary with the bulk composition. All of the greenschist mineral 

compositions point to metamorphic conditions of temperatures in the 

range 300 to 500°C at pressures that are not well-defined but may 

range from 3 to 5 kb (Nitsch, 1971). 

Incipient melting in the brecciated felsic rocks indicates that 

the temperatures of greenschist metamorphism may have been as high 

as 400°C. Epidote formed abundantly in the breccia matrix, which is 

indicative of temperatures above 500°C for systems with high oxygen 

fugacity (Holdaway, 1972). Melting appears due to spots of frictional 

heating which locally raised temperatures higher than the albite-quartz 
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solidus (about 600°C for H 0-saturated conditions in the pressure
2 

range 3 to 5 kb , Turner and Verhoogen, 1960). Temperatures remained 

over 300°C following brecciation and allowed quartz to anneal any 

strain lamellae that developed during shearing (Griggs, et al., 1960). 

It is unclear whether or not ultramafic rocks were altered 

(serpentinized) in the same environment as the mafic and felsic 

rocks. Although serpentine stabilizes relative to olivine at 500°C, 

there is evidence that much serpentinization occurs at very low 

temperature and at near-atmospheric pressures (Barnes and O'Neill, 

1969). If these conditions apply to the San Luis Obispo ophiolite 

serpentinites, then the serpentinization did not occur at the same 

time as greenschist-facies metamorphism in the mafic and felsic rocks. 

Summary 

The San Luis Obispo ophiolite must have formed in an area of 

high tenperatures, where tholeiitic magma was produced by partial 

melting of mantle material (possibly distinct from the ultramafic 

rocks present in the ophiolite). Some of the melt was extruded as 

lavas in a submarine environment, and some crystallized at depth as 

a stratiform cumulate complex. The complex was partly metamorphosed 

at high temperature by hydration, producing hornblende from the primary 

pyraxenes. Later, some of the cumulate gabbros may have been melted; 

these melts may have differentiated and been intruded as felsic sills 

into the remaining gabbros and into the lower portions of the volcanic 

pile. The last igneous stage in formation of the ophiolite was 

resumption of melting. This late event formed diabasic melts that 

were intruded into the sill complex and may have contributed more 
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lavas to the volcanic pile. The final stage of ophiolite formation 

occurred in cooler rocks, as the solid rocks were altered and brecciated 

at temperatures of 400°C or less and pressures that may have been 

between 3 and 5 kb. Transient heating during brecciation allowed 

incipient melting and subsequent annealing in the felsic rocks. 

The ultramafic rocks also may have begun to undergo serpentinization 

at this stage, but most of the serpentinization probably occurred 

after tectonic emplacement of the ophiolite into its present location. 



CHAPTER VII 

CONCLUSIONS 

Chemistry, mineralogy and rock textures of the San Luis Obispo 

ophiolite suite support the hypothesis that an ophiolite sequence is 

a fragment of oceanic crust and mantle. The Ti-Zr data and the low-K 

tholeiitic nature of the basaltic, gabbroic and diabasic rocks indicate 

that the ultramafic-mafic sequence formed either at an oceanic ridge 

or an island arc. Textures and field relationships of the ophiolite 

intrusive rocks suggest that the early history of the complex was 

one of sporadic basaltic intrusion and extrusion. Long quiescent 

periods evidently allowed a stratiform cumulate complex to crystal-

lize. An island arc environment, which is characterized by intense 

tectonism, does not correspond to the conditions in which the San Luis 

Obispo ophiolite formed. An oceanic ridge environment, especially 

if spreading is slow or stagnant, is a more likely site of formation 

for this rock association. 

The absence of a sheeted dike complex suggests that the ophiolite 

could not have formed under the crest of an actively-spreading ridge. 

Instead, the ophiolite and its sill complex may have crystallized 

near the ridge flank, where temperatures may be high enough to melt 

peridotite mantle, under the correct conditions, but where igneous 

activity is less frequent. Whenever hydrous fluids were present in 
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these lower crustal areas high-temperature metamorphism of pyroxenes 

to amphiboles occurred. 

The later low-temperature metamorphism and intensified tectonic 

activity may relate to the inception of rapid spreading at the ridge. 

The ophiolite would then have been transported, as part of the crustal 

plate, into an active arc environment and away from the high-heat 

ridge location. As the plate moved, the rocks contained in it became 

retrogressively metamorphosed. In the arc locale, earthquake and 

volcanic activity could have provided the transient stresses that 

brecciated the sills. 

Model of Ophiolite Formation 

Five stages of formation are apparent in the San Luis Obispo 

ophiolite (fig. 143): 

1. Melting in peridotitic oceanic mantle produced basic lavas 

that intruded rocks of the lower oceanic crust and erupted into a 

submarine environment. Abundant vesiculation in the lavas indicates 

that the lavas were extruded in water no deeper than 2000 m (Moore, 

1965). 

2. The main mass of basic liquids may have formed a rising 

diapir (Green and Ringwood, 196Th) that expanded to become a crystalli-

zation chamber. A stratiform cumulate complex of ultramafic rocks 

and gabbros crystallized in this chamber, under conditions that 

remained quiet for a considerable time. 

3. Intersection of the chamber with water-bearing portions of 

the lower crust may have caused melting in parts of the quartz-rich 

gabbroic cumulate rocks and high-temperature hydrous metamorphism 
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of olivine gabbros to hornblende gabbro and amphibolite. Melting 

in the gabbros created felsic liquids that differentiated to form a 

sequence of sills. These sills intruded both the parent gabbros and 

the basalt lavas of the volcanic pile. 

4. Late melting in the ultramafic mantle produced diabasic 

dikes that intruded the entire cumulate-and-felsic sill sequence and 

probably contributed more basaltic rock to the volcanic pile. 

5. Following the high-temperature formational events, spreading 

of the oceanic plate may have begun or substantially accelerated, 

carrying the ophiolite rocks toward a colliding plate intersection. 

The ophiolite was transported away from the high heat flow area and 

began to be retrogressively metamorphosed at lower temperatures. 

After basaltic lavas were no longer extruded, sediments accumulated, 

burying the volcanic rocks to a depth of at least 700 m (Page, 1972). 

This sedimentary section formed during late Jurassic (Tithonian) to 

early Cretaceous (Valanginian). If the felsic sills formed at about 

150 m.y. BP (Hopson, pers. comm.), the volcanism must have ended 

soon after. The emplacement of ophiolite into the continental margin 

probably occurred about 120 to 150 m.y. BP (Page, 1972). Thus, the 

greenschist metamorphism must have occupied a period of no more than 

30 to 50 m.y. This time apparently was not sufficient for the low-

temperature reactions to reach equilibrium before the oceanic plate 

was broken up by subduction and emplaced piecemeal over the subduction 

rglangp. In the rocks studied there are no mineralogic relations 

indicating retrogression from high-pressure metamorphism, such as 

are characteristic of many Franciscan rocks. It is therefore probable 

that this ophiolite slab was never subducted. 
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In summary, relationships in the San Luis Obispo ophiolite suggest 

that it formed at a mid-ocean ridge, where conditions of high heat 

flow are usual. Pressures of formation are not well-defined, but 

imply a range of 3 to 5 kb throughout the oceanic history of the 

suite. These conditions place genesis of the ophiolite at depths 

between 5 and 10 km--the oceanic crust and mantle interface. The 

later metamorphism of the ophiolite retrograded the rocks and coincided 

with a marked change in the tectonic environment. Shocks from earth-

quakes and volcanic explosions in the new tectonic environment caused 

brecciation in mafic and felsic sills and partial melting of felsic 

rocks. The low-temperature metamorphism and the tectonic disturbances 

ended with emplacement of the ophiolite into the continental margin. 

Remaining Problems 

Although this investigation has concluded with a detailed and 

probably reasonable sequence of events for the formation of an 

ophiolite, many of the formational events are presupposed without 

direct evidence for their occurrence. First, melting in mantle rocks 

must be presumed at various stages in development of the ophiolite 

suite but there is no indication why the melting occurred or what 

mechanism would have produced a series of basic melts that are all 

so similar in composition. This is the same question that arises at 

any place where large amounts of basaltic lavas are extruded, such 

as Hawaii, and along the mid-ocean ridges. Second, there was a marked 

change in environmental conditions, from high- to low-temperature. 

Although this was probably due to the inception or acceleration of 

crustal spreading, the cause of the spreading and changes in spreading 
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rates is not known. Third, the effects of intense tectonism in the 

San Luis Obispo rocks were highly localized within portions of the 

rock units. Why these effects should be so restricted is not under-

stood, although occurrences of similar effects in lunar rocks, where 

intense deformation of impacting meteorites is common, are currently 

under investigation (Wilshire, pers. comm.), and may ultimately 

aid in interpreting the terrestrial case. 

The problems in reconciling many details of ophiolite structure 

and chemistry to that of ocean crust and mantle remain, but this study 

indicates that the thinness and the Na-rich character of ophiolite 

bodies are not major obstacles to interpreting them as oceanic rocks. 

The history of ophiolites is obviously so complex, and the mode of 

emplacement so disruptive that the preservation of any original 

structures or layering is fortuitous. The process of Na-Si-meta-

somatism must occur characteristically in oceanic ridge areas, within 

the oceanic crust, but it does not entirely obscure the tholeiitic 

affinity of this ophiolite assemblage. However, the source of the Na 

and Si is unknown. The relationship between ultramafic and basic 

rocks of most ophiolites, including the San Luis Obispo body, is still 

a major difficulty. Although it is now certain that many ultramafic 

rocks of ophiolites are depleted mantle and that many others represent 

portions of strati form cumulate complexes, the ultramafic parent 

material is still a hypothetical material. 



APPENDIX I 

Electron Probe Microanalyses of Minerals 

Three hundred sixty-eight silicate mineral grains were analyzed 

for major element compositions using an ARE electron probe micro-

analyzer. The accelerating voltage for all analyses was 15 KV; 

sample currents varied from 3 to 5 x 10-8 amps, depending on the 

volatile content of the minerals being analyzed. 

Mafic minerals olivine, pyroxene, aEphibole and chlorite were 

analyzed for eight elenents, which constitute 98 to 100 percent of 

the non-volatile composition. The eight elements are Si, Al, Fe, 

Ti, Mg, Ca, Na and K. K-alpha lines were used in the analyses of all 

elements. 

Standards used were: (1) Kakanui augite, a homogeneous pyroxene 

for all the mafic ninerals; (2) Crystal Bay bytownite for plagioclases; 

(3) epidote from Garnet Hill, Calaveras County, California, with 

slight Fe-Al inhomogeneity, for epidotes. Chlorites and epidotes 

were analyzed with a beam of 10 to 20 microns diameter to avoid 

excessive loss of volatiles and decrepitation of the sample. 

Several 10 second counts were made on each spot, and numerous 

spots were probed in each grain to test for homogeneity. Precision 

of the duplicate counts was ±3 percent for most elenents. 

Data were reduced using the MAGIC program for matrix correc-

tions written by J. W. Colby. 
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The tables that follow contain data of pyroxene, amphibole, 

plagioclase, chlorite and epidote analyses. Amphibole and chlorite 

analyses are difficult to interpret for reliability. The totals 

range from 86 percent to over 101 percent, in minerals that are 

obviously highly altered. The highest totaled analyses were discarded 

in plotting data, but the low totals were used. Low totals in 

amphiboles were produced in analytical runs that also produced good 

pyroxene analyses. This result is taken to mean that the low totals 

are due to alteration and are a real composition of the phases probed. 
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Appendix Ia 

Electron Probe Analyses of Pyroxenes 

A. Ultramafic xenoliths 

(1) P7068x (2) P7080 
Feldspathic peridotite Lherzolite (C, table la) 

Wt. % CP2 CP3 AlA AlB B1B C2 

SiO 56.5 56.0 54.4 54.2 53.9 53.72 
TiO 0.2 0.1 0.7 0.6 0.8 0.8

2 
Al 0 1.6 1.3 3.2 3.1 3.2 3.02 3 
Fe0* 5.3 5.1 5.6 5.7 5.9 5.7 

Mg0 17.2 17.6 16.8 16.5 16.8 14.8 

Ca0 22.4 23.6 21.3 22.0 22.4 22.7 

Na 0 0.3 0.4 o.3 0.3 0.4 0.4
2 
0 0.2 0.2 0.0 0.0 0.0 0.01(2 

Total 103.7 104.3 103.4 102.3 102.4 101.1 

Calculated 
En Wo En47Fs9Wo44 En43Fs9Wo48

compositions 51E1'30.8 48 

B. In situ cumulate ultra- C. Multistage gabbro 
mafic rocks (13, table 11b) 

(3) wehrlite 
(E, table la) 

Wt. % M22 CE2 CE2P 

SiO 55.9 54.7 52.02 
TiO 0.3 0.4 0.42 
Al 0 2.2 2.5 2.92 3 
Fe0* 4.3 6.9 7.3 

Mg0 16.7 14.8 15.8 

Ca0 19.0 22.4 21.7 

Na 0 0.2 0.2 0.22 
K 0 0.2 0.0 0.02 

Total 98.8 101.9 100.3 

Calculated 
En44Fsi_2Wocompositions °42 44 
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Appendix Ia (cont'd.) 

D. Diabasic sill, Cuesta Ridge intrusive complex 

Wt. % OB1 OC1 

SiO2 54.0 54.2 

TiO
2 

0.3 0.2 

Al 0
2 3 

3.6 3.8 

Fe0* 12.6 12.5 

Mg0 15.7 16.3 

COI 11.5 11.7 

Na 02 0.3 0.3 

K 0
2

1.8 1.6 

Total 99.7 100.6 

Calculated 
composition 

En Fs Wo
50 23 27 
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Appendix lb 

Electron Probe Analyses of Amphiboles 

A. Amphiboles in ultramafi c xenoliths 

(1) Feldspathic xenoliths 

P7068x P70216 

wt. % CAN1 CAM2 1B1 2A 2B 

Si 02 49.6 48.8 44.8 46.1 43.5 

TiO2 1.5 1.6 3.1 2.5 2.3 

A120 3 7.1 7.6 9.8 9.9 9.8 

Fe0* 8.3 8.5 0.9 1.0 0.9 

Mg0 8.5 8.4 15.3 15.4 15.4 

Ca0 11.6 11.6 11.4 11.8 11.9 

Na20 1.7 1.8 2.6 1.8 2.0 

K20 2.4 2.3 1.8 2.3 1.8 

Total 90.7 90.6 89.7 90.8 87.6 

Structural Formulael 

Si 7.6 7.6 6.8 6.9 6.8 
8.0 8.0AI(Iv ) 0.4 8.0 0.4 8.0 1.2 8.0 1.1 1.2 

Al(vI) 0.9 0.9 0.6 0.6 0.6 

Ti 0.2 0.2 0.4 0.6 0.3 

Fe 1.1 4.2 1.1 4.1 0.1 4.5 0.1 4.7 0.1 4.6 

Mg 2.0 1.9 3.4 3.4 3.6 

Ca 1.9 1.9 1.8 1.9 2.0 

Na 0.4 2.7 0.5 2.6 0.8 3.0 0.5 2.8 0.6 2.8 

K 0.4 0.2 0.4 0.4 0.2 

ICalculated relative to 23 oxygen atoms 
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Appendix Ib (cont'd.) 

(2) Lherzolite xenolith (C, table la) 

P70 80 

Wt. % AlC B1A 

SiO 44.2 44.22 
TiO 3.7 3.62 
A1203 11.2 11.1 

Fe0* 7.2 7.3 

MgO 7.8 8.3 

Ca0 12.6 12.3 

Na 0 1.8 2.62 
K 0 0.0 0.02 

Total 88.5 89.4 

Structural Formulae 

si 6.9 6.9 

Al(iv) 1.1 8.0 1.1 8.0 

A1(vi) 0.9 0.9 

Ti 0.4 0.4 

Fe+2 4.00.9 1.0 4.2 

Mg 1.8 1.9 

Ca 2.1 2.0 

Na 0.5 2.6 0.8 2.8 

K 0.0 0.0 
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Appendix lb (cont'd.) 

B. Amphibolite and uralite gdbbro, Cerro Alto intrusive complex 

(1) Aaphibolite (1, table 10) 

Wt. % CD11 CD21 CD22 CD23 

SiO 47.1 47.7 47.1 47.6
2 

TiO 1.4 1.3 1.4 1.5
2 

A120 7.5 7.2 7.6 7.53 
Fe0 8.5 8.8 9.4 9.4 

MgO 17.7 18.8 17.5 18.0 

Ca0 11.6 11.7 11.4 11.5 

Na 0 1.1 1.2 1.2 1.1
2 

K 0 0.8 0.4 0.8 0.7
2 

Total 95.7 97.1 96.4 97.3 

Structural Formulae 

Si 6.9 6.9 6.9 6.9 

1.1 8.0 8.0 8.0 8.0Al(IV) 1.1 1.1 1.1 

Al(VI) 0.1 0.2 0.2 0.2 

Ti 0.1 0.1 0.2 0.2 
5.2 5.4 5.4 5.4

Fe 1.1 1.1 1.2 1.1 

Mg 3.9 4.0 3.8 3.9 

Ca 1.9 1.8 1.8 1.8 

Na 0.4 2.5 0.3 2.4 0.3 2.2 0.3 2.2 

0.1K 0.2 0.1 0.1 
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Appendix Ib (cont'd.) 

(1) Anphibolite (cont'd.) 

Wt. % CD24 CE22 CE31 CF21 

SiO 48.o 47.4 48.6 46.62 
TiO 1.4 1.4 1.4 1.72 
Al 0 7.5 7.4 7.5 8.o2 3 
Fe0* 9.1 9.1 9.8 9.5 

Mg° 18.3 17.3 16.4 17.7 

Ca0 11.7 13.4 11.6 11.6 

Na 0 1.1 1.1 1.2 1.32 
K 0 0.7 0.7 0.7 0.7
2 

Total 97.8 97.8 97.2 97.1 

Structural Formulae 

si 6.9 6.8 7.o 6.8 
8.0 8.0 8.0 8.0AI(IV) 1.1 1.2 1.0 1.2 

Al(VI) 0.2 0.0 0.3 0.2 

Ti 0.2 0.2 0.2 0.2 
+2 5.4 5.0 5.2 5.4Fe 1.1 1.1 1.2 1.2 

Mg 3.9 3.7 3.5 3.8 

Ca 1.8 2.0 1.8 1.8 

Na 0.3 2.2 0.32.x+ 0.3 2.2 0.42.3 

K 0.1 0.1 0.1 0.1 
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Appendix Ib (contid.) 

(2) Uralite gabbro, Cerro Alto intrusive complex 
(3, table 10) 

Wt. % CA2 CB11 CC1 CC2 CEll 

SiO 50.3 50.4 49.3 49.4 46.2
2 

TiO 1.6 1.8 2.0 1.7 2.2
2 

7.6 8.0 8.3 7.6 8.5 
A120 3 
Fe0* 10.6 10.8 11.0 11.1 10.4 

Mg0 16.7 16.8 16.8 17.4 16.6 

Ca0 12.0 12.0 11.7 12.2 11.6 

Na 0 1.3 1.4 1.3 1.8 1.82 
K 0 0.9 0.8 0.8 0.8 0.7

2 

Total 101.0 102.0 101.3 101.3 98.o 

Structural Formulae 

si 7.o 7.o 6.9 6.9 6.7 
8.0 8.0 8.0 8.0 8.0

AIM) 1.0 1.0 1.1 1.1 1.3 

Al(VI) 0.2 0.3 0.2 0.1 0.1 

Ti 0.2 0.2 0.4 0.2 0.2 
+2 5.1 5.2 5.4 5.2 5.2

Fe 1.2 1.2 1.3 1.3 1.3 

Mg 3.5 3.5 3.5 3.6 3.6 

Ca 1.8 1.8 1.8 1.8 1.8 

Na 0.3 2.3 0.4 2.3 0.2 2.1 0.5 2.5 0.5 2.5 

K 0.2 0.1 0.1 0.5 0.2 
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Appendix lb (cont'd.) 

(2) Uralite gabbro (cont'd.) 

wt. 7 CAll CA21 CA22 CA23 CA31 

SiO2 51.6 52.9 53.9 52.9 50.4 

TiO2 
0.6 0.9 o.6 0.8 1.4 

A1 0
2 3 

4.1 5.2 8.2 4.5 6.2 

Fe0* 9.8 10.0 6.2 8.9 7.8 

Mg0 8.2 8.1 8.5 9.0 8.7 

Ca0 12.3 11.8 12.4 12.1 12.7 

Na 0
2

0.8 0.8 1.8 0.6 0.6 

1C 0
2

2.1 1.7 1.1k 1.6 1.4 

Total 89.5 91.7 93.0 90.4 89.2 

Structural Formulae 

Si 8.4 8.0 7.9 8.1 7.8 

AIM) 
8.4

0.0 
8.0

0.0 
8.00.1 

8.1
0.0 

8.00.2 

Al(vI) 0.8 1.0 1.3 0.8 0.9 

Ti 0.2 0.1 0.1 0.1 0.2 
+2Fe

4.3
1.3 

4.3
1.3 0.8 4.0 

4.o
1.1 

4.11.0 

Mg 2.0 1.9 1.8 2.0 2.0 

Ca 2.1 1.9 1.9 2.0 2.1 

Na 0.2 2.7 0.2 2.5 0.4 2.5 0.2 2.6 0.2 2.5 

K 0.4 0.4 0.2 0.4 0.2 
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Appendix Ib (cont'd. ) 

(2) Uralite gabbro (cont'd.) 

wt. % CA32 CA41 CA42 cA43 

SiO 53.0 53.3 53.2 50.82 
TiO2 0.5 0.7 0.7 0.5 

A1 0 3.8 4.2 5.5 5.32 3 
Fe0 9.3 10.1 8.0 7.4 

MgO 8.6 8.5 8.3 8.8 

Ca0 12.2 11.8 13.8 12.2 

Na 0 0.7 0.7 0.6 0.72 
K 0 1.6 1.8 1.4 1.12 

Total 89.8 91.1 91.5 86.8 

Structural Formulae 

si 8.2 8.1 8.o 8.o 
8.2 8.1 8.o 8.0Al(iv) o.o o.o o.o o.o 

Al(VI) 0.6 0.8 1.0 1.o 

Ti 0.0 0.1 0.1 0.0 
+2 3.8 1.3 4.1 4.0 4.1Fe 1.2 1.0 1.0 

Mg 2.0 1.9 1.9 2.1 

Ca 1.0 1.9 2.2 2.1 

Na 0.22.4 0.2 2.5 0.2 2.6 0.2 2.5 

K 0.2 0.4 0.2 0.2 
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Appendix Ib (cont'd.) 

C. Amphiboles from multistage gabbros, Cuesta Ridge intrusive complex 

(1) Gabbro (2) Gdbbro 
(15, table lib) (16, table llb) 

Wt. % CE1 1BA 1CA 

SiO
2 55.3 49.0 51.1 

TiO
2 

0.4 1.4 0.3 

Al 0
2 3 

2.2 4.8 5.0 

Fe0* 10.9 1.1 1.0 

Mg0 8.4 16.1 17.0 

Ca0 12.1 11.9 11.8 

Na 0
2

0.3 0.9 0.5 

K 0
2

0.0 1.4 o.4 

Total 89.6 86.6 87.1 

Structural Formulae 

Si 8.5 7.6 7.8 

Al(Iv) 
8.5

0.0 0.4 8.0 0.2 8.0 

Al(v1) 0.4 0.5 0.7 

Ti 0.0 0.2 0.0 
+2Fe 1.4 3'7 

4.5
0.1 

4.6
0.1 

Mg 1.9 3.7 3.8 

Ca 2.0 2.0 1.9 

Na 0.1 2.1 0.2 2.4 0.2 2.2 

K 0.0 0.2 0.2 
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Appendix Ib (cont'd.) 

(2) Gabbro (cont'd.) 

Wt. % 2AA 2AB 2BA 2BB 

SiO 49.9 50.3 50.2 49.5
2 

TiO 1.1 1.1 1.3 1.3
2 

A1 0 4.6 5.2 4.5 5.2
2 3 

Fe0* 1.1 1.1 1.1 1.1 

Mg0 16.3 16.0 16.5 16.0 

Ca0 11.8 11.7 11.6 11.9 

Na 0 0.8 0.7 0.7 0.8 
2 

K 0 1.4 1.4 1.4 1.4
2 

Total 87.0 87.5 87.3 87.2 

Structural Formulae 

si 7.7 7.7 7.7 7.6 
8 83 8.0

Al(iv) 0.3 8.0 0. 0.3 8.o 0.4 8.0 

Al(VI) 0.5 0.7 0.5 0.5 

Ti 0.1 0.1 0.1 0.2 
+2 4.4 4.5 4.5 4.5 

Fe 0.1 0.1 0.1 0.1 

Mg 3.7 3.6 3.8 3.7 

Ca 1.9 1.9 1.9 2.0 

Na 0.2 2.3 0.2 2.3 0.2 2.3 0.2 2.4 

0.2K 0.2 0.2 0.2 
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Appendix Ib (cont'd.) 

D. Cumulate gabbros, Cuesta Ridge intrusive complex 

Wt. % 

SiO2 
TiO

2 
Al20 3 
FeO* 

Mg0 

Ca0 

Na20 

K20 

Total 

Al(VI) 

Ti 

Fe+2 

Mg 

Ca 

Na 

K 

C1A1 

51.4 

0.8 

4.6 

10.8 

16.6 

11.4 

1.3 

1.8 

98.7 

7.4 

0.6 8.0 

0.2 

0.1 
5.1

1.3 

3.5 

1.7 

0.4 2.4 

0.3 

(1) (13, table 11b) 

C1A2 C1A3 C1C2 C2B3 

49.5 48.8 52.5 49.9 
1.5 2.0 0.4 

1.6 
6.4 6.3 3.8 5.2 
10.4 9.8 10.8 

12.9 
16.7 17.1 17.8 15.4 
11.6 11.8 11.5 

1.3 1.5 0.6 

1.7 1.7 1.2 

99.1 99.0 98.6 99.3 

Structural Formulae 

7.1 6.7 7.5 7.2 
8.0 .0 8.0

0.9.1.o 77 0.5 8 0.8 

0.2 0.0 0.1 0.1 

0.2 0.2 0.0 0.2 
5.2 4.7 5.2

1.2 1.1 1.3 1.6 5.2 

3.6 3.5 3.8 3.3 

1.8 1.7 1.8 1.7 

0.4 2.5 0.4 2.4 0.2 2.2 0.3 2.4 

0.3 0.3 0.2 0.4 
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Appendix Ib (cont'd.) 

(2) (14, table 11b) 

(1) (cont'd.) same grain 

Wt. % C1B2 H1A H1B1 H1B2 

SiO 42.4 51.5 51.5 54.4
2 

TiO 0.3 1.2 0.8 0.32 
7.o 5.3 4.4 2.11Al23 

Fe0* 9.1 7.8 8.1 9.8 

MgO 15.4 17.8 17.2 19.5 

Ca0 9.3 11.0 11.0 8.3 

Na 0 0.4 1.5 0.7 0.32 
K 0 2.4 1.5 1.4 1.0

2 

Total 86.3 97.6 95.2 96.0 

Structural Formulae 

si 7.0 7.3 7.5 7.8 
8.0 8.0 0.5 8.0 8.0Al(iv) 1.o 0.7 0.2 

Al(vI) o.4 0.2 0.3 0.2 

Ti 0.0 0.1 0.1 0.0 
+2 5.4 5.0 5.1 5.6Fe 1.2 0.9 1.0 1.2 

Mg 3.8 3.8 3.7 4.2 

Ca 1.6 1.6 1.7 1.3 

Na 0.1 0.4 0.2 0.1 

K 0.5 0.3 0.3 0.2 
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Appendix Ib (cont'd.) 

(2) (cont'd.) 

same grain same grain 

Wt. % H1C1 H1C2 H1C3 H1D1 H1D2 

SiO 52.8 52.0 52.3 49.8 49.8
2 

TiO 0.6 0.9 0.9 0.2 0.22 
Al 0 4.1 4.4 4.5 2.0 3.0

2 3 
Fe0 7.6 7.7 8.1 9.0 6.5 

MgO 18.6 18.4 17.8 18.2 18.0 

Ca0 11.1 11.1 11.3 2.3 8.7 

Na 0 1.0 1.1 1.2 0.1 0.6
2 

K 0 1.1 1.4 1.3 0.3 1.0
2 

Total 96.9 97.0 97.4 81.9 87.8 

Structural Formulae 

Si 7.5 7.4 7.4 8.1 7.7 
8.o 8.1 8.o

A1(Iv) 0.5 0.6 8.0 0.6 8.0 0.0 0.3 

Al(VI) 0.2 0.1 0.2 0.4 0.1 

Ti 0.1 0.1 0.1 0.0 0.0 
+2 5.1 5.1 5.2 6.0 5.1

Fe 0.9 0.9 1.0 1.2 0.8 

Mg 3.9 3.9 3.8 4.4 4.2 

Ca 1.7 1.7 1.7 0.4 1.4 

Na 0.3 0.3 0.3 0.0 0.6 0.2 1.8 

K 0.2 0.2 0.2 0.1 0.2 
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Appendix Ib (cont'd.) 

(2) (cont'd.) 

wt. % H21 J1A1 JLA2 J1A3 

SiO2 54.2 51.9 54.1 51.6 

TiO2 0.3 1.5 1.0 1.7 

Al 02 3 2.5 5.9 4.2 6.1 

Fe0* 7.9 9.6 9.1 9.5 

Mg0 18.2 17.0 18.6 17.2 

Ca0 11.0 12.1 12.3 11.6 

Na20 0.5 1.4 1.0 1.5 

K 02 1.3 1.9 1.9 2.3 

Total 95.9 101.3 102.2 101.5 

Structural Formulae 

Si 7.8 7.2 7.4 7.2 

AI(Iv) 0.2 8.o 0.8 8.0 o.6 8.0 0.8 8.0 

A1(VI) 0.2 0.2 0.1 0.2 

Ti 0.0 0.2 0.1 0.2 
+2Fe 0.9 5.0 5.01.1 

5.0
1.0 5.11.1 

Mg 3.9 3.5 3.8 3.6 

Ca 1.7 1.8 1.8 1.7 

Na 0.1 2.0 0.4 2.5 0.3 2.4 0.4 2.5 

K 0.2 0.3 0.3 0.4 
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Appendix Ib (cont'd.) 

(2) (cont'd.) 

Wt. % J1B1 

SiO
2 52.7 

TiO 2 1.3 

Al 02 3 5.6 

Fe0* 9.6 

Mg0 17.6 

Ca0 12.7 

Na2O 1.5 

K 0
2

1.4 

Total 102.4 

Structural Formulae 

si 7.2 

Al(iv) 0.8 8.0 

Al(VI) 0.1 

Ti 0.1 
+2

Fe
4 .9

1.1 

Mg 3.6 

Ca 1.9 

Na 0.4 2.5 

K 0.2 

J1B2 

54.5 

0.6 

4.0 

9.0 

18.6 

12.0 

0.8 

1.4 

100.9 

7.6 

o.4 8.0 

0.2 

0.1 

1.0 5.0 

3.7 

1.8 

0.2 2.2 

0.2 
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Appendix Ib (cont'd.) 

E. Amphiboles in diabase and diorite of the Cuesta Ridge intrusive 
complex 

(1) Diabase (9, table 11a) 

Wt. % Al A2 A3 Bl 

SiO 49.8 50.5 49.o 50.82 
TiO 0.0 0.1 0.3 0.4

2 
Al 5.1 5.7 6.7 5.92 3 
Fe0 14.8 14.1 8.9 14.8 

Mg0 3.o 15.3 12.3 14.9 

Ca0 11.3 10.9 6.7 8.4 

Na 0 0.4 0.4 4.4 0.4 
2 

K 0 3.o 3.3 1.7 5.6
2 

Total 87.4 100.3 90.0 101.2 

Structural Formulae 

si 8.2 7.2 7.6 7.3 
8.2 8.oAl(Iv) o.o 0.8 8.0 0.4 8.0 0.7 

Al(VI) 1.0 0.2 0.8 0.3 

Ti 0.0 0.0 0.0 0.0 
+2 5.2 4.8Fe 2.0 3.7 1.7 1.2 1.8 5.3 

Mg 0.7 3.3 2.8 3.2 

Ca 2.0 1.7 1.1 1.3 

Na 0.1 2.7 0.1 2.4 0.3 2.7 0.1 2.4 

K o.6 0.6 0.3 1.0 
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Appendix lb (cont'd.) 

(1) Diabase (cont'd.) 

wt. % B2 B3 Cl C2 

SiO 53.9 50.0 48.9 51.92 
TiO 0.5 0.2 0.2 0.12 
Al 0 4.2 5.7 7.o 4.7
2 3 

Fe0 14.0 15.2 16.2 14.2 

MEP 13.3 15.4 16.7 14.8 

Ca0 13.0 5.9 11.0 12.6 

Na20 0.4 0.2 0.3 0.4 

K20 1.2 5.5 2.5 2.7 

Total 100.5 98.1 102.8 101.4 

Structural Formulae 

si 7.6 7.4 6.9 7.4 
. . .o .Al(Iv) 0.48 0 0.68 0 1.18 0.68 0 

Al(vi) 0.3 0.4 0.1 0.1 

Ti 0.0 0.0 0.0 0.0 

Fe+2 4.8 4.9
1.7 1.9 5.7 1.9 5.5 1.7 

Mg 2.8 3.4 3.5 3.1 

Ca 2.0 0.9 1.7 1.9 

Na 0.1 2.3 0.0 1.9 0.1 2.2 0.1 2.5 

K 0.2 1.0 0.4 0.5 
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Appendix Ib (con-b i d.) 

(2) Diorite from Cuesta Ridge intrusive complex 

wt. % GB1-2 GB2 GB3-1 GB 3-2 

SiO2 46.3 47.9 47.2 44.1 

TiO2 0.1 0.1 0.1 0.2 

A1 0 11.7 8.o 8.9 6.1
2 3 

Fe0* 12.0 10.3 10.5 10.1 

Mg0 16.8 13.9 15.0 14.2 

Ca0 13.4 7.0 7.1 6.9 

Na 0 0.3 o.4 o.6 o.3
2 

K2o 0.8 1.0 0.8 0.9 

Total 101.4 88.6 90.2 84.8 

Structural Formulae 

Si 6.2 7.8 7.6 7.7 
48.0 38.0

Al(Iv) 1.8 8.0 0.2 8.0 0. 0. 

Al(VI) 0.0 1.3 1.3 0.9 

Ti 0.0 0.0 0.0 0.0 
Fe+2 4.7

1.3 1.4 6.1 1.4 6'3 1.5 6.1 

Mg 3.4 3.4 3.6 3.7 

Ca 1.9 1.2 1.2 1.3 

Na 0.1 2.1 0.1 1.5 0.2 1.6 0.1 1.6 

K 0.1 0.2 0.2 0.2 



Appendix Ic 

Electron Probe Analyses of Plagioclases 

Sample SiO2 Fe0* Ca0 Na20 K20 Total An contentA123 

1. 7271, anphibolite (1, table 10) 

CB21 47.9 33.0 0.0 17.6 1.8 0.1 100.4 87 
CB123 47.9 33.0 0.0 17.8 2.2 0.1 101.0 88 
CF32 44.7 33.2 0.0 17.4 0.1 0.1 8695.5 
cE13 45.5 28.1 0.0 16.8 1.8 0.1 92.3 84 

2. 7219G, diabase sill (8, table 11a) 

1-3 67.9 21.1 0.4 2.2 10.7 0.1 102.4 11 
2-1 67.9 20.9 0.4 1.8 10.8 0.1 101.9 9 

3. P7031V, diabase dike (G, table lb) 

3111 49.4 31.9 0.5 16.5 2.3 0.2 100.8 82 

4. P70216, feldspathic cumulate xenolith (D, table la) 

1-A 52.9 29.2 0.4 11.4 4.9 0.5 99.3 57 
1B-2 52.4 29.7 0.4 20.8 5.6 0.5 99.4 54 
1C31 54.9 27.8 0.3 9.9 5.7 0.6 99.2 149 
1032 54.9 28.7 0.3 9.9 5.2 0.3 99.3 )49 



Appendix Ic (cont'd.) 

Sample SiO Al 0 Fe0* COO Na 0 K 0 Total An content2 2 3 2 2 

5. 7222C, quartz-albitite 

C2A1 66.4 22.0 0.1 0.8 10.9 0.4 100.6 4 
C2A2 65.8 22.0 0.1 1.0 10.4 0.6 99.9 5 
C2B1 60.3 25.6 0.3 5.6 7.8 0.7 100.3 28 

C2B2 63.5 22.5 0.2 0.2 11.8 0.1 98.3 1 

C2C2 66.2 21.6 0.1 2.0 10.5 0.1 100.5 10 

C2 C1 64.7 22.1 0.1 1.0 9.3 1.3 98.5 5 
C2B2 67.2 21.5 0.1 0.2 11.7 0.1 100.8 1 

6. 7222H, cumulate gabbro (13, table 11b) 

HlE 64.9 21.1 0.2 1.4 10.0 0.2 97.8 7 

7. 7222J, cumulate gabbro (14, table 11b) 

J1A4 62.0 24.5 0.6 5.8 7.4 o.6 100.9 29 

J1A5-1 68.1 20.8 0.2 1.3 10.4 0.2 101.0 6 

J1A5-2 63.9 23.7 0.3 4.4 8.1 0.6 101.0 22 

J2C1 58.6 26.9 0.6 9.1 6.2 0.4 101.8 45 



Appendix Ic (cont'd.) 

Sample SiO A1 0 Fe0* Ca0 Na 0 K 0 Total An content2 2 3 2 2 

8. 7222(, metamorphosed diabase 

0A3 60.5 23.0 1.2 6.9 4.5 0.2 96.3 34 

VC2 76.5 14.0 0.3 1.7 3.4 3.8 99.7 8 
Vc41 81.6 9.5 0.8 2.4 2.0 2.0 98.3 12 

085-1 62.4 23.1 0.7 2.0 8.9 1.3 98.4 10 

V85-2 68.7 19.2 0.8 1.2 9.1 0.4 99.4 6 

9. 7222S, diabasic sill (9, table 11a) 

A-5 67.7 21.0 0.2 1.4 10.9 0.1 101.3 7 
A-6 67.6 21.4 0.2 1.0 10.5 0.6 101.3 5 
C-4 68.1 20.6 0.2 1.3 10.7 0.2 101.1 6 

10. 7224A, quartz-diorite 

AA1 58.5 25.3 0.5 7.2 7.5 0.1 99.1 36 
AB2 56.1 26.8 0.4 8.8 6.4 0.1 98.6 44 
AC1 59.5 25.3 0.3 7.4 7.5 0.1 100.1 37 
AC2 57.3 26.2 0.3 8.o 6.5 0.1 98.4 4o 



Appendix Ic (cont'd.) 

Sanple SiO
2 Al 02 3 Fe0* Ca0 Na 02 K 0

2 Total An content 

11. 7229G, altered quartz-diorite 

GB1 

GB2C 

GA2 

GA3 

GC-1 

GC1-2 

53.5 

53.3 

54.5 

55.5 

54.0 

54.0 

26.6 

27.0 

27.0 

26.3 

27.7 

27.6 

0.4 

0.4 

0.4 

0.4 

0.4 

0.4 

6.6 

8.2 

5.4 

7.0 

8.6 

5.8 

7.4 

6.5 

8.4 

7.1 

6.6 

7.2 

0.1 

0.2 

0.1 

0.2 

0.1 

0.7 

94.6 

95.6 

95.8 

96.5 

97.4 

95.7 

33 

40 

27 

35 

243 

29 

12. 7232A, quartz-albitite 

32A1 

32A2-1 

32A2-2 

32A3 

32B 

32C1 

32C2 

32D1 

32D2-1 

32D2-2 

69.3 

68.8 

61.5 

69.3 

68.7 

68.7 

68.1 

68.8 

66.1 

68.7 

20.0 

19.8 

20.9 

20.1 

19.8 

19.9 

20.1 

20.1 

21.4 

19.8 

0.1 

0.1 

1.7 

0.1 

0.3 

0.2 

0.2 

0.1 

0.3 

0.1 

0.3 

1.1 

1.1 

0.4 

1.5 

0.4 

1.2 

0.3 

0.3 

0.3 

11.7 

11.3 

11.6 

11.5 

10.4 

11.2 

10.9 

11.8 

11.3 

11.2 

0.2 

0.2 

0.2 

0.3 

0.2 

0.1 

0.5 

0.1 

0.4 

0.4 

101.6 

101.4 

97.0 

101.3 

100.9 

100.5 

101.0 

101.2 

99.8 

100.5 

1 

5 

5 

2 

7 

2 

6 

5 

5 

5 

co 
uo 



Appendix Ic (cont'd.) 

Sample SiO A120 3 Fe0* COP Na20 K 0 Total An content2 2 

13. 7234B, quartz-albitite, all with low Ca values 

A22-1 63.0 18.9 0.5 0.2 11.2 0.1 93.9 1 

A22-2 63.5 18.9 0.2 o.6 11.0 0.1 94.3 3 
B31-1 66.o 17.1 0.1 0.4 11.0 0.1 94.7 2 

B31-2 72.3 11.6 0.2 0.2 5.9 0.1 90.3 1 (highly 
altered)B32 64.6 19.0 0.1 0.2 11.2 0.1 95.2 1 

C31-1 66.9 17.2 0.2 1.9 10.0 0.1 96.3 9 
C31-2 67.3 17.2 0.1 0.2 11.7 0.1 96.6 1 

C33 61.3 19.1 1.3 0.3 11.1 0.1 93.2 1 

C32 60.7 19.3 1.3 0.3 11.2 0.2 93.0 1 

14. 7234C, quartz-albitite 

34C1 70.2 18.6 0.2 0.3 11.3 0.3 100.9 1 

34C5-1 66.1 21.4 0.2 1.3 10.8 0.3 100.1 6 

3405-2 65.3 20.0 1.0 0.6 9.3 1.4 97.6 3 

15. 7236F2, quartz -albitite 

F2A2 68.5 21.7 0.1 0.7 9.5 0.2 100.7 3 

F2B1 66.8 22.2 0.3 0.6 10.1 0.3 100.3 3 



Appendix Ic (cont'd.) 

Sample SiO2 A120 3 Fe0* Ca0 Na20 K20 Total An content 

16. 7237B, quartz-alibitite 

BA1 65.6 20.7 0.3 0.8 10.8 0.4 98.6 4 
BA2-1 63.9 20.8 0.6 1.3 9.9 0.7 97.2 6 
BA2-2 65.0 20.8 0.7 0.7 10.4 o.6 98.2 3 
BA2-3 65.6 20.6 0.4 0.3 11.3 0.4 98.6 1 
BA3 65.4 20.5 0.4 0.5 10.6 0.5 97.9 2 
BB1-1 65.9 20.7 0.2 0.5 10.8 0.5 98.6 2 
BB1-2 65.9 20.7 0.2 0.7 10.8 0.5 98.8 3 
BB1-3 65.8 20.5 0.2 1.4 10.3 0.6 98.8 7 
BB1-4 66.1 19.9 0.0 7.4 7.6 0.5 101.5 37 
BB1-5 66.9 19.8 0.1 0.2 10.1 0.1 97.2 1 
BC1 64.9 21.9 0.2 0.9 10.6 0.5 99.o 4 
BC2 71.2 17.9 0.1 0.4 11.0 0.2 100.8 2 

17. 7240E, quartz-albitite 

EC1 67.0 20.0 0.8 0.4 11.6 0.3 100.1 2 



 

Appendix Ic (cont'd.) 

Sample SiO2 A1203 Fe0t Ca0 Na 02 K 02 Total An content 

18. 7240F, granophyric quartz-albitite 

FA1-1 

FA1-2 

FA2 

FB1 

FB2-1 

F132-2 

FD1 

FD2 

FD4-1 

1,D4-2 

67.6 

67.4 

64.8 

67.2 

65.3 

67.2 

67.8 

67.8 

68.3 

68.8 

20.8 

20.8 

21.1 

21.1 

21.5 

21.4 

20.8 

20.5 

21.6 

21.3 

0.1 

0.1 

0.5 

0.2 

0.3 

0.1 

0.1 

0.1 

0.1 

0.2 

0.2 

0.6 

1.0 

0.4 

0.8 

0.6 

0.6 

0.6 

0.6 

0.5 

12.9 

12.1 

12.1 

12.9 

12.7 

12.0 

11.0 

10.4 

10.4 

9.4 

0.1 

0.4 

0.3 

0.1 

0.3 

0.6 

0.2 

0.1 

0.1 

0.6 

101.7 

101.4 

99.8 

101.9 

100.9 

101.9 

100.6 

99.5 

101.1 

100.8 

1 

3 

5 

2 

4 

3 

3 

3 

3 

2 

19. 7241D, altered quartz-albitite 

DA1-1 

DA1-2 

DA2 

DA3 

DB1-1 

DB1-2 

67.7 

67.4 

68.6 

67.0 

66.2 

66.3 

20.8 

20.6 

19.9 

20.9 

21.1 

21.2 

0.2 

0.2 

0.0 

0.2 

0.5 

0.5 

0.5 

0.4 

0.4 

0.4 

1.1 

0.6 

9.9 

8.1 

10.1 

9.9 

9.9 

10.3 

0.3 

1.1 

0.1 

0k.2 

0.2 

0.1 

99.4 

97.8 

99.1 

98.6 

99.0 

99.0 

2 

2 

2 

2 

5 

3 

1--,
co 
C; 



 

Appendix Ic (cont'd) 

Sample SiO
2 A1 0

2 3 Fe0* Ca0 Na 02 K 0
2 Total An content 

20. 7241E, garnet-bearing "diorite" (21, table 14) 

2A1-1 

2A1-2 

2A1-3 

2B1-1 

2B1-2 

2B1-3 

2B2 

2C2 

2C3 

65.6 

64.3 

63.1 

65.6 

65.6 

63.9 

63.9 

64.0 

64.7 

19.3 

19.9 

21.6 

19.3 

19.7 

20.3 

20.1 

20.6 

20.2 

0.0 

0.1 

0.2 

0.0 

0.1 

0.1 

0.1 

0.1 

0.0 

0.2 

0.2 

0.3 

0.3 

0.3 

0.2 

0.3 

0.2 

0.2 

11.6 

10.4 

11.1 

11.9 

11.6 

10.4 

11.2 

11.3 

11.2 

0.2 

0.6 

0.3 

0.1 

0.2 

0.5 

0.3 

0.3 

0.3 

96.9 

95.5 

96.6 

97.2 

97.5 

95.4 

95.9 

96.5 

96.6 

1 

1 

1 

1 

1 

1 

1 

1 

1 

21. 7244C, garnet bearing "diorite" (another sample) 

C1BA 

C1BB 

C1BC 

C2BA 

C2BB-1 

C2BC 

C2CA 

67.4 

64.0 

67.1 

67.0 

67.4 

66.5 

68.1 

20.9 

20.3 

20.9 

20.6 

20.1 

20.2 

20.3 

0.2 

1.3 

0.2 

0.2 

0.2 

0.4 

0.3 

1.1 

0.5 

0.8 

0.6 

0.6 

0.6 

0.6 

10.7 

11.4 

10.4 

11.0 

10.9 

11.2 

11.7 

0.4 

0.4 

0.2 

0.2 

0.3 

0.2 

0.1 

100.7 

97.9 

99.6 

99.6 

99.5 

99.1 

101.1 

5 

2 

4 

3 

3 

3 

3 

1-1 
co
-4 



 

Appendix Ic (cont'd.) 

Sample SiO
2 A120 3 Fe0* Ca0 Na 02

K 02 Total An content 

22. 7245C, quartz-albitite 

CAl 

CA2 

ca 
CC2 

CC3 

67.8 

67.8 

66.6 

66.o 

68.1 

20.2 

20.1 

19.9 

20.8 

20.4 

0.0 

0.1 

0.0 

0.2 

0.1 

0.5 

0.3 

0.3 

0.3 

0.3 

10.0 

10.2 

10.5 

10.3 

10.4 

0.2 

0.2 

0.1 

0.2 

0.2 

98.7 

98.7 

97.4 

97.8 

99.5 

2 

1 

1 

1 

1 

23. 72571, quartz-albitite 

57A1 

57A2 

57E2 

69.5 

68.o 

68.3 

20.6 

20.6 

20.9 

0.1 

0.1 

0.1 

0.2 

0.4 

0.7 

10.7 

10.1 

10.0 

0.1 

0.2 

0.4 

101.2 

99.4 

100.4 

1 

2 

3 

24. 7277P1, altered quartz-diorite 

PC1 

PC21 

PC22 

PC3-1 

PC3-2 

PC4-1 

63.0 

64.9 

63.8 

63.9 

62.8 

66.3 

21.9 

20.6 

21.0 

20.6 

21.4 

20.1 

0.1 

0.1 

0.2 

0.4 

0.1 

0.1 

1.7 

1.0 

2.2 

1.6 

5.8 

0.8 

9.6 

9.9 

10.1 

9.7 

8.9 

10.5 

0.7 

0.8 

0.5 

0.6 

0.8 

0.5 

97.0 

97.3 

97.8 

96.8 

99.8 

98.3 

8 

8 

11 

8 

29 

4 

1-,
Co 
Co 
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Appendix Id 

Electron Probe Analyses of Chlorites 

A. Diabasic intrusion from Cuesta Ridge intrusive complex 

Wt. % 

SiO
2 

TiO2 
Al 02 3 
Fe0* 

MgO 

Ca0 

Na20 

K 0
2 

Total 

si 

Al(IV) 

Al(171) 

Ti 
+2

Fe 

Mg 

Ca 

Na 

K 

(1) Diabase with metamorphic texture 

OA1 0A2 0A3 ODl 

28.2 28.2 28.3 30.6 

0.1 0:1 0.1 0.1 

20.7 19.9 20.5 19.4 

19.3 19.3 19.3 19.2 

20.1 20.1 20.1 20.3 

0.6 0.5 0.8 1.0 

0.2 0.1 0.1 0.1 

0.9 1.1 0.7 1.6 

90.1 89.3 89.9 92.3 

Structural Formulae 

2.8 2.8 2.8 3.o 
4 .o 4 .o1.2 1.2 1.2 4.0 1.0 4.0 

0.6 1.1 1.2 1.2 

0.0 0.0 0.0 0.0 

1.6 5.5 1.6 5.7 1.6 5.8 1.6 5.8 

3.0 3.0 3.0 2.9 

0.1 0.0 0.1 0.1 

0.0 0.0 0.0 0.0 
0.1 0.1 0.1 0.2

0.1 0.1 0.1 0.2 

OD2C 

32.4 

0.1 

18.0 

18.6 

19.5 

2.3 

0.1 

1.6 

92.6 

3.1 
4.00.9 

1.1 

0.0 

1.5 5.6 

2.8 

0.2 

0.0 
0.20.2 
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Appendix Id (cont'd.) 

(2) Sub -ophitic diabasic sill 

Wt. % All Al2 A13 Bll 

SiO 25.4 25.3 25.4 23.0
2 

TiO 0.0 0.0 0.0 0.02 
A1 0 19.4 20.2 20.5 18.3
2 3 

Fe0* 26.2 26.0 26.4 21.1 

Mg0 11.2 11.0 11.3 8.4 

Ca0 0.1 0.0 0.0 0.0 

Na20 0.2 0.2 0.2 0.1 

K 0 1.0 0.9 0.9 0.7
2 

Total 83.3 83.6 84.7 71.6 

Structural Formulae 

Si 2.8 2.8 2.8 3.0 
4.oA1(IV) 1.2 4.0 1.2 4.0 1.2 4.0 1.0 

Al(VI) 1.4 1.5 1.5 1.8 

Ti 0.0 0.0 0.0 0.0 
+2Fe 2.5 5.8 2.4 5.7 2.4 5.7 2.3 5.7 

Mg 1.9 1.8 1.8 1.6 

Ca 0.0 0.0 0.0 0.0 

Na 0.0 0.0 0.0 0.0 
0.1 0.1 0.1K 0.1 0.1 0.1 0.1 0.1 
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Appendix Id (cont'd.) 

(2) Sub-ophitic didbasic sill (cont'd.) 

wt. % B12 B21 B22 C11 

SiO 23.5 21.1 24.5 29.82 
Ti 0 0.0 0.0 0.0 0.12 
Al 0 18.2 18.8 18.8 19.72 3 
Fe0* 22.2 22.1 23.2 22.4 

Mg0 9.8 11.6 12.6 12.9 

Ca0 0.1 0.2 0.0 0.1 

Na 0 0.1 0.2 0.3 0.32 
K 0 0.8 1.0 0.7 0.92 

Total 74.7 75.0 80.1 86.2 

Structural Formulae 

Si 2.9 2.6 2.8 3.1 
0 9 4.0Al(Iv) 1.1 1" 1.4 1" 1.2 4.0 . 

Al(VI) 1.5 1.3 1.4 1.5 

Ti 0.0 0.0 0.0 0.0 

Fe+2 2.3 5.6 2.3 5.8 2.2 5.8 2.0 5.5 

Mg 1.8 2.2 2.2 2.0 

Ca, 0.0 0.0 0.0 0.0 

Na 0.0 0.0 0.1 0.1 

K 0.1 0.1 0.2 0.2 0.1 0.2 0.1 0.2 
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Appendix Id (cont'd.) 

(2) Sub-ophitic diabasic sill (cont'd.) 

Wt. % C12 C2 Dll D12 

SiO 25.0 24.9 25.3 25.4 
2 

TiO2 
0.1 0.0 o.o o.o 

A1 0 19.7 19.6 19.6 20.5
2 3 

Fe0* 24.9 23.9 24.8 25.9 

Mg° 13.4 13.0 10.9 12.3 

Ca0 0.0 0.0 o.o 0.0 

Na 0 0.4 0.3 0.2 0.3 
2 

K 0 0.7 0.9 0.9 0.8
2 

Total 83.8 82.6 81.7 85.2 

Structural Formulae 

Si 2.8 2.8 2.9 2.8 
4.0 4.0

Al(IV) 1.2 1.2 1.1 4.0 1.2 4.0 

Al(VI) 1 . 3 1 . 3 1.5 1.4 

Ti 0.0 0.0 0.0 0.0 
+2Fe 2.3 5.8 2.2 5.7 2.4 4.7 2.4 5.8 

Mg 2.2 2.2 1.8 2.0 

Ca 0.0 0.0 0.0 0.0 

Na 0.1 0.1 0.0 0.1 
0.1 0.2 0.2 0.2 

K 0.0 0.1 0.2 0.1 
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Appendix Id (cont'd.) 

B. Multistage "diorite" (21, table 14) 

Wt. % CGT1 CGT2 C2A2 C2A3 

SiO 42.1 28.9 29.0 28.82 
TiO 0.0 0.1 0.1 0.12 
Al20 3 17.2 21.6 23.4 21.4 

Fe0* 11.5 19.2 17.7 20.1 

Mg0 10.6 16.5 16.3 17.7 

Ca0 0.3 1.4 0.1 0.1 

Na20 1.5 0.2 0.3 0.2 

K20 1.1 0.5 0.5 0.3 

Total 84.3 88.4 87.4 88.7 

Structural Formulae 

Si 4.1 2.9 2.9 2.9 
4.0A1(IV) 0.0 4 .1 1.1 1.1 4.0 1.1 4.0 

Al(VI) 2.0 1.5 1.7 1.4 

Ti 0.0 0.0 0.0 0.0 
+2Fe 0.9 4.5 1.6 5.8 1.5 5.6 1.7 5.7 

Mg 1.6 2.5 2.4 2.6 

Ca 0.0 0.2 0.0 0.0 

Na 0.3 0.1 0.1 0.0 

0.1 0.4 0.1 0.2 0.1 0.2 0.0 0.0
K 
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Appendix Id (cont'd.) 

C. Diorites 

(1) 

Wt. % 3-1 3-2 3-3 3-4 

SiO2 24.2 25.5 25.1 25.1 

TiO2 0.1 0.1 0.1 0.1 

A1 02 3 4.7 21.6 21.0 21.4 

Fe0* 29.7 29.6 28.1 29.9 

Mg0 12.8 11.5 12.5 12.2 

Ca0 0.0 0.0 0.0 0.0 

Na 02 0.1 0.4 0.3 0.3 

K20 0.9 1.6 1.9 1.3 

Total 72.5 90.3 89.0 89.4 

Structural Formulae 

Si 3.3 2.7 2.7 2.7 

AI(IV) 0.5 4.0 4.01.3 4.01.3 4.01.3 

A1(VI) 0.0 1.4 1.3 1.4 

Ti 0.0 0.0 0.0 0.0 
+2Fe 3.4 6.0 2.6 5.8 2.5 5.8 2.6 5.9 

Mg 2.6 1.8 2.0 1.9 

Ca 0.0 0.0 0.0 0.0 

Na 0.0 0.1 0.1 0.1 

K 0.2 0.2 0.2 0.3 0.30.2 0.2 0.3 
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Appendix Id (cont'd.) 

(2) (cont'd.) 

Wt. % 2-A 2-B 2-C 

SiO 29.3 29.4 29.02 
TiO 0.0 0.9 0.02 
Al 0 18.5 19.2 18.92 3 
Fe0* 14.2 14.4 14.6 

MgP 23.1 23.1 21.9 

Ca0 0.0 0.0 0.1 

Na 0 0.2 0.2 0.22 
K 0 3.2 2.2 2.12 

Total 88.5 89.4 86.8 

Structural Formulae 

si 2.9 2.9 2.9 
1.1 4. o 4.0Al(iv) 1.1 4.0 1.1 

Al(VI) 1.1 1.1 1.1 

Ti 0.0 0.1 0.0 
+2Fe 1.2 5.7 1.2 5.8 1.2 5.6 

Mg 3.4 3.4 3.3 

Ca 0.0 0.0 0.0 

Na 0.0 0.0 0.0 
0.4 0.3 0.3K 0.4 o.3 o.3 
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Appendix Ie 

Electron Probe Analyses of Epidote from 
Quartz-Diorite and Quartz-Albititel 

Wt. % 

SiO2 

A1203 

2
Fe 0 * 2 3 

Ca0 

Na20 

K20 

Total 

Si 

Al 

+3
Fe 

Ca 

Na 

K 

Ps 

0A212 

43.3 

6.7 

17.0 

5.6 

4.9 

1.4 

78.9 

3.1 

0.6 
1.5 

0.9 

4.2 

0.7 5.0 

0.1 

A 

0A22 0A23 

39.1 48.1 

9.7 4.2 

18.6 15.3 

4.4 7.9 

4.2 9.4 

0.5 1.6 

76.5 86.5 

Structural Formulae 

4.0 4.5 

1.2 0.4 
2.6 1.5 

1.4 1.1 

0.5 0.8 

0.81.4 1.72.7 

0.1 0.2 

0A24 

45.7 

5.9 

16.3 

10.6 

9.8 

0.7 

89.o 

4.2 

0.6 
1.8 

1.2 

1.0 

1.7 2.8 

0.1 

OD41 

49.9 

3.6 

15.6 

12.6 

8.o 

0.5 

89.7 

4.5 

0.4 
1.4 

1.0 

1.2 

1.4 2.6 

Ps contents calculated for epidotes with near-stoichiometric formulae 
2transitional zone plagioclase altering to epidote 

0.0 

1
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Appendix le (cont'd.) 

B C D 

Wt. % A22 BB2 EA2 ED GA1 

SiO
2 

35.6 37.5 37.4 37.9 37.5 

A1 02 3 22.2 24.4 23.2 24.2 23.0 

Fe 0 * 
2 3 

12.4 11.9 13.5 12.3 11.7 

Ca0 21.9 23.3 22.3 23.4 22.9 

Na 0
2

0.1 0.1 0.1 0.1 0.1 

K 02 0.1 0.1 0.2 0.1 0.2 

Total 92.3 97.3 96.7 98.o 95.4 

Structural Formulae 

Si 3.1 3.1 3.1 3.1 3.2 

Al 2.3 2.4 2.3 2.3 2.3 

+3
Fe 0.8 0.7 0.8 0.8 0.7 

Ca 2.1 2.1 2.0 2.1 2.1 

Na 0.0 2.1 0.0 2.1 0.0 2.0 0.0 2.1 0.0 2.1 

K 0.0 0.0 0.0 0.0 0.0 

Ps 26 23 
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Appendix Ie (cont'd.) 

E F 

Wt. % 42E2 142E1 6A1 46B1 

SiO2 50.0 38.0 37.7 36.8 

A120 3 18.9 24.6 23.2 23.2 

Fe 0 * 
2 3 3.5 11.7 13.4 12.8 

Ca0 16.8 23.4 23.4 22.9 

Na 02 4.2 0.1 5.2 1.3 

K 02 0.4 0.3 0.2 0.2 

Total 93.8 98.1 103.1 97.2 

Structural Formulae 

Si 4.1 3.1 3.0 3.1 

Al 1.8 2.4 2.2 2.3 

+ 3
Fe 0.2 0.7 0.8 0.8 

Ca 1.5 2.1 2.0 2.0 

Na 0.7 2.2 0.0 2.1 0.8 2.8 0.2 2.2 

K 0.0 0.0 0.0 0.0 

Ps 23 27 
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Appendix Ie (cont'd.) 

Wt. % 

SiO
2 

Al 0
2 3 

Fe 0 * 
2 3 

Ca° 

N a20 

K 02 

Total 

Si 

Al 

+ 
Fe 3 

Ca 

Na 

K 

Ps 

PAl 

37.5 

21..6 

11.2 

22.9 

1.2 

0.2 

97.6 

G 

PAll 

37.1 

23.9 

12.0 

22.0 

0.1 

0.2 

95.3 

Structural Formulae 

3.0 

2.4 

0.8 

2.0 

0.2 2.2 

0.0 

3.1 

2.24 

0.8 

2.0 

0.0 2.0 

0.0 

PA12 

36.7 

23.0 

12.8 

22.6 

0.1 

0.2 

95.4 

3.1 

2.3 

0.8 

2.0 

0.0 2.0 

0.0 



APPENDIX II 

Whole-Rock Analyses of Rocks 
by Electron Probe 

Major element whole-rock analyses were made using an ARL auto-

mated electron probe as a macroanalyzer. Samples were ground to pass 

a -300 mesh standard mesh screen, and were mixed thoroughly before 

mounting. All powders were mounted in duplicate. The electron beam 

was opened to a diameter of 100 microns and numerous spots were 

analyzed on each of the powder mounts to obtain a valid statistical 

sample of the chemical variation. Precision in the analyses between 

duplicate powders was ±2 percent for most samples (only two samples 

have worse precision). The U.S.G.S. standard rock powders were ground 

and mounted for analysis also. These were used as standards for the 

powder analyses. 

K-alpha lines were used in the analyses of all eight elements. 

8
Accelerating voltage was 15 KV and sample currents were 5 x 10 amps. 

Analyses of felsic rocks were made using G-2 (granite) as standard 

for Si, Al, Fe, Ti, Na and K, and AGV-1 (andesite) for Ca and Mg. 

For gabbroic and diabasic rocks, BCR-1 (basalt) standard was used to 

analyze for Si, Ti, Na and K, while W-1 (diabase) was used as standard 

for Al, Fe, Mg and Ca. Ultramafic rock analyses used the PCC-1 

(peridotite) standard. Accepted values of these standard compositions 

(Flanagan, 1967) were used in the calculation of unknown rock compo-

sitions, using the J. W. Colby MAGIC program. Totals of the analyses 

200 
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were good, in general. Most of the rocks contained hydrous minerals, 

so that totals of about 96 percent were common, and compare favorably 

to wet-chemical anhydrous totals. Some of the mafic rocks analyzed 

to high totals, over 101 percent, possibly due to inhomogeneity of 

standard powders that result in deviations from the accepted values. 

All analyses made using G-2 and AGV-1, even for mafic rocks, produced 

good totals. 

Analyses of replicates of felsic rocks are listed in this Appendix. 

Most of these rocks contain oxidized chlorites as the only mafic 

mineral so total iron in these analyses has been expressed as Fe 0
2 3 

(Fe 0 *).
2 3 



Appendix II 

Felsic Whole-Rock Analyses 

Sample SiO2 TiO2 A1203 Fe 03 * 2 Mg0 Ca0 Na 02 K20 Total 

22L 63.3 1.0 16.0 4.2 1.9 3.9 5.4 o.6 96.2 

22N 64.0 1.0 16.9 2.9 1.4 3.5 6.3 1.2 97.3 

22N1 64.5 1.2 17.0 2.9 1.5 3.6 6.4 1.0 98.1 

23 58.7 1.2 17.7 4.6 2.9 5.4 5.0 0.5 96.o 

23
1 59.5 1.1 17.7 5.2 3.1 5.1 5.o 0.6 97.3 

25A 61.5 0.9 16.9 6.o 2.1 4.5 6.o 0.5 98.4 

26 66.6 0.7 15.8 4.o 1.4 2.9 6.2 0.4 98.o 

27A 64.2 0.7 17.0 4.8 1.8 3.4 5.9 0.5 98.3 

27P 62.2 1.1 16.8 5.4 2.0 2.7 7.3 0.4 97.9 

30A 59.5 1.0 17.3 6.6 2.5 4.9 5.7 0.4 97.9 

30B 58.2 1.3 17.3 5.4 2.5 5.7 4.4 0.4 95.2 

30E 60.7 1.0 16.6 4.5 2.3 5.1 5.2 0.3 95.8 

30s 57.0 1.2 17.0 5.9 3.1 5.2 5.6 0.4 95.4 

30ss 58.3 1.1 18.0 6.5 2.6 5.2 6.o 0.4 98.1 



Appendix II (cont'd.) 

Sample SiO2 TiO2 A1203 Fe 0 * 2 3 MOO Ca0 Na 02 K 02 Total 

321 67.2 0.7 15.8 2.8 1.2 2.3 6.1 o.4 96.5 

322 65.3 0.7 15.6 3.1 1.4 3.7 5.8 0.4 96.o 

323 68.9 0.3 14.6 2.0 0.8 1.4 6.9 0.3 95.2 

324 70.3 0.4 15.0 1.2 0.8 1.3 6.6 0.5 95.9 

325 67.2 0.5 15.6 3.9 1.6 2.0 6.2 0.4 97.4 

36K 69.1 0.6 15.0 3.2 1.4 2.0 6.7 0.2 98.2 

361 69.4 0.6 15.6 3.o 1.5 1.3 5.o 0.5 96.9 

364 68.4 0.6 14.5 2.4 1.4 2.4 4.8 0.3 94.8 

365 68.0 0.5 14.0 3.2 1.3 1.5 5.0 0.3 93.8 

366 67.3 0.6 1.49 2.8 1.0 2.7 5.3 0.2 94.8 

40F 66.3 0.6 15.6 4.2 2.0 2.0 6.o 0.4 97.1 

401 73.1 0.5 14.7 2.4 1.0 1.9 5.8 0.3 99.7 

402 66.5 0.5 15.0 4.4 2.0 1.9 5.6 0.2 96.1 

403 73.4 0.5 13.9 2.0 0.9 1.6 5.8 0.2 98.3 

44E 68.5 0.6 14.0 3.2 1.1 4.2 5.4 0.2 97.2 

441 68.2 0.8 13.7 2.8 2.2 2.3 6.0 0.3 96.3 

443 71.5 0.5 13.9 1.8 0.6 2.1 6.8 0.2 97.4 

444 68.3 0.6 15.0 2.5 1.0 2.4 7.o 0.2 97.0 



Appendix II (cont'd.) 

Sairiple 5102 TiO2 A1 02 3 Fe 0 * 2 3 Mg0 Ca0 Na2O K 02 Total 

4811 75.2 0.6 10.0 3.1 1.8 1.9 3.5 0.2 96.3 
481 70.8 o.6 14.2 2.5 1.2 2.4 4.9 1.4 98.o 
482 72.o 0.6 15.2 1.2 0.8 1.0 7.4 0.4 98.6 

483 71.2 0.6 15.2 1.2 1.0 1.6 7.2 0.4 98.4 
484 74.4 0.5 13.2 0.7 0.4 1.1 6.8 0.3 96.9 

82 65.0 0.8 17.0 4.o 1.5 3.2 5.8 0.5 97.8 

82c 68.o 0.5 15.2 3.o 1.1 3.6 4.8 0.4 96.6 

831 66.9 0.4 16.0 3.0 1.4 2.2 5.9 0.5 96.3 
832 6o.8 0.9 17.0 4.8 2.0 3.7 5.8 0.5 95.5 
834 62.6 0.7 17.3 5.o 1.4 3.5 4.8 0.5 95.9 
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